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Alpine treeline species, like Great Basin bristlecone pine (GBBP) (Pinus longaeva Bailey), have received attention for their potential as indicators of climate change. Most studies have focused on climate-induced changes to treeline position, but climate effects on the physiology and stress of treeline plants remain poorly understood. Volatile organic compounds (VOCs) could provide insights into plant responses to climate change since the quantity and blends of VOCs released by plants exhibit variation in response to the environment, and can convey detailed information about the status of the emitting plant. We collected and analyzed GBBP VOCs and within-needle chemistry along elevational gradients (lower treeline, upper treeline, and midway in between) near the northern and southern geographic limits of GBBP. Random Forest analysis distinguished elevation classes using VOCs with 83% accuracy and identified the compounds most important for classification. Ordination revealed that elevation, temperature, heat load index, and relative humidity were significantly correlated with VOCs. Within-needle chemistry provided less predictive value in classifying elevation class (73% accuracy) and was correlated only with elevation and heat load index. These findings suggest that GBBP VOCs are highly sensitive to the environment and could be used to assess and predict tree status and responses to environmental change. The potential effects of climate- and elevation-induced changes in GBBP chemistry on abiotic and biotic interactions are discussed.

Keywords: terpenes, volatile organic compounds, ordination, random forest, bristlecone pine, climate change

INTRODUCTION

Treeline species that live in harsh, high-elevation environments are particularly susceptible to climate change and can serve as early signals of change (Körner, 1998, 2012). This is thought to be because trees growing near the treeline are at, or near, their survival limits and so should be highly sensitive to environmental change and respond earlier than the rest of the forest (Smith et al., 2009; Körner, 2012). Components of climate change such as temperature, elevated concentrations of CO2, and altered precipitation can each affect alpine treeline species, with warming being the best studied (Grace et al., 2002; Smith et al., 2009; Körner, 2012). For example, warming temperatures can alter alpine treelines by increasing tree mortality, promoting invasive plant establishment, changing forest fuels, plant community structure, and altering snowfall and snow melt patterns (Flannigan et al., 2000; Gibson et al., 2008; Balch et al., 2013). Warming temperatures can also increase risk of mortality to treeline species by stimulating abiotic and biotic disturbances such as mountain pine beetles (MPB, Dendroctonus ponderosae Hopkins), white pine blister rust (Tomback and Resler, 2007), and altering natural fire regimes (Gibson et al., 2008; Gray and Jenkins, 2017). To date, most studies that have examined climate effects on alpine treelines have focused on the advance or retreat of treeline position (Gehrig-Fasel et al., 2007; Paulsen and Körner, 2014; Schibalski et al., 2014; Millar et al., 2015; Bruening et al., 2017). Climate effects on the physiology of treeline plants have received much less attention and remains largely unknown, despite the fact that understanding the impacts of environmental variability on plant physiology could help predict how treelines will change.

Great Basin bristlecone pine (Pinus longaeva Bailey) (GBBP) is an alpine treeline, five-needle pine that has served as an important indicator of climate change (Rochefort et al., 1994; Körner, 1998; Salzer et al., 2009, 2014). GBBPs are the oldest trees on earth, with some individuals exceeding 5000 years old. This longevity has allowed GBBP to play an important role in climate change research due to their extremely long tree-ring chronologies (Cook et al., 1995; Cook and Peters, 1997) with recent studies finding increased tree-ring growth at the highest elevations (Salzer et al., 2009, 2014). GBBP distribution is confined to the highest mountains (2,700–3,700 m) of the Great Basin in the western United States, where global climate models predict a mean 2–4°C increase in annual temperatures within the next several decades [Scalzitti et al., 2016; IPCC Fifth Assessment Report (AR5)] accompanied by a likely decrease in precipitation (Cook et al., 2010). The physiological responses of GBBP to warming temperatures and decreases in precipitation are largely unknown. Moreover, such warming could add stress by increasing wildfire activity (Westerling et al., 2006) in these habitats with historically sparse fuel conditions, in part by increasing fine woody surface fuels (Gray and Jenkins, 2017).

Volatile organic compounds (VOCs) could be useful for detecting and measuring plant physiological responses to environmental change because the quantity and composition of VOCs emitted by a plant can be affected by the environment (Dudareva et al., 2006; Peñuelas and Staudt, 2010; Jaeger et al., 2016). Plant VOCs have many known ecological roles, such as attracting pollinators (Burkle and Runyon, 2016) and plant defense against herbivores, pathogens, and parasitic plants (Runyon et al., 2006; Huang et al., 2012; Gray et al., 2015; Turlings and Erb, 2018). VOCs emitted by GBBP are known to play important roles in defense, for example by repelling host-searching MPB (Gray et al., 2015). Plant VOCs can also protect against certain abiotic stresses, including high temperatures (Duhl, 2008), oxidative damage (Holopainen and Gershenzon, 2010), and cold stress (Cofer et al., 2018). In general, both biotic and abiotic stress increases VOC emissions from plants (Holopainen and Gershenzon, 2010), and trees are known to alter emission of VOCs in response to herbivory and changes in heat, light, precipitation, and season (Helmig et al., 2007; Trowbridge et al., 2014). Moreover, elevated temperatures typically increase VOC emissions (Tingey et al., 1980; Peñuelas and Llusià, 2003; Jamieson et al., 2017), and elevated CO2 can increase emission of volatile terpenoids (Himanen et al., 2009; Yuan et al., 2009; O'Neill et al., 2010).

This study quantifies GBBP tree chemistry across elevational gradients near the southern and northern extent of GBBP's distribution as an approximation for future climate conditions. Elevation gradients are valuable surrogates for inferring broader climate change effects by providing variation in abiotic factors (Hodkinson, 2005; Körner, 2007; Beier et al., 2012). Moreover, because the elevation gradients at each latitude used in this study occurred over short distances (<2.5 km), this minimized the confounding effects of biogeographical differences such as the community of plants, herbivores, and pathogens that are present (Hodkinson, 2005). We address the following questions in this paper:

• How does GBBP chemistry change with elevation, and is this correlated with air temperature, relative humidity (RH), and heat load index?

• Do VOCs emitted from GBBP increase at lower elevations as a proxy for climate warming?

• Can we apply understanding of GBBP response to elevational gradients to interpret potential susceptibility to threats like fire or MPB?

MATERIALS AND METHODS

Study Sites

The Great Basin of the western United States has an arid climate and basin and range topography, with numerous high mountain peaks (sky islands) separated by low intermountain valleys. In the Great Basin, upper treeline occurs at ~3,300 m and lower treeline at ~2,100 m (Thompson and Mead, 1982), although this varies with latitude. Mountains and basins create steep environmental gradients, which greatly influence the composition and structure of vegetative communities (Peet, 2000). For this study, we exploited these environmental gradients by sampling GBBP trees in two sky islands in Nevada near the northern and southern extremes of GBBP's geographic range. Sample transects were installed at Cave Mountain, NV (39.167, −114.616) and the Spring Mountains National Recreation Area, NV (36.293, −115.686) (Figure 1A). Three discrete elevation classes, “low” “mid” and “high,” were sampled at each site. The low elevation plots were established at the lower extent of GBBP (3,005 m at Cave Mtn, 2,640 m at Spring Mtns), high elevation plots at upper treeline (3,230 m at Cave Mtn, 3,160 m at Spring Mtns), and mid elevation plots halfway between the two (3,060 m at Cave Mtn, 2,910 m at Spring Mtns) (Figure 1B). For each elevation class, all trees sampled were within ±10 m elevation. Other tree species occurring at the plots (not all species occurred at all plots) included limber pine (Pinus flexilis James), Engelmann spruce (Picea engelmannii Parry), subalpine fir (Abies lasiocarpa var. latifolia Nutt.), aspen (Populus tremuloides Michx.), piñon pine (Pinus edulis Engelm.), juniper (Juniperus spp.), mountain mahogany (Cercocarpus ledifolius Nutt.), ponderosa pine (Pinus ponderosa Douglas), and white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.).
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FIGURE 1. Location of Great Basin bristlecone pine study sites in Nevada (A) and elevational gradients for both study sites (B) that were established using lower extent of GBBP (Low elevation), upper treeline (High elevation), and halfway between the two (Mid elevation).



