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Integration of landscape-level remote sensing and tree-level ecophysiology reveals drought refugia for a rare endemic, bigcone Douglas-fir
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For forest species, areas buffered from the rapidly increasing climate stressors and patterns of disturbance — i.e., climate change refugia — are important targets for conservation and protection. Here, we present a novel field survey and remote sensing approach to identification of fine-scale functional drought refugia for bigcone Douglas-fir (Pseudotsuga macrocarpa)-dominated forests. This rare species has been exposed to climate change-exacerbated drought conditions over the past two decades; yet, little is known about its responses to recent drought and how these drought responses vary across local environmental gradients and interact with recent record wildfire seasons. We combined a remote sensing analysis of vegetation condition with field surveys and physiological measurements to better understand bigcone Douglas-fir responses to recent climate trends. We also identified 444 stands exhibiting relatively low response and high resilience to drought — i.e., potential drought refugia. We found that low elevation stands and those in south-facing aspects generally experienced greater levels of seasonal and interannual drought stress. This trend was more pronounced for stands that experienced fire (2007 Zaca Fire) prior to the drought, suggesting that wildfire can increase the importance of topographic mediation of climate conditions in bigcone Douglas-fir forests. Elevation and aspect also interacted to affect physiological acclimation to seasonal drought conditions, with low elevation north-facing sites in particular experiencing a favorable combination of greater climate buffering and greater drought resilience, suggesting that these sites may be important refugia for bigcone Douglas-fir at low elevations. Furthermore, we found that the relationships between topography and drought response were weaker in more coastal sites, possibly due to maritime climate buffering in these sites. Altogether, these results illustrate how topographic mediation of regional drought conditions is critical for the persistence of this rare species in drought and fire-prone landscapes, and offer important insights for the conservation and restoration of this iconic species.
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Introduction

The state of California has warmed by nearly 1°C since the first half of the twentieth century, and is expected to get warmer by an additional 3–5°C by the end of the twenty-first century (Bedsworth et al., 2018). This warming is impacting the state’s ecosystems by exacerbating regional droughts and wildfires (Williams et al., 2015; Abatzoglou and Williams, 2016; Goulden and Bales, 2019). The recent 2012–2016 California drought (Figure 1) was the driest 4-year period in the last 1200 years, due to an unprecedented combination of unusually low precipitation and record high temperatures (Griffin and Anchukaitis, 2014; Diffenbaugh et al., 2015; Robeson, 2015; Meko et al., 2017). Severe droughts are expected to become even more common as the climate warms further, as temperature-driven increases in evapotranspiration rates cause plants and soils to dry out faster (Dai et al., 2004; Snyder et al., 2011; Dai, 2013; Dalton et al., 2014; Diffenbaugh et al., 2015). Drier vegetation has also led to substantial increases in wildfire size and severity in many forests across the western United States (Dai et al., 2004; Snyder et al., 2011; Dai, 2013; Dalton et al., 2014; Diffenbaugh et al., 2015). In California, 18 of the 20 largest wildfires in state history have occurred since 2000, including all of the 10 largest fires (Figure 1; Calfire, 2022). The co-occurrence of increasing fire activity and drought can interact to drive more severe fire effects on vegetation, increase tree mortality, and alter the trajectory of post-fire recovery (van Mantgem et al., 2013; Pratt et al., 2014; Batllori et al., 2017; Kane et al., 2017).
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FIGURE 1
(A) Timeseries of total land area of California (%) in drought, 2000–2020, with record fires and multiyear drought period indicated. Drought levels: D0 – abnormally dry (short-term dryness slowing planting and growth of crops, some lingering water deficits, pastures or crops not fully recovered); D1 – moderate drought (some damage to crops and pastures, some water shortages developing, voluntary water-use restrictions requested); D2 – severe drought (crop or pasture loss likely, water shortages common, water restrictions imposed); D3 – extreme drought (major crop or pasture losses, widespread water shortages or restrictions); D4 – exceptional drought (exceptional and widespread crop and pasture losses, shortages of water creating water emergencies). Data and drought category definitions from U.S. Drought Monitor (https://droughtmonitor.unl.edu/). (B) Area burned annually (in millions of acres of total land area) by wildfire in California, 1987–2020. 2019 and 2020 reported areas do not include fires under local jurisdiction and therefore may be slightly underreported. 2020 fire data accurate as of December 15, 2020. Data are from CalFire (2020) (https://www.fire.ca.gov/stats-events/).


Interactions between fire and drought can complicate vegetation responses, such as droughts that impact post-fire vegetation recovery (Pratt et al., 2014; Jacobsen and Pratt, 2018; Karavani et al., 2018). The magnitude and directionality of the impacts of fire-drought interactions on forest health depend on a host of environmental and physiological factors including time between disturbances, disturbance severity, topographic position, species composition, competition, resprouting capacity, bark thickness, pre-disturbance growth, xylem resistance to embolism, leaf senescence, and fuel moisture content, among others (Brando et al., 2014; Kane et al., 2017; Karavani et al., 2018; van Mantgem et al., 2018).

During periods of changing climate and disturbance, many species retract their ranges to the few places where they can find persistent suitable habitat. Such climate change refugia may be crucial areas for species conservation in the 21st century (Dobrowski, 2011; Morelli et al., 2016, 2020). Sites where increased water availability can buffer plants from extreme climate conditions are of particular relevance to semi-arid landscapes, like southern California (McLaughlin et al., 2017). A critical step in making use of these natural safe havens for the conservation of threatened species and ecosystems is knowing where on the landscape they occur and what factors (topographic and climatic) lead to their formation (Morelli et al., 2016, 2020).

