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Climate change-driven Dendroctonus ponderosae outbreaks in semi-naïve Pinus albicaulis may result in rapid natural selection for trees with genotypes and phenotypes associated with survival. In this study, we investigated whether survivors were genetically and chemically different from a living cohort of trees that escaped predation due to smaller size and estimated genetic diversity. We also examined how growth rate and climate sensitivity varied between beetle-killed and surviving trees. Dendroctonus ponderosae predominantly kills large diameter trees; therefore, we predicted that large surviving trees would have distinctive genetic profiles and, due to bottlenecking and drift, survivors would have lower genetic diversity than the abundant smaller mature trees that escaped predation. We found survivors were indeed genetically divergent from the smaller trees but, contrary to expectations, the smaller trees had lower diversity. This suggests that while beetles may select for trees with particular genotypes, other factors are also driving population genetic sub-structuring. Individual tree terpene profiles were diverse and varied by population but showed no clear relationship to survivorship. Two groups of trees with divergent sensitivities to climate were observed in each population, but neither was a clear indicator of survivorship or susceptibility to beetle attack. Growth rate was the best predictor of survivorship with survivors growing significantly slower than beetle-killed trees over their lifetimes although growth rates converged in years just prior to increased beetle activity. Overall, our results suggest that P. albicaulis forests show considerable divergence among populations and within-population genetic sub-structuring, and that they may contain complex mosaics of adaptive potentials to a variety of stressors including D. ponderosae. To protect the ability of this tree to adapt to increasing pressure from beetles, blister rust, and climate change, a top priority should be the maintenance of standing genetic diversity and adaptive shifts in allele frequencies.
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INTRODUCTION

A recent outbreak of Dendroctonus ponderosae (mountain pine beetle) in Pinus albicaulis (whitebark pine) has killed trees across large areas. Pinus albicaulis is a semi-naïve host for D. ponderosae (Raffa et al., 2013). It grows in the subalpine zone where cold typically protects it from predation by the beetle. Exceptions occur when warm droughts allow beetles to move upslope and kill trees until normal colder conditions return (Perkins and Swetnam, 1996). However, chronic warming due to climate change has allowed the beetle to persist in many subalpine areas of western North America supporting outbreaks and widespread mortality of mature P. albicaulis (Buotte et al., 2016, 2017; Six et al., 2018). Outbreaks are expected to select for increased resistance in tree hosts over time and selection pressure may be especially strong in a naïve non-coevolved host that lacks a co-evolutionary history with the beetle. In such forests, most trees can be expected to have low levels of defense resulting in high levels of mortality of susceptible genotypes leaving behind rare individuals that exhibit some degree of resistance.

As has been observed in other naïve hosts experiencing outbreaks of D. ponderosae (Clark et al., 2010; Cudmore et al., 2010; Raffa et al., 2013; Burke et al., 2017), P. albicaulis appears to have more reduced defenses than populations of Pinus that have experienced regular pressure from the beetle (Raffa et al., 2017). This has led to fears that the tree may experience severe declines or even local extinction in areas where the beetle is now resident. However, survival of some mature P. albicaulis in forests hard-hit in recent D. ponderosae outbreaks, and the discovery that these trees may be genetically distinct from those that are chosen for attack, indicates adaptation may be occurring in response to increased selection pressure by the beetle (Six et al., 2018). Little research has investigated the possibility of rapid in situ adaptation in conifers due to climate change-driven insect outbreaks. Most bioclimatic models assume that all individuals of a tree species respond similarly and typically incorporate only a few broad ecological parameters (Rice and Emery, 2003; Aitken et al., 2008). These models seldom include phenotypic plasticity, genetic diversity, local adaptation, or the potential for near-term evolution, factors that could lead to substantially different outcomes (Davis and Shaw, 2001; Harte et al., 2004; Savolainen et al., 2007; Aitken et al., 2008). Clearly, there is a need for genetic and phenotypic data to inform our understanding of the potential for evolution to support in situ persistence of tree species to improve model outcomes and to inform conservation approaches.

The ability of P. albicaulis to adapt (here defined as an increase in allele frequencies associated with favorable changes in phenotypes) to increased bark beetle pressure, white pine blister rust (a disease caused by an invasive pathogen, Cronartium ribicola), and changes in climate, will rely to a great degree, on the genetic diversity already existing within affected populations or accessible through gene flow (Kremer et al., 2012, 2014). Many forest trees, including conifers, have high levels of genetic diversity that result in a variety of tree responses to environmental conditions both within and among populations (Savolainen et al., 2007; Kremer et al., 2012; McDowell et al., 2020). This variability forms the basis for subsequent evolution at local scales and may support considerable in situ adaptation in response to climate change (Petit and Hampe, 2006). For P. albicaulis to persist in the face of increasing pressure by D. ponderosae and changing environmental conditions, shifts not only in allele frequencies supporting resistant phenotypes, but also the maintenance of standing genetic diversity, will be crucial.

Conifers are often viewed as slow to evolve because they are long-lived and wind-pollinated. However, many have shown a considerable capacity for rapid local adaptation even with extensive gene flow (Petit and Hampe, 2006). In fact, populations of trees that experience high mortality rates via highly selective agents such as insects and drought may be the fastest to evolve in response to new climatic conditions (Kuparinen et al., 2010). Climate change can lead to increased rates of adaptation of trees both directly and indirectly. Direct effects include decreased or enhanced growth or increased mortality rates in response to changes in temperature and precipitation (Kremer et al., 2014). These, in turn, can initiate a cascade of indirect effects including altered levels of biotic disturbance. This can currently be seen globally where warming temperatures are leading to greater survival and reproductive rates of many forest insects, and tree hosts stressed by drought or heat are becoming more vulnerable to insect herbivory (Jactel et al., 2019; Kolb et al., 2019).

Aggressive tree-killing bark beetle population dynamics are intimately linked to climatic conditions affecting insect demographics and tree physical and chemical defenses (Raffa et al., 2016). Warming can lead to higher beetle population growth rates (Creeden et al., 2014) and highly selective host tree choice by bark beetles can result in differential mortality among trees of the same species due to selection for specific size classes and a suite of other traits, independent of stress (Stephenson et al., 2019). Aggressive bark beetles choose individual trees for colonization using a combination of visual and chemical cues that results in either the initiation of a pheromone-mediated mass attack or rejection (Raffa et al., 2016). The type and quantity of secondary defense chemicals produced by a tree, especially terpenoids, help beetles locate trees, both at a distance, and upon contact (Raffa and Smalley, 1995; Keeling and Bohlmann, 2006; Tittiger and Blomquist, 2017). Additionally, bark beetles exploit several monoterpenes to produce the aggregation pheromones they use to initiate and sustain the mass attacks that allow them to overcome tree defenses (Seybold et al., 2000). The production of secondary defensive chemicals is strongly influenced by tree genotype (Keeling and Bohlmann, 2006; Bullington et al., 2018), which leads to variation in the chemical profiles expressed by individual trees, influencing their relative attractiveness to beetles. Furthermore, trees experiencing drought stress can exhibit decreases in constitutive and induced defenses (Arango-Velez et al., 2011) suggesting that shifts in tree chemistry in response to water deficit may influence the ability of beetles to successfully attack trees. However, how this may translate to effects on beetle choice of individual trees is unclear. In piñon pine, Trowbridge et al. (2019) found that increased emission rates of terpenoids during warm periods were offset by decreases in production resulting in no net change in emission rates overall. This may generally be the case, but more work is needed to understand how variability in precipitation, whether it involves drought or above average rainfall, influences attraction or repulsion of beetles to particular trees.

Another trait under genetic control that may influence beetle host choice is growth rate (Millar et al., 2012; George et al., 2015). Tree growth rate reflects an individual tree’s response to environmental conditions including temperature and water availability (Rehfeldt et al., 2014; Kolb et al., 2019 and references therein). Slower growth rates have been correlated to increased likelihood of beetle attack in a number of conifers (Millar et al., 2012; Knapp et al., 2013; George et al., 2015; Keen et al., 2020). However, several studies have found greater beetle-caused mortality in faster-growing conifers (de la Mata et al., 2017; Cooper et al., 2018) including P. albicaulis (Kichas et al., 2020) or no difference (Cooper et al., 2018). Millar et al. (2012) observed that P. albicaulis that survived D. ponderosae in eastern California had greater growth during the 20th century than those killed by beetles; however, the trees that were killed had grown better than survivors during the 19th century. The variable influence of growth rate observed in these studies may be due to genetic differences within and among tree species, which in turn, influence their responses to drought (Cooper et al., 2018), and the density of their sapwood (Britez et al., 2014; Rosner et al., 2014; George et al., 2015). Fast-growing trees tend to produce lower density wood with larger xylem elements (Wang and Aitken, 2011) that are less able to sustain capillary action and more prone to cavitation when water availability is reduced (LoGullo et al., 1995; Linton et al., 1998; Sperry et al., 2006). In contrast, trees that slow their growth in response to lower severity long-term drought, or that are genetically predisposed to slower growth, may require less water to maintain evapotranspiration streams and may be more tolerant to drought (Moran et al., 2017). Particular suites of genetic-based traits may also be correlated. For example, trees with different growth strategies (fast or slow) may invest in different defense characteristics, that together, influence host selection by beetles (Kane and Kolb, 2010; Sampedro, 2014; Kichas et al., 2020). Alternately, decoupling chemical, morphological and physiological traits related to defense may reduce the potential for directional selection and act to maintain a diverse defense syndrome (Mason et al., 2018).