At each site and elevation, four GBBP trees of similar size were haphazardly selected that showed no obvious signs of stress (e.g., herbivory, pathogen attack). Mean height of sampled trees was 13.5 ± 0.8 m, and mean diameter at breast height (dbh) was 74.5 ± 7.8 cm (n = 24). Trees were sampled once each month from July to September in 2013, at each site, it took field crews 2 days to sample trees from the three elevations. VOCs were sampled three times daily (1,000, 12,00, and 1,400) in the first week of July, August, and September, needles for within-needle terpene concentrations were collected from each tree at the end of the day (1,400). The July samples from the Spring Mtns were omitted from analysis because sampling was affected by the nearby Carpenter 1 fire (July, 2013, 36.25, −115.69, ~4 km away) (total VOC collections: Cave Mtn = 108, Spring Mtns = 72). Other environmental variables measured at time of VOC sampling were temperature (°C), relative humidity (RH in %), and topographic heat load index (HeatI). Heat load index, or the potential direct radiation at a site, is not symmetrical, as a slope with afternoon sun will be warmer than an equivalent slope with morning sun. Heat load index was calculated using the equation: HeatI = 1-cos(θ – 45)/2, where θ = aspect in degrees east of north, as an approximation of heat, rescaling aspect to a scale of zero to one, zero being the coolest slope, and one having the most direct radiation (McCune and Keon, 2002). The only environmental variables measured for within-needle compounds were heat load index and elevation, as needles were collected once at the end of a sampling day.

Collection and Analysis of VOCs and Within-Needle Chemistry

We used GC-MS to examine chemicals emitted into the airspace surrounding plants (VOCs) and pulverized needles to examine the chemicals inside. In this paper, we use the term “within-needle chemistry” to refer to analysis of pulverized needles and to distinguish from emitted VOCs. While GC-MS allows measurement of nearly all VOCs, this methodology did not permit us to measure all chemistry within-needles and amounts of larger within-needle compounds such as diterpenes, some phenolics, and sugars could not be determined in this study. Volatile emissions were collected by enclosing 50 cm of the apical end of one randomly selected branch with clear Teflon bags (50 cm wide x 75 cm deep, American Durafilm Co., Holliston, MA, USA). The apical branches were ~1.5 m above the forest floor, following the methods of Page et al. (2012) and Gray et al. (2015). The same branch on each tree was marked with flagging and was used for all VOC sampling periods. Air was pulled from a side port (0.5 l min−1) of the Teflon bags through volatile traps containing 30 mg of the porous polymer adsorbent HayeSep-Q (Restek, Bellefonte, PA, USA) using portable volatile collection systems comprising automated vacuum pumps (Volatile Assay Systems, Rensselaer, NY, USA). VOCs were collected for 30 min and Teflon bags were removed between sample times. The volatile traps were stored on ice in a cooler, and then shipped immediately to the USFS RMRS in Bozeman, MT where they were processed within a week of sampling. VOCs were eluted from traps with 200 μl of dichloromethane, and 1,000 ng of n-nonyl acetate was added as the internal standard. After the last sampling period in September, the branches sampled for VOCs were clipped and needles removed and weighed.

To measure within-needle chemistry, ~20 g of needles from randomly selected branches (1–2 m above the forest floor) on the same trees were removed at the end of each sampling date and stored on ice in a cooler (for 2–3 days) and then in a freezer at −80°C until processed. Terpenoids were extracted from GBBP foliage following methods of Ormeno et al. (2009) and Page et al. (2014). For each sample, needles were thoroughly mixed and 2 g randomly selected and ground into a fine powder in liquid nitrogen using a mortar and pestle. Approximately 0.1 g of powdered needles were transferred into 2-ml FastPrep tubes (MP Biomedicals, Solon, OH), and 1.5 ml of cyclohexane was added and sonicated at room temperature for 20 min. Vials were then centrifuged at 13,000 g for 1 min and 200 ml of cyclohexane (top layer) was transferred to a gas chromatograph vial and 1,000 ng of n-nonyl acetate was added as the internal standard.

VOC and needle samples were analyzed using an Agilent 7890A gas chromatograph (GC) coupled with a 5975C mass spectrometer (MS) and separated on an HP-1 ms (30 m × 0.25 mm inside diameter, 0.25 μm film thickness) column, helium was used as the carrier gas. The GC oven was maintained at 35°C for 3 min and then increased by 5°C min−1 to 200° C, then 25°C min−1 to 250°C. Quantifications were made relative to the internal standard using ChemStation software (Agilent Technologies, Wilmington, DE, USA). Identification of compounds were made using the NIST 08 Mass Spectral Search Program (National Institute of Standards and Technology, Gaithersburg, MD, USA) and confirmed by comparing retention times and mass spectra with commercial standards, when possible. Remaining unidentified compounds were labeled as unidentified monoterpenoids (MT), unidentified sesquiterpenoids (ST), unidentified benzenoids (B), or unidentified green leaf volatiles (GLVs). VOC emission rates were corrected for needle weight (ng hour−1 g−1) as were within-needle chemical concentrations which are reported on a fresh needle weight basis (μg g−1).

Statistical Analyses

Analysis of Variance (ANOVA)

Statistical analyses for VOCs and within-needle compounds were performed using the non-parametric Kruskal-Wallis one-way analysis of variance (ANOVA) (Kruskal and Wallis, 1952) to identify compounds with significant (P ≤ 0.05) differences among elevations, and to test whether samples originate from the same distribution. To identify which elevation classes had significant differences in compounds, pairwise differences between all sampling periods were square root or log-transformed to normalize data and stabilize variance, and assessed with a Tukey's HSD means test (Sokal and Rohlf, 1995) and calculated using the Stats package in the R v.3.3.1 statistical software (R Development Core Team, 2016).

Random Forest

We used the Random Forest classification algorithm (Breiman, 2001) to investigate whether VOCs hold value for classifying elevation (low, mid, and high). Random Forest is a machine-learning algorithm that assigns samples to predefined groups and combines a consensus of multiple classification trees in numerous iterations and estimates the importance of each compound (Breiman, 2001). Constructing multiple classification trees using hundreds of bootstrapped training sets and averaging the resulting predictions significantly reduces the variance and increases prediction accuracy compared with a single tree. Additionally, when the number of variables is very high (in this case 42 compounds), applying only a randomly selected subset of variables for each model is computationally efficient. This statistical method has been applied in other ecological studies to classify VOC samples to reduce noise and correctly identify volatile signatures of plants (Ranganathan and Borges, 2010; Jaeger et al., 2016). Two Random Forest trials were carried out to classify elevation based on VOCs and within-needle chemistry. These analyses used random Forest package v4.6-12 (Liaw and Wiener, 2002) in R v.3.3.1 statistical software (R Development Core Team, 2016) utilizing the optional measure of importance of predictor variables, and proximity, a measure of the internal structure of the data used to detect outliers, with number of trees set at 1,000, and all other parameters were set as the defaults. Random Forest returns a confusion matrix that summarizes the accuracy of the classification as well as the variable importance. The importance of each VOC for classification was ranked using mean decrease in accuracy (MDA) which measures the accuracy in which the compound can be used to partition the data variables. Random Forest has two measures of variable importance. The first is based on mean squared error (MSE) and relates to the prediction accuracy of the out-of-bag portion of the data. The difference between the two MSEs is then averaged over all trees. The second measure describes variable importance based on the Gini impurity index, which is based on overfitted models (Breiman, 2001). The variables predicted to be important in the model help us to understand what variables are driving the differences in chemical signatures at different elevations.

