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Introduction: Limber pine is a keystone species in the Rocky Mountains that grows on harsh, high elevation sites where few other tree species can. Recent studies suggest the species is threatened by the combined impacts of the exotic, invasive disease, white pine blister rust (WPBR), native bark beetles, and climate change. Information on changes in the health of limber pine populations and long-term impacts posed by these threats is needed to inform management efforts.

Methods: We established 106 long-term monitoring plots in 10 study areas that were surveyed three times between 2004 and 2017. We assessed site and stand factors, tree health, and regeneration over time to detect changes in limber pine abundance and health, cumulative impacts of WPBR and bark beetles, and to evaluate the drivers of WPBR occurrence and severity.

Results: Limber pine health declined significantly over the study with more than 20% of initially live limber pine trees dead by the last measurement cycle, primarily due to WPBR and bark beetles. While some recruitment occurred, mortality rates greatly outpaced recruitment of ingrowth. Disease incidence and how it changed over time was variable, but disease severity increased substantially overall and in all study areas. Limber pine regeneration was low or absent in most sites and mortality caused by WPBR increased significantly. We found strong relationships between WPBR and aridity. Trees in habitats with high vapor pressure deficit were less likely to be infected with WPBR, but trees that were already infected were more likely to develop severe symptoms and die. Longer growing seasons increased the likelihood of WPBR presence and mortality. Growing season length and vapor pressure deficit tended to increase over the study, suggesting that climate change may exacerbate disease impacts.

Discussion: Declining health of limber pine coupled with high mortality rates, increasing disease severity, and low levels of natural regeneration indicate successful recovery may not occur in some locations without management intervention. Proactive management strategies to reduce insect and disease impacts and promote stand recovery and resilience should be pursued in remaining, healthy limber pine ecosystems.
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1. Introduction

Limber pine (Pinus flexilis) is an ecologically and culturally important tree species that occurs throughout western North America spanning a vast latitudinal (34°–54° N) and elevational (870–3,810 m) range (Steele, 1990; Figure 1). Not only is limber pine an important component of the forested ecosystems it inhabits, as a keystone species it has a disproportionately large influence on ecosystem functions relative to its abundance (Steele, 1990; Schoettle et al., 2022a). Limber pines provide habitat and a food source for wildlife, regulate snow retention and runoff, facilitate the establishment of late successional tree species at treeline, and maintain cover on harsh, rugged sites where little else can grow (Schoettle, 2004). Limber pines are threatened by the combined impacts of climate change, bark beetles, and the exotic, invasive disease, white pine blister rust (WPBR) (Burns et al., 2011; Smith et al., 2013a; Kearns et al., 2014; Cleaver et al., 2015; Schoettle et al., 2022a).
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FIGURE 1
Map of 106 long-term limber pine health monitoring plots measured three times between 2004–2007 and 2016–2017 in the U.S. Rocky Mountains. The 10 study areas are denoted by color and include Montana (16), North Dakota (2), Shoshone (17), Bighorns (12), Laramie Peak (7), Pole Mountain (8), Snowy Mountains (7), Canyon Lakes (8), Poudre South (4), and Sangre de Cristos (25). Limber pine distribution (denoted in gray) was gathered from the USGS Gap Analysis Project (GAP).


Recent studies indicate limber pine health in the Rocky Mountains is declining (Jackson et al., 2010; Smith et al., 2013a; Cleaver et al., 2015, 2022; Shanahan et al., 2019) and mortality significantly exceeds growth (Goeking and Windmuller-Campione, 2021). Climate models predict that limber pine will be forced to higher elevations (Monahan et al., 2013) and the USDA Forest Service National Insect and Disease Risk Map predicts a 44% reduction in limber pine basal area by 2027 due to combined effects of WPBR, bark beetles, and dwarf mistletoe (Krist et al., 2014). Concerns over the status of the species have led limber pine to be listed as a “Species of Local Concern” on the Black Hills National Forest, a “Species of Management Concern” in Rocky Mountain National Park, and a “BLM Sensitive Species” in Wyoming. The listing of limber pine as Endangered under the Species at Risk Act in Canada is pending (COSEWIC, 2014). The Committee on the Status of Endangered Wildlife in Canada (COSEWIC) concluded “this tree species is imminently and severely threatened throughout its Canadian range by white pine blister rust (an introduced pathogen), mountain pine beetle, and climate change.”

The fungal pathogen that causes WPBR, Cronartium ribicola, was inadvertently introduced into western North America in the early 20th century (Geils et al., 2010). All nine North American white pine species are susceptible to the rust. WPBR was first reported in natural limber pine stands in southern Idaho in 1945 (Krebill, 1964) and has since slowly spread throughout a large portion of limber pine’s range, now occurring in areas once thought to be too inhospitable for the pathogen to flourish (Blodgett and Sullivan, 2004; Burns, 2006; Vogler et al., 2017a,b; Jacobi et al., 2018a; Schoettle et al., 2018). The only states where WPBR has not been detected in limber pine to date include Utah, Oregon, and California (Kliejunas and Dunlap, 2007; Maloney, 2011; Dunlap, 2012; Vogler et al., 2017a). The relatively recent movement of the disease into limber pine forests of Colorado and portions of southern Wyoming coupled with the rising bark beetle epidemic, raise questions as to the future health of white pines in high-elevation forests of the U.S. Rocky Mountains.

Cronartium ribicola is a macrocyclic, heteroecious rust fungus and therefore requires an alternate host (Ribes, Pedicularis, or Castilleja species) to complete its life cycle. Sporulation, dispersal, and infection occur only when specific temperature and humidity requirements are met (McDonald and Hoff, 2001). “Wave years” with heavy pine infection occur during years when microclimatic conditions are suitable for C. ribicola infections. Unlike the Northern Rocky Mountains, wave years are likely infrequent in the warmer and drier ecosystems of the Southern Rocky Mountains leading to slower disease spread and intensification (Jacobi et al., 2018a). Spores produced on pines (aeciospores) in late spring/early summer infect alternate hosts; there is no pine-to-pine transmission. Aeciospores are thick-walled and hardy and can travel long distances (>100 km) in the wind. Basidiospores produced on alternate hosts in late summer/early fall infect pines. They are fragile and only travel short distances (1 km) in the wind. Following infection through needle stomata, fungal mycelium grows into the phloem eventually causing a canker. If an infection occurs close to the main stem, it will eventually grow into it and girdle the stem, killing the portion of the tree above the canker. Impacts on pines include branch death and topkill which reduce cone-production, and whole-tree mortality. The time it takes from infection to mortality depends on the location of the infection and tree size; small trees are killed rapidly (Geils et al., 2010).

Bark beetles may interact with WPBR to exacerbate declining health of limber pine. Mountain pine beetle (Dendroctonus ponderosae; MPB) is an aggressive, destructive bark beetle native to western North America. Nearly all western pine species are hosts, but lodgepole (Pinus contorta), ponderosa (P. ponderosa), whitebark (P. albicaulis), and limber pine are the most common hosts in the Rocky Mountains (Furniss, 1977; Alfaro et al., 2003; Gibson, 2003; Brown and Schoettle, 2008; Gibson et al., 2008). The most recent outbreak (roughly 1998–2013) particularly affected limber pine, a favored host (Langor, 1989; Cerezke, 1995), with concentrated mortality occurring on over 500,000 ha in the Rocky Mountain Region and coinciding with severe drought, warm temperatures, and mild winters (Logan and Powell, 2001; Taylor et al., 2006; Vorster et al., 2017). As the MPB epidemic collapsed in northern Colorado and southern Wyoming, populations of Ips woodi increased, attacking, and killing limber pines in the absence of MPB (Witcosky, 2017). Ips activity continued for several years adding to the total losses of limber pine over the course of the epidemic.

The ability of limber pine to successfully regenerate is complicated by a variety of factors such as WPBR, its relatively slow ability to recover following natural disturbance (Schoettle, 2004; Coop and Schoettle, 2009), and climate change. WPBR quickly girdles young trees and cone-bearing branches on mature trees (Geils et al., 2010). Bark beetles can indiscriminately kill mature WPBR-resistant trees, reducing the favorable gene pool (Schwandt, 2006). Furthermore, evidence suggests that climates are becoming less hospitable for white pines (Rehfeldt et al., 2008; Larson, 2011; Malone et al., 2018; Millar et al., 2018), further exacerbating the ability for these species to recover. Knowledge of the current health status of limber pine and how stands are impacted by these damage agents over time will provide critical information to inform management and guide recovery efforts (Schoettle et al., 2022a).

