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Abstract

:

Whitebark pine, a foundation species at tree line in the Western U.S. and Canada, has declined due to native mountain pine beetle epidemics, wildfire, and white pine blister rust. These declines are concerning for the multitude of ecosystem and human benefits provided by this species. An understanding of the climatic correlates associated with spread is needed to successfully manage impacts from forest pathogens. Since 2000 mountain pine beetles have killed 75% of the mature cone-bearing trees in the Greater Yellowstone Ecosystem, and 40.9% of monitored trees have been infected with white pine blister rust. We identified models of white pine blister rust infection which indicated that an August and September interaction between relative humidity and temperature are better predictors of white pine blister rust infection in whitebark pine than location and site characteristics in the Greater Yellowstone Ecosystem. The climate conditions conducive to white pine blister rust occur throughout the ecosystem, but larger trees in relatively warm and humid conditions were more likely to be infected between 2000 and 2018. We mapped the infection probability over the past two decades to identify coarse-scale patterns of climate conditions associated with white pine blister rust infection in whitebark pine.
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1. Introduction


Forest pathogens are a significant contributor to global forest decline [1,2,3] and non-native pathogens can decimate naïve host species, leading to significant disruption in ecosystem structure and function (e.g., Chestnut blight [4]). Live plant imports are a major vector for the introduction of many non-native pathogens [5], including white pine blister rust, caused by the fungus Cronartium ribicola. White pine blister rust was introduced to both coasts of North America on European nursery stock in the early 1900s [5,6], and has since become one of the most detrimental exotic pathogens, affecting all species of North American white pines [7,8]. Though not as commercially valuable as other white pine species, whitebark pine (Pinus albicaulis) is a primary contributor to the biodiversity and productivity of high-elevation forests and alpine communities in the interior Pacific Northwest, northern Rocky Mountains, and northern Sierra Nevadas [9]. In the western U.S., white pine blister rust affects whitebark pine, limber pine (Pinus flexilis), and western white pine (Pinus monticola). White pine blister rust was first observed in the Greater Yellowstone Ecosystem (GYE) in 1937 [10].



Recent declines in whitebark pine have been recorded throughout its range, as a result of biotic and abiotic drivers, including white pine blister rust, native mountain pine beetle (Dendroctonus ponderosae), wildland fire, and drought [11,12,13,14,15]. The mountain pine beetle outbreak in the GYE from the early 2000s to around 2010 killed approximately 75% of mature, canopy-occupying trees [16,17] when warmer than normal temperatures induced faster growth and synchronous emergence of the beetles [15,18]. Because mountain pine beetles attack large-diameter trees [19], a climate-induced shift to smaller size class trees has occurred region-wide since 2000 [15]. Historically, epidemic outbreaks of mountain pine beetle have occurred during periods of unusual warmth, such as in the 1930s. These types of periodic outbreaks have abated with cooler temperatures, but continued warming will maintain the susceptibility of whitebark pine to attack [20,21]. While mountain pine beetles selectively attack large-diameter trees, white pine blister rust, now persistent and pervasive in the GYE, infects and kills trees of all sizes and is currently considered the pathogen of greatest concern in GYE whitebark pine forests [15]. White pine blister rust infection is more imminently lethal in smaller diameter trees than in larger trees, because it has less distance to travel from needle to bole, where it girdles and kills trees [22]. However, in larger trees, it can limit the reproductive potential through top-kill, where cone production is greatest even if larger trees survive longer. Larger diameter trees are more likely to be infected due to a greater leaf surface area, which can intercept airborne spores [23,24,25]. With the loss of cone-producing, mature trees, altered fire regimes, and the presence of a pathogen that kills trees of all size classes, the fate of whitebark pine in the GYE is uncertain [26].



The life cycle of white pine blister rust is linked to the biophysical conditions under which spores germinate and disseminate between intermediary hosts including white pines, Ribes spp., Pedicularis spp., and Castillija spp. [27,28]. Each of the five stages of sporulation (spermatia, aeciospore, urediniospore, teliospore, basidiospore) require a unique suite of temperature, moisture, and time criterion in order to advance in development [29,30,31,32]. While each stage is critical for the successful completion of the life cycle, the basidiospore phase produces the inoculum responsible for white pine blister rust infection in whitebark pine [7]. In the GYE, the dispersal of inoculum takes place from August through to September, and is considered the most limiting developmental phase for white pine blister rust in this region [6,33]. Under optimal conditions for transmission, rapid expansion into new locations and an intensification of the infection can occur in a given area, which is referred to as a wave event [29]. Wave year conditions are marked by multiple periods of high relative humidity in the summer and fall that lead to new or increased infection [30]. Once infected, it takes two to four years for a white pine blister rust canker to become visible [11,33,34].



Tree diameter at breast height (DBH) is positively correlated with infection probability [25,35,36] and studies have also described relationships between white pine blister rust and topographic and climatic variables, specifically summer rain and elevation [25,36,37,38]. Recent studies in the Western U.S. linked white pine blister rust infection to regional weather [24] and latitude in the whitebark pine range in British Columbia [23]. However, finer scale relationships between white pine blister rust and climate were established in the 1950s from studies in the Great Lakes region, where infection was related to distance from shore, wind currents, solar radiation, and humidity [30,31]. Similar to early work near the Great Lakes, proximity to streams and wet landscape positions increased infection rates [24], as did fine-scale microclimates mediated by topography and landscape position [39]. Thus, weather on short time scales, from hours to weeks, and persistent regional climate patterns are linked to white pine blister rust geography and prevalence. Prior to the recent advent of high-resolution climate data sets, it has been difficult to characterize mountain climates at fine spatial scales in a large, complex region like the GYE.