NMDS Ordination

To characterize VOC dissimilarity along environmental gradients, a non-metric multidimensional scaling (NMDS) ordination based on a matrix of Euclidean dissimilarities (Kenkel and Orlóci, 1986; Dixon, 2003) was calculated on the rank order proportion of VOCs using most important compounds determined based on MDA from Random Forest. Ordination is the ordering of sample units along an axis, multiple axes, or a gradient (McCune et al., 2002), and is most often used in ecology for gradient analysis and is used to select the most important factors, separate patterns, and reveal unforeseen patterns and processes (McCune et al., 2002). The goal of NMDS is to collapse information from multiple dimensions into just a few, so that they can be visualized and interpreted. The iterative NMDS procedure defines position of variables in multidimensional space, constructs an initial configuration in 2-dimensions, regresses distances in the initial configuration against the observed distances, determines the stress, or the disagreement between 2-D configuration and predicted values from the regression, and if stress is high, repositions the points in 2 dimensions in the direction of decreasing stress. The scatter of points representing samples in NMDS ordination space is iteratively allowed to evolve until it resembles the observed dissimilarity matrix as closely as possible. This method is non-metric because stress, the measure of closeness of fit, is based on the ranking of dissimilarity values rather than actual values of dissimilarity. The NMDS was based on a similarity matrix using the Bray–Curtis index (Clarke, 1993) running with 600 iterations to permit the NMDS algorithm to develop an ordination with minimal stress. NMDS ordinations were completed using the VEGAN package (Dixon, 2003) in R v.3.3.1 statistical software (R Development Core Team, 2016). The ordination space was then visualized by overlaying environmental variables with the ordination to specifically address how the compounds respond to spatial variation in the natural environment.

Finally, regression coefficients of several ratios of compounds of interest were calculated using generalized linear models (GLM) relating the compound ratios to temperature gradients. Regression coefficients of flammable within-needle compounds were calculated for elevational sites and heat load index. All statistics were completed using R v.3.3.1 statistical software (R Development Core Team, 2016).

RESULTS

GBBP VOCs

Gas chromatography–mass spectrometry (GC-MS) analysis identified 42 volatile compounds emitted by GBBP trees (21 select compounds based on MDA are shown in Table 1; all compounds are shown in Supplementary Table 1). The majority of compounds were monoterpenoids (29 compounds, ca. 99% of total VOC emissions) followed by sesquiterpenoids (10 compounds) and benzenoids (3 compounds) (Supplementary Table 1). These 42 compounds were emitted by all trees across all sample dates and elevations. However, volatile emissions varied quantitatively between study sites and across elevations for total VOCs and for some individual compounds (Table 1). VOCs increased with decreasing elevation for several compounds (highlighted in bold in Table 1 and Supplementary Table 1) and this trend was common among the sesquiterpenoids. Amounts emitted for every sesquiterpenoid compound decreased with increasing elevation for at least one of the sites. Bornyl acetate was the only monoterpene to exhibit this inverse elevational trend at both study sites, while emission of three unidentified sesquiterpenoids (ST1, ST2, and ST4) decreased with increasing elevation at both sites. Additionally, GLM regression analysis revealed 12 volatile compounds that significantly increased (P < 0.001) with temperature (Supplementary Table 3).


Table 1. Select (21 of 42 identified) volatile organic compounds (VOCs) emitted (ng per hour per gram) with standard error (SE) by foliage of Great Basin bristlecone pines at Spring Mountains and Cave Mountain, NV for low, middle, and high elevations.
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Within-Needle Terpenoid Concentrations

In total, 78 within-needle compounds were identified using GC-MS, the majority of which were monoterpenoids (46 compounds, ca. 91% of total terpene concentrations) and sesquiterpenoids (27 compounds, ca. 7.5% of total terpene concentrations) (21 select compounds based on MDA are shown in Table 2; all compounds are shown in Supplementary Table 2). Overall, within-needle concentrations varied more by site than by elevation. Mean total within-needle terpene concentrations averaged across all sample periods were not significantly different among elevation classes, but the concentrations were significantly greater (P < 0.05) at the Spring Mtns site in the south than the northern Cave Mtn site. Total within-needle terpene concentrations had high variability among elevation classes and study sites. As with emitted VOCs, some within-needle terpene compounds showed trends along elevational gradients with concentrations increasing with decreasing elevation (Table 2 and Supplementary Table 2). Bornyl acetate again exhibited decreases in concentrations with increase in elevation at both sites, along with two unidentified monoterpenes (MT8 and MT). Two unidentified sesquiterpenes (ST2 and ST3) were correlated with elevational gradients at both sites, however, these compounds decreased with increasing elevation at the Spring Mtns site, and increased with elevation at Cave Mtn site.


Table 2. Select (21 of 78 identified) within-needle terpenoid concentrations (μg per gram) with standard error (SE) of Great Basin bristlecone pines at Spring Mountains and Cave Mountain, NV for low, middle, and high elevations, averaged across sample periods (monthly for July–September 2013).
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Random Forest Classification of Elevation Using VOCs

Random Forest classification correctly assigned high, mid and low elevation sites using VOCs in 82.7% of samples (Table 3). When holding back 10% of the sample to validate model classification, the accuracy averaged 83.3% (10 trials), slightly better than the initial out-of-box (OOB) accuracy. Multidimensional scaling (MDS) of the Random Forest model using the 42 VOCs showed strong clustering by elevations class (Supplementary Figure 1). The most important compounds for differentiating elevation classes were (E)-β-ocimene, α-farnesene, B2, MT 8, geranyl acetate, tricyclene, ST 7, linalool, bornyl acetate, γ-terpinene, and caryophyllene (Table 4) which was partly supported by the Kruskal-Wallis-tests (Table 1).


Table 3. Random Forest model confusion matrix showing the observed elevation class and predicted elevation class and error rate using VOCs (n = 60 for each class).
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Table 4. Importance ranking of volatile compounds in classifying GBBP based on elevation (high, mid, low) based on mean decreasing accuracy (MDA) using Random Forest.
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Random Forest classification OOB accuracy for within-needle terpene concentrations was not nearly as good (73% correctly classified), with 25% of the high elevation sites misclassified, 30% of the middle, and 25% of the low sites misclassified. Linalyl acetate, ST 21, ST 4, longifolene, terpinylacetate, MT 21, and α-terpineol (Supplementary Table 4) were the most important variables in classifying elevation using within-needle chemistry.

Ordination of VOCs and Within-Needle Compounds

We used NMDS ordination to visualize elevational effects on VOCs composition (Figure 2). NMDS ordination of the VOC data had a high linear fit (R2 = 0.98) and a low stress value (0.075). A stress of ca. 0.05 provides an excellent representation in reduced dimensions, while a stress of ca. 0.1 provides a good representation (Clarke, 1993). The distances between points in Figure 2 are proportional to the dissimilarity between the blends of VOCs for each tree. While there is high variability among elevations, the first axis of the ordination plot (NMDS1) was highly correlated with heat load index [positive], whereas the vertical axis (NMDS2) was highly correlated with elevation [positive], relative humidity [positive], and temperature [negative]. Mean temperatures for Spring Mountains at low, mid, and high were 16.6, 13.1, and 11.9°C, respectively. We overlaid NMDS with contours of environmental variables (Supplementary Figure 2). The NMDS axis dissimilarities are more pronounced along the NMDS1 axis and the environmental variables may have driven VOC amounts. The dissimilarity of compounds along the NMDS1 is perpendicular to the contours of the environmental variables humidity (Supplementary Figure 2A) and temperature (Supplementary Figure 2B). While elevation did not drive the ordination like humidity and temperature, there is a clear similarity of points along the elevation contours (Supplementary Figure 2C).
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FIGURE 2. Non-linear Multidimensional Scaling (NMDS) ordination plot of the first and second dimensions for 21 volatile organic compounds (VOCs) emitted (ng per hour per gram; n = 132) by Great Basin bristlecone pine. Green vectors are environmental gradients that are significantly correlated (α = 0.01) to the VOC ordination. Points are tree samples at each time period; colors indicate elevation class, Spring Mtns. shown as circles, Cave Mtn. shown as triangles. Centroids of compounds are overlain in black. (y-axis has been compressed for clarity, obscuring three extreme trees from Cave Mtn. Low elevation).