The Transverse Ranges of southern California run east to west, ringing the northern edges of Santa Barbara, Ventura, and Los Angeles counties. This is a highly biodiverse region, and the flora of these mountains account for much of the endemic plant diversity of southern California (Baldwin et al., 2017). Soil types also vary widely over this geologically complex region (O’Hare and Hallock, 1988). Like the rest of California, precipitation in these mountains is highly seasonal and follows a Mediterranean-type climate pattern of cool, wet winters and hot, dry summers (Esler et al., 2018; Melvin, 2020). This climate pattern is mediated by topography such that high elevations are generally cooler and receive greater annual precipitation than lower elevations (Schoenherr, 1992; Lavé and Burbank, 2004; Melvin, 2020) and north-facing slopes are generally cooler, with less solar insolation, and are more conducive to growth than the relatively hot, dry south-facing slopes (Cantlon, 1953; Schoenherr, 1992; Yang et al., 2020). The proximity of southern California to the Pacific Ocean also has significant impact on local climate, with areas closer to the coast experiencing more moderate temperatures and increased inputs from fog that together contribute to reduced water stress and impacts of drought (Supplementary Figure 1; Fischer et al., 2009; Vasey et al., 2012; McLaughlin et al., 2017; Ramirez et al., 2020).

The ecological result of such environmental gradients —low vs. high elevation, north vs. south-facing aspect, and coastal vs. inland —is that more drought-resistant species tend to grow on inland southern exposures and at lower elevations, while the most drought-sensitive species grow on coastal north-facing slopes at high elevations (Stephenson and Calcarone, 1999; Kimball et al., 2017; Yang et al., 2020). These community composition differences are associated with differences in species’ abilities to tolerate drought conditions. However, even within a species, populations can vary substantially in terms of drought resistance due to local adaptation or phenotypic plasticity (Murphy et al., 2020; Kerr et al., 2022). Thus, across such strong environmental gradients as the ones present in southern California, we expect to see relatively high within-species variation in plant responses to drought and fire as the climate warms.

The regeneration of plant communities following fire is also driven by these environmental gradients, resulting in variable rates of recovery and distinct species assemblages in relatively small geographies (Hanes, 1971; Stevens-Rumann and Morgan, 2019). The climate change-driven increases in drought and wildfire activity of recent years necessitate an improved understanding of how these gradients impact responses to recent disturbance patterns, and their potential role in shaping the distributions of climate change refugia, particularly for the many rare, endemic species in the Transverse Ranges.

Bigcone Douglas-fir [Pseudotsuga macrocarpa (Vasey) Mayer] is a rare endemic conifer found in the montane chaparral and woodlands of the Transverse and Peninsular Ranges of California (Lanner, 2002). Bigcone Douglas-fir stands can be found at elevations as low as 610 m and as high as 2720 m (Howard, 1992), but most stands occur between 1000 and 1800 m (McDonald and Littrell, 1976). Because its growth spans such a large elevation gradient, the species that co-occur with bigcone Douglas-fir (hereafter “bigcone”) vary widely, from sage scrub to chaparral communities to subalpine mixed coniferous forests, although bigcone is nearly always found in small, disjunct stands, with canyon live oak (Quercus chrysolepis Liebm) growing as a significant understory component (Minnich, 1982; Howard, 1992). Bigcone grows more frequently on north-facing slopes, especially at low and mid elevations, but stands can be found on slopes of all aspects, especially at higher elevations, and on a variety of well-drained soils (Gause, 1966; Bolton and Vogl, 1969).

Bigcone is highly drought tolerant and unique among western United States conifers in its ability to epicormically resprout after fire (Howard, 1992). Despite these adaptations to the common disturbances in this region, the distribution of bigcone is relatively small and fragmented, and the species may be in decline due to recent large fires and severe drought conditions throughout its range (Howard, 1992; Minnich, 1999; Farjon, 2013). Of particular concern is that bigcone regenerates after stand-replacing disturbances very slowly, and thus could take centuries to re-establish in sites where it is eliminated (Minnich, 1980). A recent large-scale survey of bigcone stands in Angeles National Forest revealed that risks of increasing aridity with climate change and exposure to high-severity fire are key threats to the species (Kauffmann et al., 2017). However, a lack of replicable empirical data on bigcone responses to recent droughts and fires makes it difficult to accurately predict the future effects of climate change-driven drought and fire on this rare and iconic species.

In recent years, remote sensing has become an increasingly important tool for mapping the spatial extent of fire and drought effects on forest ecosystems (e.g., NDVI, EVI, etc.; Roberts et al., 1998; AghaKouchak et al., 2015; Chuvieco et al., 2020; Gale et al., 2021; Jiao et al., 2021). In particular, satellite-borne sensors provide high spatial resolution multispectral imagery that is readily available for most forested areas of the globe, with high rates of revisitation (Wang et al., 2010). For example, USGS-NASA Landsat satellites have been providing multiband spectral imagery across the world at a resolution of 30 m every 16 days since 1972 (Jenner, 2020). Spectral variations in surface reflectance can be used to analyze surface features on a landscape scale, such as landcover type or vegetation health (Huete, 2012; Jensen, 2015). Spectral vegetation indices are often based on ratios between surface reflectance in the near-infrared and red wavelengths (Huete, 2012). While there are many different vegetation health indices commonly in use, the Enhanced Vegetation Index (EVI) is a particularly useful metric, as it accounts for aerosol scattering and saturates less in high biomass regions than the commonly used Normalized Difference Vegetation Index (NDVI; Liu and Huete, 1995). EVI has been used in recent years to map drought-driven tree stress and mortality in California forests (Asner et al., 2016; Byer and Jin, 2017), as well as to identify potential climate change refugia by revealing areas exhibiting relatively muted responses to recent droughts (Cartwright et al., 2018).