For P. albicaulis, the severity of white pine blister rust infections can also influence likelihood of beetle attack. The probability of attack increases with increasing infection severity except when infection severity is very high, in which case, trees are avoided (Six and Adams, 2007; Dooley and Six, 2015).

Once D. ponderosae outbreaks are initiated, mass attacks mediated by aggregation pheromone release have been thought to override selectivity for individual trees with particular resistance traits (Logan et al., 1998; Wallin and Raffa, 2004). However, this may not entirely be the case. After outbreaks collapse, typically some mature trees of the preferred host tree species and diameter class remain (Erbilgin et al., 2017; Six et al., 2018). That these trees are not attacked, even when beetle numbers are high and suitable host trees have become scarce, suggests beetles avoid or do not recognize trees with particular phenotypes/genotypes. Evidence supporting this idea has been found in both P. albicaulis and P. contorta where survivors had distinct genetic profiles (Six et al., 2018) and in P. contorta where survivors had different chemical phenotypes (Erbilgin et al., 2017). Such genetic and trait-based survivorship should not be surprising as it has undoubtedly been the basis for natural selection between insects and trees for as long as both have coexisted. However, the process may be especially important to understand during these times of rapid anthropogenic change in both climate and forest structural and functional conditions.

In this study, we used genetic and chemical profiles along with growth rates and climate data to investigate whether recent D. ponderosae outbreaks resulted in potentially adaptive shifts in affected P. albicaulis forests. We also assessed genetic diversity at each site. While strong selection events can aid and speed forest adaptation (Kuparinen et al., 2010; Alberto et al., 2013; Kremer et al., 2014), they can also reduce overall genetic diversity through reductions in effective population size and drift (Yeaman and Jarvis, 2006). Such reductions can reduce the overall ability of a population or species to adapt to future change even if the event that led to lower diversity improves fitness in the short-term (Yeaman and Jarvis, 2006).

We specifically tested the following hypotheses: Mature P. albicaulis that survived the outbreak are genetically distinct and possess lower genetic diversity than smaller trees that escaped beetle predation (used as a proxy for the population without beetle predation), possess characteristic chemical profiles, exhibit different growth rates from beetle-killed trees, and are less sensitive to drought and temperature. We also predicted that drought was related to outbreak initiation.



MATERIALS AND METHODS


Pinus albicaulis Stand and Site Characteristics

Three broad, relatively flat locations were selected as study sites to reduce microsite variability in aspect, slope, and soil moisture, factors that influence tree vigor, production of defenses, and tree growth (Supplementary Figure 1). Two sites, Vipond Park and Poverty Flat, experienced high rates of mortality during the recent west-wide outbreaks of D. ponderosae in whitebark pine (2000–2012) (Perkins et al., 2015, DLS, personal observation) while Lacy Creek had very low levels of beetle activity over the same period.

Vipond Park is a high elevation plateau located on the Beaverhead National Forest, Montana, USA (centroid location 45.6974°N, 112.9106°W, 2,501 m elevation). The site is a mix of grasslands and open forest stands positioned at the transition zone where species shift from mid-elevation P. contorta to high elevation P. albicaulis, with the latter species dominant (∼90%). The site is relatively xeric with a diverse herbaceous cover of perennial forbs and grasses. The area experienced an outbreak of D. ponderosae from 2007 to 2013 (with beetles becoming active at least as early as 2005, DLS, personal observation) when approximately 95 and 70% of mature P. albicaulis and P. contorta, respectively, were killed. The outbreak ceased abruptly, coinciding with early cold fall temperatures in 2012 and a massive reduction in host trees of suitable size. No trees were observed to have been killed by D. ponderosae in years prior to the recent outbreak although a few large diameter stumps occurred throughout the site.

Poverty Flat is a high elevation plateau and located on Bureau of Land Management-administered land just south of Challis, ID, United States (centroid location 44.3189N, 114.3584W, elevation 2,880 m) approximately 240 km west of Vipond Park. It is also a xeric site with a perennial herbaceous and grass cover. The forest consists of open, nearly pure stands of P. albicaulis. Mortality was lower than at Vipond Park and estimated at about 52% of mature whitebark pine trees. Unlike Vipond Park, forests at Poverty Flat contained numerous trees killed during a west-wide cluster of D. ponderosae outbreaks that occurred between 1909 and 1940 (Ciesla and Furniss, 1975; Perkins and Swetnam, 1996). The recent beetle outbreak occurred at the site from 2003 to 2012 (Perkins et al., 2015).

Lacy Creek is located in the Beaverhead National Forest, Montana, United States, approximately 27 km southwest of Vipond Park (centroid location 45.5876°N, 113.2435°W, elevation 2,508 m). The site is relatively mesic in comparison with the Vipond Park and Poverty Flat sites. The site has a slight northeast aspect and the groundcover is dominated by Vaccinium scoparium (grouse whortleberry), Xerophyllum tenax (bear grass), and Luzula sp. (woodrush). The forest consists of about 67% P. albicaulis and 33% P. contorta. Only a few trees observed were killed by D. ponderosae (<0.5%) in the 2000s (DLS, personal observation) although standing and fallen trees killed during a previous outbreak in the 1940s were commonplace.



Sampling Protocol


Transects

Transects were established at Vipond Park in early August 2016–2017, at Poverty Flat in late July 2017–2018, and at Lacy Creek in early August 2018. Belt transects approximately 5 m wide were initiated using random compass bearings extending into forested areas until the targeted number of trees was reached. Number and length of transects varied by location due to the patchy nature of stands at each site except Lacy Creek where forests were continuous. At Lacy Creek, new transects were initiated when we encountered slopes or stands dominated by lodgepole pine. When P. albicaulis trees occurred in clumps [likely due to seed caching by Nucifraga columbiana (Clark’s nutcracker), a bird that is the main dispersal agent of the tree (Hutchins and Lanner, 1982; Lorenz et al., 2011; Schaming, 2016)], we measured or sampled only a single stem per clump to avoid sampling multiple trees that may have originated from a single cone/parent.




Diameter Distributions of Beetle-Killed, Survivor, and General Population P. albicaulis

Dendroctonus ponderosae is constrained to colonizing only larger diameter trees to have sufficient resources to complete development. Therefore, prior to sampling, we established transects to determine the diameter distribution of beetle-killed P. albicaulis at each site by measuring their diameter at breast height (DBH, 1.4 m above the ground). This distribution provided site -specific information on the cut-off diameter below which trees were not attacked. This distribution was then used to choose ‘survivor’ trees, ones that had similar diameters to beetle-killed trees but showed no signs of being attacked during the outbreak. We then chose ‘general population’ trees (hereafter generals) that were mature trees that fell several centimeters below the diameter distribution of beetle–killed trees and escaped predation presumably because they were too small. We could not sample DNA or terpenoids from beetle-killed trees so generals were used as proxies to estimate the genetic and phenotypic diversity that was present in each tree population without beetle predation with the assumption that they were representative of the population as whole prior to the beetle outbreak. We hypothesized generals would contain a similar proportion of individuals with survivor genotypes and phenotypes as was observed in the sampled population overall. For example, in a population where 5% of large trees survived, generals were predicted to contain roughly 5% trees with survivor genotypes/phenotypes and 95% with susceptible genotypes/phenotypes.



Sampling for P. albicaulis Genetic and Chemical Profiles, and Estimates of Growth and White Pine Blister Rust Infection Severity

In transects used for sampling, beetle-killed trees were measured for diameter at 1.4 m (DBH) and then cored to the pith on two opposing sides at the same height above the ground using an 5.2 mm diameter increment corer. Basal area (the cross-sectional area of trees per unit area of land and a measure of tree density) was taken of surrounding dead and live trees at each sampled tree using a 10-basal area factor prism. Survivor and general population trees were measured for DBH and similarly cored after which a 2.5 cm diameter arch punch and rubber mallet were used to remove a disk of bark and phloem from opposing sides of each tree. The thickness of the phloem was measured on each disk to the nearest half mm. Phloem thickness was measured because it, along with symbiotic fungi, forms the diet of most bark beetles and is thought to play a role in the selection of a tree for colonization. The phloem was removed from the bark, sealed in a vial, and placed on ice for later chemical analyses. A clump of current-year needles was removed from the tip of a branch of each tree for DNA extraction and placed into a small plastic bag containing silica gel desiccant for later genetic analyses. We then rated each tree for white pine blister rust infection severity using the method developed by Six and Newcomb (2005). This method partitions the tree into sections and assigns each a rating based on visible symptoms. The ratings are then summed for a total rating for each tree. Possible total tree ratings range from 0 to 18 with zero indicating no visible infection and 18 complete infection.