The NMDS ordination of the within-needle compounds (Figure 3) also had a high linear fit (R2 = 0.93) and a medium stress value (0.142), indicating a good representation of the data (Clarke, 1993). Sesquiterpenoids clustered in the lower values of NMDS1 and along the heat load index vector (Figure 3). The NMDS ordination plot shows a pattern with within-needle chemistry of trees from the highest elevation class distributed along the NMDS1 axis (gray triangles and circles in Figure 3), with the mid elevations points clustered centrally along NMDS2, and the lowest elevation trees exhibiting more dispersion/variability (Figure 3). NMDS2 was negatively correlated with heat load index and elevation was not significant in the within-needle ordination.
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FIGURE 3. Non-linear Multidimensional Scaling (NMDS) plot of the first and second dimensions for 21 within-needle terpenoid concentrations (ng per gram; n = 60) of Great Basin bristlecone pines growing at low, middle and high elevations. Green vectors are environmental gradients that are significantly correlated (α = 0.01) to the terpenoid ordination. Points are tree samples from each date; colors, and shape indicate elevation class.



The compound ratio at all sites of α-pinene/limonene declined significantly as temperature increased (P < 0.001, R2 = 0.414) (Figure 4A). And the compound ratio of α-pinene/3-carene declined significantly with temperature increases (P < 0.001, R2 = 0.135) (Figure 4B). The compound ratio of α-pinene/β-myrcene declined significantly as temperature increased (P < 0.001, R2 = 0.163) (Figure 4C).
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FIGURE 4. Ratios of (A) α-pinene/limonene, (B) α-pinene/3-carene, and (C) α-pinene/β-myrcene vs. temperature (°C) along Great Basin bristlecone pine transects. Regression coefficients for both ratios are significant (P < 0.001).



DISCUSSION

Results showed that GBBP foliage chemistry, especially VOCs, changed with elevation in predictable ways. The Random Forest algorithm correctly identified the elevation (low, mid, high) at which GBBP trees were growing using VOCs with 83% accuracy. Within-needle chemistry was much less predictive of elevation (only 73% accurate) than VOCs, possibly because terpenes accumulate within conifer needles (Schönwitz et al., 1990; Martin et al., 2003) and these larger stored pools might be slower to change or less responsive to the environment in general. We don't know if changes in VOCs are due to emission of stored or newly synthesized compounds, or a mixture of both. In contrast, VOC emissions are highly responsive to the environment and plants have considerable control over the identity and amount of VOCs released into the surrounding atmosphere (Widhalm et al., 2015; Adebesin et al., 2017). Interestingly, VOCs across elevations differed quantitatively and not qualitatively, thus each tree emitted an identical suite of VOCs, but elevation strongly affected the quantities of the compounds that were emitted. It is surprising that distinct VOC differences occurred, and were detectable, over such small elevation changes, suggesting there can be a notable changes in micro climate even over these short distances. For example, the difference between low and high elevation sites at the Spring Mountains was just 520 m and only 225 m at Cave Mountain, suggesting that GBBP VOCs are highly sensitive to relatively small elevation changes and the concomitant environmental changes. Although we cannot rule out a role for genetic differences, which can influence VOC emissions (e.g., O'Reilly-Wapstra et al., 2011; Jaeger et al., 2016), our finding only a change in emitted amount and not a change in individual compounds (sharing the same “chemotype”) is an indication that the plants are genetically rather similar. The two most important VOCs for classifying elevation were the monoterpene (E)-β-ocimene and sesquiterpene α-farnesene, and emissions of both are known to be highly responsive to the environment (e.g., Joó et al., 2011; Farré-Armengol et al., 2017).

What environmental factors could be affecting GBBP VOCs across elevations? We found that air temperature, heat load index, and relative humidity were strongly correlated with emitted VOCs (Figure 2). Not surprisingly, temperature consistently decreased with increasing elevation, with only three cases (out of 45) in which a higher elevation site was warmer than a lower elevation site at the same time of day. Higher temperatures did not consistently increase total VOC emissions: the greatest total VOCs were emitted by trees at low elevation just 27% of the time. This suggests that factors other than temperature are influencing VOCs and overriding the generally positive effect temperature has on plant volatiles (Jamieson et al., 2017) or that temperature is altering the blend of VOCs rather than total amounts. The effects of heat load index on plant VOCs is not studied, but at sample sites heat load index and elevation were not correlated (Pearson's r = 0.06). Relative humidity can also affect plant VOCs (Vallat et al., 2005) and RH tended to be lowest at the low elevation sites (67% of the time). Random Forest was particularly accurate at identifying trees at the low elevation sites using VOCs (only 12% were misclassified) (Table 3), possibly indicating that environmental conditions at these low sites are more stressful resulting in altered VOCs. Within-needle terpenoids were correlated only with heat load index and not elevation, suggesting that microsite (e.g., aspect, openness, etc.) variables play an important role in these chemicals. Both VOCs and within-needle chemistry are likely affected by environmental variables we did not measure, including precipitation, soil moisture, C02, UV, and ozone to name a few.

While there is uncertainty in how climate change will affect mountain regions of the Great Basin, extensive research has modeled probable effects (Ziaco et al., 2014; Barbero et al., 2015; Millar et al., 2015; Smithers et al., 2018). For example, dynamical downscaling of Global Climate Models (GCMs) suggest the Great Basin will experience a 2–4°C increase in March-April mean temperatures, 60–100% decrease in mean April snow water equivalent (SWE), yet possibly a 10–20% increase in October-April precipitation by the end of the twenty-first century (Scalzitti et al., 2016). Assuming that the upper treeline of GBBP is temperature limited (Körner, 2012), it is reasonable to expect higher stands to more closely approximate the climate conditions that are currently at the mid and low elevations (predicted 2–4°C warmer on average). The GBBP living at lower treeline might experience higher mortality rates due to heat stress, drought stress, competition pressure from other tree species, and increased likelihood of fire (Gray and Jenkins, 2017). GBBP have often been used to analyze climate change effects on conifers and reconstruct climate histories. For example, recent unprecedented tree-ring growth in bristlecone pine at the highest elevations and possible causes were presented by Salzer et al. (2009). GBBP chronologies from near treeline show an increase in precipitation sensitive tree rings (similar to lower elevation GBBP chronologies), yet tree rings rarely correlate well with temperature (Salzer et al., 2014).

Because of the high requirement of photosynthetic carbon for terpene synthesis (Loreto et al., 1996), terpenes can be relatively expensive for a tree to synthesize and store (Lewinsohn et al., 1991; Niinemets, 2004; Peñuelas and Staudt, 2010). Altered terpene production at lower elevations, which approximates climate change induced heat stress, could reduce tree productivity. Examples of abiotic stresses include extreme temperatures, drought, and wildfires, all of which are factors to GBBP. Abiotic stress is an integral part of climate change which has a wide range of uncertain impacts on plants and trees. A stress event (e.g., extremely hot days) could deplete monoterpenes stored within-needles and exhaust reserves (Kravitz et al., 2016). Kravitz et al. (2016) suggest that temperature stress before VOC sampling may affect which terpenes are available, which in turn may provide a potential “early warning” of stress to the ecosystem. There was a period of high temperatures preceding the July sample period and lower temperatures preceding September (Figure 5). These preceding weather events could affect the VOC emissions and available within-needle terpenes, and might explain the monthly differences of VOC emissions observed in the sample (Supplementary Figure 3). The temperatures at our two sites (approximately the northern and southern extents of GBBP distribution) are highly correlated with each other (Figure 5). The southern Spring Mtn site was about 5°C warmer than the Cave Mtn site. Considering terrestrial vegetation is one the largest sources of volatile organic compounds to the atmosphere (Misztal et al., 2015), there is a need to assess tree chemical responses to these environmental changes, and the connection between organism-level stress responses and broader atmosphere-scale studies. These responses are an instrumental gap between atmospheric chemistry and ecosystem studies (Kravitz et al., 2016), and can further the understanding of air pollution and ozone pollution that are linked to biogenic VOC emission (Kammer et al., 2019).


[image: image]

FIGURE 5. Maximum daily tempatures at Cave Mtn SNOTEL station (39.17°, −114.62°; 3,224 m) and Lee Canyon weather station, Spring Mtns (36.33°, −115.66°; 2,947 m) study sites. Dates that VOCs were sampled are denoted as shaded bars. Temperatures between sites are highly correlated (R2 = 0.78), with the Spring Mtns consistently warmer by ~5°C.