While remote sensing can be a powerful approach to understanding large-scale vegetation responses, it is important to combine remote surveys with ground-based measurements and a robust theoretical framework to link spatial patterns to underlying physiological and ecological processes driving vegetation change (Anderegg et al., 2015; Huang et al., 2019). Likewise, in order to identify potential climate change refugia, spatial patterns need to be linked to empirical measurements that “validate” their distribution and function (Morelli et al., 2016; Barrows et al., 2020). For example, Ramirez et al. (2020) combined measurements of seasonal water relations (leaf water potential, stomatal conductance, etc.) and plant hydraulic traits (vulnerability to cavitation) with a Landsat-derived vegetation health index (EVI). This allowed them to explore the physiological mechanisms underlying spatial and temporal drought responses that allow the California Channel Islands to operate as a regional climate change refuge for chaparral shrub species from worsening drought conditions in southern California.

Here we describe a natural experiment to examine the effects of topography (elevation, aspect) and geographic proximity to coast (maritime influence) on recent drought and fire responses of bigcone stands, and identify potential climate change refugia within Los Padres National Forest (LPNF) in the Transverse Ranges of southern California. The main objectives of our research were to: (1) quantify the impacts of the 2012–2016 multi-year drought on bigcone stands in recently burned areas of LPNF using a time series analysis of remotely sensed vegetation condition, (2) understand how local environmental gradients affect the physiological and ecological responses of bigcone to drought and fire, and (3) identify potential refugia for bigcone in the face of worsening droughts and wildfires. We hypothesized that the topographic position of bigcone stands within the LPNF landscape would determine the strength of the impacts of the recent drought conditions and that both physiological traits and remote sensing of vegetation response would reveal topographically mediated drought refugia as potential targets to guide restoration and conservation efforts for this rare species. Specifically, we predicted that trees from north-facing slopes and higher elevation stands would have more favorable drought responses compared to trees in south-facing slopes, especially at low elevations.



Materials and methods


Study area

Los Padres National Forest (LPNF) is on the leading (northern, western) edge of bigcone’s range and a potential area for persistence and expansion of the species under a shifting climate (Kauffmann et al., 2017). This area has been impacted by two of California’s largest wildfires in recorded history and recent exceptional drought conditions (Figure 1A). The Zaca Fire (2007) and Thomas Fire (2017) were similar in size [240,207 and 281,893 acres, respectively (Calfire, 2022)]; but occurred in contrasting spatial proximity to local maritime influences (Supplementary Figure 1) and temporal proximity to the historic drought. The 2007 Zaca Fire occurred in a more inland area (i.e., less coastal influence) and prior to the 2012–2016 drought. The 2017 Thomas Fire burned a more coastally influenced portion of the LPNF landscape and occurred after the 2012–2016 drought. These differences allow us to understand how multiple environmental gradients affect the way drought-fire interactions impact bigcone health across the complex landscape of southern California.



Remote identification and ground-based validation of Pseudotsuga macrocarpa stands

We used a novel analysis of Google Earth Pro imagery (Supplementary Figure 2) to delineate more than 3000 contiguous stands (13,738 total acres) of bigcone-dominated forest in LPNF based on visual examination of Google Earth Pro imagery. These stands included > 2,300 stands (10,140 acres) within the Zaca Fire scar and 650 stands (2,504 acres) within the perimeter of the 2017 Thomas Fire, as well as 119 stands (707 acres) just outside the Zaca Fire and 68 stands (387 acres) adjacent to the Thomas Fire perimeter (i.e., unburned areas). These mapped stand locations were used to perform all remote sensing analyses of drought response in bigcone (Figure 2).
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FIGURE 2
Map of study region along the southern California coast. Black outlines demarcate fire scar perimeters (from National Interagency Fire Center) for Zaca (2007) and Thomas (2017) fire areas; red polygons correspond to bigcone Douglas-fir stands identified using Google Earth imagery (see Supplementary Figure 2) and used for delineation of bigcone stands for remote sensing analyses. Blue dots show plots where common stand exams (CSE) were conducted and green crosses show the four sites used for ecophysiological measurements.


During the summers of 2017 and 2018, 56 of the remotely identified bigcone stands were visited across fire areas and burned status (unburned to severely burned). In each of these sites a modified common stand exam (CSE; US Forest Service, n.d.) was established to characterize the general structure and composition of stands. The CSE plots indicated that the Google Earth Pro mapping method was highly successful at identifying bigcone-dominant stands. While detailed analyses of the full plot-level dataset were beyond the scope of this study, we did extract variables useful for validation of the remote-sensing approaches used. Specifically, we ranked canopy health based on a visual assessment (“canopy health class”) from 1–5 with 5 representing a full, healthy crown with 0% leaf loss and 1 representing a dead tree with no living foliage. The mean canopy health class of adult bigcone at each CSE plot was significantly correlated with an EVI index (% difference from baseline) by a Spearman Correlation Test (ρ = 0.41, P = 0.005).