Recent studies have surveyed limber pine health in a single time point (Burns, 2006; Kearns and Jacobi, 2007; Kliejunas and Dunlap, 2007; Burns et al., 2011; Klutsch et al., 2011; Maloney, 2011; Dunlap, 2012; Cleaver et al., 2015, 2017b,2022; Shanahan et al., 2019) as well as in multiple time points (Smith et al., 2013a). In single time-point surveys, incidence and mortality rates show great variability between and even within mountain ranges (Burns, 2006; Kearns and Jacobi, 2007; Burns et al., 2011; Cleaver et al., 2015), demonstrating the complexity of forest health trends in the limber pine-WPBR pathosystem. Sites (not permanently monumented) in Wyoming and Colorado first measured by Kearns and Jacobi (2007) in 2002–2004 and remeasured by Cleaver et al. (2015) in 2011–2012 found WPBR incidence increased 6% (from 20 to 26%) and bark beetle mortality increased 17%. Smith et al. (2013a) surveyed limber pine throughout its range in the Canadian Rocky Mountains over 6 years from 2003 to 2009, with some sites surveyed over 13 years (1996–2009). They found incidence increased 10% and the disease continued to spread into new locations. Limber pines at the southernmost edge of their study, near the U.S.-Canada border, showed the highest WPBR infection and mortality rates. Results suggested long-term persistence of limber pine in some sites is in jeopardy.

Long-term surveys of permanent plots provide valuable insights into disease spread and development, which can be especially important in forested ecosystems, as changes to tree health may span many years (Cleaver et al., 2017a; Schoettle et al., 2019a,b). We assessed permanent plots throughout the U.S. Rocky Mountains and North Dakota over time to measure changes in health status and stand dynamics in limber pine populations. The objectives were to: (1) evaluate changes in limber pine abundance and health, (2) assess long-term, cumulative impacts of WPBR and bark beetles, and (3) evaluate site, stand, and environmental drivers of WPBR occurrence and severity at the tree and plot level. Results of this long-term study provide insight into temporal trends of the biotic agents threatening ecologically important limber pines to inform and guide management efforts.



2. Materials and methods


2.1. Study areas

The survey area extended through most of the distribution of limber pine in the U.S. Rocky Mountains and North Dakota. Permanent plots, ca. 106, were established within 10 study areas during the 2004 (Sangre de Cristo Mountains), 2006 (Poudre Canyon South, Canyon Lakes, Snowy Mountains, Pole Mountain, Laramie Peak, Bighorn NF, Shoshone NF), and 2007 (North Dakota, Montana) field seasons (Figure 1). Subsequent assessments took place from 2011 to 2014 and again in 2016 to 2017 (Supplementary Table 1). The northernmost plot was located on the Blackfeet Indian Reservation, Montana (48°15′7″ N, 112°48′2″ W) and the southernmost was on the Rio Grande National Forest, Colorado (37°36′41″ N, 105°31′48″ W). Two plots occurred on the west side of the Continental Divide, west of Butte, Montana, and the easternmost plots were in the badlands of western North Dakota. Plot locations were selected based on vegetation layers, limber pine composition >20% in previous surveys, and suggestions from local land managers. Plot locations were randomized across elevations, aspects, slope positions, WPBR incidence (where available), and stand species compositions.



2.2. Plot design

Plots were established as belt transects following methods adapted from the Whitebark Pine Ecosystem Foundation (Tomback et al., 2005). Each plot (60 × 15 m, 0.09 ha) was divided into three 20 × 15 m sections, except in the Sangre de Cristo Mountains where plot dimensions varied to include approximately 30 live white pines >1.37 m tall; but on average were 60 × 15 m (Burns et al., 2011). At the center point of each section, a fixed area circular subplot (0.004 ha, 3.6 m radius) was established to quantify ground cover, understory vegetation, and regeneration (stems <1.37 m tall). Plots were monumented with a labeled rebar stake (or PVC pipe) at the center point of each section and at the plot start and end points.



2.3. Survey methods


2.3.1. Site measurements

Site data collected included location (latitude/longitude), aspect (degrees), slope (percent), elevation (meters), slope position (summit, ridgetop, or plateau; shoulder; backslope; footslope; toeslope; valley bottom), stand structure (closed canopy single story, closed canopy multi-storied, open canopy scattered individuals, open canopy scattered clumps, mosaic), disturbance history (e.g., fire scars, tree cutting, mining activity, avalanche, and rock slides), and presence/absence of WPBR alternate hosts (Ribes, Castilleja, and Pedicularis spp.).



2.3.2. Trees >1.37 m in height

All trees (white pines only in the Sangre de Cristo Mountains) greater than 1.37 m tall were tagged and the following data were collected: species, diameter at breast height (dbh), health status (healthy: <15% damage to crown/stem; declining: 16–50% damage to crown/stem; dying: >50% damage to crown/stem; recent dead: no green needles, red needles/fine twigs present; old dead: no fine twigs, no needles), crown class (open grown, dominant, codominant, intermediate, overtopped, or krummholz), and damage agents and their severities. Trees growing in clumps were considered individual stems if they were distinct at breast height (1.37 m). For white pines, additional information was collected including live crown ratio (the percent of total tree height that supports live foliage), canopy kill (visual estimate of the percentage of the canopy that was recently killed not including old dead branches lacking fine twigs or with <50% bark intact), presence or absence of live cones, and measurements to characterize WPBR presence and severity (see section “2.3.3. White pine blister rust assessments”). Trees that grew taller than 1.37 m during a measurement cycle were included as “ingrowth,” tagged, and the above metrics were recorded. Cause of death was attributed to WPBR when an obvious extensive, lethal stem canker was present (regardless of beetle activity). Alternately, cause of death was attributed to bark beetles if the tree was mass attacked and did not have an extensive, lethal canker (otherwise, regardless of WPBR status). Year of attack for bark beetle-killed trees was estimated based on degradation classes of needles and fine branches as described by Klutsch et al. (2009). In the initial measurements, trees classified as “old dead” were not evaluated for damage or cause of death, as many were too degraded to accurately determine this information.

Species composition was assessed by categorizing stems as either limber pine or falling into one of the following categories: “Other Pines”: lodgepole and ponderosa pine; “Other White Pines”: whitebark and Rocky Mountain bristlecone (Pinus aristata) pine; “Spruce-Fir”: Douglas-fir (Pseudotsuga menziesii), subalpine fir (Abies lasiocarpa), white fir (Abies concolor), and Engelmann spruce (Picea engelmannii); or “Other Spp.”: Rocky Mountain juniper (Juniperus scopulorum) and quaking aspen (Populus tremuloides). In the Sangre de Cristo Mountains, a variable radius plot was established at the center point of the beginning, center, and end of each plot to collect data on stand composition including species, diameter class for trees taller than 1.37 m (0.1–12.6, 12.7–30.5, >30.5 cm dbh), and health status (see above) for all “in” trees.

Annualized mortality rates (M) were calculated as M = 1 − (Ts / T1)1/Δt where Ts represents the number of live limber pine stems (>1.37 m tall) assessed during the first measurement cycle (2004/2006/2007) that were still alive in the final measurement cycle (2016/2017), T1 represents the number of live limber pine stems (>1.37 m tall) assessed during the first measurement cycle, and Δt represents the number of growing seasons between each individual plot’s first and final measurements (Dudney et al., 2020). Similarly, ingrowth recruitment rates (R) were calculated as R = 1 − (Ts / T3)1/Δt where Ts represents the number of live limber pine stems (>1.37 m tall) assessed during the first measurement cycle (2004/2006/2007) that were still alive in the final measurement cycle (2016/2017), T3 represents the number of live limber pine stems (>1.37 m tall) assessed during the final measurement cycle, and Δt represents the time interval (Dudney et al., 2020).