All samples from the same tree received the same tracking code. Sample sizes varied by category (survivor, beetle-killed, general) and site and can be found in Table 1.


TABLE 1. Summary statistics [mean (SD)] and comparisons for categories of Pinus albicaulis at the three sites sampled in this study.
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Pinus albicaulis Genetic Profiles

Needles were fully dried in silica gel and then 3–5 needles from each sample were ground to a fine powder in liquid nitrogen. DNA was extracted from the powder using a Qiagen DNeasy plant extraction kit following the producer’s protocol. We used inter-simple sequence repeats (ISSRs) to develop genetic profiles of individual trees. ISSRs are regions within microsatellites that target highly variable regions and are able to detect high levels of polymorphism (Parasharami and Thengane, 2012). ISSRs are highly reproducible and useful for comparing diversity among individuals and within and among populations when the genetic basis of a trait, such as resistance, is not known. Three ISSR primers were used: 17899A (GTG TGT GTG TGT CA), UBC 818 (CAC ACA CAC ACA CAC AG), and UBC 809 (AGA GAG AGA GAG AGA GG) (Parasharami and Thengane, 2012). For PCR amplification we used a 25 μl reaction mixture combining 12.5 μl Promega Master Mix (Promega, Madison, WI, United States), 2.5 μl RNA-free water, 8 μl 0.5 M primer and 2 μl DNA template. Reactions were run with one of the three primers with 1 cycle denaturation at 95°C for 5 min, followed by 42 cycles of denaturation at 95°C for 1.3 min, annealing at 47°C for 2 min, and extension at 72°C for 1 min (Parasharami and Thengane, 2012).

PCR products were visualized in a 1% agarose gel using 1X Tris borate buffer (TBE) with the addition of 2 μl ethidium bromide per 100 ml gel mixture. A 100 bp ladder (Promega, Valencia, CA, United States) was added to one lane of each gel to provide a reference for scoring bands. Each sample lane received 5 μl amplified PCR product with bromophenol blue as a running dye. The gel was run with 1X TBE as a running buffer at 70 mA until the dye moved 1/4 length of the gel. Gel images were captured using a UV table and a digital camera. Only clear bands were scored and ambiguous gels were run a second time and compared. A subset of 30% of the samples were rerun to check for consistency in band resolution. Bands were scored manually.



Chemical Analysis

Phloem samples were moved from ice and stored at –80°C immediately upon return from the field and then shipped on dry ice to the Montana State University Spectrophotometry Lab for analysis. Small blocks of phloem were pulverized and placed into n-hexane (1 ml/mg) for 1 h for extraction. Gas chromatography (GC)-mass spectrometry (MS) analysis of extracts was performed on an Agilent 7890A GC coupled with Agilent 5975C inert XL EI MSD with a triple axis detector. Sample organization and injection was performed by an Agilent 7693 auto sampler. The separation was performed using Phenomenex Zebron ZB-5MS non-polar column (30 m × 0.25 mm ID) 0.25 μm. The GC conditions were as follows: the oven temperature was set at 60°C and held for 2 min, then the temperature was ramped to 120°C at the rate of 20°C/min and from 120 to 155°C at the rate of 6°C/min. In the final step, the temperature was ramped to 300°C at 14.5°C per min and held at that temperature for 10 min. Helium was used as the carrier gas at a flow rate of 1.5 mL/min. One μL samples were injected at 325°C with a split ratio of 10:1. Samples separated by GC were interfaced to MS at 230°C. The MS source was set at 230°C and quad temperature at 150°C. The acquisition range was set between 30 to 550 amu at a scan rate of 5.2 scans/s.

Individual compounds were identified by comparing retention times of known pure standards and mass spectra using the NIST library (2014) and Agilent Masshunter 8.0 software. Concentrations for each compound were calculated using 6-point calibration curves with known amounts of pure standards (Restek Corp.).



Tree Core Preparation, Measurement of Ring Widths

Increment cores were dried and then mounted and sanded according to standard procedures (Speer, 2010). Crossdating was then done visually followed by measuring of ring widths to 0.001 mm precision on a Velmex measuring stage using J2X software (Voortech Consulting, NH). Two people measured the rings of each core and when discrepancies arose worked together to determine the source and to make corrections. Crossdating and measuring accuracies were checked using the program COFECHA (Holmes et al., 1986). Ring widths were converted to annual basal area increment (BAI). BAI maintains absolute variation between series both spatially and temporally, in contrast to the usual dendrochronological procedure of detrending ring-width series with best-fit curve standardization, which retains only relative variations between trees or stands (Biondi and Qeadan, 2008). BAI was normalized by basal area for individual trees (BAI/BA) to account for tree size differences associated with microsite variations and allowed us to more precisely examine relative climate and disturbance growth responses (e.g., McDowell et al., 2010). Cores that were missing sections, or did not reach near or to the pith, were excluded from BAI/BA chronologies for each site.



Data Analysis


Site and Tree Characteristics

Two-sample t-tests were used to compare tree diameters, basal area, white pine blister rust infection severity ratings, and phloem thickness among categories (beetle-killed, survivor, general) within sites using Statistix 10 (Analytical Software, Tallahassee, FL, United States).



Genetic Analysis

A combined binary matrix (band present = 1, band absent = 0) for bands resolved using the three ISSR primers was analyzed using POPGENE v. 1.32 (Yeh et al., 1997) to calculate percent band polymorphism, Nei’s gene diversity index (h), and genetic diversity within (HS) and between categories (HT).

Genetic variation among categories and sites was examined using analysis of molecular variation (AMOVA) and PHiPT analysis in GenAlEx 6.5 (Peakall and Smouse, 2006). STRUCTURE 2.3.4 (Pritchard et al., 2000) was used to analyze population genetic structuring. STRUCTURE is a Bayesian model-based approach that presumes Hardy–Weinburg equilibrium and linkage disequilibrium and assigns individuals to clusters according to their probability of assignment. STRUCTURE analysis was performed using the entire dataset as well as each population individually with a burnin period of 20,000 iterations followed by 100,000 Monte Carlo Markov chains under the assumption of an admixture model with K values ranging from 1 to 10 and with 20 runs per K value. STRUCTURE outputs were entered into Structure Harvester v0.6.94 (Earl and vonHoldt, 2012) to detect the K with the greatest likelihood and least standard deviation for each analysis.



Chemistry

Chemical data analyses were conducted in R (4.02) using the R Studio (1.3.1073) packages vegan (multivariate analyses; Oksanen et al., 2019), factoextra (visualizing PCA; Kassambara and Mundt, 2020), FactoMineR (visualizing PCA; Le et al., 2008), and ComplexHeatmap (visualizing heatmaps; Gu, 2016). Proportional composition of terpenoid compounds were logit transformed [log(proportion/1-proportion)]. Differences in terpenoid composition among sites and categories (i.e., among survivors and generals) were analyzed using permutational multivariate analyses of variance (PERMANOVA) (Anderson, 2014; Oksanen et al., 2019) using Manhattan distance. Patterns of terpenoid composition among sites and trees were examined through community analyses of compounds using principal components analysis (PCA). Screeplots and factor loadings are provided in Supplementary Figure 1. We also applied hierarchical clustering using Ward’s minimum variance to detect general differences among and within sites and categories. Heatmap values were z-standardized ([observation-mean]/standard deviation) for each grouping independently for ease of visualization.

For individual chemical comparisons at sites that experienced outbreaks, two-sample t-tests were run using Statistix 10 comparing concentrations of terpenoids from survivors and generals at Vipond Park and Poverty Flat.



Relationship of Terpenoid Concentrations to Tree Characteristics

Pearson product correlation analyses were performed comparing concentrations of each terpenoid and total terpenoid concentration to tree DBH, relative tree age (using number of rings present in cores taken at 1.4 m as a proxy for true tree age), and mean BAI/BA for the last 5 years of tree growth using Statistix 10. BAI/BA for the last 5 years were chosen for use because these were the most likely to reflect the potential influence of environmental conditions on growth and terpenoid concentrations in the samples (Ferrenberg et al., 2014).



Tree Growth and Climate Analysis

BAI/BA chronologies were developed by tree category and site. We also developed separate chronologies for beetle-killed and survivor trees grouped as younger (<100 years old at 1.4 m) and older (>100 years old at 1.4 m) to examine differences in growth rates as influenced by age. Resulting line graphs suggested that younger and older trees exhibited different growth rates and that these rates changed over time. Therefore, we conducted paired t-tests using Statistix 10 comparing mean annual growth by year of younger and older beetle-killed and survivor trees as well as generals for different time periods (see section “Results”).

Climate data were retrieved from the West Wide Drought Tracker site (Abatzoglou et al., 2017) using site-specific centroid coordinates. Trees at least 100 years old at 1.4 m were selected for inclusion in correlation analyses. Pearson product correlations were run with Statistix 10 using BAI/BA chronologies for each site with the following climate variables for January–December 1950–2005: mean monthly Palmer Drought Severity Index [PDSI, a measure of regional soil moisture availability based on water supply and demand (Abatzoglou et al., 2017)], mean monthly temperature, and mean precipitation. This time period was chosen to encompass several decades leading up to the outbreak but avoided within- and post-outbreak periods to remove the potentially confounding effect of growth release that can occur when competition in a stand is relieved through the loss of many dominant trees (Campbell et al., 2007). We also ran Pearson product correlations with climate data lagged 1 year to see if current or previous year climate had the greatest effect on growth.