Ecophysiological field measurements of stands in contrasting topographic positions

In order to explore the relationship between summer drought response and topography at the individual tree level, 4 unburned plots near the Zaca Fire were selected to represent contrasting topographic positions: high vs. low elevation and north vs. south aspects. In each site, 6 representative, mature bigcone trees were selected for detailed ecophysiological measurements (24 trees in total across all 4 plots) during the 2018 dry season. The two low elevation sites occurred more than 1 standard deviation (SD) below the mean elevational distribution (∼1100 m) and the high elevation sites were in the extreme tail of the elevational distribution (∼1800 m). These sites were selected to be relatively representative of bigcone stands at these elevations and aspects. Bigcone was the dominant overstory species at each site, with understory at all sites primarily consisting of canyon live oak and manzanita (Arctostaphylos spp.). Both of the low-elevation sites (south- and north-facing) were on steep slopes, near the bottom of a seasonal wash, but the north-facing site had a denser canopy and understory compared to the south-facing site. Both high-elevation sites were on steep slopes, with bigcone trees interspersed with other conifers (primarily Jeffrey pine and sugar pine; Pinus jeffreyi and P. lambertiana) above a dense understory of canyon live oak and manzanita. The following measurements were recorded from all trees and plots across the course of the summer 2018 dry season (May–August) to characterize how dry season water relations and drought stress varied across these topographic conditions.

A Scholander-type pressure chamber (Model 1505D, PMS Instruments, Albany, OR, United States) was used to measure the predawn and midday water potentials (Ψp) in the field (Scholander et al., 1964). All individuals had water potential measurements taken three times over the course of the summer (May–August 2018): 2018-05-21, 2018-06-20, and 2018-08-01. Predawn water potential samples were collected before any direct light reached the leaves of the trees (04:30–07:00), either the same day or the day after midday water potential was measured. Midday water potential samples were collected between 12:00 and 14:00. Small twigs were removed from the ends of branches accessible from ground level (∼2 m from the ground). After collection, samples were immediately placed in a sealed ziploc-style plastic bag and placed in a cooler with an ice pack, where they were stored in the dark until measurement. Measurements were recorded in the field as soon as possible after collection, typically within 30–45 min of sampling. The minimum measured seasonal water potential (Ψmin) was defined as the midday water potential measurement in the final dry season measurement, August 2018.

Dark-adapted leaf fluorescence and stomatal conductance were both measured in June (2018-06-20) and early August (2018-08-01). Both measurements were taken mid-morning to early afternoon (between 09:00 and 13:00). Dark-adapted leaf fluorescence (maximum efficiency of Photosystem II, Fv/Fm) was measured using a chlorophyll fluorimeter (Fv/Fm meter, PSK, Opti-sciences, Hudson, NH, United States). Dark-adapting clips were placed on the leaves for at least 20 min prior to fluorescence measurement. A leaf porometer (Decagon, SC-1, Meter Group, Pullman, WA, United States) was used to measure stomatal conductance. Two measurements of stomatal conductance were collected per tree and averaged; when the two values differed by more than 50 mmol m–2 s–1, an additional measurement was performed and averaged over the three values/tree.

The turgor loss point (ΨTLP) was determined once for each site over the course of the summer—either June (2018-06-21, low elevation sites) or August (2018-08-02, high elevation sites) using a benchtop dry-down method for pressure-volume (PV) curves (Sack et al., 2010). Prior to measurements, each stem was recut under water and allowed to rehydrate for 2–3 h. This rehydration period was used instead of an overnight rehydration to avoid the “plateau effect” observed when overhydrating arid-adapted plant tissues (Parker and Pallardy, 1987; Kubiske and Abrams, 1990; Abrams and Menges, 1992; Dichio et al., 2003). Where possible, measurements continued until the percent water content was well below 80%. Pressure-volume curves were constructed by plotting the inverse of Ψp vs. the relative water content (RWC). Turgor loss points were defined as the first point on the linear portion of the curve. A spreadsheet program was used to fit linear and non-linear models to the data and estimate bulk-leaf tissue traits from curve parameters (Sack et al., 2010).

Hydraulic conductivity of the stem tissue (xylem) was measured twice over the course of the summer, once in late May (2018-05-23) and once in early August (2018-08-03), following published methods (Sperry et al., 1988). In brief, small branches (approximately 1 cm in diameter and 1 m long) were removed from the trees using hand pruners, selecting branches with at least one 15 cm-long segment with no side-branches and a 1 cm average diameter. After cutting, the ends of the branch sections were immediately wrapped in Parafilm® Sealing Film (Heathrow Scientific, Vernon Hills, IL, United States) and placed in large plastic bags with damp paper towels. Bags were then placed in the dark in a large cooler w/ice, until they were measured later the same day. Hydraulic conductivity was measured using a Sperry apparatus (Sperry et al., 1988). To prepare samples for measurement, an approximately 15 cm length of branch was recut underwater at least 5 mm from the previous end of each sample. The ends of the samples were kept underwater while the bark was removed from 2 cm at each end. Prepped stems were placed in the tubing apparatus and native hydraulic conductivity (Kh, native) was measured by flowing a 20 mmol KCl solution through the stems and onto a digital balance (Sartorius Entris 224-1s, Goettingen, Germany). A semi-automated spreadsheet program was used to convert mass measurements to hydraulic conductivity according to the following equation:
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Where Kh is the hydraulic conductivity of the stem (mg mm s–1 kPa–1), vstem is the flow rate of solution through the stem (mg/s), ΔΨp is the pressure gradient driving flow (kPa), Lstem is the stem length (mm), and ΔT is the percent change in temperature from 20°C.