2.3.3. White pine blister rust assessments

Number of branch and stem cankers per crown and stem third were tallied for each infected white pine. This was done by visually dividing the entire length of the crown (using a planar method) and stem into thirds. In the absence of aecia or pycnia, at least three of the following five indicators needed to be present: roughbark, flagging, gnawing, sap production, and/or swelling. Stem cankers included all cankers on the main stem or within 15 cm of it. Branch canker lengths (horizontal extent of cankered bark, no measurements of radial canker extent were taken) were visually estimated for up to six branch cankers per crown third. These data were used as a surrogate for canker age allowing us to roughly estimate the year WPBR became established on a site and/or the frequency of infection events (Kearns et al., 2009). Cankers were put into 12-cm size classes that represented average annual canker growth (e.g., size 1 = >0–12 cm, size 2 = 12.1–24 cm, size 3 = 24.1–36 cm, etc.). Frequency of infection events was based on the number of canker size classes that occurred within a subregion. For example, if there were cankers in each of the 10 first size classes, we inferred infections occurred every year for the previous 10 years.

White pine blister rust disease severity was calculated for each tree based on cumulative crown and stem damage (Six and Newcomb, 2005). Crowns and stems were divided into thirds and evaluated based on the percentage of branches and bole circumference affected by cankers. For each crown and stem third, a score of 0 was assigned to 0% affected, 1 for <25% affected, 2 for 25–50% affected, and 3 for >50% affected. The 6 total scores per tree (3 crown and 3 stem) were summed to get the tree’s severity rating. The maximum severity score possible for a tree was 18, however scores above 14 are unlikely as few trees survive with a score >12 (Six and Newcomb, 2005). Stand severity was characterized by calculating a mean severity score for all infected trees in the plot. Stand descriptors for rust infection included scores which ranged from 1 to 4.9 (light infection), 5 to 8.9 (moderate infection), and 9+ (heavily infected). Disease severity data were not collected in the Sangre de Cristo Mountains.



2.3.4. Regeneration

All regenerating tree species <1.37 m tall were evaluated within the three subplots (0.004 ha, 3.6 m radius). Data collected included species; height class (<25 cm or 25–137 cm); WPBR presence/absence; and cause of death (WPBR/not WPBR) for white pine species (see section “2.3.2. Trees >1.37 m in height”). Beginning in the 2011–2014 measurement cycle and onward, all white pine regeneration within the entire plot (60 m × 15 m, 0.09 ha) were tallied by species, with observations of WPBR presence/absence, and cause of death (WPBR/not WPBR). Regenerating species other than limber pine were only characterized from subplot data.

Additional data to assess the presence or absence of microsite conditions available for successful regeneration were collected in subplots. This included estimating percent ground cover of lichen/moss, rock, bare soil, litter, vegetation (shrubs and forbs), and tree stems/downed logs. The three most common shrub species were also noted.




2.4. Meteorological data

Meteorological data were summarized for the 4- and 15-year periods prior to the survey year for each plot per measurement cycle to assess their influence on C. ribicola occurrence, incidence, and severity. Information is lacking on the incubation period of C. ribicola on limber pine in the Rocky Mountains. The 4-year cycles were used because early research in western white pine (Pinus monticola) indicates that while the timing varies by factors such as tree size and environmental conditions, 4-years is roughly the maximum length of time that it takes from infection to the appearance of obvious signs and symptoms of disease in the field (Lachmund, 1933).

Mean and total snow water equivalent were summarized for each 4- and 15-year period and maximum temperature, minimum temperature, average temperature, precipitation, and growing degree days (>5°C) were summarized for August and September (AS), the time when pine infection typically occurs; May to September (MS), the biological window when most C. ribicola sporulation occurs on pines and alternate hosts; and an annual average for the 4- and 15-year period using Daymet’s 1-km daily surface weather grids (Thornton et al., 2016). Relative humidity (AS, MS, average annual) was derived from the Daymet dataset following the methods of Allen et al. (2006). Maximum and minimum vapor pressure deficit (daily values averaged for AS, MS, and the 4-year period) were obtained from PRISM Climate Group’s 4-km recent year’s climate data grids (PRISM Climate Group, Oregon State University).1



2.5. Data analyses

Statistical calculations were completed in SAS 9.4, JMP v14, or R (version 4.0.3; R Core Team, 2015). WPBR incidence values were estimated for each plot by calculating the number of live, infected trees out of total live limber pine surveyed. WPBR mortality was calculated as the number of limber pines killed by C. ribicola out of the total number (live and dead) limber pine. Mean incidence and mortality were determined by study area and overall using a generalized linear mixed model, PROC GLIMMIX, procedure in GLMM mode with plot location as random effect and year as fixed effect. Stand means were assessed for significant change (P < 0.05) by comparing the first measurement to the last measurement using t-tests in JMP or PROC TTEST option “paired” on count data (not percentages) in SAS. Standard error was calculated for the change between two means, pooling variance across measurements within a study area.

To evaluate the influence of site and stand factors and meteorological variables on the occurrence and severity of WPBR, generalized linear and logistic mixed-effects models were fit. Prior to model fitting, all climate variables were centered and scaled to enable comparison of model coefficients for variables measured on different scales (relative humidity, precipitation). Evaluation of meteorological data revealed summarization for the 4-years prior to each plot’s measurement year provided the strongest correlation with WPBR parameters and thus only the 4-years data were used for modeling. All of the tree, plot, and climatic variables were evaluated for collinearity prior to model fitting, with variables exceeding 0.7 correlation removed. The model of WPBR occurrence was structured as a logistic regression from a binomial distribution with logit-link, where the presence of WPBR on a plot was denoted as a 1 and absence as a 0. The occurrence model treated plot and measurement period as random-effects, while evaluating the temporally dynamic fixed-effects. For the multiple linear models of WPBR severity change, it was necessary to use a Gamma distribution with log-link to account for the non-negative distribution of the response variable. In the severity model, plot was treated as a random-effect and years since the first measurement cycle at each plot (0–13 years) was added as a fixed-effect. The R statistical program was used for all modeling and significance testing using the lme4, lmerTest, and sjstats packages (Bates et al., 2014; Kuznetsova et al., 2017; Lüdecke et al., 2020). Parameters were backward eliminated from the models until the Akaike information criterion (AIC) could not be reduced further.




3. Results


3.1. Site characteristics

Plots were distributed across a variety of aspects, slopes, and slope positions and were located between 884–3,119 m (2,900–10,243 ft) elevation (Supplementary Table 2). When the study began, 7,174 (6,884 live) standing trees were assessed including 3,863 (3,623 live) limber pines (Supplementary Table 2). During the final assessment, plots contained 8,129 (6,461 live) standing trees, of which 4,176 (3,141 live) were limber pine (Supplementary Table 2). Plots had 34 (range 1–169) and 30 (range 1–162) live, limber pines on average at the start (2004–2007) and end (2016–2017) of the study, respectively. The percentage of plots with Ribes spp. present increased from 54 to 66% over the study. Other alternate hosts (Castilleja spp. and/or Pedicularis spp.) were present in 37% of plots during the final measurement cycle (data not collected in earlier measurements) (Supplementary Table 1).



3.2. Stand structure, species composition, and demographic rates

Mean dbh was 12.7 and 13.0 cm for live limber pines and 15.2 and 14.5 cm for dead limber pines, at the start and end of the study, respectively. At the beginning of the study, most recent mortality was mature trees (>12.7 cm dbh) and was attributed to bark beetles (Table 1 and Supplementary Table 6). By the end of the study, most recent mortality was small trees (0.1–12.7 cm dbh) and was attributed to WPBR. Despite high levels of mortality, surveyed limber pine populations displayed a reverse-J size-class distribution throughout the study. This is typical in stable uneven-age stands, because the density of small trees is much greater than the density of large trees (O’Hara, 2002). While the proportion of limber pine stems to other tree species decreased by 4% (from 53 to 49%, Supplementary Table 2), the proportion that other co-occurring tree species contributed to species composition did not change significantly from start to end. After limber pine, spruce-fir and other species (Rocky Mountain juniper and quaking aspen) contributed the most to species composition (both contributed 16 and 18% to live stems at the start and end respectively) followed by other pines (13 to 11% of live stems, respectively), and other white pines (3 to 4% of live stems, respectively). The proportion of live limber stems declined slightly, though not significantly, in all study areas, except Laramie Peak and North Dakota (Supplementary Table 2).