In the GYE, environmental conditions throughout the region are compatible with the spread of white pine blister rust, as evidenced by its region-wide presence. This suggests it is possible that the spatial distribution of whitebark pine in combination with time may be the best indicator of the historic and future dispersal of white pine blister rust infection. Alternatively, white pine blister rust patterns in the GYE today may be linked to persistent climate patterns that are generally drier in the southeast and wetter in the northwest regions of the ecosystem [40]. Such persistent climate patterns may result in a wave year frequency that also varies by region. That is, wave years may occur more frequently in the northwest region. The wide range in climate conditions in whitebark pine habitat across the GYE presents an opportunity to determine if climate conditions or merely a regional pattern of infection best explain white pine blister rust distribution. Understanding dominant environmental drivers or spatial patterns of white pine blister rust can indicate where it may be most damaging in the future. Such information could be used to select locations for restoration and bolster already strong cross-boundary collaborations in the GYE, which include multiple management jurisdictions with different management paradigms [26].



In combination with gridded climate data, we used repeat observations of tagged whitebark pine trees throughout the GYE to determine if spatial location was a more reliable indicator of the probability of white pine blister rust infection than biologically meaningful climate variables. Specifically, at the tree level, we assessed if selected climate variables averaged over time at each location were more effective at determining the presence of white pine blister rust infection than location alone.




2. Materials and Methods


2.1. Study Area


The study area encompassed the GYE, which includes five national forests (NF), two national parks (NP), and state and private lands in portions of Wyoming, Montana, and Idaho (Figure 1). Geographically, the GYE is comprised of the Yellowstone Plateau volcanic fields and 14 surrounding mountain ranges above 2130 m [41]. In this region, whitebark pine stands occupy over 800,000 hectares [42].




2.2. Field Sampling for Infection Status


We monitored 5138 trees between 2004 and 2018 on a four-year revisit schedule to determine if trees were infected at any time during the study period or remained uninfected during the study. We established 176 permanent 10 × 50 m transects in randomly selected stands of pure and mixed whitebark pine ≥2.0 ha ([42], Figure 1) between 2400–3172 m in elevation. All live whitebark >1.4 m tall within the transect boundaries were permanently marked and biometrics, including DBH and signs of white pine blister rust infection (aecia or three of five white pine blister rust indicators; flagging, rodent chewing, swelling, roughened bark, oozing sap), were recorded. Each tree was revisited at four-year intervals through 2018 because the determination of infection status at the first visit, if not obvious, required a subsequent visit four years later due to the latency between initial infection and visible expression of white pine blister rust indicators. This latency made it impossible to determine the exact year of infection in our revisit design. Our inability to identify a nascent infection on a first visit, if visible clues were not present, resulted in the exclusion of 17 seedlings visited only once between 2014 and 2018, which grew to be >1.4 m tall. Thus, for our analysis we included only trees visited at least twice and used the following rules to classify the infection status from data collected on multiple visits. Trees that were recorded as infected, but at subsequent visits displayed no signs of infection because infected branches may have been removed by wind, snow, “self-pruning”, or rodent chewing, were placed in the infected category. This decision was based on our interest in climate correlates with infection rather than tree survival. Trees that eventually died from any cause, including fire or mountain pine beetle, after they were determined to have been infected were also placed in the infected category. Trees that were never observed with white pine blister rust were categorized as uninfected. Using these rules, we classified each tree as infected or uninfected through the sampling period and thus collapsed the multi-visit status assessment into two infection classes: yes = infected, and no = uninfected.




2.3. Climate and Location Variables


We evaluated the relative contribution of location (latitude, longitude, elevation, slope, aspect) versus climate as determinants of infection. Climate variables were a parsimonious set identified in earlier studies as biologically relevant metrics that could be derived from 1 km daily Daymet climate grids [42]. We derived other biophysical measures of climate from Daymet via a water balance model [43,44]. Relative humidity was derived from Daymet via Allen [45],


RH=VpSvp, 



(1)




where Vp is vapor pressure (Pa) and Svp is saturation vapor pressure (Pa).



Daily saturation vapor pressure is,


Svp=610.8∗1017.27 ∗ Tavg237.3+Tavg,



(2)




where Tavg is daily average temperature (°C).



Because it can take four years for indicators of infection to be observable, the climate four years prior to survey initiation was relevant. For this reason, climate data were summarized for the period 2000–2018, which spans the period four years prior to beginning the survey through to the most recent revisit. We summarized climate data annually in the period August to September, the seasonal window when basidiospores infect whitebark pine in the GYE before October frosts [33]. We screened a large suite of climate variables (Table S1) through pair-wise correlation and retained the variable more relevant to basidiospore transmission reported in the literature when correlation was greater than 0.7. This resulted in a small set of biologically relevant climate variables, which included maximum annual snow water equivalent (aPACK mm); August through September relative humidity (asRH %); August through September average temperature (asTEMP °C); and August through September cumulative rain (asRAIN mm).