The maximum hydraulic conductivity (Kh, max) was measured after the same stems were vacuum infiltrated in degassed 20 mmol KCl under vacuum overnight to remove air emboli. The xylem area of each sample was measured using calipers, and the Kh values were standardized to the sapwood cross-sectional area of each sample to calculate Ks (stem-specific hydraulic conductivity). Percent loss in conductivity (PLC) was calculated as:
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Remote sensing of vegetation condition and drought response

The Climate Engine Research App web tool (Huntington et al., 20171) was used to obtain maps of the mean summer (June–August; “JJA”) Enhanced Vegetation Index (EVI; Liu and Huete, 1995) based on composite Landsat images (Collections 4/5/7/8, NASA and USGS). EVI was expressed as a difference from average for each year between 2000 and 2020 (average conditions were defined as 1984–2000, prior to record-breaking multi-year drought and historically large fire conditions in the region) and extracted for each of the ∼3000 bigcone stand polygons (Supplementary Figure 2). Responsiveness of bigcone stands to drought was determined by fitting linear models to the decline in EVI during the drought period for each plot, and was used as a metric of multi-year drought response (Byer and Jin, 2017; Figure 5). The strength and sign of the drought response metric were then interpreted as an index of relative drought-response across stands, such that more negative scores indicate a larger (more impacted) drought response. Functional drought refugia were defined as having a drought response more than one SD above the mean drought response, relating to a less negative EVI trend during drought (relatively muted drought response). High response or “highly impacted” stands were identified as those having a drought response more than one SD below the mean drought response — i.e., a more negative EVI trend during drought (Figure 3).
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FIGURE 3
(A) Map of high and low drought response stands of bigcone (moderate response stands not shown), showing locations of less impacted “refugia” (blue) and highly impacted (orange) stands. (B) Histogram of remotely sensed stand drought response showing categorization of “refugia” and “impacted” stands as those more than 1SD above (more favorable than average) or below (less favorable than average) the mean drought response, respectively.



[image: image]

FIGURE 4
Predawn (black) and midday (gray) leaf water potentials for all sites (High-North, High-South, Low-North, and Low-South). Dashed lines represent the mean turgor loss point measured for trees at each site. Error bars (water potential) and shaded area (turgor loss point) are ± 1 standard error (SE).
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FIGURE 5
Timeseries of Landsat-derived vegetation condition (EVI) each year from 2000–2020 for all burned (black lines) and unburned (gray lines) bigcone stands across the Zaca (A) and Thomas Fire (B) areas. EVI values are % difference from historical conditions (1984–2000). Shaded regions represent period of exceptional multi-year drought that began in 2012 and ended in 2016. Vertical red lines represent the year of the fire. Dashed lines indicate the trend of vegetation condition during the historic drought period, used as an index of drought response. Error bars are ± 1SE.




Fire severity and topographic data

Fire severity data for 2007 (for the Zaca Fire) and 2017 (for the Thomas Fire) were downloaded as GeoTIFF raster images of burn severity from the Monitoring Trends in Burn Severity project (MTBS; Finco, 20122). MTBS uses Landsat-derived difference in pre and post-fire Normalized Burn Ratio (NBR) to produce categorized maps of ecologically significant burn severity classes (typically 4 classes: Unburned, Low, Moderate, High) for all fires greater than 1,000 acres over the conterminous United States (Finco, 2012). For our analyses, mean fire severity for each bigcone stand was extracted using the Raster Zonal Analysis tool in QGIS and categorized into two classes, “Low-Unburned” (> 0 and ≤ 2.5) and “Moderate-High” (> 2.5 and ≤ 4) severity, in R. Fire severity was significantly (P < 0.001) higher at plots within the Zaca Fire than those within the Thomas Fire (Supplementary Figure 3), and change in EVI pre- and post-fire was highly correlated with fire severity (Supplementary Figure 4).

Lidar-derived elevation data from the USGS 3D Elevation Project (3DEP3) were downloaded in 1/3 arcsecond (∼30 m) resolution in 1 × 1 degree GeoTIFF raster images (US Geological Survey, 2021). These images were merged in QGIS into a single GeoTIFF raster spanning all mapped bigcone stands. Aspect was then calculated in degrees from north from the DEM raster using the QGIS aspect calculator. The Raster Zonal Analysis tool in QGIS was then used to extract the mean elevation and aspect for each of the bigcone Douglas-fir plots. For our analysis, bigcone stands were categorized into “High,” “Mid,” and “Low” elevations based on the sample distributions of elevation, with “High” being defined as > 1SD above the mean distribution, “Low” < 1SD below the mean, and “Mid” including all elevations in between (–1 to 1SD). Aspect of each stand was categorized into “N + E-facing” (0–135° and 315–360°) and “S + W-facing” (135–315°). In addition, topographic data were used to calculate the topographic wetness index (TWI) at 1/3 arcsecond resolution across the study area. Analysis of the TWI variable was outside the scope of this study but is included in Supplementary Materials (see Supplementary Table 1).