TABLE 1    Causes of mortality for recently killed trees (>1.37 m tall) in each of the three measurement cycles.
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Overall, average live tree density (stems ha–1) declined significantly overall for all tree species over the study period (−55 ± 25 stems ha–1, P = 0.03), and this was most pronounced in the Pole Mountain study area (−274 ± 84 stems ha–1, P = 0.01; Supplementary Table 4a). However, while not significant, increases in aspen (Poudre South), spruce-fir (Snowy Mountain and Bighorns), and other pines (Bighorns) were observed (Supplementary Table 2). Live limber pine density also decreased significantly overall from 383 stems ha–1 in 2004–2007 to 333 stems ha–1 in 2016–2017 (−50 ± 10 stems ha–1, P < 0.001). Decreases were greatest on Pole Mountain (−139 ± 47 stems ha–1, P = 0.02), Shoshone NF (−99 ± 30 stems ha–1, P = 0.02), and Montana (−66 ± 26 stems ha–1, P = 0.02). Similarly, live limber pine basal area decreased significantly overall (−1.1 ± 0.2 m2 ha–1, P = 0.01; Supplementary Table 4b), with the most pronounced reduction at the Shoshone NF sites (−3.6 ± 1.6 m2 ha–1, P = 0.03). Density of live limber pine greater than 1.37 m tall in the small (<12.7 cm dbh) and medium (12.7–30.5 cm dbh) diameter classes decreased significantly while density in the large (>30.5 cm dbh) diameter class remained stable over the course of the study (Supplementary Table 5a).

The annualized mortality rate for limber pine was about 4%/year overall and ranged from <1%/year in the Sangre de Cristo Mountains to 8%/year in Montana (Figure 2). Ingrowth recruitment rates were lower than mortality rates overall (∼1.25%) and in every study area. Ingrowth recruitment rates also had a narrower range than mortality rates from the lowest on Pole Mountain at <1% to the greatest on the Shoshone NF at ∼2%.
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FIGURE 2
Annual mortality rate of trees >1.37 m tall from all causes (gray bars) and ingrowth recruitment rate (trees that grew taller than 1.37 m after the first measurement cycle; green bars) for limber pines overall and by study area from 2004–2007 to 2016–2017. Error bars indicate 95% confidence intervals.




3.3. Limber pine health status

During the first measurement cycle, 81% of limber pines >1.37 m tall were classified as healthy, 14% were declining or dying, and 5% were dead. By the end of the study, only 50% were classified as healthy, while 25% were declining or dying and 25% were dead (Figure 3). WPBR was the most common damage agent observed and was detected on 52 and 50% of live, declining/dying trees at the start and end of the study respectively. Other damage agents noted on declining trees included bark beetles (3 and 15%), twig beetles (50 and 9%), animal damage (10 and 1%), and dwarf mistletoe (4 and 2%).
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FIGURE 3
Changes in the health status of limber pine trees (>1.37 m tall) from 2004–2007 to 2016–2017 overall and within 10 study areas (a) includes all trees classified as declining or dying; (b) includes all trees classified as recent dead and old dead. Dead trees not measured in the Sangre de Cristos in 2004–2007. Asterisks represent significant change (P < 0.05) using paired t-test from 2004–2007 to 2016–2017 within study areas.




3.4. Limber pine mortality and causes

During the first measurement, 6% of all limber pines were standing dead (Figures 3, 4). Of the 70 recently killed trees assessed at the start of the study (cause of death not evaluated for old dead trees), 49% were killed by bark beetles with no evidence of WPBR, 9% were killed by bark beetles and were infected with WPBR, and 4% were killed by WPBR (Table 1). At that time, bark beetle mortality was detected in all study areas except Poudre South, Pole Mountain, and North Dakota. Mortality attributed to WPBR was only detected in Montana at the start of the study (Table 1). Mortality increased significantly overall and in most study areas from start to end (Figure 3) and the percentage of dead trees that were infected with WPBR increased significantly overall, and in most study areas (Figure 4; Pole Mountain, Laramie Peak, Shoshone, Bighorn, and Montana; data unavailable for Sangre de Cristos).
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FIGURE 4
Status of limber pine (>1.37 m tall) and white pine blister rust infection (2004–2007 to 2016–2017) (a) dead from any cause; (b) dead trees were not recorded in the Sangres in 2004–2007; (c) rust was not detected in ND. Asterisks represent significant change (P < 0.05) using paired t-test from 2004–2007 to 2016–2017 within study areas.


By the end of the study, 25% of limber pines were standing dead, this ranged from 12% in the Sangre de Cristo Mountains to 41% on the Shoshone NF (Figures 3, 4). Further, 5.1% of all initially living trees assessed were killed by WPBR over the study (Table 2). Of the recently killed trees assessed in the second measurement cycle (2011–2014, 457 trees), 45% were killed by bark beetles and had no evidence of WPBR, 20% were killed by bark beetles and had WPBR, and 11% were killed by WPBR (Table 1). Mortality attributed to bark beetles declined sharply between 2009 and 2013 and has remained at endemic levels since. Most (53%) of the recently killed trees assessed during the final measurement cycle (2016–2017, 118 trees) were killed by WPBR while only 9% were associated with bark beetles (Table 1). Cause of death could not be determined for most of the remaining recent dead trees. A small portion were killed by other factors including twig beetles (Pityophthorus and/or Pityogenes spp.), fire, limber pine dwarf mistletoe (Arceuthobium cyanocarpum), competition, and physical effects such as wind or lightning. Mortality caused by WPBR was observed in all study areas except Snowy Mountains, Poudre Canyon South, and North Dakota. Bark beetle mortality was evident in all study areas except North Dakota but was very low in the Sangre de Cristo Mountains (<1% stems killed). Overall, more than 30% of trees killed by bark beetles were also infected with WPBR. On Pole Mountain, 84% of trees killed by bark beetles were also infected with WPBR.


TABLE 2    Density of limber pine regeneration (<1.37 m tall) and WPBR incidence and mortality (2011–2013 to 2016–2017, whole plot counts of limber pine regeneration not collected in 2004–2007).
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Most bark beetle-killed trees (83%) were medium or large (≥12.7 cm dbh) while most WPBR-killed trees (84%) were small (<12.7 cm dbh) in size (Supplementary Table 6). The bark beetle mortality rate was greatest on the Shoshone NF (17%) and WPBR mortality rate was greatest on Pole Mountain (20%) (Supplementary Table 6).



3.5. Incidence and severity of white pine blister rust

White pine blister rust was found in all study areas except North Dakota and on 74 and 77% of all plots both at the start and end of the study, respectively (Supplementary Table 2). Over the study, six previously disease-free sites gained WPBR, 49% of plots gained more infected trees, and 5.9% of trees that were disease-free at the start became infected by the end (Table 3). The proportion of initially disease-free trees (>1.37 m tall) that became infected was highest in the Sangre de Cristo Mountains (13.6%) and lowest in the Canyon Lakes (3.1%) study areas. No new infected trees were detected in Poudre Canyon South. Further, of trees that grew taller than 1.37 m after the first measurement cycle (“ingrowth”), 7.1% were infected by the final measurement cycle; this ranged from 2.6% on the Bighorn NF to 14.1% in Montana. Overall, 65.2% of limber pines that were alive and disease-free at the start of the study (i.e., not including ingrowth) remained disease-free at the end. The lowest proportion of limber pines that remained disease-free occurred on Pole Mountain, where only 30.8% never showed any signs or symptoms of disease (Table 3). Nearly 15% of trees that were infected during the first measurement cycle were killed by rust impacts by the last measurement cycle (range 4–29%).


TABLE 3    Changes in the health and white pine blister status for all live limber pines assessed in the first measurement cycle to the last measurement cycle (2004/2006/2007 to 2016/2017) and white pine blister rust status for trees that grew taller than 1.37 m after the first measurement cycle and therefore were included in the plot as “ingrowth”.
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Disease incidence (# live infected trees/# live trees) increased slightly overall from start to end (29.0 to 30.5%, respectively) but not significantly (Table 4). Incidence increased significantly in the Sangre de Cristo Mountains over the study, going from 7.0 to 16.0% (P = 0.006), and declined significantly on Pole Mountain, going from 63.7 to 53.2% (P = 0.0007) (Table 4). Incidence was lowest in Poudre Canyon South (2.3%) and highest on Pole Mountain (53.2%) at the time of the final measurement cycle (no rust detected in North Dakota) (Table 4).