2.4. Data Analysis


We modeled the probability of white pine blister rust infection (i.e., response variable was infected or not infected) using generalized linear mixed-effects models with a binomial logit-link function. To understand tree-level characteristics that impacted the probability of infection, we used the function glmer from the glmer package [46]. A random intercept was included for each transect to account for the cluster sample design [47] and the potential correlation of trees within a transect [48]. Due to the importance of DBH noted in previous studies [15,35], we included the most recent measurement of DBH in all models except one to demonstrate the importance of DBH in our study region (Table 1). We established two general classes of a priori model sets for white pine blister rust infection that tested the support for attributes of location or climate factors as determinants of infection. In our modeling framework we kept spatial location and climate variables separate because of the strong relationships between elevation and regional patterns of climate in our study region [24,40]. All spatial and climate variables were centered and scaled before model fitting, so that we could compare model coefficients for variables measured on different scales (relative humidity, temperature). We compared the non-nested spatial and climate models using Akaike information criterion (AIC) [49] and within the spatial and climate classes, we evaluated nested patterns using evidence ratios to identify the most influential variables.





3. Results


3.1. Patterns of Infection and Climate in the GYE


White pine blister rust in the GYE occurs at all elevations and in trees of all sizes, with 40.9% of 5138 trees visited between 2004 and 2018 showing signs of infection. This includes trees that died from any cause but showed signs of infection before death and live trees that once showed signs of infection and, at subsequent visits, no longer show signs of infection due to the loss of infected limbs. Although pervasive and variable in intensity across the region, infection was more common in the northern (Figure 2a) and western (Figure 2b) zones, and mid elevations (Figure 2c) of the study area. While trees in all size classes were infected, the smallest trees were least likely to be infected. The right skew indicated that most infection occurred in middle size classes, but larger trees were also infected (Figure 2d). All of the climate variables used to model blister rust infection were inversely related to elevation across the monitored transects (Figure 3).




3.2. Climatic Correlates of White Pine Blister Rust Infection


The class of models that included only climate variables outperformed the location class of models in all cases (Table 1). Accounting for tree DBH, the model with the most support included asRH, asTEMP, and their interaction. None of the other climate models that included aPACK or asRAIN were competitive. Due to our parsimonious selection of climate variables, the large ∆AIC values between the top model and other models, and the top model including only two climate variables, there was no need to identify a reduced model. Based on model ranks (m20 versus m19) and the coefficient of asRH being greater than asTEMP when evaluated independently, we conclude that asRH was more influential than asTEMP as a determinant of white pine blister rust infection. The model without DBH (m14) was the least competitive, demonstrating the important effect of DBH. The model with elevation and DBH was not competitive either, suggesting elevation did not add information.



The average relative humidity and temperature in August and September were the most important climate correlates of white pine blister rust (Table 1, Figure 4). The prevalence of infection was highest where August–September relative humidity and temperature were above 65% and between 9 and 11 °C, respectively.




3.3. Climate Limits on White Pine Blister Rust Infection


After accounting for the association with tree size and random intercept for transect, we found evidence of temperature and humidity limitations on white pine blister rust infection (Figure 5). At locations with a mean August–September temperature of 7 °C, the probability of infection did not increase until average relative humidity increased above 50%, whereas at increasingly warmer temperatures the probability of infection increased until 11 °C, where the probability of infection sharply decreased with higher temperature. We used the top model (m17) to map the spatial pattern of white pine blister rust infection in the GYE (Figure 6).





4. Discussion


4.1. Climate and Scale


Collectively, fine scale processes operating under the broader influence of regional climates resulted in the current pattern of infection, which will continue to influence patterns of infection and prevalence in the future. Our findings align with studies showing white pine blister rust is often concentrated in areas within larger regions [23], and are also aligned with well-documented white pine blister rust life stages affected by climate, that operate at fine spatial scales [24,28]. Understanding fine-scale patterns is useful for recognizing local controls on infection, which are determined by distance to and density of alternate hosts [32,36,37], while identifying regional climate drivers provides insight for a potential intensification of infection levels and the geography of infection. For instance, infection rates are higher under climates ideally suited to the pathogen in northwestern Montana, which has moderate summer temperatures and high summer rain [50,51] reviewed in Mahalovich [33]. Although white pine blister rust likely spread from isolated points of introduction, we found that white pine blister rust prevalence in the GYE today is ubiquitous, which is not surprising given that spores can easily be transported locally within stands and up to 27 km under favorable conditions [31]. Such conditions are generally cool summer nights when soil moisture and relative humidity are high, and downslope winds carry spores to new hosts [31]. Our findings support the timing of climate conditions (late summer) and the link between attributes of climate (temperature and humidity) and infection mechanisms described by these earlier studies. The existing pattern of white pine blister rust prevalence and our model results suggest that regional climate controls are important determinants of existing patterns of infection in the GYE, and prevalence in the future will be strongly influenced by regional climate now that white pine blister rust is firmly established in the ecosystem. Indeed, this was recognized implicitly in 1978 when Ribes eradication efforts were halted in GYE, with studies indicating the efforts were largely ineffective, presumably because the climate was conducive and there were sufficient populations of alternate hosts to sustain or increase white pine blister rust spread, in spite of control efforts [10].




4.2. Climate Influence


Our study confirmed that conditions in August and September, when basidiospores infect whitebark pine [33], were reasonably good predictors of infection, while others found spring conditions were better predictors of white pine blister rust prevalence in limber pine in Colorado and Wyoming [24]. Although our approach differed from theirs due to our interest in climate relations with the basidiospore inoculum, we also found that temperature and relative humidity were important determinants of white pine blister rust incidence, but we found relative humidity was the more influential variable. This suggests that low asRH was more limiting than temperature in the GYE and may explain why the rate of white pine blister rust spread in the GYE has been slow compared to the spread in other white pine populations in more humid regions of its range as indicated by previous studies [6,25,50]. Drier conditions inhibit the survival and transfer of the basidiospore inoculum to whitebark pine [30], because this transmission requires extended periods of time during late summer and early autumn, with cool nighttime temperatures and free moisture on the needle surfaces [25,29]. At least two consecutive days of these favorable conditions are required for the infection of pines [30]. However, in our study the influence of dew formation (count of days when dew formation occurred) and count of days above 80% relative humidity were not supported.