Statistical analyses

All statistical analyses were conducted in R (R Core Team, 2020). For multi-timepoint data of plant water relations from field plots and remotely sensed vegetation condition, the nlme package (Pinheiro et al., 2020) was used to generate repeated measures ANOVAs for each response variable with elevation, aspect, and time as fixed factors, and tree ID as a random nested factor. For single timepoint data of physiological traits (ΨTLP), a two-way ANOVA was used, with elevation, aspect, and the elevation-aspect interaction as factors. Slopes of EVI trends during the multi-year drought were constructed using the package lme4 (Bates et al., 2020) and analyzed as a drought response index using a three-way ANOVA with elevation, aspect, and fire severity class as factors, plus interactions. Additional pairwise comparisons (Tukey post hoc or Bonferroni-corrected multiple t-tests) for testing differences between groups were used where appropriate. A Chi-square test was used to determine the significance of the relationship between categorized aspect and drought response (high and low response stands only). All data visualizations were created using the R package ggplot2 (Wickham, 2016).




Results


Dry-season ecophysiology of mature bigcone trees

Nearly all ecophysiological traits showed decreased function over the course of the dry season consistent with increasing summertime drought stress (Table 1 and Figure 4). In particular, predawn and midday water potentials, an important indicator of seasonal water status, decreased significantly over the course of the dry-season (Figure 4), with midday water potentials at south-facing sites reaching or surpassing ΨTLP by August. Stomatal conductance also decreased significantly between June and August, indicating trees were reducing carbon assimilation to limit water stress. Chlorophyll fluorescence Fv/Fm values also decreased significantly over that time, indicating decreased photosynthetic efficiency. Both native and maximum hydraulic conductivity showed increases between May and August (Table 1), with no significant changes in PLC over time, suggesting that the increases in native hydraulic conductivity were sufficient to offset any loss of function due to declining seasonal water potential.


TABLE 1    Summary of additional ecophysiological variables measured from representative field plots.
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Elevation and aspect significantly affected most physiological traits of bigcone Douglas-fir (Table 2). Water potentials varied most between sites at the end of the dry season, with low elevation sites having generally lower water potentials than corresponding high elevation sites on similar aspects (Figure 4). In addition, south-facing aspects had lower water potentials compared to north-facing aspects at the same elevations (Figure 4). However, turgor loss points (ΨTLP) were more negative at low elevation sites, suggesting that low elevation trees acclimate bulk leaf tissue water relations to the generally warmer and drier site conditions at these elevations. Minimum seasonal water potential (Ψmin) was close to ΨTLP at the low-elevation south-facing site, and was below ΨTLP at the south-facing high elevation site. Chlorophyll fluorescence (Fv/Fm) decreased more between June and August at the low elevation sites than at the high elevation sites (Table 1). The south-facing low elevation site had much lower Fv/Fm values in August than the other three sites. Stomatal conductance (gs) values were generally higher at the low elevation sites than at the high elevation sites. Percent loss in hydraulic conductivity (PLC) was not significantly different across sites. Both Ks, max and Ks, native were significantly lower at the low elevation south-facing site than at the other sites.


TABLE 2    Summary of results from repeated-measures ANOVAs for ecophysiological variables.
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Impacts of recent drought and fire on remotely sensed bigcone stand conditions

Time series analysis of summertime EVI percent difference from baseline conditions clearly shows effects of recent fires (both Zaca and Thomas) and the 2012–2016 multi-year drought on vegetation health conditions in bigcone stands across LPNF (Figure 5). Fire-induced declines in EVI dominate the time series, reducing EVI by 30–45% below historical baseline. However, it also depicts the slow recovery of pre-fire conditions in areas impacted by the 2007 Zaca Fire. In fact, conditions of burned stands in the Zaca Fire had yet to return to pre-fire baselines even 13 years post-fire (2020). Additionally, the historic 2012–2016 multi-year drought led to general declines in vegetation condition (i.e., trend of declining EVI during drought period; Figure 5). However, the magnitude of this effect varied significantly across stands and was a critical metric used to examine the topographic and fire-related drivers of variable drought response.



Effects of topography and fire severity on multi-year drought response

Within the Zaca Fire scar, EVI trend during the multi-year drought (i.e., drought response index) was significantly affected by elevation and aspect, with low elevations and south-facing aspects, (i.e., drier sites) experiencing more pronounced drought responses. This was especially true in sites experiencing moderate to high fire severity, resulting in a significant interaction between fire severity and topographic variables (Figure 6, Table 3, and Supplementary Table 1). Within the Thomas Fire scar, patterns were quite different, with no significant effect of elevation and only a weak effect of aspect (P < 0.1), and no significant interaction with fire severity. However, there was a significant effect of fire severity alone, with stands exhibiting a more pronounced drought response more likely to have experienced moderate to high fire severity during the Thomas Fire (Table 3 and Supplementary Table 1). Since the Thomas Fire occurred after the multi-year drought, this indicates that sites which were more impacted by drought subsequently burned more severely. Overall, low response stands were significantly more likely to be found on north + east-facing aspects, while high response stands were significantly more likely to be found on south + west-facing aspects (P < 0.001; Supplementary Figure 5). Effects of TWI on drought response were weakly significant (P < 0.05) for plots within the Zaca Fire and non-significant for plots within the Thomas Fire perimeter (Supplementary Table 1).


[image: image]

FIGURE 6
Boxplots of remotely sensed drought response of bigcone Douglas-fir stands across elevation and aspect groupings for Zaca Fire areas that experienced moderate-high severity (A) or low severity-unburned (B). Lower values indicate a more negative EVI trend during the multi-year drought period (2012–2016). Bars and asterisks (*) denote significant (P < 0.05) pairwise differences across groups.