TABLE 4    Change in white pine blister rust incidence and severity in all live limber pine (>1.37 m tall) assessed for plots at the start (2004–2007) and end (2016–2017) of the study.
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Stand density of limber pine (>1.37 m tall) declined by 33% over the study in the Pole Mountain area, where WPBR is well established, and by only 5% in the Sangre de Cristo Mountains, where WPBR has only recently invaded (Figures 5A, B). The decline at Pole Mountain was dominated by mortality of previously diseased trees (51%) while mortality of disease-free trees was largely offset by ingrowth (Table 3 and Figure 5A). The small decline in stand density in the Sangre de Cristo Mountains resulted from a proportionally similar mortality of trees that were diseased and disease-free (Figure 5B). The proportion of the stands composed of diseased trees decreased over time at Pole Mountain (65 to 52% from first to last measurement) and increased in the Sangres (9 to 22%) (Figures 5A, B). When all plots were combined, stand density of limber pine decreased by 14.4% overall with the decrease being experienced by both diseased and disease-free trees (Figure 5C).
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FIGURE 5
Changes in stand density (trees ha–1) across the three measurement periods (T1, T2, and T3) of disease-free (green circles) and diseased (orange circles) limber pine trees greater than 1.37 m tall in the (A) Pole Mountain area, (B) Sangres area, and (C) for all plots combined. Pole Mountain is an example of where WPBR is well established, and the Sangre de Cristo area is one that has only recently been invaded by C. ribicola. Within each panel, gray arrows depict density loss to mortality (all causes) and blue arrows indicate ingrowth of new trees into the >1.37 m height class. The horizontal distance between T1, T2, and T3 circles generally reflects time between measurement periods. The orange squiggly arrows show the density of trees that transitioned from disease-free to diseased between the two time periods. Average tree density has been rounded to the nearest individual per hectare to simplify the presentation.


While mean dbh of live limber pine overall was 13.0 cm, uninfected trees were 11.7 cm and infected trees 17.8 cm on average during the final measurement cycle, respectively. Most infected trees were less than 30.5 cm dbh and fairly equally distributed in the small and medium diameter classes (Supplementary Table 5b), but most rust-killed trees (85%) were small (<12.7 cm dbh).

Using the rating system established by Six and Newcomb (2005; see section “2.3.3. White pine blister rust assessments”), in 2004–2007, 14 sites (18%) had no rust detected, 62 sites (79%) were lightly infected, 3 sites (4%) were moderately infected, and 0 sites were heavily infected (Supplementary Table 7). However, by 2016–2017, 12 sites (15%) had no infection, 33 sites (42%) had light infection, 30 sites (38%) had moderate infection, and 4 sites (5%) were heavily infected. Overall, WPBR severity increased significantly from 2.5 to 5.0 (+2.5 ± 0.3, P < 0.0001; Table 4) from 2004–2007 to 2016–2017, as did severity in every study area except Poudre South and Laramie Peak (data not collected in Sangre de Cristo Mountains, no WPBR in North Dakota). The range of severity ratings over all plots in 2004–2007 was 1.0–5.3 which significantly increased to 1.0–11.4 in 2016–2017 (P < 0.001), with the highest severity sites (11+ rating) occurring in the Bighorn Mountains. Disease severity was lowest in Poudre South (2.0) and Snowy Mountains (2.3) study areas in 2016–2017.

As others have shown, branch cankers were well distributed throughout tree crowns (Burns et al., 2011; Crump et al., 2011; Jacobi et al., 2016). The average number of branch cankers per infected tree was 3.6 in 2004–2007 and decreased to 2.7 in 2016–2017 (−0.9 ± 0.1, P < 0.0001; Supplementary Table 7). However, the average number of stem cankers per tree increased significantly overall, from 0.7 to 1.0 (+0.3 ± 0.03, P < 0.0001), and in most study areas (Supplementary Table 7). During the first measurement cycle, 13% of infected limber pine (>1.37 m tall) had at least one stem canker in the lower stem third, but this increased to 16% in 2016–2017 (+3.6 ± 0.02%, P = 0.04). Similarly, 38% of infected trees had at least one stem canker at the beginning of the study but this increased to 50% (+11.8 ± 0.03%, P = 0.0004) by the end of the study.

At the time of the first measurement cycle, all subregions except Poudre South had cankers in 60% or more of the first 10 (12-cm) canker size classes. In the final measurement cycle, all subregions except Poudre South (20%) and Canyon Lakes (60%) had cankers in 80% or more of the first 10 (12-cm) canker size classes. Two of the more recently invaded study areas, the Sangre de Cristo and Snowy Mountains, had cankers in 90% or more of the (12-cm) canker size classes as did several study areas where the disease has been present for decades (Pole Mountain, Bighorns, and Shoshone).



3.6. Limber pine regeneration (<1.37 m tall)

The average density of limber pine regeneration in 2011–2013 was 161 stems ha–1 and increased to 181 stems ha–1 in 2016–2017, though this change (20 ± 15 stems ha–1) was not significant (Table 2). In 2011–2013, 4.8% of live stems <1.37 m tall were infected with WPBR which decreased to 4.3% in 2016–2017 though this change was also not significant (−0.4 ± 0.01%, P > 0.5). Of sites monitored for regeneration in 2011–2013 and 2016–2017 (Sangre de Cristo Mountains and North Dakota excluded), 24% had WPBR-infected regeneration in 2011–2013 which decreased to 18% in 2016–2017 though this change was not significant (P = 0.26; data not shown). However, mean WPBR-caused mortality increased significantly over all study areas from the start of the second measurement cycle to the end, going from 1.0% in 2011–2013 to 2.6% in 2016–2017 (+1.6 ± 0.9%, P = 0.03; Table 2). WPBR was the leading cause of death for regeneration (less than 1.37 m tall) during the final measurement cycle; roughly 47% of mortality was directly attributed to WPBR. Significant differences in regeneration density, WPBR incidence, and mortality were not observed in any study area (Table 2). Most sites had ≥20% limber pine species composition, however 6% of sites had no regeneration of any tree species and 24% had no limber pine regeneration observed during the study period. Most sites in the Bighorn Mountains (58%) had no limber pine regeneration throughout the study. Further, the Bighorn Mountains had the highest percentage of sites (25%) with no regeneration of any species followed by the Shoshone NF (18%) and Canyon Lakes (13%).



3.7. Modeling the drivers of white pine blister rust incidence and severity

Over the study period, the broader trends of increasing growing season length and aridity that have been seen in the central and southern Rocky Mountains (McGuire et al., 2012; Dee and Stambaugh, 2019) were also seen here at the plot and study area levels. Within all study areas, the average annual number of days above 5°C (growing degree days) increased by 13 to 53% (10 to 24 days) when comparing the 4-year window preceding the first and last measurement cycles. Similarly, August–September maximum vapor pressure deficit (VPD) increased 5.5 to 13% in six of the nine study areas, (North Dakota not included in this analysis; Supplementary Figure 1).

Variables selected in the final generalized logistic model of WPBR presence at the plot-level include both climatic and site variables. The probability of WPBR being present at a site increased with longer growing season length, if Ribes species were present, and at higher latitude (Table 5 and Figure 6A). The best model to predict tree-level WPBR infection probability included topographic and climatic variables. Probability of infection was greater for trees growing on northern slopes, at higher latitude, and on sites with lower maximum VPD in August and September (Table 5 and Figure 6B).


TABLE 5    Summary of best model subsets from final logistic and linear mixed-effects regressions predicting white pine blister rust presence, infection probability, change in disease severity, and probability of mortality at the tree and stand level.
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FIGURE 6
Best subset logistic regression (A,B) and final general linear mixed effects (C) models predicting white pine blister rust presence in a stand (A), tree infection probability (B), and annual change in disease severity (C) based on stand, site, and meteorological variables.


The final generalized linear model explaining changes in plot-level WPBR severity was only significantly linked with a single variable. Plot-level increases in disease severity were greatest on sites with higher minimum VPD (Table 5). At the tree-level, changes in WPBR severity were explained by tree structure and climatic conditions. Infected trees with greater crown ratios had lower rates of annual change in WPBR severity. Additionally, trees on sites with more precipitation had lower annual change rates in WPBR severity, whereas trees at sites with greater maximum VPD had higher rate of change in WPBR severity over time (Table 5 and Figure 6C).

Variables selected in the final general logistic mixed-effects model predicting the probability of rust-caused mortality include tree structure and climatic attributes. The probability of mortality in infected trees was reduced as a tree’s diameter increased. However, infected trees had a higher likelihood of being killed by WPBR on sites with higher maximum VPD in August and September, higher average temperatures in August and September, and as the number of growing degree days increased (Table 5).