Understanding GBBP VOC response to elevational gradients could provide insights into potential susceptibility to climate-associated threats. For example, ratios of α-pinene to other VOCs can be important for tree defense against herbivores (Huber et al., 2000; Pureswaran et al., 2004), and ratios of limonene to other volatile compound(s) is key to MPB's ability to distinguish host from non-host (Gray et al., 2015), while defense traits, including constitutive monoterpenes, are higher in GBBP than in similiar pine species (Bentz et al., 2017). Interestingly, we found a significant decrease in ratios of α-pinene/limonene, α-pinene/3-carene, and α-pinene/β-myrcene with increasing temperatures (Figure 4). The mechanisms behind these compound-specific changes is not known, but could be due to differing physiochemical properties of compounds and temperature-specific changes (Monson et al., 1992). The decrease in ratios of α-pinene/limonene and α-pinene/3-carene could make GBBP VOCs, which normally repel MPBs, more closely resemble highly attractive limber pine VOCs (Gray et al., 2015) as temperatures increase, and promote MPB attack of GBBP. In this study, compound ratios of α-pinene/limonene and α-pinene/3-carene emitted by GBBP match those reported for limber pine by Gray et al. (2015) (limber pine α-pinene/3-carene = 292 ± 82, and α-pinene/limonene = 21 ± 5) at the warmest temperatures (Figure 4). We also found 12 volatile compounds that significantly increased with temperature (Supplementary Table 3), including several that have been shown to influence MPBs. For example, emission of β-pinene, β-myrcene, 3-carene, p-cymene, β-phellandrene, limonene, (E)-β-ocimene, and α-terpinene, compounds know to induce an antenna or flight response in MPB (Huber et al., 2000; Miller and Borden, 2000; Pureswaran et al., 2004), increased with temperature. In addition, many studies have shown β-myrcene to attract MPBs (Pitman, 1971; Billings et al., 1976; Conn et al., 1983; Borden et al., 1987; Miller and Lindgren, 2000; Pureswaran and Borden, 2005). Such temperature-induced changes in VOCs could alter interactions between GBBP and bark beetles, or herbivores in general. Assessing how GBBP VOCs change over elevational gradients could also provide insights into threats like wildfires. Terpenes are highly flammable and terpene content within plants is known to affect foliage flammability (Alessio et al., 2008; Page et al., 2012, 2014; Pausas et al., 2016). Terpenes within conifer foliage can increase tree flammability, for example, in lodgepole pine foliage, (E)-β-ocimene and tricyclene shortened time to ignition and lowered temperature at ignition whereas α-pinene, β-pinene, β-myrcene, (E)-β-ocimene, p-cymene, camphene, and tricyclene were each positively correlated with burning rate (Page et al., 2012). Moreover, volatile terpenes emitted from trees have been suggested to alter fire behavior (Barboni et al., 2011; Courty et al., 2012). In our regression analysis, the within-needle terpene emission rates of α-pinene, β-pinene, and β-myrcene were significant with elevation or heat load index (Supplementary Table 5), suggesting that at lower and warmer sites these compounds contribute to increased potential flammability, making lower trees more susceptible to wildfires.

We developed an additional method to analyze future climate change effects on GBBP, rather than relying only on tree rings/dendrochronology to understand historical precipitation-based climate changes. NMDS ordination showed that the environmental gradients of elevation, temperature, RH, and heat load index all are statistically correlated with VOC emissions (Figure 2 and Supplementary Figure 2). Our Random Forest classification model was highly accurate at predicting elevation classes from VOCs, demonstrating a distinct chemical signature of trees growing at different elevations. We also improved methods to reliably assess and predict tree resiliency with climate change. These changes along environmental gradients may be a response to biotic or abiotic stress. This research improves understanding of VOC emissions as a physiological tree response to environmental gradients and helps inform land managers about forests threatened by native and non-native pests and pathogens, increased threat of fire, and changing distribution patterns from climate change.

AUTHOR CONTRIBUTIONS

CG, JR, and MJ performed VOC collections and field measurements. JR analyzed the VOC and foliage chemistry. CG performed data analysis and wrote the first draft of the manuscript. All authors contributed to manuscript writing and revision.

FUNDING

This project was supported by funding from USFS EM Project INT-EM-F-10-02, Utah Agricultural Experiment Station (UAES) UTA Project 1070, USDA National Needs Graduate Fellowship Competitive NIFA Grant, the Ecology Center at Utah State University, and PECASE (President's Early Career Award in Science and Engineering) to JR. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

The authors thank Andrew Giunta, Chelsea Toone, Scott Frost, and Sarah Null who helped collect volatiles. The staff at Cave Lake State Park, NV provided site access and camping. Some portions of this paper have appeared previously in the author's dissertation (Gray, 2017). We would also like to thank the two reviewers whose comments greatly improved this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/ffgc.2019.00010/full#supplementary-material

REFERENCES

 Adebesin, F., Widhalm, J. R., Boachon, B., Lefèvre, F., Pierman, B., Lynch, J. H., et al. (2017). Emission of volatile organic compounds from petunia flowers is facilitated by an ABC transporter. Science 356, 1386–1388. doi: 10.1126/science.aan0826

 Alessio, G. A., Peñuelas, J., Llusià, J., Ogaya, R., Estiarte, M., and De Lillis, M. (2008). Influence of water and terpenes on flammability in some dominant Mediterranean species. Int. J. Wildl. Fire 17, 274–286. doi: 10.1071/WF07038

 Balch, J. K., Bradley, B. A., D'antonio, C. M., and Gómez-Dans, J. (2013). Introduced annual grass increases regional fire activity across the arid western USA (1980–2009). Glob. Chang. Biol. 19, 173–183. doi: 10.1111/gcb.12046

 Barbero, R., Abatzoglou, J. T., Larkin, N. K., Kolden, C. A., and Stocks, B. (2015). Climate change presents increased potential for very large fires in the contiguous United States. Int J Wildl Fire 24, 892–899. doi: 10.1071/WF15083

 Barboni, T., Cannac, M., Leoni, E., and Chiaramonti, N. (2011). Emission of biogenic volatile organic compounds involved in eruptive fire: implications for the safety of firefighters. Int. J. Wildl. fire 20, 152–161. doi: 10.1071/wf08122

 Beier, C., Beierkuhnlein, C., Wohlgemuth, T., Peñuelas, J., Emmett, B., Körner, C., et al. (2012). Precipitation manipulation experiments–challenges and recommendations for the future. Ecol. Lett. 15, 899–911. doi: 10.1111/j.1461-0248.2012.01793.x

 Bentz, B. J., Hood, S. M., Hansen, E. M., Vandygriff, J. C., and Mock, K. E. (2017). Defense traits in the long-lived Great Basin bristlecone pine and resistance to the native herbivore mountain pine beetle. New Phytol. 213, 611–624. doi: 10.1111/nph.14191

 Billings, R. F., Gara, R. I., and Hrutfiord, B. F. (1976). Influence of ponderosa pine resin volatiles on the response of Dendroctonus ponderosae to synthetic trans-verbenol. Environ. Entomol. 5, 171–179. doi: 10.1093/ee/5.1.171

 Borden, J. H., Ryker, L. C., Chong, L. J., Pierce, H. D. Jr., Johnston, B. D., and Oehlschlager, A.C. (1987). Response of the mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae), to five semiochemicals in British Columbia lodgepole pine forests. Can. J. For. Res. 17, 118–128. doi: 10.1139/x87-023

 Breiman, L. (2001). Random forests. Mach. Learn. 45, 5–32. doi: 10.1023/A:1010933404324

 Bruening, J. M., Tran, T. J., Bunn, A. G., Weiss, S. B., and Salzer, M. W. (2017). Fine-scale modeling of bristlecone pine treeline position in the Great Basin, USA. Environ. Res. Lett. 12:14008. doi: 10.1088/1748-9326/aa5432

 Burkle, L. A., and Runyon, J. B. (2016). Drought and leaf herbivory influence floral volatiles and pollinator attraction. Glob. Chang. Biol. 22, 1644–1654. doi: 10.1111/gcb.13149

 Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117–143. doi: 10.1111/j.1442-9993.1993.tb00438.x

 Cofer, T. M., Engelberth, M., and Engelberth, J. (2018). Green leaf volatiles protect maize (Zea mays) seedlings against damage from cold stress. Plant Cell Environ. 41, 1673–1682. doi: 10.1111/pce.13204

 Conn, J. E., Borden, J. H., Scott, B. E., Friskie, L. M., Pierce, H. D. Jr., and Oehlschlager, A.C. (1983). Semiochemicals for the mountain pine beetle, Dendroctonus ponderosae (Coleoptera: Scolytidae) in British Columbia: field trapping studies. Can. J. For. Res. 13, 320–324. doi: 10.1139/x83-045

 Cook, E. R., Briffa, K. R., Meko, D. M., Graybill, D. A., and Funkhouser, G. (1995). The'segment length curse'in long tree-ring chronology development for palaeoclimatic studies. Holocene 5, 229–237.