4.3. Regional Patterns


Elevation is often used as a proxy for climate due to the strong elevation gradients in temperature and precipitation on mountain slopes [52], and studies have found relationships between white pine blister rust prevalence and elevation in mountain environments. Specifically, Smith and Hoffman [25] found decreasing incidence of white pine blister rust at lower elevations in western Wyoming and southern Idaho, and noted a report (cited therein as Berg et al.) that also found white pine blister rust infection decreased at lower elevations in the GYE. However, other studies reviewed by Burns et al. [53] found relationships with elevation were latitude dependent and recommended white pine blister rust hazard ratings use climate rather than elevation in hazard models. Based on interpretations from our findings, the relationship with elevation described by earlier studies is likely due to higher temperature and lower relative humidity at lower altitude. Although we explicitly kept climate and location variables separate in our modeling framework, we found ad hoc that a model with DBH, asRAIN, and elevation, which was similar to the best model found by Smith and Hoffman [25] that included DBH, summer rain, and elevation, was not competitive (∆AIC 30.4) with our top climate model. In our study, regional patterns of temperature followed the expected decrease in temperature with increasing elevation. However, regional patterns were stronger than local elevation effects on precipitation and relative humidity. That is, precipitation and relative humidity generally increase with elevation on an individual mountain slope, however, across the GYE the expectation of increasing aPACK, asRH, and asRAIN with elevation was confounded by even stronger regional climate patterns. These regional patterns explain why elevation was not as informative at the ecosystem scale and why local climate at the transect level that accounted for regional effects was most informative of white pine blister rust infection.



The regional patterns of the probability of white pine blister rust infection were very similar to those reviewed by Mahalovich [33], which were constructed by Helmbrecht [51]. We also found a higher probability of infection in the northwestern region of GYE and lower probability of infection in the southwestern region. There were also elevation-dependent patterns in maps from both studies. Although we make a case for using climate data rather than elevation as a proxy for climate, elevation still performs well in some regions. This is because of strong relationships between elevation, temperature, and relative humidity, due to the physical lapse rates in mountain environments. Since Smith and Hoffman [25] included summer rain in their model, they effectively captured the important regional variation in humidity and elevation served as a good proxy for temperature. In contrast with the Helmbrecht map [51], ours suggests a higher probability of infection over a larger area. This may be due to a difference in the ground-based measurements that informed the two studies, or could be the result of an intensification in the presence of white pine blister rust throughout the GYE during the time (2007 and 2018) between the two studies.



The mountain pine beetle epidemic that killed approximately 75% of the largest trees over the course of our study had the potential to impact our estimate of the proportion of trees infected with white pine blister rust in the GYE. However, we found that the death of 29% (1502) of the originally tagged trees did not affect the rate of infection in the GYE, nor did the addition of 447, predominantly uninfected, new trees that grew up into our minimum height for monitoring (>1.4 m). The greatest difference between any of the scenarios was no greater than 4% and not statistically significant [54].




4.4. Limitations and Opportunities


The limitations of our study include averaging climate through time at stand locations, which relies on an assumed relationship between average conditions and wave event frequencies. That is, researchers have previously described white pine blister rust infection occurring in “wave years”, when conditions are particularly well suited to basidiospore long distance transport over broad areas [31], resulting in new infections. Temporal averaging, combined with our repeat visits at four-year intervals, made it difficult to determine when infection occurred and what the environmental conditions were at that time. However, canker length could be used to approximate time since infection [55], which could be coupled with wave year analysis. Our study could be strengthened by including distance to streams or wet landscape positions with high Ribes density, which are large sources of inoculum [24,37].




4.5. Management Relevance


Our findings that relative humidity and temperature are related to regional white pine blister rust presence provide a better understanding of climate–pathogen interactions, which could be used to model the future geography of white pine blister rust in the GYE. These include identifying the geography of “climate escapes” [56] that are unsuitable for white pine blister rust because they are too warm, too cold, or too dry. Because our model was climate-based rather than based on elevation, as a proxy for climate, future efforts could identify the geography of refugia from white pine blister rust using climate projections. The union of such refugia with projections of suitable bioclimate for whitebark pine in the future [57] could map potential planting locations for white pine blister rust-resistant stock. Identifying planting locations that can sustain whitebark pine and provide some protection from white pine blister rust is important due to the expense associated with raising and planting genetically resistant stock and the limited number of seedlings relative to the expansive landscapes that may need treatment to sustain this iconic species.





5. Conclusions


White pine blister rust infection, which results in the loss of large cone-producing trees and heightened lethality in smaller trees, is a double jeopardy for whitebark pine. White pine blister rust-resistant seedling planting programs are the best hope for sustaining whitebark pine [33], and could consider planting locations, with respect to regional climate, which minimize the likelihood and intensity of the infection that may build over time. Here, we presented information consistent with findings from other studies but specific to the GYE, that suggests regional climate patterns can be used with information about local conditions and alternate host densities to inform restoration efforts. Specifically, if planting targets include areas outside the temperature and humidity range identified as ideal for infection, the probability of infection may be temporarily reduced, thus buying time for growth to cone-producing age.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4907/10/8/666/s1, Table S1: Correlation matrix for selecting climate variables considered for analysis with blister rust incidence.