Correlation analyses using means for all trees within a category at a site may fail to detect subsets of trees that respond differently to climate. Therefore, Pearson product correlations were run with each tree with each of the climate variables for the 1950–2005 period and BAI/BA. Once correlation coefficients for these comparisons were tabulated, two groups of trees became apparent: one we refer to as ‘climate sensitive’ with correlation coefficients of >0.2 or <–0.2 for PDSI for at least eight of the 12 months used in analyses (Supplementary Appendices 2–4). The second ‘non-sensitive’ group exhibited no-to-few correlations with PDSI although some were responsive to other variables (Supplementary Appendices 2–4). We considered them responsive to these other variables if 50% or more trees within a category had correlation coefficients of >0.2 or <–0.2.





RESULTS


Stand and Tree Characteristics

Mean diameter of beetle-killed trees and survivors were similar within and among sites (Table 1). However, the diameter distribution of survivors at Vipond park was skewed more toward trees with larger diameter than the distribution of beetle-killed trees (P = 0.023) while the opposite was the case at Poverty Flat (P = 0.013). As expected per the sampling design, general trees were significantly smaller than beetle-killed and survivor trees at Vipond Park and Poverty Flat. BA did not differ among categories within sites or for trees at Vipond Park and Poverty Flat, but was greater at Lacy Creek. White pine blister rust infection severity was overall very low at all three sites. There was no difference in infection severity between survivor and general trees within sites. Most trees exhibited no signs of infection and we excluded infection as a potential confounding factor influencing tree choice (Table 1). Phloem thickness also did not appear to influence beetle choice. Phloem was significantly thicker in generals than survivors at Vipond Park while the opposite was true at Poverty Flat. Phloem was thinnest in trees at Lacy Creek (Table 1).



Genetic Profiles

Twenty-three, 19, and 18 bands were resolved for the primers 17899A, UBC809, and UBC818, respectively. Percent band polymorphism was 100% for all sites combined, but ranged from 53.3 to 81.7% by category (Table 2). The highest band polymorphism and genetic diversity occurred in Poverty Flat survivors and trees at Lacy Creek. For both Poverty Flat and Vipond Park, band polymorphism and genetic diversity were higher in survivor than in general trees (Table 2). AMOVA indicated 79% of genetic variation occurred within groups while 21% was among groups (PhiPT = 0.205, df4,187, P = 0.001). Genetic distance did not correspond well with geographic distance. The greatest genetic distance occurred between Poverty Flat survivors and Lacy Creek trees (from sites geographically distant) followed by Poverty Flat survivors and Poverty Flat generals (trees co-existing at the same site) (Table 3). The least genetic distance was between Vipond Park generals and Vipond Park survivors (Table 3).


TABLE 2. Mean (SD) percent band polymorphism (BP), number of polymorphic loci (PL), Nei’s genetic diversity (h), and diversity within (HS) and between (HT) categories of Pinus albicaulis.
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TABLE 3. Pairwise population PhiPT analysis for Pinus albicaulis.
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Analysis using STRUCTURE followed by Structure Harvester with the full dataset (all sites and categories) suggested the highest likelihood and lowest standard deviation occurred for K = 2 (Figure 1A) although these values did not differ much from those generated for K = 2–7. Therefore, we ran analyses individually for all three sites (Figures 1C–E). In each of these, the greatest likelihood and lowest standard deviation occurred clearly for K = 2. We then re-ran the analysis using the full dataset with K set to 6 (Figure 1B). In the final combined (Figure 1B) and site specific analyses for Poverty Flat (Figure 1C) and Vipond Park (Figure 1D) partitions reflected our assignment of trees to survivor or general categories although with considerable admixure in Vipond Park survivors and generals (Figure 1D).
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FIGURE 1. STRUCTURE analysis of inter-simple sequence repeat data for Pinus albicaulis survivors and generals at Poverty Flat, ID, Vipond Park, MT (populations experiencing a Dendroctonus ponderosae outbreak) and living trees at Lacy Creek, MT (no outbreak) (specifics provided in text). (A) All sites and categories combined assuming K = 2 based on initial STRUCTURE analysis prior to analysis by site. (B) All sites and categories combined assuming K = 6 based on outcomes of individual site analyses. (C,D) Analysis by site supported K = 2 at each: (C) Poverty Flat, (D) Vipond Park, and (E) Lacy Creek.




Terpenoid Concentrations and Compositional Profiles

There was considerable variation in the concentrations of terpenoids as well as total amounts produced among sites and among and within categories (Table 4). Overall, trees at Poverty Flat and Lacy Creek produced the highest total concentrations while trees at Vipond Park produced substantially lower concentrations of most, but not all, terpenoids. Specifically, survivors at Poverty Flat produced the highest concentrations of total terpenoids while survivors at Vipond Park produced the lowest total concentrations for trees in any category or population.


TABLE 4. Comparisons of mean (SD) of terpenoid concentrations (mg/g) of survivor and general Pinus albicaulis at two sites affected by a recent Dendroctonus ponderosae outbreak and statistics for trees at a third site unaffected by the outbreak.
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Within sites, various terpenoids were significantly different between survivor and general trees. At Poverty Flat, all compounds (with the exception of α-pinene) differed between survivors and generals, and these differences were often substantial (Table 4). Notably, concentrations were typically higher in survivors than in generals with the exception of p-cymene and geraniol (Table 4). Interestingly, trees at Poverty Flat and Lacy Creek exhibited the highest concentrations of camphene while α-terpinene was produced in the highest concentrations within trees at Vipond Park (Table 4). At Vipond Park, only six terpenoids differed in concentration between survivors and generals where α-bisabolol, isopolugol, linalool, δ-limonene and ocimene were higher in survivors while α-terpinene was lower. Although these differences were significant, it is prudent to note that differences were quite small (Table 4).

Consistent with the variation in concentrations, terpenoid compositional profiles also varied both among and within sites (Figure 2; full PERMANOVA results are presented in Supplementary Table 1). Overall, among site differences were greater than differences between survivors and generals (Figure 2A) as site explained 52% of the observed variability, category explained 6%, and their interaction explained 8% (Figure 2; PERMANOVA; all P < 0.001). Site separation of Lacy Creek and Poverty Flat from Vipond Park was primarily driven by a gradient of α-pinene, γ-terpinene, b-myrcene, b-pinene, and camphene (Figure 2A). At Vipond Park, we failed to observe notable separation among generals, and younger and older survivors (Figure 2C; PERMANOVA; P = 0.12). However, at Poverty Flat, there was broad separation between generals, and younger and older survivors (Figure 2D; PERMANOVA; P < 0.001). Separation among generals and survivors at Poverty Flat was primarily driven by a gradient of camphene, α-humulene, and ψ-terpinene, to ocimene, p-cymene, δ-limonene, and α-pinene.
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FIGURE 2. Principal components analysis (PCA) of major compounds for generals and survivors for (A) all three sites, (C) Vipond Park, and (D) Poverty Flat. Each point is an individual tree. Community composition corresponds to the logit-transformed proportional composition. (B) Color used in PCAs denotes site and color intensity corresponds to generals (lightest tint), older survivors (darkest tint), and younger survivors (medium tint). First two axes are reported, and the percent variation explained is reported for each axis. Biplot vectors show direction and strength of significant correlations with major compounds. Simplified PERMANOVA results are presented where numbers correspond to the amount of variance explained (R2 for each PERMANOVA term) and stars denote significance at the α = 0.05 level. Full PERMANOVA tables are supplied in Supplementary Table 1.


In the HCA (Figure 3A) with all sites combined, trees at Vipond Park clustered independently from those at Poverty Flat and Lacy Creek. Trees at the latter two sites formed two clusters with one containing mostly Poverty Flat trees and one containing mostly Lacy Creek trees with some intermixing. Vipond Park trees were characterized by high α-terpinene while trees at Poverty Flat trees exhibited high levels of camphene and α-humulene. The cluster containing mostly Lacy Creek trees resembled Poverty Flat trees in having high levels of camphene, but Vipond Park trees in having in low levels of α-humulene.
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FIGURE 3. Hierarchal clustering (HCA) of major compounds for generals and survivors for (A) all three sites; (B) Vipond Park; and (C) Poverty Flat. Community composition corresponds to the logit-transformed proportional composition. Grayscale intensity denotes relative concentration of each compound (z-standardized). Color denotes site and color intensity corresponds to generals (lightest tint), older survivors (darkest tint), and younger survivors (medium tint). The number of column splits was determined by k-means clustering. Each vertical bar represents a tree.