TABLE 3    Summary of results of three-way ANOVAs for remotely sensed drought response to fire severity and topographic variables.
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Discussion


Dry-season ecophysiology recapitulates landscape-level drought response

Elevation and aspect were both important factors in explaining variation in ecophysiological responses of mature bigcone trees to seasonal drought conditions, particularly in warmer interior locations. This effect was most obvious at the low elevation, south-facing site, which exhibited the lowest water potentials, lowest chlorophyll fluorescence, and lowest rates of hydraulic conductivity, all of which indicate greater seasonal drought stress. On the other hand, the high elevation, north-facing site had the most favorable values for each of these traits, suggesting these local environmental gradients are important determinants of seasonal water relations for this species. Importantly, the low elevation, north-facing site exhibited dry season responses more closely resembling those of the high elevation sites than that of the low elevation south-facing site, while the high-elevation, south-facing site showed signs of stress (loss of turgor pressure at midday) observed in the drier low elevation sites. Taken together, these patterns show the importance of aspect-driven effects on moderating drought responses across elevations.

Bulk leaf tissue turgor loss points, a critical measure of plant drought sensitivity (Bartlett et al., 2012, 2014), were impacted more by elevation than aspect, with both low-elevation sites significantly more resistant to turgor loss than the high-elevation sites. As a result, both south-facing sites experienced midday turgor loss in August, despite the higher (less negative) water potentials in the high elevation sites. This result is further supported by stomatal conductance, which was higher in low-elevation sites (particularly the north-facing site at these elevations) and suggests low elevation trees can maintain positive turgor pressure and photosynthetic activity across a greater range of water potentials under typical seasonal drought conditions. This may also suggest that north-facing trees at low elevations may fare better than south-facing trees at high elevations as the climate trends toward warmer, drier conditions. However, turgor loss points are a relatively plastic trait (Bartlett et al., 2012) and may reflect recent levels of drought exposure in these contrasting elevations. Thus, the greater sensitivity of higher elevation, south-facing trees may be offset by new leaf growth as conditions change.

Our findings suggest that, while bigcone Douglas-fir is relatively adaptable in this environment, individuals in some sites are already operating at the edge of critical drought thresholds (turgor loss points, stomatal closure, and hydraulic cavitation resistance) during a typical, non-interannual drought year. Thus, the drought stress patterns observed here will likely be greatly exacerbated during interannual drought conditions, especially those characterizing recent record-setting drought years. Indeed, our landscape-level analysis of drought responses during the historic 2012–2016 drought found strong and widespread declines in vegetation condition during this period. Importantly, the strength of these declines was also strongly related to elevation and aspect, at least in more interior bigcone stands, with low response stands (refugia) significantly more likely to be found on the more shaded north- and east-facing slopes. This recapitulation of patterns observed at finer, tree-level scales within broader, landscape-level patterns increases confidence in the importance of these factors for determining bigcone responses to both seasonal and inter-annual drought. Additionally, these patterns generally align with known distributional patterns for bigcone across its range, which tend to favor mid to high elevation sites and north-facing aspects (McDonald and Littrell, 1976; Howard, 1992; Kauffmann et al., 2017).

Contrary to our findings at interior Zaca Fire sites, landscape-level drought responses within the more coastal Thomas Fire scar were only weakly driven by aspect, with south-facing aspects being slightly more likely to exhibit a stronger drought response. Additionally, in the Thomas Fire sites, elevation had no effect on drought response. This reduction in topographic mediation of drought responses in the coastal Thomas Fire plots may in part be due to more moderate temperatures and increased presence of summertime fog in the more coastal sites (Supplementary Figure 1; Fischer et al., 2009; Vasey et al., 2012), which could dampen some of the effects of topography on drought stress and site water availability (Ramirez et al., 2020). However, the Thomas Fire occurred following the multi-year drought, while the Zaca Fire burned prior to the record drought period; thus, it is also possible that topography-drought response relationships would be stronger for these coastal sites during a multi-year drought period that followed the Thomas Fire. This region in currently experiencing extreme to exceptional drought conditions (U.S. Drought Monitor). Therefore, future analyses of the current, ongoing drought may help disentangle the effects of drought-fire timing vs. maritime influence.



Impacts of recent fires on bigcone stand condition and drought response

The impacts of recent wildfires on bigcone Douglas-fir appear to be long-lasting. We found that by 2020, 13 years post-Zaca Fire, burned bigcone stands were still experiencing significantly decreased vegetation conditions compared to nearby unburned stands and to historical, pre-fire conditions. This long recovery trajectory is consistent with previous findings in bigcone forests, which can take many decades to fully recover following fire (Howard, 1992). Our analysis also revealed that this long-tailed recovery was significantly interrupted by the multi-year drought (2012–2016) in this region, suggesting that increased co-occurrence of fire and drought may significantly hinder and lengthen post-fire recovery in bigcone forests, as has been found in neighboring chaparral systems (Pratt et al., 2014; Pausas et al., 2016; Jacobsen and Pratt, 2018), as well as in other western conifer forests (Littlefield et al., 2020), and across Mediterranean ecosystems worldwide (Karavani et al., 2018). As co-occurring fire and drought become increasingly common, this must be a critical consideration in conservation and restoration efforts for bigcone.