Author Contributions


Conceptualization, D.P.T., E.K.S. and K.M.I.; formal analysis, D.P.T., E.K.S. and K.M.I.; writing—original draft preparation, D.P.T., E.K.S. and K.M.I.; supervision and project administration, E.K.S.




Funding


This research received no external funding.




Acknowledgments


We are grateful to the 35 biological field technicians and interns who contributed to whitebark pine monitoring in the GYE over the past 16 years. We thank data manager Rob Daley for his attention to detail, and innovation. Multiple collaborators from the National Park Service, US Forest Service, US Geological Survey, Bureau of Land Management, and Montana State University have contributed to this long-term monitoring program with advice, logistical support, and sponsorship. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sturrock, R.N.; Frankel, S.J.; Brown, A.V.; Hennon, P.E.; Kliejunas, J.T.; Lewis, K.J.; Worrall, J.J.; Woods, A.J. Climate change and forest diseases. Plant Pathol. 2011, 60, 133–149. [Google Scholar] [CrossRef]

	



Garbelotto, M.; Pautasso, M. Impacts of exotic forest pathogens on Mediterranean ecosystems: Four case studies. Eur. J. Plant Pathol. 2012, 133, 101–116. [Google Scholar] [CrossRef]

	



Allen, C.D.; Breshears, D.D.; McDowell, N.G. On underestimation of global vulnerability to tree mortality and forest die-off from hotter drought in the Anthropocene. Ecosphere 2015, 6, 129. [Google Scholar] [CrossRef]

	



Holmes, T.P.; Aukema, J.E.; von Holle, B.; Liebhold, A.; Sills, E. Economic impacts of invasive species in forests: Past, present, and future. Ann. N. Y. Acad. Sci. 2009, 1162, 18–38. [Google Scholar] [CrossRef]

	



Liebhold, A.M.; Brockerhoff, E.G.; Garrett, L.J.; Parke, J.L.; Britton, K.O. Live plant imports: The major pathway for forest insect and pathogen invasions of the US. Front. Ecol. Environ. 2012, 10, 135–143. [Google Scholar] [CrossRef]

	



Koteen, L. Climate change, whitebark pine, and grizzly bears in the Greater Yellowstone Ecosystem. In Wildlife Responses to Climate Change: North American Case Studies; Schneider, S.H., Root, T.L., Eds.; Island Press: Washington, DC, USA, 2002; pp. 343–387. [Google Scholar]

	



Maloy, O.C. White Pine Blister Rust Control in North America: A Case History. Annu. Rev. Phytopathol. 1997, 35, 87–109. [Google Scholar] [CrossRef]

	



Neuenschwander, L.F.; Byler, W.; Harvey, A.E.; McDonald, G.I.; Ortiz, D.S.; Osborne, H.L.; Snyder, G.C.; Zack, A. White Pine in the American West: A Vanishing Species—Can We Save It? General Technical Report RMRS-GTR-35; U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station: Ogden, UT, USA, 1999.

	



DTomback, F.; Anderies, A.J.; Carsey, K.S.; Powell, M.L.; Mellmann-Brown, S. Delayed seed germination in whitebark pine and regeneration patterns following the Yellowstone fires. Ecology 2001, 82, 2587–2600. [Google Scholar] [CrossRef]

	



Kendall, J.M.; Asebrook, K.C. The War Against Blister Rust in Yellowstone National Park, 1945–1978. In Historical Perspectives on Science and Management in Yellowstone National Park; The George Wright Forum: Hancock, MI, USA, 1998; Volume 15, pp. 36–49. [Google Scholar]

	



Kendall, K.; Keane, R.E. Whitebark pine decline: Infection, mortality, and population trends. In Whitebark Pine Communities: Ecology and Restoration; Tomback, D.F., Arno, S.F., Keane, R.E., Eds.; Island Press: Washington, DC, USA, 2001; pp. 221–242. [Google Scholar]

	



Keane, R.E.; Arno, S.F. Rapid Decline of Whitebark Pine in Western Montana: Evidence from 20-Year Remeasurements. West. J. Appl. For. 1993, 8, 44–47. [Google Scholar]

	



Zeglen, S. Whitebark pine and white pine blister rust in British Columbia, Canada. Can. J. For. Res. 2002, 32, 1265–1274. [Google Scholar] [CrossRef]

	



Tomback, D.F.; Achuff, P. Blister rust and western forest biodiversity: Ecology, values and outlook for white pines. For. Pathol. 2010, 40, 186–225. [Google Scholar] [CrossRef]

	



Shanahan, E.; Irvine, K.M.; Thoma, D.; Wilmoth, S.; Ray, A.; Legg, K.; Shovic, H. Whitebark pine mortality related to white pine blister rust, mountain pine beetle outbreak, and water availability. Ecosphere 2016, 7, e01610. [Google Scholar] [CrossRef]

	



Logan, J.A.; Macfarlane, W.W.; Willcox, L. Effective monitoring as a basis for adaptive management: A case history of mountain pine beetle in Greater Yellowstone Ecosystem whitebark pine. iForest Biogeosci. For. 2009, 2, 19–22. [Google Scholar] [CrossRef]

	