4. Discussion

The cumulative impacts associated with WPBR and bark beetle-caused mortality resulted in notable declines of limber pine. Significant increases in the proportion of declining, dying, and dead trees were observed overall and in most study areas. These effects varied at the plot and study area levels depending on whether the disease was at an invading or established phase. By the end of the study, 25% of limber pines were declining or dying, another 25% were standing dead, and live limber pine density and basal area declined significantly. Live limber pine maintained a reverse J-shaped diameter distribution throughout the study indicating that some recruitment is occurring, but mortality (4%/year) greatly outpaced recruitment of ingrowth (∼1%/year). Similar demographic trends have been observed in sugar pine (Pinus lambertiana) in the southern Sierra Nevada (Dudney et al., 2020) and in limber and whitebark pine in southern Alberta (Smith et al., 2013a,b). We also found strong relationships between meteorological factors and WPBR incidence and severity over time indicating long-term vulnerabilities to limber pine health.

While bark beetles and WPBR alone or in combination were significant mortality factors, the timing of these events varied. Most of the observed bark beetle mortality occurred between the first and second measurement cycles (i.e., after 2006/2007 but before 2014) whereas mortality caused by WPBR was chronic, becoming more common after the first measurement cycle and increasing steadily over time. We found similar cumulative mortality caused by bark beetles as Cleaver et al. (2015) in their 2011–2012 survey in a similar geographic area, but in contrast, by the end of our study WPBR was the leading cause of mortality in both trees and regeneration. Further, the proportion of all trees surveyed that were killed by blister rust in our study (5%) was double what Jacobi et al. (2018a) reported from their surveys of limber pine in Wyoming and Colorado between 2004 and 2012 (2.5%).

The incidence of WPBR increased slightly over the course of the study and across all study areas, though not significantly. The lack of significant change is likely due to high mortality of WPBR-infected trees caused by bark beetles and WPBR. However, this trend has shifted over time because new WPBR infections continue to occur consistently while bark beetle mortality has subsided. Like Jacobi et al. (2018a), our analysis demonstrated that infection events occur regularly throughout the relatively dry climates of our study area, both at the disease front and in areas where the pathogen is well established (Kearns et al., 2009). Disease incidence remained the same or increased in study areas where the pathogen is considered “invading” (Sangre de Cristo Mountains, Snowy Mountains, and Poudre South) and remained the same or decreased in study areas where it is considered “established” (e.g., Pole Mountain, Bighorns, and Montana; Jacobi et al., 2018a). Over the study, nearly half of all plots gained more infected trees and 6% of trees that were disease-free during the first measurement cycle and 7% of ingrowth became infected. Still, the current distribution of WPBR is likely underestimated since detection is especially difficult during the early stages of invasion. In the more recently identified outbreak areas, such as the Sangre de Cristo Mountains and Poudre South, blister rust was likely present for at least 10–15 years before it was detected and reported (Burns, 2006; Schoettle et al., 2018). More frequent surveys that coincide with the timing of sporulation on pines are needed to get a more accurate estimate of disease distribution.

Surges in disease severity were evident not only through increased rust-caused mortality but also by substantial increases in stem canker incidence and stand level disease severity ratings. Disease severity increased overall and in every study area where blister rust was detected. The number of stem cankers per infected limber pine also increased significantly from 0.7 to 1.0 stem canker per infected limber pine. This is much higher than the ∼0.2 stem cankers per infected tree that Kearns and Jacobi (2007) found during their 2004 survey in southeast Wyoming and northern Colorado. Our results are in line with a 10-year study examining WPBR on limber pine in Canada that found a similar trend of increasing stem canker incidence over time (Smith et al., 2013a). Stem cankers in the upper and lower stem are both detrimental to limber pine health and survival. Stem cankers in the upper crown reduce cone production since cones occur more frequently on upper crown branches (Steele, 1990), leading to reduced regeneration. Lower stem cankers are much more likely to girdle and kill the entire tree, thus these observed increases suggest higher likelihoods of mortality. In both cases, increased incidence of stem cankers drives decline and mortality, especially in small trees and regeneration. Our data highlights that both sites where rust is well established and those closer to the disease front are facing increasing disease severity which will likely lead to increased mortality.

Variation in WPBR disease incidence across the landscape is likely to continue even as the pathogen becomes well established. Disease incidence is the outcome of complex interactions among environmentally controlled infection probabilities and severity (e.g., this article), geographically variable genetic disease resistance frequencies in pine populations (e.g., Schoettle et al., 2014), pine population size and dynamics (e.g., Field et al., 2012), biotic and abiotic stresses that affect pine health and mortality (e.g., this article; Fettig et al., 2022), and other factors. The ability of recruitment to offset tree mortality and support adaptation to WPBR will determine the sustainability of limber pine populations (Schoettle et al., 2019b,2022a). Consequently, as WPBR becomes naturalized in North America, the surviving populations will likely exhibit diverse spatial and temporal patterns of disease prevalence, as is observed for native forest diseases (Burdon and Thrall, 1999).

We developed models to identify meteorological variables, tree and stand characteristics, and site factors associated with the probability of WPBR infection, rust-caused mortality, and changes in disease severity at the tree and stand level. The probability of tree infection was greater on sites with northern exposure (cooler), higher latitude (longer pathogen presence), and lower maximum August and September VPD (less arid). Unlike what others have reported, tree and stand characteristics were not important predictors of rust presence or incidence in our study (Smith and Hoffman, 2001; Kearns and Jacobi, 2007; Kearns et al., 2014; Cleaver et al., 2015). However, our results align with other studies that found increasing probability of infection where environmental conditions are cooler and more humid, and on sites located in more northern geographic positions (Kearns and Jacobi, 2007; Cleaver et al., 2015). A recent study of limber pine condition along Montana’s Rocky Mountain Front suggests the positive association between infection probability and latitude may not persist over time because new WPBR infections appear to have plateaued (Cleaver et al., 2022). While they reported a small proportion of new infections, they also found no evidence of recent wave years, which may be due to hotter, drier conditions associated with climate change. If western forests experience drought and warmer temperatures in the future as anticipated (McGuire et al., 2012; Dee and Stambaugh, 2019), wave year events may occur less frequently. However, our analysis of canker sizes indicated that infections occurred nearly every year in most areas throughout the study even though the U.S. Rocky Mountains were experiencing persistent drought.

Our study found strong relationships between aridity and WPBR infection probability, disease severity progression, and tree mortality. The probability of WPBR-induced mortality was greater for trees, particularly with smaller diameters, growing on sites with a longer growing season, and higher average temperature and maximum VPD in August and September (more arid), consistent with Dudney et al. (2021). Similarly, we observed greater annual change in WPBR severity for infected trees growing on sites with lower annual precipitation and higher maximum VPD (more arid), suggesting that disease severity and subsequent mortality may increase in the future as climates become warmer and drier. Limber pine stomata are particularly responsive to changes in VPD (Pataki et al., 2000) so at high maximum VPD, stomatal closure would likely restrict infection. Higher minimum VPD levels would suggest sustained conditions of high evaporative demand that could lead to water stress in trees if available soil water was limited (as is likely in August and September in most of the Rockies). Our modeling suggests that sustained late season water stress contributes to accelerated disease progression, resulting in mortality. Other studies have shown that canker diseases induce loss of sapwood hydraulic function thereby reducing a tree’s capacity to survive increased exposure to severe drought conditions (Hossain et al., 2018). Drought can also reduce tree defenses to bark beetles resulting in more successful beetle attacks leading to mortality (e.g., Bentz et al., 2022).

Natural selection against WPBR-susceptible individuals is evident, especially in study areas with high WPBR incidence such as Pole Mountain. Declining density of diseased trees within populations due to WPBR-caused mortality is reducing population size and thus disease incidence. This pattern was also reported for heavily impacted limber pine populations in southern Alberta (Smith et al., 2013a). The relative stability of the density of disease-free trees at Pole Mountain is, in part, a consequence of ingrowth offsetting new tree infections. Genetic resistance to WPBR is likely also a contributing factor as qualitative resistance, associated with a single resistance gene, is present in limber pine in this area (Schoettle et al., 2014). Qualitative resistance causes an immunity response which is conferred by a single dominant resistance gene (an R gene) which curtails disease progression, and therefore visible disease symptoms, in infected trees (Kinloch and Dupper, 2002). Qualitative resistance can also be referred to as complete resistance or major gene resistance (MGR). The resistance gene Cr4 conveys this immunity response in limber pine (Schoettle et al., 2014). An average of 5% of the pre-WPBR invaded limber pine population in the southern Rockies is estimated to have the Cr4 R gene and that frequency can be 13.9% or higher in some stands (Schoettle et al., 2014, 2019a). Therefore, it is likely that many of the remaining disease-free trees at Pole Mountain have the Cr4 resistance allele. If enough resistant trees persist and reproduce, stand density may recover over time (barring other disturbances). This may take many decades since it can take more than 50 years for limber pine to mature and many more to produce a full cone crop (Johnson, 2001). However, if a virulent strain of C. ribicola develops in the area that can overcome Cr4-resistance, there will likely be another surge in disease incidence and a further reduction in stand density.