 Cook, E. R., and Peters, K. (1997). Calculating unbiased tree-ring indices for the study of climatic and environmental change. Holocene 7, 361–370. doi: 10.1177/095968369700700314

 Cook, E. R., Seager, R., Heim, R. R. Jr, Vose, R. S., Herweijer, C., and Woodhouse, C. (2010). Megadroughts in North America: placing IPCC projections of hydroclimatic change in a long-term palaeoclimate context. J. Quat. Sci. 25, 48–61. doi: 10.1002/jqs.1303

 Courty, L., Chetehouna, K., Halter, F., Foucher, F., Garo, J. P., and Mounaïm-Rousselle, C. (2012). Experimental determination of emission and laminar burning speeds of α-pinene. Combust. Flame 159, 1385–1392. doi: 10.1016/j.combustflame.2011.11.003

 Dixon, P. (2003). VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 927–930. doi: 10.1111/j.1654-1103.2003.tb02228.x

 Dudareva, N., Negre, F., Nagegowda, D. A., and Orlova, I. (2006). Plant volatiles: recent advances and future perspectives. CRC Crit. Rev. Plant. Sci. 25, 417–440. doi: 10.1080/07352680600899973

 Duhl, A. B. (2008). Sesquiterpene emissions from vegetation: a review. Biogeosciences 5, 761–777. doi: 10.5194/bg-5-761-2008

 Farré-Armengol, G., Filella, I., Llusià, J., and Peñuelas, J. (2017). β-ocimene, a key floral and foliar volatile involved in multiple interactions between plants and other organisms. Molecules 22:1148. doi: 10.3390/molecules22071148

 Flannigan, M. D., Stocks, B. J., and Wotton, B. M. (2000). Climate change and forest fires. Sci. Total Environ. 262, 221–229. doi: 10.1016/S0048-9697(00)00524-6

 Gehrig-Fasel, J., Guisan, A., and Zimmermann, N. E. (2007). Tree line shifts in the Swiss Alps: climate change or land abandonment? J. Veg. Sci. 18, 571–582. doi: 10.1111/j.1654-1103.2007.tb02571.x

 Gibson, K., Skov, K., Kegley, S., Jorgensen, C., Smith, S., and Witcosky, J. (2008). Mountain Pine Beetle Impacts in High-Elevation Five-Needle Pines: Current Trends and Challenges. Missoula, MT: US Department of Agriculture, Forest Service, Forest Health Protection, Northern Region. R1-08-020.

 Grace, J., Berninger, F., and Nagy, L. (2002). Impacts of climate change on the tree line. Ann. Bot. 90, 537–544. doi: 10.1093/aob/mcf222

 Gray, C. A. (2017). Impact of Climate Variability on the Frequency and Severity of Ecological Disturbances in Great Basin Bristlecone Pine Sky Island Ecosystems. [Ph.D. dissertation]. Logan, UT: Utah State University.

 Gray, C. A., and Jenkins, M. J. (2017). Climate warming alters fuels across elevational gradients in Great Basin bristlecone pine-dominated sky island forests. For. Ecol. Manage. 392, 125–136. doi: 10.1016/j.foreco.2017.03.004

 Gray, C. A., Runyon, J. B., Jenkins, M. J., and Giunta, A. D. (2015). Mountain pine beetles use volatile cues to locate host limber pine and avoid non-host Great Basin bristlecone pine. PLoS ONE 10:e0135752. doi: 10.1371/journal.pone.0135752

 Helmig, D., Ortega, J., Duhl, T., Tanner, D., Guenther, A., Harley, P., et al. (2007). Sesquiterpene emissions from pine trees-Identifications, emission rates and flux estimates for the contiguous United States. Environ. Sci. Technol. 41, 1545–1553. doi: 10.1021/es0618907

 Himanen, S. J., Nerg, A. M., Nissinen, A., Pinto, D. M., Stewart, C. N., Poppy, G. M., et al. (2009). Effects of elevated carbon dioxide and ozone on volatile terpenoid emissions and multitrophic communication of transgenic insecticidal oilseed rape (Brassica napus). New Phytol. 181, 174–186. doi: 10.1111/j.1469-8137.2008.02646.x

 Hodkinson, I. D. (2005). Terrestrial insects along elevation gradients: species and community responses to altitude. Biol. Rev. 80, 489–513. doi: 10.1017/S1464793105006767

 Holopainen, J. K., and Gershenzon, J. (2010). Multiple stress factors and the emission of plant VOCs. Trends Plant. Sci. 15, 176–184. doi: 10.1016/j.tplants.2010.01.006

 Huang, M., Sanchez-Moreiras, A. M., Abel, C., Sohrabi, R., Lee, S., Gershenzon, J., et al. (2012). The major volatile organic compound emitted from Arabidopsis thaliana flowers, the sesquiterpene (E)-β-caryophyllene, is a defense against a bacterial pathogen. New Phytol. 193, 997–1008. doi: 10.1111/j.1469-8137.2011.04001.x

 Huber, D. P., Gries, R., Borden, J. H., and Pierce, H. D. Jr (2000). A survey of antennal responses by five species of coniferophagous bark beetles (Coleoptera: Scolytidae) to bark volatiles of six species of angiosperm trees. Chemoecology 10, 103–113. doi: 10.1007/PL00001811

 Jaeger, D. M., Runyon, J. B., and Richardson, B. A. (2016). Signals of speciation: volatile organic compounds resolve closely related sagebrush taxa, suggesting their importance in evolution. New Phytol. 211, 1393–1401. doi: 10.1111/nph.13982

 Jamieson, M. A., Burkle, L. A., Manson, J. S., Runyon, J. B., Trowbridge, A. M., and Zientek, J. (2017). Global change effects on plant–insect interactions: the role of phytochemistry. Curr Opin. Insect Sci. 23, 70–80. doi: 10.1016/j.cois.2017.07.009

 Joó, É., Dewulf, J., Amelynck, C., Schoon, N., Pokorska, O., Šimpraga, M., Van Langenhove, H., et al. (2011). Constitutive versus heat and biotic stress induced BVOC emissions in Pseudotsuga menziesii. Atmos. Environ. 45, 3655–3662. doi: 10.1016/j.atmosenv.2011.04.048

 Kammer, J., Lamaud, E., Bonnefond, J. M., Garrigou, D., Flaud, P. M., Perraudin, E., et al. (2019). Ozone production in a maritime pine forest in water-stressed conditions. Atmos. Environ. 197, 131–140. doi: 10.1016/j.atmosenv.2018.10.021

 Kenkel, N. C., and Orlóci, L. (1986). Applying metric and nonmetric multidimensional scaling to ecological studies: some new results. Ecology 67, 919–928. doi: 10.2307/1939814

 Körner, C. (1998). A re-assessment of high elevation treeline positions and their explanation. Oecologia 115, 445–459. doi: 10.1007/s004420050540

 Körner, C. (2007). The use of ‘altitude'in ecological research. Trends Ecol. Evol. 22, 569–574. doi: 10.1016/j.tree.2007.09.006

 Körner, C. (2012). Alpine Treelines: Functional Ecology of the Global High Elevation Tree Limits. Springer Science & Business Media. doi: 10.1007/978-3-0348-0396-0

 Kravitz, B., Guenther, A. B., Gu, L., Karl, T., Kaser, L., Pallardy, S. G., et al. (2016). A new paradigm of quantifying ecosystem stress through chemical signatures. Ecosphere 7:e01559. doi: 10.1002/ecs2.1559

 Kruskal, W. H., and Wallis, W. A. (1952). Use of ranks in one-criterion variance analysis. J. Am. Stat. Assoc. 47, 583–621. doi: 10.1080/01621459.1952.10483441

 Lewinsohn, E., Gijzen, M., and Croteau, R. (1991). Defense mechanisms of conifers differences in constitutive and wound-induced monoterpene biosynthesis among species. Plant Physiol. 96, 44–49. doi: 10.1104/pp.96.1.44

 Liaw, A., and Wiener, M. (2002). Classification and regression by Random Forest. R News 2, 18–22.