MacFarlane, W.W.; Logan, J.A.; Kern, W.R. An innovative aerial assessment of Greater Yellowstone Ecosystem mountain pine beetle-caused whitebark pine mortality. Ecol. Appl. 2013, 23, 421–437. [Google Scholar] [CrossRef]

	



Powell, J.A.; Logan, J.A. Insect seasonality: Circle map analysis of temperature-driven life cycles. Theor. Popul. Biol. 2005, 67, 161–179. [Google Scholar] [CrossRef]

	



Gibson, K.E. Mountain Pine Beetle: Conditions and Issues in the Western United States, 2003. In Mountain Pine Beetle Symposium: Challenges and Solutions, October 30–31; Natural Resources Canada: Kelowna, BC, Canada, 2003; pp. 57–61. [Google Scholar]

	



Bentz, B.J.; Regniere, J.; Fettig, C.J.; Hansen, E.M.; Hayes, J.L.; Hicke, J.A.; Kelsey, R.G.; Negron, J.F.; Seybold, S.J. Climate Change and Bark Beetles of the Western United States and Canada: Direct and Indirect Effects. Bioscience 2010, 60, 602–613. [Google Scholar] [CrossRef]

	



Buotte, P.C.; Hicke, J.A.; Preisler, H.K.; Abatzoglou, J.T.; Raffa, K.F.; Logan, J.A. Climate influences on whitebark pine mortality from mountain pine beetle in the Greater Yellowstone Ecosystem. Ecol. Appl. 2016, 26, 2505–2522. [Google Scholar] [CrossRef]

	



Schwandt, J.W.; Kearns, H.S.J.; Byler, J.W. Impacts of White Pine Blister Rust and Competition on Natural Whitebark Pine Regeneration in Northern Idaho 1995–2012; U.S. Forest Service: Washington, DC, USA, 2013.

	



Shepherd, B.; Jones, B.; Sissons, R.; Cochrane, J.; Park, J.; Smith, C.M.; Stafl, N. Ten years of monitoring illustrates a cascade of effects of white pine blister rust and focuses whitebark pine restoration in the canadian Rocky and Columbia Mountains. Forests 2018, 9, 138. [Google Scholar] [CrossRef]

	



Kearns, H.S.J.; Jacobi, W.R.; Reich, R.M.; Flynn, R.L.; Burns, K.S.; Geils, B.W. Risk of white pine blister rust to limber pine in Colorado and Wyoming, USA. For. Pathol. 2014, 44, 21–38. [Google Scholar] [CrossRef]

	



Smith, J.P.; Hoffman, J.T. Site and stand characteristics related to white pine blister rust in high-elevation forests of southern Idaho and western Wyoming. West. N. Am. Nat. 2001, 61, 409–416. [Google Scholar]

	



Hansen, A.; Ireland, K.; Legg, K.; Keane, R.; Barge, E.; Jenkins, M.; Pillet, M. Complex challenges of maintaining Whitebark pine in Greater Yellowstone under climate change: A call for innovative research, management, and policy approaches. Forests 2016, 7, 54. [Google Scholar] [CrossRef]

	



Kinloch, B.B. Forest Pathology for the Last Century: A Retrospective and Directions for the Future—White Pine Blister Rust in North America: Past and Prognosis. Phytopathology 2003, 93, 1044–1047. [Google Scholar] [CrossRef]

	



Van Arsdel, E.P.; Geils, B.W.; Zambino, P.J. Epidemiology for hazard rating of white pine blister rust. In Proceedings of the 53rd Western International Forest Disease Work Conference, Jackson, WY, USA, 26–30 September 2005; pp. 49–69. [Google Scholar]

	



Mielke, J.L. White Pine Blister Rust in Western North America; Bulletin No. 52; Yale School of Forestry: New Haven, CT, USA, 1943. [Google Scholar]

	



Van Arsdel, E.P.; Riker, A.J.; Patton, R.F. Elevation effects on temperature and rainfall correlated with blister rust distribution in southwestern Wisconsin. Phytopathology 1956, 47, 307–318. [Google Scholar]

	



Van Arsdel, E.P. Micrometeorology and Plant Disease Epidemiology. Phytopathology 1965, 55, 945–950. [Google Scholar]

	



Zambino, P.J. Biology and pathology of Ribes and their implications for management of white pine blister rust. For. Pathol. 2010, 40, 264–291. [Google Scholar] [CrossRef]

	



Mahalovich, M. Grizzly bears and whitebark pine in the Greater Yellowstone Ecosystem. In Future Status of Whitebark Pine: Blister Rust Resistance, Mountain Pine Beetle and Climate Change; Report Number: 2470 RRM-NR-WP-13-01; USDA Forest Service Northern Rocky Mountain, Southwestern, and Intermountain Regions: Washington, DC, USA, 2013. [Google Scholar]

	



Hoff, R.J. How To Recognize Blister Rust Infection On Whitebark Pine. For. Sci. 1992, 406, 1–8. [Google Scholar]

	



Campbell, E.M.; Antos, J.A. Distribution and severity of white pine blister rust and mountain pine beetle on whitebark pine in British Columbia. Can. J. For. Res. 2000, 30, 1051–1059. [Google Scholar] [CrossRef]

	



Kearns, H.S.J.; Jacobi, W.R. The distribution and incidence of white pine blister rust in central and southeastern Wyoming and northern Colorado. Can. J. For. Res. 2007, 37, 462–472. [Google Scholar] [CrossRef]

	



Newcomb, M. White Pine Blister Rust Whitebark Pine and Ribes Species in the Greater Yellowstone Area. Bachelor’s Theses, University of Montana, Missoula, MT, USA, 2003. [Google Scholar]