Quantitative resistance to WPBR also exists in limber pine but the limited available research suggests that its frequency may be very low in limber pine populations (Jacobi et al., 2018b; Schoettle et al., 2022b). In contrast to qualitative resistance, quantitative resistance is conferred by the small contribution of many genes which makes it less likely to be overcome by a simple mutation in the rust and therefore is more durable over time. Quantitative resistance to WPBR suppresses but generally does not prevent disease (King et al., 2010). Individuals show a range of susceptibility, presumably dependent on which and how many genes are inherited that contribute to resistant phenotypes (King et al., 2010). The effectiveness of some of the traits can be reduced by high C. ribicola infection (King et al., 2010; Jacobi et al., 2018b). This in combination with other mortality factors (e.g., fire and bark beetles) can reduce the available quantitative and qualitative resistance traits to WPBR in the population, further increasing the probability of WPBR-caused mortality (Schoettle and Sniezko, 2007; Schoettle et al., 2022a). Furthermore, the frequency of quantitative resistance traits alone may be too low in limber pine to sustain viable populations, especially under high WPBR pressure, without active management (Schoettle et al., 2022a).

Tree mortality by WPBR, i.e., natural selection, has only just begun in the newly invaded study areas, such as the Sangre de Cristo Mountains. Increasing WPBR incidence over time demonstrates that the population contains abundant susceptible individuals on which selection can act. When combining results from all study plots, one could incorrectly infer that WPBR incidence is stable across the U.S. Rockies over the sampling time of this study. However, closer inspection reveals that the forest health condition is not uniform, highlighting the importance of scale over which forest health information is coalesced. The invasion and adaptation process to WPBR is at different stages and proceeding at different rates across the greater U.S. Rockies landscape (Schoettle et al., 2022a).

Regeneration was assessed over time and provides insight into trends regarding changes in limber pine composition and abundance over time. Though most sites surveyed had at least 20% composition of limber pine in the overstory, 24% of sites had no limber pine regeneration and 6% of sites had no regeneration of any species throughout the entire study period. Our study found limber pine regeneration on fewer sites than Cleaver et al. (2017b) in Colorado and Wyoming and Smith et al. (2013a) in Alberta, Canada. While we found increasing limber pine regeneration abundance over the course of the study, it was only present on 50, 55, and 59% of plots at the start, middle, and end, respectively. In contrast, Cleaver et al. (2017b) found limber pine regeneration present on 92% of plots in 2011–2012, but average density was slightly lower overall than what we report here (141 vs. our 181 stems ha–1). Smith et al. (2013a) reported an increase in limber pine regeneration in plots in Alberta, Canada over a 10-year period from 76% in 2003–2004 to 85% in 2009 having at least one limber pine seedling, and density increased from 100 seedling ha–1 to 150 seedling ha–1 in the same time frame. While limited in our study plots, it is possible that limber pine regeneration is present in other forest types of the U.S. Rocky Mountains (Windmuller-Campione and Long, 2016). Goeking and Windmuller-Campione (2021) analyzed a large USDA Forest Service, Forest Inventory and Analysis 10-year dataset and found that limber pine regeneration occurred more abundantly in non-limber pine forest types.

While WPBR incidence remained stable in limber pine regeneration (∼4.5%) over the study, we observed a significant increase (1.0–2.6%, +1.6%) in WPBR-caused morality in regeneration. When considered with our low regeneration rates, increasing mortality of regeneration is concerning because as overstory mortality occurs fewer limber pine seedlings may survive long enough to replace them. While rust incidence levels were similar to Cleaver et al. (2017b; 5.3%), our mortality levels were higher, which one would expect given more time. As observed in Smith et al. (2013a), the short period in which small seedlings may become infected with WPBR, die, and degrade from a site makes determining trends in WPBR infection and mortality difficult and likely underreported. Due to our relatively long remeasurement cycles (∼5 years) seedling infection and mortality was likely greater than what we observed.

It is likely that WPBR and episodic bark beetle outbreaks, the length and severity of which are dependent on many factors including favorable climatic and stand conditions, and proximity to bark beetle populations, will continue to be prominent damage agents in these regions (Jacobi et al., 2018a; Fettig et al., 2022). Therefore, long-term monitoring will be critical to inform and guide conservation and management efforts to retain and restore this ecologically important species as climates change in the U.S. Rocky Mountains. Though there are inherent difficulties in maintaining long-term study plots in remote areas, the data provided by measuring monumented trees over time enables characterizing changes in extent and progression of slow spreading damage agents. Such studies also allow the identification of healthy populations to focus proactive management strategies (Schoettle et al., 2019b,2022a). Likewise, populations with high WPBR-caused mortality may provide putatively resistant seed sources for additional rust-resistance screening and outplanting. Additionally, management efforts to preserve multiple diameter classes can promote stand resilience when faced with future bark beetle episodes and continued WPBR impacts (Schoettle and Sniezko, 2007).



5. Conclusion

Assessing species composition over time, particularly after a significant portion of the limber pine population was killed by the recent bark beetle epidemic and ongoing WPBR infections, allowed for insight on how forest landscapes are being affected by these biotic factors. Live limber pine density and basal area significantly decreased over all plots. Limber pine is considered an early seral species outcompeted in moderate environmental conditions by species such as subalpine fir, Engelmann spruce, and Douglas-fir, but on harsh, rocky, and xeric sites it is considered a climax species (Veblen, 1986; Rebertus et al., 1991; Donnegan and Rebertus, 1999). However, 7% of study sites had no regenerating species of any kind recorded. Coupled with the significant health decline and mortality of limber pine, these numbers are unsettling regarding recruitment and resiliency in these sites in the future.

As WPBR is now a permanent biotic factor of North American ecosystems, evaluating disease spread through the remaining range of white pines and continued monitoring of disease intensification and impacts will be critical for developing effective management strategies that are appropriate for specific forest health conditions to preserve this ecologically important species. Though bark beetle populations have returned to endemic levels, a large proportion of live limber pines that survived are now declining or dying, primarily due to WPBR. These results confirm that WPBR is negatively affecting the health of limber pine populations in the U.S. Rocky Mountains and will continue to do so over time, as suggested by our modeling results. The dramatic increase in severity of WPBR impacts, both at the tree and plot levels, is further evidence of this. With climate models predicting continued warming, there is potential for more frequent and severe bark beetle epidemics in the future, making the identification and preservation of WPBR-resistant limber pines increasingly critical (Schoettle and Sniezko, 2007; Schoettle et al., 2022a).
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Model and parameters Coefficients SE P-value
Rust presence (stand)* R?gna = 0.920 R?Marg = 0.107 AIC = 181.2
Intercept —23.920 10.905 0.028
Growing degree days (4 years; >5°C) 0.053 0.033 0.104
Latitude 0.544 0.261 0.037
Ribes on the plot 0.000 0.000

Ribes not on the plot —1.248 1.023 0.223
Probability of infection (tree)? R’cond = 0.817 RMarg = 0.386 AIC =5147.7
Intercept —10.283 4.112 0.012
Cosine aspectb (1 = north, —1 = south) 1.778 0.416 <0.001
Latitude 0.653 0.099 <0.001
Maximum VPD4 August-September (4 years; hPa) —1.054 0.048 <0.001
Change in WPBR severity (stand)* R%cona = 0.442 R%\arg = 0.027 AIC = 147.9
Intercept —0.0338 0.3213 0.925
Minimum VPD4 (4 years; hPa) 0.2643 0.1129 0.021
Change in WPBR severity (tree)® RZona = 0.246 R%parg = 0.130 AIC = 3726.9
Intercept 1.386 0.618 0.056
Crown ratio (%) —0.011 0.001 <0.001
Precipitation (4 years; mm) —0.0015 0.0004 <0.001
Maximum VPD? (4 years; hPa) 0.053 0.043 0.025
Probability of mortality (tree)? R?ona =0.735 R%pfarg = 0.488 AIC = 1169.1
Intercept —20.952 2.156 <0.001
dbh (cm) —0.344 0.042 <0.001
Growing degree days (>5°C) 0.041 0.011 <0.001
Maximum VPD4 August-September (4 years; hPa) 0.275 0.081 <0.001
Average temperature August-September (4 years; °C) 0.752 0.143 <0.001