 Loreto, F., Ciccioli, P., Cecinato, A., Brancaleoni, E., Frattoni, M., and Tricoli, D. (1996). Influence of environmental factors and air composition on the emission of α-Pinene from Quercus ilex leaves. Plant Physiol. 110, 267–275. doi: 10.1104/pp.110.1.267

 Martin, D. M., Gershenzon, J., and Bohlmann, J. (2003). Induction of volatile terpene biosynthesis and diurnal emission by methyl jasmonate in foliage of Norway spruce. Plant Physiol. 132, 1586–1599. doi: 10.1104/pp.103.021196

 McCune, B., Grace, J. B., and Urban, D. L. (2002). Analysis of Ecological Communities. Gleneden Beach, OR: MjM software design.

 McCune, B., and Keon, D. (2002). Equations for potential annual direct incident radiation and heat load. J. Veg. Sci. 13, 603–606. doi: 10.1111/j.1654-1103.2002.tb02087.x

 Millar, C. I., Westfall, R. D., Delany, D. L., Flint, A. L., and Flint, L. E. (2015). Recruitment patterns and growth of high-elevation pines in response to climatic variability (1883–2013), in the western Great Basin, USA. Can. J. For. Res. 45, 1299–1312. doi: 10.1139/cjfr-2015-0025

 Miller, D. R., and Borden, J. H. (2000). Dose-dependent and species-specific responses of pine bark beetles (Coleoptera: Scolytidae) to monoterpenes in association with pheromones. Can. Entomol. 132, 183–195. doi: 10.4039/Ent132183-2

 Miller, D. R., and Lindgren, B. S. (2000). Comparison of α-pinene and myrcene on attraction of mountain pine beetle, Dendroctonus ponderosae (Coleoptera: Scolytidae) to pheromones in stands of western white pine. J. Entomol. Soc. Br. Columbia 97, 41–46.

 Misztal, P. K., Hewitt, C. N., Wildt, J., Blande, J. D., Eller, A. S. D., Fares, S., et al. (2015). Atmospheric benzenoid emissions from plants rival those from fossil fuels. Sci. Rep. 5:12064. doi: 10.1038/srep12064

 Monson, R. K., Jaeger, C. H., Adams, W. W., Driggers, E. M., Silver, G. M., and Fall, R. (1992). Relationships among isoprene emission rate, photosynthesis, and isoprene synthase activity as influenced by temperature. Plant Physiol. 98, 1175–1180. doi: 10.1104/pp.98.3.1175

 Niinemets, U. (2004). Costs of production and physiology of emission of volatile leaf isoprenoids. Adv. Plant Physiol. 7, 233–268.

 O'Neill, B. F., Zangerl, A. R., Delucia, E. H., and Berenbaum, M. R. (2010). Olfactory preferences of Popillia japonica, Vanessa cardui, and Aphis glycines for Glycine max grown under elevated CO2. Environ. Entomol. 39, 1291–1301. doi: 10.1603/en09036

 O'Reilly-Wapstra, J. M., Freeman, J. S., Davies, N. W., Vaillancourt, R. E., Fitzgerald, H., and Potts, B. M. (2011). Quantitative trait loci for foliar terpenes in a global eucalypt species. Tree Genet. Genomes 7, 485–498. doi: 10.1007/s11295-010-0350-6

 Ormeno, E., Cespedes, B., Sanchez, I. A., Velasco-García, A., Moreno, J. M., Fernandez, C., et al. (2009). The relationship between terpenes and flammability of leaf litter. For. Ecol. Manage. 257, 471–482. doi: 10.1016/j.foreco.2008.09.019

 Page, W. G., Jenkins, M. J., and Runyon, J. B. (2012). Mountain pine beetle attack alters the chemistry and flammability of lodgepole pine foliage. Can. J. For. Res. 42, 1631–1647. doi: 10.1139/x2012-094

 Page, W. G., Jenkins, M. J., and Runyon, J. B. (2014). Spruce beetle-induced changes to Engelmann spruce foliage flammability. For. Sci. 60, 691–702. doi: 10.5849/forsci.13-050

 Paulsen, J., and Körner, C. (2014). A climate-based model to predict potential treeline position around the globe. Alp. Bot. 124, 1–12. doi: 10.1007/s00035-014-0124-0

 Pausas, J. G., Alessio, G. A., Moreira, B., and Segarra-Moragues, J. G. (2016). Secondary compounds enhance flammability in a Mediterranean plant. Oecologia 180, 103–110. doi: 10.1007/s00442-015-3454-8

 Peet, R. K. (2000). Forests and meadows of the Rocky Mountains. North Am. Terr. Veg 2, 75–122.

 Peñuelas, J., and Llusià, J. (2003). BVOCs: plant defense against climate warming? Trends Plant Sci. 8, 105–109. doi: 10.1016/S1360-1385(03)00008-6

 Peñuelas, J., and Staudt, M. (2010). BVOCs and global change. Trends Plant Sci. 15, 133–144. doi: 10.1016/j.tplants.2009.12.005

 Pitman, G. B. (1971). Trans-verbenol and alpha-pinene: their utility in manipulation of the mountain pine beetle. J. Econ. Entomol. 64, 426–430. doi: 10.1093/jee/64.2.426

 Pureswaran, D. S., and Borden, J. H. (2005). Primary attraction and kairomonal host discrimination in three species of Dendroctonus (Coleoptera: Scolytidae). Agric. For. Entomol. 7, 219–230. doi: 10.1111/j.1461-9555.2005.00264.x

 Pureswaran, D. S., Gries, R., and Borden, J. H. (2004). Antennal responses of four species of tree-killing bark beetles (Coleoptera: Scolytidae) to volatiles collected from beetles, and their host and nonhost conifers. Chemoecology 14, 59–66. doi: 10.1007/s00049-003-0261-1

 R Development Core Team (2016). R: A Language and Environment for Statistical Computing.

 Ranganathan, Y., and Borges, R. M. (2010). Reducing the babel in plant volatile communication: using the forest to see the trees. Plant Biol. 12, 735–742. doi: 10.1111/j.1438-8677.2009.00278.x

 Rochefort, R. M., Little, R. L., Woodward, A., and Peterson, D. L. (1994). Changes in sub-alpine tree distribution in western North America: a review of climatic and other causal factors. Holocene 4, 89–100. doi: 10.1177/095968369400400112

 Runyon, J. B., Mescher, M. C., and De Moraes, C. M. (2006). Volatile chemical cues guide host location and host selection by parasitic plants. Science 313, 1964–1967. doi: 10.1126/science.1131371

 Salzer, M. W., Hughes, M. K., Bunn, A. G., and Kipfmueller, K. F. (2009). Recent unprecedented tree-ring growth in bristlecone pine at the highest elevations and possible causes. Proc. Natl. Acad. Sci. U.S.A. 106, 20348–20353. doi: 10.1073/pnas.0903029106

 Salzer, M. W., Larson, E. R., Bunn, A. G., and Hughes, M. K. (2014). Changing climate response in near-treeline bristlecone pine with elevation and aspect. Environ. Res. Lett. 9:114007. doi: 10.1088/1748-9326/9/11/114007

 Scalzitti, J., Strong, C., and Kochanski, A. (2016). Climate change impact on the roles of temperature and precipitation in western US snowpack variability. Geophys. Res. Lett. 43, 5361–5369. doi: 10.1002/2016GL068798

 Schibalski, A., Lehtonen, A., and Schröder, B. (2014). Climate change shifts environmental space and limits transferability of treeline models. Ecography 37, 321–335. doi: 10.1111/j.1600-0587.2013.00368.x

 Schönwitz, R., Kloos, M., Merk, L., and Ziegler, H. (1990). Patterns of monoterpenes stored in the needles of Picea abies (L.) Karst. from several locations in mountainous regions of southern Germany. Trees Struct. Funct. 4, 27–33.

