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Old-growth forests in the Pacific Northwest are being fundamentally altered by climate change. A primary example of this is yellow-cedar (Callitropsis nootkatensis), a culturally and economically important species, which has suffered widespread decline across its range since the beginning of the twentieth century. We used tree rings to compare the climate-growth response of yellow-cedar to two co-occurring species; western hemlock (Tsuga heterophylla) and Sitka spruce (Picea sitchensis), in an old-growth forest on Haida Gwaii, Canada, to better understand the unique climatic drivers of a species that is declining across its range. We developed three species-specific chronologies spanning 560–770 years, reconstructing a long-term record of species growth and dynamics over time. The climate is strongly influenced by the Pacific Decadal Oscillation (PDO), a multi-decadal pattern of ocean-atmospheric climate variability. Climate varied across three time periods that have coincided with major shifts in the PDO during the twentieth century [1901–1945 (neutral/positive), 1946–1976 (negative) and 1977–2015 (positive)]. Conditions were significantly warmer and wetter during positive phases, with the greatest maximum temperatures in the most recent period. We used complimentary methods of comparison, including Morlet wavelet analysis, Pearson correlations, and linear-mixed effects modeling to investigate the relations between climate and species growth. All three species exhibited multi-decadal frequency variation, strongest for yellow-cedar, suggesting the influence of the PDO. Consistent with this, the strength and direction of climate-growth correlations varied among PDO phases. Growing season temperature in the year of ring formation was strongly positively correlated to yellow-cedar and western hemlock growth, most significantly in the latter two time periods, representing a release from a temperature limitation. Sitka spruce growth was only weakly associated with climate. Yellow-cedar responded negatively to winter temperature from 1977 to 2015, consistent with the decline mechanism. Increased yellow-cedar mortality has been linked to warmer winters and snow loss. This study provides new insights into yellow-cedar decline, finding the first evidence of decline-related growth patterns in an apparently healthy, productive coastal temperate rainforest.
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INTRODUCTION

Forest ecosystems are becoming increasingly impacted by warming associated with climate change (Adams et al., 2009; van Mantgem et al., 2009; Allen et al., 2010). Adaptation to and mitigation of these effects will depend on an increased understanding of how forests respond, which is highly location- and species-specific (e.g., Holman and Peterson, 2006). At high elevation and high latitude, increased growing season temperature and length as the regional climate warms (Cayan et al., 2001; Christidis et al., 2007) will likely facilitate increased tree growth (Nemani et al., 2003). For example, enhanced tree growth has been documented across the boreal forest, where trees are experiencing a “greening” response to increased temperature (Driscoll et al., 2005; Wilmking and Juday, 2005; Lloyd et al., 2011). However, warmer drier conditions can also be detrimental (Allen et al., 2010). Research on divergence in tree-ring widths has revealed that for many species warm temperatures eventually become limiting, due to direct temperature stress or moisture stress (D’Arrigo et al., 2004; Wilmking et al., 2004; Driscoll et al., 2005; Lloyd and Bunn, 2007). As the climate continues to warm, the interaction between temperature and moisture plays a critical role. Non-growing season climate and interactions with extreme events can also drive change. Warming winter temperatures, are leading to reduced snowpack levels (Groisman et al., 2004; Knowles et al., 2006), with consequences for water supply from spring snowmelt runoff (Stewart et al., 2004) and species that rely on persistent snow cover in late-winter as protection from thaw-freeze events (Buma et al., 2019). Species sensitive to winter climate include yellow-cedar [Callitropsis nootkatensis (D. Don) D.P. Little] along the Pacific coast of British Columbia (BC), Canada and Alaska, United States (Schaberg et al., 2008; Hennon et al., 2012) and yellow birch (Betula alleghaniensis) in eastern forests of North America (Bourque et al., 2005). Predicting the response of forests to climate is highly species-specific, as tree species have unique environmental adaptions and competitive strategies (Lévesque et al., 2013; Meyer et al., 2020), and within a species there can be divergence in climate-growth responses through time (D’Arrigo et al., 2008).