*Logistic mixed-effects regression. A cosine transformation of aspect was used to obtain a continuous variable

that characterized the north-south gradient (northness). Cosine aspect will be

close to 1 if a site is more north-facing, close to —1 if it is more south-facing, and close to 0 if it is either east or west. “Linear mixed-effects regression. ¢Vapor pressure deficit (VPD) is the

difference (deficit) between the amount of moisture in the air and how much moisture the air can hold at the ambient temperature when it is saturated. It is calculated as the difference between

actual vapor pressure and saturation vapor pressure. In limber pine habitats, high VPD levels in general reflect hotter, drier conditions while lower VPD reflect cooler, more humid conditions.
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Study area Average density of live limber pine Mean WPBR incidence® in live limber pine Mean mortality® in limber pine <1.37 m
(stems ha—1) <1.37 m tall (%) tall (%)

2011-2014 | 2016-2017 | Change + 2011-2014 | 2016-2017 | Change £ SE | 2011-2014 | 2016-2017 Change + SE
Overall : ; —0.4+0.01 g . 1.6 +0.01

Sangres 2 3 1.9 +£0.04 g 2 1.34+0.02

Canyon Lakes . f —1.6+0.01 i 2 —0.5£0.01

Laramie Peak 5 5 —3.1£0.03 k —0.3 £0.003

Pole Mountain —0.2£0.05 . 5 4.0 £ 0.04

Snowy Mountains ¥ i —0.6 £ 0.01 f p 1.4£0.01

Poudre South ¥ | 0.0 ;| . 0.0

Shoshone : 8 23 £0.04 . : 0.2 £ 0.003

Bighorns . . —3.1£0.03 i 3 6.7 £ 0.05

Montana R A —2.7+£0.02 A 2 1.54+0.01
North Dakotad ; - X -

“Number of plots. Incidence is the number of infected, live limber pine (<1.37 m tall) divided by the total number of live limber pine (<1.37 m tall) in the plot. Due to our relatively long remeasurement cycles (~5 years), WPBR incidence in seedlings was likely greater
than what we observed because of the short period in which seedlings may become infected with WPBR, die, and degrade. “Mortality includes the number of limber pines (<1.37 m tall) killed by WPBR divided by the total (live and dead) limber pines (<1.37 m tall)
in the plot. Due to our relatively long remeasurement cycles (~5 years), seedling mortality was likely greater than what we observed because of the short period in which seedlings may become infected with WPBR, die, and degrade. ¢Plots in North Dakota were not
measured during the second measurement cycle (2011-2014). SE represents standard error. Bolded values indicate significant change (P < 0.05) using paired t-test within the study area.
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2004-2007 2004-2007 to 2011-2014 2011-2014 to 2016-2017

Study area® | Count® | Bark beetles | Bark beetles | Rust-killed® | Count? | Bark beetles | Bark beetles | Rust-killed® | Count® | Bark beetles | Bark beetles | Rust-killed®
(no rust)© (%) | (w/rust)d (%) (%) (no rust)© (%) | (w/rust)d (%) (%) (no rust)® (%) | (w/rust)? (%) (%)

Overall

Sangres

Poudre South

Canyon Lakes

Pole Mountain

Snowy Mountains

Laramie Peak

Shoshone

Bighorns

Montana

Dead trees were not evaluated during the first measurement cycle in the Sangre de Cristo Mountains. No dead trees were found in North Dakota. "Number of recent dead limber pines assessed. Percentage of recent limber pine mortality caused by bark beetles (MPB
and Ips) with no evidence of WPBR infection. ¢Percentage of recent limber pine mortality caused by bark beetles (MPB and Ips) on trees infected with WPBR. ®Percentage of recent mortality caused by WPBR.






OPS/images/ffgc-06-1149456-t004.jpg
N trees WPBR incidence (%)? WPBR severity®
Study areas 2004-2007 2016-2017 2004-2007 2016-2017 Change + SE 2004-2007 2016-2017 Change + SE

Overall

29.0 (0-100)

30.5 (0-100)

2.5 (1.0-5.3)

5.0 (1.0-11.4)

Sangresd

7.0 (0-60)

16.0 (0-71)

na

na

Poudre South

2.3(0-9)

2.3 (0-9)

1.0 (1.0-1.0)

2.0 (2.0-2.0)

Canyon Lakes

29.6 (0-83)

30.7 (0-83)

2.1 (1.0-4.4)

4.2 (1.5-8.1)

Pole Mountain

63.7 (58-74)

53.2 (44-67)

3.5 (2.6-4.9)

7.1 (5.3-9.7)

Snowy Mountains

15.7 (0-47)

20.6 (0-38)

1.3 (1.0-1.7)

2.3 (1.5-4.2)

Laramie Peak

16.4 (0-45)

13.4 (0-40)

2.7 (1.0-5.0)

5.0 (1.7-8.7)

Shoshone

29.7 (0-87)

31.3 (0-86)

2.0 (1.0-4.2)

4.5 (1.0-9.5)

Bighorns

48.6 (4-100)

48.5 (4-100)

2.3 (1.0-3.9)

5.8 (1.3-11.4)

Montana

48.5 (0-94)

467 (0-94)

3.6 (1.8-5.3)

5.4 (1.0-8.0)

Calculations are based on dynamic observations of the live trees at each monitoring period, such that the number of live trees varies between periods based on mortality and ingrowth. The two study areas with significant changes in disease incidence reflect both
extremes along the disease progression spectrum. Incidence increased significantly in the newly invaded Sangre de Cristo Mountains and decreased significantly due to mortality of previously infected trees in the Pole Mountain area where WPBR is well established.
“Number of infected live limber pine/total live limber pine per plot, per measurement cycle, averaged over all plots for the study area. ®Within each plot, in each measurement cycle, disease severity was calculated for each infected tree based on cumulative crown and
stem damage (Six and Newcomb, 2005). Crowns and stems were divided into thirds and evaluated based on percent of branches and bole circumference affected by WPBR. For each crown and stem third, a score of 0 was assigned to 0% affected, 1 for <25% affected, 2
for 25-50% affected, and 3 for >50% affected. The 6 total scores per tree (3 crown and 3 stem) were summed to get the tree’s severity rating (i.e., maximum severity score possible for a tree was 18). Stand severity was characterized by calculating a mean severity score
for all live infected trees (>1.37 m tall) in the plot. Stand severity scores ranged from 1 to 4.9 (light infection), 5 to 8.9 (moderate infection), and 9+ (heavily infected). Number of plots in the study area. 4Severity data not collected in the Sangre de Cristo Mountains.
No rust detected in North Dakota. Bolded values indicate significant change (P <0.05) using paired t-test within the study area.






OPS/images/ffgc-06-1149456-t003.jpg
Study area Plots (#) Limber pines (>1.37 m tall) that were live in 2004-2007 Ingrowth trees

Live limber Infected Became Remained Killed by Mortality of Ingrowth? | Infected"
pines? (#) throughout® (%) infected® (%) disease-freed (%) | WPBR® (%) infected trees (%) (#) (%)

Overall

Sangres

Poudre South

Canyon Lakes

Pole Mountain

Snowy Mountains

Laramie Peak
Shoshone
Bighorn

Montana

North Dakota

aIncludes all live limber pines (>1.37 m tall) that were assessed during the first measurement cycle (2004-2007). ®Percentage of all limber pines that had WPBR throughout the entire study. ¢ Percentage of all limber pines that were disease-free during the first measurement
cycle but became infected by the end of the study. ¢Percentage of all limber pines that remained disease-free throughout the study. ¢Percentage of all limber pines that were live in 2004-2007 but were killed by WPBR during subsequent measurement cycles. Percentage
of all limber pines that were infected during the first measurement cycle but died from all causes by the end of the study. 8Number of limber pines that grew taller than 1.37 m after the first measurement cycle and were therefore added as “ingrowth” trees. "Percentage of
ingrowth trees that became infected by 2016-2017.
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