	



Larson, E.R. Influences of the biophysical environment on blister rust and mountain pine beetle, and their interactions, in whitebark pine forests. J. Biogeogr. 2011, 453–470. [Google Scholar] [CrossRef]

	



Smith-Mckenna, E.K.; Resler, L.M.; Tomback, D.F.; Zhang, H.; Malanson, G.P. Topographic Influences on the Distribution of White Pine Blister Rust in Pinus albicaulis Treeline Communities. Ecoscience 2013, 20, 215–229. [Google Scholar] [CrossRef]

	



Tercek, M.T.; Gray, S.T.; Nicholson, C.M. Climate zone delineation: Evaluating approaches for use in natural resource management. Environ. Manag. 2012, 49, 1076–1091. [Google Scholar] [CrossRef]

	



Marston, R.A.; Anderson, J.E. Society for Conservation Biology Watersheds and Vegetation of the Greater Yellowstone Ecosystem. Conserv. Biol. 1991, 5, 338–346. [Google Scholar] [CrossRef]

	



Thornton, P.E.; Thornton, M.M.; Mayer, B.W.; Wei, Y.; Devarakonda, R.; Vose, R.S.; Cook, R.B. Daymet: Daily Surface Weather Data on a 1-km Grid for North America, Version 3; ORNL DAAC: Oak Ridge, TN, USA, 2016. [Google Scholar]

	



Lutz, J.A.; van Wagtendonk, J.W.; Franklin, J.F. Climatic water deficit, tree species ranges, and climate change in Yosemite National Park. J. Biogeogr. 2010, 37, 936–950. [Google Scholar] [CrossRef]

	



Dilts, T.E.; Weisberg, P.J.; Dencker, C.M.; Chambers, J.C. Functionally relevant climate variables for arid lands: A climatic water deficit approach for modelling desert shrub distributions. J. Biogeogr. 2015, 42, 1986–1997. [Google Scholar] [CrossRef]

	



Allen, M.; Pereira, R.G.; Raes, L.S.; Smith, D. FAO Irrigation and Drainage Paper. Crop Evapotranspiration (Guidelines for Computing Crop Water Requirements); Paper No. 56; Food and Agriculture Organization: Rome, Italy, 2006. [Google Scholar]

	



The R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2017. [Google Scholar]

	



Zuur, G.M.; Leno, A.; Walker, E.N.; Saveliev, N.; Smith, A.A. Mixed Effects Models and Extensions in Ecology with R; Springer: New York, NY, USA, 2009. [Google Scholar]

	



Lohr, S.L. Sampling: Design and Analysis, 2nd ed.; Brooks/Cole Cengage Learning: Boston, MA, USA, 2010. [Google Scholar]

	



Burnham, K.P.; Anderson, D.R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2002. [Google Scholar]

	



McDonald, G.I.; Hoff, R.J.J. Blister rust: An introduced plague. In Whitebark Pine Communities: Ecology and Restoration; Tomback, K.R.E., Arno, D.F., Eds.; Island Press: Washington, DC, USA, 2001; pp. 193–220. [Google Scholar]

	



Helmbrecht, D.J.; Keane, R.E.; Gray, K.L. Modeling and Mapping White Pine Blister Rust Infection in Whitebark Pine; Poster; USDA Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory: Fort Collins, CO, USA, 2007. [Google Scholar]

	



Minder, J.R.; Mote, P.W.; Lundquist, J.D. Surface temperature lapse rates over complex terrain: Lessons from the Cascade Mountains. J. Geophys. Res. 2010, 115, 1–13. [Google Scholar] [CrossRef]

	



Burns, K.S.; Schoettle, A.W.; Jacobi, W.R.; Mahalovich, M.F. White Pine Blister Rust in the Rocky Mountain Region and Options for Management; Biological Evaluation R2-07-04; USDA Forest Service Rocky Mountain Region: Golden, CO, USA, 2007. [Google Scholar]

	



Shanahan, E.; Legg, K.; Daley, R. Status of Whitebark Pine in the Greater Yellowstone Ecosystem A Step-Trend Analysis with Comparisons from 2004 to 2015; National Park Service: Fort Collins, CO, USA, 2017. [Google Scholar]

	



Kearns, H.S.J.; Jacobi, W.R.; Geils, B.W. A method for estimating white pine blister rust canker age on limber pine in the central Rocky Mountains. For. Pathol. 2009, 39, 177–191. [Google Scholar] [CrossRef]

	



Van Arsdel, E.P. Environment in Relation to White Pine Blister Rust Infection. In Biology of Rust Resistance in Forest Trees: Proceedings of a NATO-IUFRO Advanced Study Institute; U.S. Department of Agriculture, Forest Service: Washington, DC, USA, 1972; Volume 9, pp. 479–493. [Google Scholar]

	



Chang, T.; Hansen, A.J.; Piekielek, N. Patterns and Variability of Projected Bioclimatic Habitat for Pinus albicaulis in the Greater Yellowstone Area. PLoS ONE 2014, 9, e111669. [Google Scholar] [CrossRef]








[image: Forests 10 00666 g001 550]