In the HCA for Poverty Flat alone (Figure 3B), three clusters resolved. One cluster contained only older survivors that were very low in α-pinene. The other two clusters were a mix of younger survivors, generals and a few older survivors. In all three, camphene, b-pinene, b-myrcene, and α-humulene were very low in concentration and α-terpinene was very high. In the HCA for Poverty Flat alone (Figure 3C), two clusters resolved. One contained most of the older and younger survivors and a couple of generals while the other was composed of primarily generals with a few survivors scattered throughout. Trees in the cluster containing mainly survivors exhibited higher concentrations of α-humulene while those in the cluster containing mainly generals exhibited lower levels.

Correlations comparing individual and total terpenoid concentrations with DBH, relative tree age, and BAI/BA found few relationships except for younger survivors at Vipond Park that showed mostly weak negative relationships between growth and about half of the compounds. The weakest correlations were seen in generals at all sites and Lacy Creek trees (Supplementary Appendix 1).



Growth and Its Relationships With Climate

Trees at different sites and in different categories showed considerable variation in growth over time (Tables 5–7 and Figure 4). In comparisons of tree growth over the length of their lifespans, trees at Poverty Flat that were eventually killed by D. ponderosae grew faster than survivors until around 1930, after which growth of trees in the two categories became more similar (Figure 4). However, t-tests revealed that older beetle-killed trees grew faster than older survivors when comparing them over the entire period (1765–2009) as well as during early (1765–1924) and late (1925–2009) periods (Table 6 and Figure 4). Younger beetle-killed trees also grew faster than younger survivors and older survivors grew slower than younger survivors (Table 6). Looking at recent growth at Poverty Flat, older survivors grew slower than older beetle-killed trees in the 5, 10, and 20 years prior to the outbreak while younger survivors grew faster than younger beetle-killed trees in the 10 and 20 years periods before the outbreak, but similar to one another in the 5 years pre-outbreak (Table 7). Generals grew faster than younger beetle-killed trees but similar to younger survivors when considering the entire period from 1906 to 2009 and, in the years leading up to the outbreak, became the fastest growing category overall (Figure 4).


TABLE 5. Mean (SD) diameter at breast height in cm (DBH, 1.4 m), relative age (number of rings at 1.4 m), and BAI/BA (basal area increment/basal area) for Pinus albicaulis by site and category.
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TABLE 6. Results of paired t-tests conducted using basal area increment (BAI)/basal area (BA) to detect changes in growth that occurred over time in different categories of Pinus albicaulis.
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TABLE 7. T-test comparisons of mean annual BAI/BA for older and younger (see text) beetle-killed vs. survivor Pinus albicaulis at Poverty Flat, ID, and Vipond Park, MT, over 20, 10, and 5 years prior to Dendroctonus ponderosae outbreak.
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FIGURE 4. Growth of different categories of Pinus albicaulis as measured by basal area increment (BAI)/basal area (BA) at (A) Poverty Flat, ID, (B) Vipond Park, MT, and (C) Lacy Creek, MT. (Mean diameter and relative age of trees in each category presented in Supplementary Appendix 2).


At Vipond Park, older beetle-killed trees again grew faster than older survivors when considering the entire period (1861–2009) and during the early (1861–1924) and late (1925–2009) periods. Considering recent years only, older survivors grew slower than beetle-killed trees over the 20 years prior to the outbreak but faster when considering the 10 years prior and similarly for the 5 years prior (Table 7). Older beetle-killed and older survivors grew slower than their younger counterparts considering growth over the period from 1904 to 2009 (Table 6). However, considering only recent years, younger survivors grew faster than younger beetle-killed trees 5, 10, and 20 years prior to the outbreak (Table 7). As with Poverty Flat, generals were the fastest growing category of trees at the time of the outbreak (Figure 4).

At Lacy Creek, older trees grew faster than younger trees when comparing them over the entire period (1776–2009) but when split into early and later periods, older trees grew faster in the early period while younger trees grew faster in the late period (Table 6 and Figure 4).

Differences in growth among categories and especially within categories by older or younger groupings were also apparent when considering DBH, relative age, and BAI/BA (Table 5). Older trees within a category had mean DBHs consistently smaller than those of younger trees while having considerably greater mean relative age and slower growth. Likewise, for trees at Poverty Flat and Vipond Park, mean BAI/BA for older trees were approximately half that of younger trees in the same category and generals at the same site. Both older and younger trees at Lacy Creek grew slower than their counterparts in the other two populations (Table 5).

Correlation analyses comparing mean annual BAI/BA to climate variables for each site and category are presented in Table 8. Two analyses were conducted, one using BAI/BA with same year climate data and one with BAI/BA and previous year (lagged) climate data. This allowed us to investigate whether climate in the same or previous year had the greatest effect on growth. We tabulated all correlation coefficients > 0.2 or <–0.2 for each of the climate variables (Table 8). All correlations with PDSI were positive. At Poverty Flat, beetle-killed trees were weakly positively correlated with PDSI in almost every month while survivors showed weak positive correlations with PDSI only September through December. Generals at Poverty Flat were insensitive and, for all categories, lag did not noticeably strengthen or weaken correlations. At Vipond Park, trees in all categories, including generals, showed weak to moderately positive correlations with PDSI and these correlations were strengthened slightly in the lagged analysis for all categories. At Lacy Creek, BAI/BA was weakly positively correlated with PDSI for fewer months than at the other sites and the lag resulted in weaker correlations overall.


TABLE 8. Pearson product correlations of climate variables for same year and lagged 1 year (lag) with mean basal area increment (BAI)/basal area (BA) for Pinus albicaulis from 1950 to 2005 at three sites.
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February temperature was weakly positively correlated with growth for Poverty Flat survivors and generals, Vipond Park generals, and Lacy Creek trees (Table 8). July temperatures were negatively correlated with growth of Poverty Flat beetle-killed trees and survivors in the lagged analysis and for all three tree categories at Vipond Park in same year analyses. December temperatures were negatively correlated with growth of trees in all categories at Poverty Flat and positive for beetle-killed and survivors but negative for generals at Vipond Park. July precipitation was positively correlated with growth in same year analyses with beetle-killed trees and generals at Poverty Flat and beetle-killed trees, survivors, and generals at Vipond Park. In lagged analysis, positive correlations with July precipitation were found for beetle-killed trees and survivors at Poverty Flat, and trees in all categories at Vipond Park and Lacy Creek. The lag increased the strength of correlation only for beetle-killed trees at Poverty Flat (Table 8).

Individual tree correlation analyses of BAI/BA with climate variables detected the presence of two groups of trees that we classified as either sensitive (> 8 months correlations with PDSI) or non-sensitive (<8 months correlations with PDSI) (Supplementary Appendices 2–4). In all cases, correlations of BAI/BA with PDSI for sensitive trees were positive. At Poverty Flat 33% of beetle-killed trees were classified sensitive while 67% were non-sensitive. At Poverty Flat, 18% of survivors were sensitive while 82% were non-sensitive, and 100% of Poverty Flat generals were insensitive. Non-sensitive survivors at Poverty Flat were responsive to March temperature while non-sensitive generals were responsive to December temperatures. Most correlations with March temperature were positive while all correlations with December temperature were negative (Supplementary Appendix 2).

Beetle-killed trees at Vipond Park were 27% sensitive and 73% non-sensitive, while survivors were 45% sensitive and 55% non-sensitive. Generals were 57% sensitive and 43% non-sensitive. Sensitive beetle-killed trees, survivors, and generals, were all responsive to December temperature while non-sensitive beetle-killed trees and survivors were responsive to March temperature (Supplementary Appendix 3). Again, most correlations of growth with March temperature were positive and most correlations with December temperature were negative. At Lacy Creek, 33% of the trees were sensitive and 67% non-sensitive and non-sensitive trees were not responsive to any climate variable (Supplementary Appendix 4).

Drought, as indicated by negative PDSI values, occurred at various times over the 1950–2005 period and varied considerably in extent and severity among sites (Supplementary Figures 3–5). All three sites experienced drought from 1999 to 2004, yet only Poverty Flat and Vipond Park experienced outbreaks.




DISCUSSION

We investigated the possibility that D. ponderosae outbreaks in semi-naïve P. albicaulis resulted in rapid adaptive selection for trees with genotypes and phenotypes associated with survival. At the two study sites that experienced a recent outbreak of D. ponderosae, Poverty Flat and Vipond Park, we found evidence of genetic differences between survivors and generals (Figure 1). However, in contrast to our predictions that survivors would possess lower genetic diversity we found that they actually had higher genetic diversity within sites than did generals (Table 2). We also found substantial genetic differentiation among sites, even between trees at Poverty Flat and Lacy Creek, sites that were located only 27 km apart (Table 2 and Supplementary Figure 1). The patterns of genetic differences we observed did not fully conform to our predictions. We predicted that overall survivors and generals would be genetically different but that a small proportion of survivor genotypes (similar to the proportion of surviving trees in the population post outbreak) would resolve with generals at each site. However, at Poverty Flat, while generals were distinct from survivors they were also quite homogenous and with no individuals similar to survivors. At Vipond Park, generals for the most part fit the expected pattern, but survivors exhibited much greater variability than expected. The non-conformity of results with predictions could also be supported by a lack of concordance of our ISSR markers and the traits that result in survivorship or susceptibility to the beetle. ISSRs are powerful for detecting within individual variability and assessing within and among population variation but are considered neutral and not linked to particular tree traits.