 Smith, W. K., Germino, M. J., Johnson, D. M., and Reinhardt, K. (2009). The altitude of alpine treeline: a bellwether of climate change effects. Bot. Rev. 75, 163–190. doi: 10.1007/s12229-009-9030-3

 Smithers, B. V., North, M. P., Millar, C. I., and Latimer, A. M. (2018). Leap frog in slow motion: divergent responses of tree species and life stages to climatic warming in Great Basin subalpine forests. Glob. Chang. Biol. 24:e442–e457. doi: 10.1111/gcb.13881

 Sokal, R. R., and Rohlf, F. J. (1995). Biometry, 3rd Edn. New York, NY: WH Free Co.

 Thompson, R. S., and Mead, J. I. (1982). Late Quaternary environments and biogeography in the Great Basin. Quat. Res. 17, 39–55. doi: 10.1016/0033-5894(82)90044-8

 Tingey, D. T., Manning, M., Grothaus, L. C., and Burns, W. F. (1980). Influence of light and temperature on monoterpene emission rates from slash pine. Plant Physiol. 65, 797–801. doi: 10.1104/pp.65.5.797

 Tomback, D. F., and Resler, L. M. (2007). Invasive pathogens at alpine treeline: consequences for treeline dynamics. Phys. Geogr. 28, 397–418. doi: 10.2747/0272-3646.28.5.397

 Trowbridge, A. M., Daly, R. W., Helmig, D., Stoy, P. C., and Monson, R. K. (2014). Herbivory and climate interact serially to control monoterpene emissions from pinyon pine forests. Ecology 95, 1591–1603. doi: 10.1890/13-0989.1

 Turlings, T. C., and Erb, M. (2018). Tritrophic interactions mediated by herbivore-induced plant volatiles: mechanisms, ecological relevance, and application potential. Ann. Rev. Entomol. 63, 433–452. doi: 10.1146/annurev-ento-020117-043507

 Vallat, A., Gu, H., and Dorn, S. (2005). How rainfall, relative humidity and temperature influence volatile emissions from apple trees in situ. Phytochemistry 66, 1540–1550. doi: 10.1016/j.phytochem.2005.04.038

 Westerling, A. L., Hidalgo, H. G., Cayan, D. R., and Swetnam, T. W. (2006). Warming and earlier spring increase western US forest wildfire activity. Science 313, 940–943. doi: 10.1126/science.1128834

 Widhalm, J. R., Jaini, R., Morgan, J. A., and Dudareva, N. (2015). Rethinking how volatiles are released from plant cells. Trends Plant Sci. 20, 545–550. doi: 10.1016/j.tplants.2015.06.009

 Yuan, J. S., Himanen, S. J., Holopainen, J. K., Chen, F., and Stewart, C. N. Jr (2009). Smelling global climate change: mitigation of function for plant volatile organic compounds. Trends Ecol. Evol. 24, 323–331. doi: 10.1016/j.tree.2009.01.012

 Ziaco, E., Biondi, F., Rossi, S., and Deslauriers, A. (2014). Climatic influences on wood anatomy and tree-ring features of Great Basin conifers at a new mountain observatory. Appl. Plant Sci. 2:1400054. doi: 10.3732/apps.1400054

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Gray, Runyon and Jenkins. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/ffgc-02-00010-g005.gif





OPS/images/ffgc-02-00010-t001.jpg
Spring Mountains (n = 72) Cave Mountain (n = 108)

Elevation Elevation
Low Middle High Low Middle High
1 Temp(°C) (16.6 +0.4) (134 £03) (119 0.4) (19.3£06) (162:£08) (150 £0.9)
‘Compound Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
MONOTERPENES
Tricyclene 3438 043¢ a 8197 082 b 2514 0327 a 812 0508 - 2554 0328 3448 0211
Camphene 10270 1416 a 22052 1886 b 7475 1185 a 9646 1818 - 7491 1105 - 8990 0720 -
B-pinene 32085 5504 a 68046 5618 b 20251 4849 a 57077 19645 - 20816 4712 - 37948 8180 -
3-carene 0216 0030 a 050 0109 b 0138 0017 a 0546 0083 - 035 0061 - 0411 0052 -
p-cymene 0999 0474 a 3442 0501 b 0705 0403 a 1964 0382 a 108 0288 b 1418 0115 @b
B-pheliandrene 28988 4907 a 58668 8052 b 19245 2678 a 53058 8506 - 35999 6418 - 40028 3326 -
E-B-ocimene 0.301 0.059 a 0.525 0.097 b 0.174 0.033 a 0.445 0.104 a 0.257 0.058 ab 0.154 0.022 b
y-terpinene 0433 0118 a 0505 0088 a 0.3 0018 b 0883 0280 a 0214 0068 b 0191 0028 b
Linalool 0.097 0.042 = 0.138 0.042 = 0.026 0.012 i 0.461 0.125 a 0.094 0.053 b 0.036 0.008 b
Camphor 0388 0083 ab 0517 0092 a 0164 008 b 0155 0028 - 018 004 - 0218 0024 -
Gerany! acetate 0.129 0.024 a 1.300 0.209 b 0.2711 0.070 a 0.144 0.019 - 0.112 0.015 - 0.113 0.012
Bomyl acetate 1219 025 a 1428 0151 a 0421 0405 b 2135 0857 - 1078 0362 - 0597 0412 -
a-phellandrene: 0.249 0.030 a 0.580 0.047 b 0.178 0.019 a 0.827 0.198 a 0.290 0.069 b 0310 0.020 b
a-terpinene 0121 0024 a 0259 0038 b 0055 0010 a 0301 0094 - 0095 0027 - 008 0009 -
MT7 0302 0410 a 0217 0043 ab 0046 0014 b 0184 0038 a 0090 0020 b 0401 0018 @b
MT8 1804 088 a 0106 0026 b 0062 0025 b 008 0030 - 0024 0004 - 0075 0028 -
SESQUITERPENES
a-fanesene 0311 0060 - 0702 048 - 0220 0065 - 1860 0408 a 0630 0140 b 0262 0060 b
Caryophyllene oxide 0,024 0004 - 0026 0008 - 0017 0006 - 0083 0018 a 0028 0007 b 0016 0003 b
sT7 0046 0016 - 0024 0005 - 0212 0182 - 0365 018 a 0026 0007 b 0026 0006 b
BENZENOID COMPOUNDS
81 0620 0475 - 0502 0082 - 032 0098 - 180 0474 - 1928 073 - 0792 0124 -
82 0474 0066 a 2715 0401 b 0627 0152 a 0389 0052 - 0322 000 - 0351 002 -
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monoterpenoid; ST, unidentified sesquiterpenoid; B, unidentified benzenoid. Most important compounds from Random Forest MDA are shown,  table including all 42 VOCs identified is presented in Supplementary Table 1.
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Diferent lower case letters (a, b) indicate significant differences for a compound among elevation classes at a site (e = 0.05). Compound amounts that are inversely related to elevation are highlighted in bold. MT, unidentified
monoterpenoid; ST, unidentiied sesquiterpenoid. Most important compounds from Rendom Forest MDA are shown, a table inclucing all 78 compounds identified s presented in Supplementary Table 2.

adentity verified by comparing retention time and mass spectrum with authentic standard,

bldentified using NIST 08 Mass Spectral Search Program.
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