The absolute magnitude of drought response was less severe for bigcone stands that burned more severely in the Zaca Fire compared to less burned and unburned areas. This was mostly likely due to reduced leaf area leading to more favorable drought water relations in burned trees, reduced stand density effects on competition for scarce water resources, increased nutrient availability, or some combination of these factors (Reich et al., 1990; Ryan, 2000; Bär et al., 2019). Trees and shrubs that resprout post-fire, like bigcone, may have a distinct advantage when experiencing post-fire drought conditions owing to their relatively large root area and small shoot area that creates a favorable root-to-shoot ratio and tissue-level water status (Ramirez et al., 2012; Pratt et al., 2014; Pausas et al., 2016). Although we did not explicitly focus on the effects of competition on post-fire drought response in bigcone, other studies have found that reduced competition is associated with greater rates of post-fire survival in several species of western conifers, though not bigcone (van Mantgem et al., 2018); further work would need to be done to determine if this relationship holds true for post-fire drought-related mortality in bigcone as well.

The relationship between drought response and topographic variables interacted with fire severity such that more severely burned stands in the Zaca Fire had stronger elevation-drought response and aspect-drought response relationships. In other words, the effect of topography on vegetation response to drought was more important in stands that experienced moderate to high levels of fire severity before the drought. However, drought responses of stands that burned in the Thomas Fire were associated with subsequent fire severity, such that stands that experienced more severe drought responses subsequently burned more severely. This suggests that as fire and drought co-occurrence increases, the timing and sequencing of fire relative to exceptionally warm, dry periods is critical for determining the outcomes of their complex interactions (Littell et al., 2016; Jacobsen and Pratt, 2018; Krawchuk et al., 2020).



Drivers of functional drought refugia for bigcone Douglas-fir forests

Our approach to identifying low response areas as functional drought refugia is in line with recent literature on the topic that suggests the need to “validate” potential refugia sites with empirical evidence of favorable organismal responses to anthropogenic warming-driven change (e.g., Barrows et al., 2020; Rojas et al., 2022). The more common topoclimate modeling-based approaches for identifying refugia focus on climatic suitability of key species within a landscape (e.g., Thorne et al., 2020); however, our approach and findings are consistent with literature on “disturbance refugia” (refugia from fire, drought, or pest/pathogen disturbances) which typically identify refugia as areas less impacted by disturbances (Krawchuk et al., 2020). For drought refugia, in particular — areas relatively buffered from the stress and mortality associated with drought events — studies have found similar relationships between drought response and topographic features that influence site water availability such as elevation and aspect (McLaughlin et al., 2017; Cartwright et al., 2018; Schwartz et al., 2020).

Our finding of local acclimation in stands with greater historical exposure to hotter, drier conditions — i.e., lower elevations — underscores the importance of physiological processes in buffering trees from drought impacts. In our study, low elevation north-facing trees exhibited a favorable combination of more drought tolerant traits (lower turgor loss points, higher summertime stomatal conductance) and abiotic buffering (via less exposed aspect) that allowed them to outperform trees in high elevation, south-facing sites with higher winter precipitation and cooler summer temperatures. This acclimation of trees in lower elevations allows bigcone to persist in warmer, drier elevations, especially when combined with the additional abiotic buffering provided by north-facing aspects. Such combinations of favorable traits (i.e., reduced sensitivity) and favorable abiotic conditions (i.e., reduced exposure) have been shown to be critical for the reduction in vulnerability to climate change that underlies the formation of climate change refugia (Barrows et al., 2020; Morelli et al., 2020; Ramirez et al., 2020). However, further work is necessary to determine the limits of such acclimation and whether or not bigcone will be able to continue to adjust its physiological responses to drought quickly enough to keep pace with climate change.

The importance of topographic extremes in elevation and aspect should increase when trees are in the hotter, drier parts of their geographic distribution (Ackerly et al., 2020). This aligns well with our observation that topography-drought responses were stronger in warmer interior vs. cooler coastal sites. However, it should be noted that within the larger range of bigcone, LPNF is in what we might consider the relatively cool, wet “leading edge” relative to more interior and southerly parts of its range. Therefore, we might expect even stronger relationships between these variables in other, warmer and drier habitats for bigcone, such as Angeles National Forest (Kauffmann et al., 2017). Additionally, our findings also suggest that more severe fire prior to severe drought strengthens these relationships. The greater co-occurrence of fire and drought under climate change likely accentuates the importance of topographic microrefugia in buffering trees from drought and fire-related stress and mortality.

On the other hand, trees occupying cooler, wetter topographic positions may be more threatened by warming, drying climate trends (Ackerly et al., 2020). This owes to the fact that trees already located in relative cool, wet habitats will have fewer local options for migration and persistence as climate change continues, while species currently inhabiting relatively warm, dry locations can take greater advantage of nearby cooler, wetter locations. Our findings suggest that, within this landscape, bigcone may become increasing restricted to these relatively cool, wet microrefugia, which may ultimately increase its vulnerability over the long term. This is consistent with the idea that, while often regarded as more “stable” habitats, refugia function is in fact transient, providing only a temporary “hold out” or “stepping stone” in broader geologic timescales and biogeographic contexts (McLaughlin et al., 2017; Morelli et al., 2020). Nevertheless, over the next century, these functional drought refugia for bigcone will be critical targets for conservation and restoration for this iconic species.




Conclusion

As the climate warms and severe drought and wildfires become increasingly frequent and severe, it is vital that we understand how rare and endemic species will respond. Recent fires and multi-year drought in Los Padres National Forest have had long-lasting impacts on bigcone Douglas-fir forests. The interactions of drought and fire create a complex mosaic of bigcone stand health and may push this species further into local refugia as fires and drought become more common in this region. While further work is needed to define the physiological limits of bigcone responses to drought and the future function of topographic refugia in this complex landscape, our results provide the possibility that bigcone Douglas-fir will be able to persist in the Transverse Ranges for at least a little while longer.
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