Differences in genetic diversity between survivors and generals also indicate drivers independent of D. ponderosae are at play in structuring these populations. Due to massive mortality of older trees during the outbreak, survivors should have experienced a reduction in genetic diversity relative to generals due to bottlenecking and genetic drift. However, at both Poverty Flat and Vipond Park, genetic diversity was lower in generals than in survivors (Table 2). The reason for this may lie in selection events that occurred prior to the beetle outbreaks. By choosing smaller trees as general population proxies, we sampled trees that likely established under different environmental conditions than survivors. The establishment phase is the first, and often one of the most highly selective filters determining the survival of a cohort of trees (Petrie et al., 2016). Selection at the time of germination and in the first years of growth, especially in response to temperature and precipitation, can result in different aged cohorts that vary substantially in genetic diversity and structure (Petrie et al., 2016). Most likely, the genetic patterns we observed among and within categories in this study and those described in Six et al. (2018) reflect a combination of strong selection on trees during the establishment phase and then periodically over their lifespan as they were challenged by various abiotic and biotic disturbances including D. ponderosae in larger trees in recent years.

The results of our genetic and phenotypic analyses illustrate the complexity that can exist within conifer species both within and among populations. Long-lived species are influenced by many different selective agents that exert pressure of varying strength and regularity at various life stages. Adaptation occurs over long periods although episodic selection events likely play important roles with differential effects on different generations of trees coexisting at a site. The complex interplay of balancing and episodic selection that occurs over a tree’s lifespan, and over generations in a population, plays a key role in shaping genetic diversity and the array of phenotypic responses that allow for persistence through time (Petit and Hampe, 2006). Additionally, the high fecundity of trees and strong selection on recruits over time can result in among-cohort structuring that may enhance local adaptation while allowing for the maintenance of standing genetic variation (Le Corre and Kremer, 2003).

Given that genetic diversity is adaptation’s toolkit, the lower genetic diversity observed in generals (Table 2), the trees that form the bulk of the remaining forest at Poverty Flat and Vipond Park, may be cause for concern. The more abundant generals make up most of the reproductive trees at these sites. As long as the old survivors persist, they can contribute to genetic diversity and potentially contribute to heritable resistance to the beetle, but if they are lost, overall genetic diversity may be reduced. Other cohorts occurring at these sites may also influence diversity and adaptation. We did not look at younger cohorts in this study, including those that established during the last 1–3 decades when warming has been greatest. While some studies in P. albicaulis have found evidence of considerable differentiation among populations and for local adaptation to climate (Liu et al., 2016; Warwell and Shaw, 2017), none have investigated sub-structuring within populations. Sampling from only one cohort or only from tissues or seeds from older dominant trees may severely under- or over-estimate the genetic diversity or adaptive trajectory of a population as a whole and may miss signatures of adaptation in younger cohorts.

Our analyses of terpenoids also revealed considerable complexity within and among populations of P. albicaulis. In our t-test comparisons of terpenoid concentrations, we detected significant differences between categories at Poverty Flat for all terpenoids except α-pinene, with most compounds produced in considerably higher concentrations in survivors than in generals (Table 4). Lacy Creek trees (no outbreak) showed similar patterns in terpenoid concentrations to survivors at Poverty Flat. Some compounds such as camphene, γ-carene, aα-humulene, β-myrcene, β-pinene, and α-terpinene, that were much higher in concentration (often 5X or more) in Poverty Flat survivors and Lacy Creek trees, might at first appear to be indicative of survivorship when considering only these comparisons. However, taking into account the full profile of each tree with HCA and PCA, we found a much more complex story. When considering the chemical profiles among sites, the trees broadly separate into three distinct chemical clusters: Vipond survivors and generals, Poverty Flat survivors and Lacy Creek, and Poverty Flat generals (Figure 3A). Within Vipond Park, three separate clusters emerge. One cluster is completely composed of older survivors while the other two are a mix of older survivors, younger survivors and generals, a pattern that only partly fits our hypothesis that only a few survivors should cluster with generals (Figure 3B). The most obvious clustering between survivors and generals was observed at the Poverty Flat site primarily driven by α-humulene, p-cymene, and limonene (Figure 3C). Here, most survivors cluster together and a few resolve with the generals, supporting our hypothesis that generals should contain a low proportion of survivors.

So, how do we interpret the distribution of these clusters within and among categories and among sites in the context of survivorship? We know that host location by D. ponderosae occurs initially at a distance and involves the use of olfactory and visual cues. While concentrations may determine toxicity once a beetle is in the tree, composition dictates behavior prior to entry (Raffa et al., 2005). An important consideration here is that most herbivores use ratios and combinations of host compounds in host location rather than single compounds (Bruce et al., 2005). Dendroctonus ponderosae colonizes many species of Pinus (Wood, 1982) each of which exhibit variability in chemical profiles among species, as well as within and among populations of each species. As such, beetles are likely to be attracted or repelled by a variety of profiles and ratios or they would be restricted to using only a limited number of trees even when many more are suitable as hosts. Thus, the absence of a single defining ‘survivor’ terpenoid profile should not be surprising. Rather, our results suggest that multiple complex profiles may result in either host choice or rejection. However, given the high variability we observed, it may also be that constitutive terpenoids are relatively unimportant in host choice by D. ponderosae in P. albicaulis. We found no clear indication that any particular compound, profile, or set of profiles, were clearly representative of survivors when looking at all sites, although a few stood out within a single population of trees. Differences in size, relative age, and growth rate of the trees also did not affect individual or total terpenoid concentrations (Supplementary Appendix 1), and so, these variables likely did not create confounding effects within the HCA. Bentz et al. (2015) sampled whitebark pine trees prior to attack and found no difference in any compound in trees that were lethally or unsuccessfully attacked except for myrcene, which was higher in trees that were successfully attacked. While they did not investigate terpenoids in trees that were not attacked (such as our survivors), their results provide additional evidence that terpenoids may not be of major importance in tree choice in P. albicaulis. However, they included only ten trees and, as in our study, did not differentiate among enantiomers, which are the optical isomers of these compounds, each of which can have very different effects on beetle choice and behavior. In our study, we sampled trees several years after the outbreak and the terpenoid profiles of our trees may not reflect those produced under the climatic conditions in the period leading up to and spanning the outbreak. However, since terpenoid production is genetically based, variability in overall proportions produced may not be greatly influenced over time. Terpenoids are also not the only secondary chemicals produced by these trees and it may be that the total tree profile provides an integrated cue of suitability.

The resolution of many chemically variant clusters within both generals and survivors may be a natural reflection of the variability within a population or, it may be, at least in part, a consequence of P. albicaulis being a naïve host. For a host without strong past co-evolutionary pressure from D. ponderosae we might not expect strongly divergent chemical syndromes associated with survival such as have been observed in P. contorta, a tree with a long co-evolutionary history of repeated, severe outbreaks (Erbilgin et al., 2017; Raffa et al., 2017). It may also be that beetles use other chemical groups more for host location and assessment. Divergent chemical syndromes can be expected in the presence of strong directional selection but might be non-existent or difficult to detect where selection has been weak and sporadic as is thought to be the case with D. ponderosae and P. albicaulis prior to the current massive outbreak.

The phenotypic trait most clearly related to survivorship was growth. At both Poverty Flat and Vipond Park, trees killed by beetles grew faster over their lifespans than did survivors although growth rates converged in the 60 s and 70 s and then diverged again in the period just prior to the outbreak, when survivors again grew more slowly than beetle-killed trees at Poverty Flat and either more rapidly or similar to beetle-killed trees at Vipond Park (Tables 5–7 and Figure 4). These differences paralleled the findings of Kichas et al. (2020) who observed that P. albicaulis survivors grew faster in earlier years but that growth slowed prior to the outbreak relative to beetle-killed trees. There were also important differences in growth between older and younger trees in each category at each site. Younger beetle-killed trees grew faster than younger survivors and younger survivors grew more rapidly than older survivors (Table 5). The latter case is particularly striking as this difference in growth rate resulted in older survivors with mean diameters substantially smaller than younger survivors and mean BAI/BAs approximately half that of younger survivors (Table 5). Older and younger trees at Lacy Creek, where beetles did not develop an outbreak despite most stands in the surrounding area being affected, grew slower than their counterparts at the other sites (Table 5). These differences suggest strong genetic sub-structuring in these populations related to growth.

But how do D. ponderosae distinguish between trees with different growth rates? The answer may lie in a link between growth rate and allocations to defense or some other tree physiological trait. Moreira et al. (2016) found resin responses in the juvenile stages of 17 pine species clustered into two divergent defensive syndromes. Slow-growing species produced greater constitutive defenses (resin production) while fast-growing species produced greater induced defenses. Pinus albicaulis is a slow-growing tree that expresses lower induced defenses to D. ponderosae attack than do co-evolved P. contorta and P. albicaulis (Raffa et al., 2017) suggesting it may invest more in constitutive defense. Consistent with our findings, Kichas et al. (2020) also observed that beetle-killed P. albicaulis at two sites in northern Montana grew faster than did surviving co-occurring trees. They also found that the slower-growing survivors had greater resin duct area in their xylem (measured as percent area of annual rings). This suggests a greater investment in resin production by survivors and that beetles are able to detect this difference. Given that survivor trees are not attacked, and physical repulsion by resin is not a factor influencing the lack of colonization, this suggests that the overall larger amount of resin contained in these larger resin ducts of survivors may provide a proportional volatile chemical signal used by beetles in host choice or that allocation to production of greater resin duct area results in a related metabolic cue. It may also be that trees that produce larger resin ducts also produce different types, amounts, or ratios of secondary chemical compounds that result in the rejection of these trees by beetles but that the chemicals involved are in groups other than the terpenoids we included.