Figure 1. Location of 176 long-term monitoring transects in the Greater Yellowstone Ecosystem (GYE) and distribution of white pine blister rust infected and uninfected transects monitored between 2004 and 2018. Infection status is mapped with different sized symbols, such that overlapping points representing infected (Y) and uninfected (N) trees in the same transect can be seen. 
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Figure 2. Proportion of white pine blister rust infected (Y) and uninfected (N) trees by (a) latitude, (b) longitude, (c) elevation, and (d) the proportion of infected and uninfected trees by DBH (cm). 
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Figure 3. Relationships at monitored whitebark pine stands between elevation and climate variables (a) maximum annual snowpack snow water equivalent, aPACK (mm); (b) August–September mean relative humidity, asRH (%); (c) August–September mean temperature, asTEMP (°C); (d) August–September cumulative rain, asRAIN (mm) used in the climate class of models of white pine blister rust infection in the GYE. 
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Figure 4. Proportion of whitebark pine trees infected and uninfected by white pine blister rust relative to (a) August and September average relative humidity, and (b) August and September average temperature (°C). 
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Figure 5. Probability of white pine blister rust infection by diameter at breast height (DBH) of whitebark pine trees as a function of average August–September relative humidity (asRH) for six levels of average August–September temperature (asTEMP). The panel labels indicate scenarios of average temperature (°C) that span the range of the average August–September temperature at monitored stands. 
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Figure 6. Probability of white pine blister rust infection in whitebark pine in the Greater Yellowstone Ecosystem created using the top model (m17) from Table 1. Probability is based on the interaction between August and September relative humidity (asRH) and temperature (asTEMP), modeled for a 1 cm DBH tree. The extent of modeled probability was limited to locations with mean August–September temperatures between 7.67 and 12.03 °C, the range of asTEMP from Daymet at the monitored stands. 
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Table 1. Delta AIC (∆AIC) and adjusted R2 for models of white pine blister rust infection of whitebark pine trees in the Greater Yellowstone Ecosystem. All models included a random intercept for transect. The marginal R² is the proportion of variance explained by the fixed factors (climate or location variables), while the conditional R² is the proportion of variance explained by both fixed (climate variables or location variables) and random (transect) intercept.
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	Class
	Model
	(Intercept)
	Recent DBH (cm)
	Elev. (m)
	Longitude
	Latitude
	Aspect
	Slope
	asRAIN
	asRH
	asTEMP
	aPACK
	asRH:asTEMP
	df
	logLik
	AICc
	∆AIC
	Weight
	R2 Conditional
	R2 Marginal





	climate
	m17
	−1.459
	0.062
	
	
	
	
	
	
	0.738
	0.541
	
	−0.435
	6
	−2888
	5789
	0.0
	1.00
	0.20
	0.40



	climate
	m15
	−1.275
	0.062
	
	
	
	
	
	
	0.641
	0.448
	
	
	5
	−2900
	5810
	21.0
	0.00
	0.16
	0.41



	climate
	m10
	−1.286
	0.062
	
	
	
	
	
	
	0.656
	0.452
	0.071
	
	6
	−2900
	5811
	22.5
	0.00
	0.16
	0.41



	climate
	m8
	−1.284
	0.062
	
	
	
	
	
	−0.110
	0.733
	0.490
	0.120
	
	7
	−2899
	5812
	23.8
	0.00
	0.17
	0.41



	climate
	m9
	−1.284
	0.062
	
	
	
	
	
	−0.110
	0.733
	0.490
	0.120
	
	7
	−2899
	5812
	23.8
	0.00
	0.17
	0.41



	location
	m3
	−1.325
	0.063
	−0.335
	−0.303
	
	
	
	
	
	
	
	
	5
	−2901
	5813
	24.3
	0.00
	0.15
	0.40



	location
	m4
	−1.304
	0.063
	−0.291
	−0.287
	0.114
	
	
	
	
	
	
	
	6
	−2901
	5814
	25.3
	0.00
	0.15
	0.40



	location
	m6
	−1.303
	0.063
	−0.290
	−0.283
	0.088
	0.035
	0.111
	
	
	
	
	
	8
	−2900
	5817
	28.2
	0.00
	0.15
	0.41



	location
	m2
	−1.329
	0.063
	−0.498
	
	
	
	
	
	
	
	
	
	4
	−2905
	5817
	28.4
	0.00
	0.13
	0.40



	location
	m13
	−1.306
	0.063
	
	−0.511
	
	
	
	
	
	
	
	
	4
	−2906
	5820
	30.8
	0.00
	0.14
	0.42



	climate
	m19
	−1.229
	0.063
	
	
	
	
	
	
	0.433
	
	
	
	4
	−2910
	5828
	39.2
	0.00
	0.13
	0.42



	climate
	m11
	−1.236
	0.063
	
	
	
	
	
	
	0.442
	
	0.046
	
	5
	−2910
	5830
	41.1
	0.00
	0.13
	0.42



	climate
	m21
	−1.307
	0.063
	
	
	
	
	
	0.292
	
	
	
	
	4
	−2914
	5836
	46.9
	0.00
	0.11
	0.42



	climate
	m20
	−1.329
	0.063
	
	
	
	
	
	
	
	0.230
	
	
	4
	−2915
	5837
	48.6
	0.00
	0.11
	0.43



	climate
	m1
	−1.289
	0.063
	
	
	
	
	
	
	
	
	
	
	3
	−2917
	5841
	52.1
	0.00
	0.10
	0.43



	climate
	m12
	−1.286
	0.063
	
	
	
	
	
	
	
	
	−0.020
	
	4
	−2917
	5843
	54.1
	0.00
	0.10
	0.43



	location
	m14
	−0.341
	
	−0.427
	
	
	
	
	
	
	
	
	
	3
	−3084
	6174
	385.5
	0.00
	0.04
	0.30
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