It is not known whether larger resin duct area results in greater constitutive defense. If it does then there should be greater resin flow in slow growing P. albicaulis. However, resin flow in P. albicaulis is usually very low and sometimes non-existent. During this study, we measured resin flow over a 24-h period in July 2017 for 40 survivors and 40 generals at Vipond Park and only four trees produced measurable, but low, amounts of resin with two falling into each category (data not shown). Additionally, larger resin ducts in other conifers have not been found to result in greater resin flow (Hodges et al., 1981; Hood and Sala, 2015). Slow-growing survivors may invest more in producing greater resin duct area and resin within their xylem, but the effect on beetles may be more qualitative than quantitative, especially if they also invest differently in the secondary chemicals they produce. An investigation into the secondary chemistry of P. albicaulis with differing resin duct areas may help identify the means by which beetles can exert ‘choice at a distance’ given survivors are not attacked and beetles do not encounter resin physically.

Interestingly, climate sensitivity was not predictive of tree survivorship. At Poverty Flat and Vipond Park, beetle-killed trees and survivors both contained large proportions of sensitive and non-sensitive trees (Supplementary Appendices 2, 3). Our results agree with those of Cooper et al. (2018) who found no relationship of climate variables to survivorship in P. contorta and of Kichas et al. (2020) who found no relationship of these variables to survivorship or resin duct area in P. albicaulis.

In correlations comparing BAI/BAs for individual trees and climate variables, again we found no clear difference in climate sensitivity between survivors, beetle-killed trees, and generals (Table 8). However, we did find differences between sensitive and non-sensitive trees, particularly a positive correlation to PDSI indicating a negative growth response of sensitive trees to drier conditions (Supplementary Appendices 2–4). In contrast, non-sensitive trees did not respond positively to PDSI, but rather, were more likely to positively respond to March temperatures or negatively to December temperatures (CO). Warmer March temperatures may allow for earlier growth in these trees while the negative relationship to December temperature may relate to negative effects of warmer temperatures on snowpack retention. Kichas et al. (2020) observed reduced growth during wetter winters for P. albicaulis at a site in northern Montana and Perkins and Swetnam (1996) noted positive responses to winter and spring precipitation on growth of P. albicaulis and suggested that feedbacks among climate variables likely produce nonlinear effects influencing snowpack and consequently growth (Perkins and Swetnam, 1996). The sensitive-insensitive dichotomy that we observed in tree responses to climate variables at all three sites further suggests that genetic sub-structuring within P. albicaulis populations increases the diversity of tree responses to climatic conditions, potentially increasing resilience of the forest as a whole to fluctuating conditions over time.

There appeared to be a relationship of drought to outbreak development at Poverty Flat and Vipond Park (Supplementary Figures 2, 3) but no relationship at Lacy Creek (Supplementary Figure 3). In fact, Lacy Creek trees did not reduce growth rates during the most recent drought and actually exhibited dips in growth during wet periods in the 60s and 90s. This highlights the importance of tree responses, and likely genetics, along with climate in outbreak development.


Importance to Conservation

Whitebark pine is in decline across much of its range due to the effects of the non-native disease white pine blister rust, D. ponderosae outbreaks, and climate change (Keane et al., 2012). This is a ‘wicked problem’ in that successful conservation of this tree will require approaches that deal with all three threats. However, as different as these threats are from one another, they share one commonality, and that is that the ability of the species to persist will depend on its potential for adaption to these stressors that, in turn, depends on genetic diversity.

Standing genetic diversity is in large part how long-lived organisms such as trees persist in the face of shifting climatic and other stressors over time (Petit and Hampe, 2006). We found evidence of substantial population sub-structuring in P. albicaulis that may indicate a strong adaptive potential. Different cohorts and categories of trees within each population exhibited divergent genetic (Figure 1) and phenotypic profiles (Figures 2, 3) as well as differential responses to climate (Table 8). Older trees possessed greater genetic diversity (Table 2) but younger (general) trees grew better under more recent conditions (Figure 4) suggesting they may be better adapted to warmer conditions. Although generals had lower genetic diversity, gene flow among other cohorts including large survivors should act to maintain genetic diversity and to produce new genetic combinations on which selection can act. However, the rapid growth rates exhibited by generals may also be a cause for concern given that D. ponderosae appears to prefer faster growing trees. This may influence overall stand survival and genetic diversity as these trees reach sizes susceptible to beetle attack. Overall, our results suggest P. albicaulis forests contain a complex mosaic of adaptive potentials to a variety of stressors but that the ability of populations to persist will likely vary across the geographic range of the tree depending in the genetic diversity within and among populations (Jorgenson and Hamrick, 1997; Liu et al., 2016).

To protect the ability of this tree to adapt to current and future conditions, the maintenance of genetic diversity should be a top priority, and practices that can reduce diversity or that may introduce maladaptive genes or swamp local adaptation should be avoided. Reliance on natural regeneration is best because it involves locally adapted seed sources drawn from the full array of diversity present in the stand and seedlings that establish will have done so under a local climatic selection filter. Where silvicultural practices are applied, they should be implemented with caution. In cases where planting is required, care should be used in sourcing seed, as even locations close to one another may not be appropriate for collections. For example, trees at Lacy Creek and Vipond Park, located only 27 km apart, showed differences in genetic and terpenoid profiles, growth rates, and sensitivity to climate. Even when using seed from the site where seedlings will be planted, care must be taken to collect from multiple cohorts, as one cohort may not reflect the full genetic diversity of the site as shown by differences between survivors and generals at our sites. To maximize effectiveness and minimize inadvertent harm, it will be crucial in all conservation efforts to consider the strength of local adaptation and genetic structuring within and among populations as well as the sources and degree of gene flow and the multitude of stressors with which the tree must contend (McKay et al., 2005).

Our results also indicate that thinning prescriptions aimed at increasing tree growth in whitebark pine should be applied with considerable caution. Greater tree ring width/faster growth has been widely used as a proxy for tree vigor and as an indicator of greater resistance to bark beetles (Bhuyan et al., 2017). This view has led to thinning projects in whitebark pine aimed at increasing growth and vigor (Retzlaff et al., 2018) and resistance to D. ponderosae. However, while the relationship between growth and resistance to beetles has been shown to be positive in some pines and variable in others (Millar et al., 2012; Knapp et al., 2013; Keen et al., 2020), the opposite appears to be true for some populations of P. contorta (Cooper et al., 2018) and for P. albicaulis. In our study, as well as in that of Kichas et al. (2020), faster overall growth was the strongest predictor of mortality due to D. ponderosae indicating that such treatments will not have their intended effect in P. albicaulis and may even be detrimental. Furthermore, naturally low resin production, even by survivor and open-grown P. albicaulis, indicates thinning will have little-to-no effect on enhancing constitutive defenses against the insect.

Anthropogenic change is creating or enhancing a number of stressors on forests. To aid forests in adapting to these stressors, we need to move beyond traditional spacing and age-class prescriptions and take into account the genetic variability within and among populations and the impact our actions may have on adaptive potential and forest trajectories. Because so little is known about the genetic diversity in most forest trees, and because it is key to effective conservation, studies of genetic diversity and structuring in forest trees should be a top priority in forest adaptation and conservation efforts.
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Site Group N DBH BA (m2ha-1) WPBR Phloem (mm)

Poverty Flat, ID, United States Beetle-killed 75 26.3 (6.9 4.4 (2.4 =
Survivor 80 25.2 (6.6)2 3.7 (2.5 1 (1) 3.5 (1.1
General 75 13.2 (0.8 4.1 (2.4 1(1)2 3.0(0.8°
Vipond Park, MT, United States Beetle-killed 74 25.1 (5.6) 4.6 (2.8 - -
Survivor 101 25.0 (5.6)2 4.0 (2.3 1 (2 3.0 (1.1
General 67 16.4 (1.7)° 3.7 (2.4) 2 (22 4.3(0.8°
Lacy Creek, MT, United States Living 30 27.3(5.3) 6.4 (3.1) 1(1) 2.7 (0.9

DBH, diameter at breast height, 1.4 m; BA, basal area; WPBR, white pine blister rust infection severity rating. Potential values range from 0O to 18 with zero indicating no
visible infection and 18 indicating near complete infection.
Different letters following means denote statistical differences for a variable (column) within the same population (a = 0.05).
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Terpenoid Poverty Flat General N = 48 T P-value Vipond Park General N =28 T P-value Lacy Creek

Survivor N = 53 Survivor N = 47 N =28
Monoterpenes
Camphene 90.95 (114.06) 11.48 (13.79) 4.84 <0.0001 0.15 (0.00003) 0.15(0.003) —0.53 0.60 84.34 (75.60)
y-carene 23.98 (19.02) 5.07 (3.67) 6.84 <0.0001 2.48 (0.44) 2.87 (1.25) —1.53 013 18.02 (15.87)
p-cymene 0.98 (0.26) 1.12 (0.44) —-2.07 <0.04 0.53(0.24) 0.62 (0.39) —1.11 0.27 0.86 (0.10)
Geraniol 0.59 (0.03) 0.64 (0.07) —5.16  <0.0001 0.36 (0.006) 0.36 (0.01) 0.97 0.34 0.58 (0.02)
Isopolugol 0.72 (0.05) 0.68 (0.01) 4.98 <0.0001 0.43 (0.004) 0.42 (0.006) —2.94 0.005 0.72 (0.05)
Linalool 1.67 (2.08) 0.61 (0.11) 3.57 0.002 0.34 (.03) 0.39 (0.009) 3.10 0.003 1.14 (0.56)
3-limonene 1.55 (1.03) 0.56 (0.08) 6.75 <0.0001 0.28 (0.0003) 0.29 (0.006) —2.68 0.01 1.64 (0.85)
B-myrcene 21.94 (29.07) 3.90 (2.45) 4.33  0.0001 0.21(0.002) 0.21 (0.003) 0.64 0.53 24.41 (26.04)
Ocimene 5.32 (5.17) 1.23 (0.48) 4.82 <0.0001 0.49 (0.02) 0.51 (0.04) 2.36 0.02 6.22 (4.40)
a-pinene 1.34 (1.36) 1.76 (1.22) —1.64 0.104 1.80 (0.05) 7.05 (18.95) 1.47 0.15 0.54 (0.45)
B-pinene 17.96 (24.00) 2.93 (2.12) 4.37 <0.0001 0.20 (0.007) 0.19(0.003) —1.34 0.19 19.80 (20.29)
a-terpinene 23.83 (19.01) 4.02 (2.83) 718 <0.0001 15.00 (3.14) 16.24 (1.44) —1.91 0.06 18.75 (15.46)
y-terpinene 2.45 (3.83) 0.20 (0.32) 410 <0.0001 0.56 (0.18) 0.60 (0.13) —0.86 0.40 2.45(2.44)
Terpinolene 0.75 (0.20) 0.61 (0.01) 4.83  0.0001 1.52 (0.02) 1.51 (0.009) 0.59 0.56 1.06 (1.18)
Sesquiterpenes
a-bisabolol 0.69 (0.03) 0.65 (0.02) 7.26  <0.0001 1.48 (0.36) 1.12 (0.66) —2.52 0.015 0.70(0.07)
B-caiyophellene 1.38 (0.11) 1.26 (0.01) 7.94 <0.0001 0.93 (0.08) 0.89 (0.31) —0.56 0.58 1.39 (0.07)
Guaicol 2.51 (0.89) 1.53 (0.13) 8.00 <0.0001 1.39 (0.59) 1.69 (1.06) 1.31 0.20 2.57 (0.78)
a-humulene 19.09 (13.96) 0.54 (0.60) 9.29 <0.0001 0.10(0.03) 0.11 (0.04) 1.01 0.32 20.87 (9.84)
Nerolidal 1.47 (0.55) 1.24 (0.02) 2.89 0.005 0.77 (0.01) 0.78 (0.02) —1.54 0.13 1.38(0.13)
Total 219.17 40.03 29.02 35.71 77.39

Significant differences in bold (o« = 0.05).
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PS
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The larger the value, the greater the genetic differentiation between categories.

P, Poverty Flat, ldaho; V, Vipond Park, Montana; L, Lacy Creek, Montana; S, large
diameter trees surviving Dendroctonus ponderosae outbreak; G, general popula-
tion trees (slightly smaller diameter than those killed by D. ponderosag); C, large
diameter trees in the population not experiencing outbreak.

Overall PhiPT (999 permutations) = 0.205, dfs 187, P < 0.001.
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Poverty Flat
Poverty Flat
Poverty Flat
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Vipond Park
Vipond Park
Vipond Park
Vipond Park
Vipond Park
Vipond Park
Vipond Park
Vipond Park
Lacy Creek

Lacy Creek

Lacy Creek

Comparison

Older dead vs. older survivor (1765-2009)

Older dead vs. younger dead (1906-2009)

Older survivor vs. younger survivor (1906-2009)
Younger dead vs. younger survivor (1906-2009)
Younger dead vs. general (1906-2009)

Younger survivor vs. general (1906-2009)

Older dead early vs. older survivor early (1765-1924)
Older dead late vs. older survivor late (1925-2009)
Older dead late vs. younger dead late (1925-2009)
Older survivor late vs. younger survivor late (1925-2009)
Older dead vs. older survivor (1861-2009)

Older dead vs. younger dead (1904-2009)

Older survivor vs. younger survivor (1904-2009)
Younger dead vs. younger survivor (1904-2009)
Younger dead vs. general (1904-2009)

Younger survivor vs. general (1904-2009)

Older dead early vs. older survivor early (1861-1924)
Older dead late vs. younger survivor late (1925-2009)
Older dead late vs. younger dead late (1925-2009)
Older survivor late vs. younger survivor late (1925-2009)
Older vs. younger living (1776-2009)

Older early vs. younger early living (1776-1924)

Older late vs. younger late living (1925-2009)

T

15.26
—4.12
-0.92
5.51
-1.90
0.33
4.71
28.80
4.71
-1.85
4.06
-12.85
—12.46
3.47
1.67
-1.67
9.05
3.61
—4.35
—4.22
5.21
—14.95
15.15

P

< 0.001
<0.001
0.36
<0.001
0.06
0.74
<0.001
<0.001
<0.001
0.07
<0.001
<0.001
<0.001
0.007
0.10
0.10
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

df

244
103
103
103
103
103
159
84
84
84
148
1056
1056
1056
1056
1056
63
1056
106
106
233
148
84

Time periods are site specific and include full series for beetle-killed (dead) trees and survivors and then more recent periods to compare growth of trees in all categories
including smaller trees. Survivors and generals had chronologies extending to 2016/2017 but were truncated to 2009 so that comparisons included growth up to and
including the outbreak but not post-outbreak when a loss of dominant trees may have resulted in altered tree growth. Mean DBH (diameter at 1.4 m) and relative age for
each group are presented in Table 5.
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Vipond Park

Lacy Creek

Size group

Older dead
Younger dead
Older survivor
Younger survivor
General

Older dead
Younger dead
Older survivor
Younger survivor
General

Older
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44
19
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28
46
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37
38
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14
10

Age

160.3 (36.4)
89.4 (12.7)
175.8 (37.2)
78.6 (13.8)
62.4 (16.2)
132.4 (14.2)
89.9 (13.3)
141.2 (19.3)
88.5 (14.8)
75.1 (16.4)
353.0 (21.6)
196.0 (34.1)

BAI/BA

0.0046
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0.0041
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0.0154
0.0074
0.0100
0.0057
0.0090
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0.0028
0.0042

0.0042)
0.0062)
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PDSI (Palmer drought severity index)
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No highlight, weak correlation; yellow and turquoise, moderate correlation. F, Poverty Flat, ID; V, Vipond Park, MT; L, Lacy Creek, MT; D, beetle-killed, S, survivor; G, general.
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Poverty Flat

Poverty Flat
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Poverty Flat
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Vipond Park

Vipond Park

Vipond Park
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Age category

Older beetle-killed
Older survivors
Younger beetle-killed
Younger survivors
Older beetle-killed
Older survivors
Younger beetle-killed
Younger survivors
Older beetle-killed
Older survivors
Younger beetle-killed
Younger survivors
Older beetle-killed
Older survivors
Younger beetle-killed
Younger survivors
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Older survivors
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Time period (year)!

20
20
20
20
10
10
10
10

10
10
10
10
5

5
5
5

Mean (SD) BAI/BA2

0.0112 (0.0001)
0.0096 (0.0013)
0.0157 (0.0016)
0.0167 (0.0016)
0.0108 (0.0013)
0.0090 (0.0013)
0.0156 (0.0018)
0.0166 (0.0020)
0.0101 (0.0014)
0.0082 (0.0012)
0.0145 (0.0015)
0.0155 (0.0020)
0.0082 (0.0016)
0.0101 (0.0012)
0.0118 (0.0038)
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0.0075 (0.0019)
0.0099 (0.0026)
0.0873 (0.0025)
0.0122 (0.0029)
0.0064 (0.0015)
0.0078 (0.0018)
0.0071 (0.0056)
0.0098 (0.0092)

12.92

-6.86

14.22

-5.28

9.23
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12.45

—7.47

-7.73

—7.47
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-5.51

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

0.07

<0.001

<0.001

<0.001

<0.001

0.29

0.005

120 years = 1986-2005, 10 years = 1996-2005, 5 years = 2001-2005; °BAI/BA = Basal area increment/basal area.
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