High-latitude coastal temperate rainforests are a unique case, as they are thought to be radiation- and temperature-limited (Boisvenue and Running, 2006) and, therefore, likely to benefit from increasing temperature with little concern for moisture availability. Because coastal climates are moderated by the proximity to the ocean, variation in the growth of coastal trees is low from year to year, with stronger correlations to decadal variations in nearby ocean basins (Gedalof and Smith, 2001; Tucker and Pearl, 2021). In general, the vulnerability of this forest ecoregion to climate change is considered very low to medium (Wang et al., 2019). However, across coastal temperate rainforests globally, warming temperatures are crossing key climatic and ecological thresholds (Veblen et al., 2011; Shanley et al., 2015). Along the Pacific coast of North America, average annual temperatures range from 4 to 12°C (DellaSala, 2011), and importantly winter temperatures exist near the rain-to-snow threshold (−2 to 2°C) (Buma et al., 2019). Therefore, although changes in temperature in coastal regions have not been as extreme as other high-latitude regions, small changes in temperature have had significant impacts (Buma, 2018; Buma et al., 2019).

Old-growth temperate rainforests at high latitudes along the Pacific coast of North America are often co-dominated by yellow-cedar, Sitka spruce (Picea sitchensis Bong.) and western hemlock [Tsuga heterophylla (Raf.) Sarg.] All three species are long-lived conifers that coexist in old-growth forests through subtle differences in regeneration dynamics in canopy gaps created by fine-scale disturbances (Harris, 1990; Taylor, 1990; Lertzman et al., 1996) and differential longevity (Lertzman, 1995). Of the three species, yellow-cedar lives longest with maximum lifespans exceeding 1,000 years, so that low abundance of regeneration and infrequent recruitment in canopy gaps is sufficient to sustain populations (Lertzman, 1992). Sitka spruce is least shade-tolerant, commonly regenerates following stand-level disturbance and grows rapidly. In late-successional forests it depends on relatively large canopy gaps to regenerate, requiring a few large gaps over several decades for trees to recruit and persist as a co-dominant in the canopy (Harris, 1990; Taylor, 1990). Western hemlock is very shade-tolerant and highly responsive to gaps, with the smallest and slowest growing individuals exhibiting the greatest growth release following gap formation (Packee, 1990; Stan and Daniels, 2010). Dense seedlings and saplings persist in the understory for decades to centuries waiting to exploit a gap and recruit to the canopy (Stan and Daniels, 2010); however, western hemlock seedling and sapling survival, growth rates, and average tree lifespans are lower than Sitka spruce or yellow-cedar (Taylor, 1990; Lertzman, 1992).

Although yellow-cedar, western hemlock and Sitka spruce have coexisted in old-growth forests for millennia (Hennon et al., 2016), they also exemplify the species-specific nature of climate impacts on tree growth and survival. Yellow-cedar is an example of the positive and negative effects of anthropogenic climate change (Beier et al., 2008; Comeau et al., 2019). Warm growing season temperatures facilitate growth of healthy yellow-cedars (Laroque and Smith, 1999; Beier et al., 2008; Comeau et al., 2019). Yet, yellow-cedar is undergoing widespread crown dieback and tree mortality in approximately 400,000 ha of its range (Hennon et al., 2005; Buma et al., 2017). Tree dieback and death have been linked to fine-root damage by late-winter thaw-freeze events, which drives physiological drought stress during the subsequent growing season (D’Amore and Hennon, 2006). Yellow-cedar roots grow in the upper organic and mineral soil horizons on sites with shallow water tables and the trees take advantage of warm periods in the early spring for nutrient uptake, when co-occurring species remain dormant (Hennon et al., 2016). Early root activity increases susceptibility to frost damage in years of low snowpack, the risk of which has increased over the twentieth century due to warming winter temperatures (D’Amore and Hennon, 2006; Schaberg et al., 2008). Consistent with these mechanisms, research in southeastern Alaska and on Haida Gwaii, BC, has demonstrated that yellow-cedars in declining stands are limited by warm dry winter conditions (Beier et al., 2008; Wiles et al., 2012; Comeau et al., 2019).

Western hemlock and Sitka spruce co-occur with yellow-cedar, but they do not exhibit symptoms of decline and may be more able to take advantage of warming temperatures. For example, growth of western hemlock in Washington (United States) was positively correlated with growing season temperature and annual precipitation, but negatively correlated with consecutive years of high snowfall (Rudnicki and Chen, 2000). The latter is opposite to the association between declining yellow-cedar stands and low winter snowpack. Several phenotypic traits of Sitka spruce have been associated with mean annual temperature and mean coldest month, with precipitation variables explaining less variation than temperature variables (Holliday et al., 2010; Mimura and Aitken, 2010). Thus, it is likely that western hemlock and Sitka spruce growth will benefit from increased growing season temperatures and lengthened growing season at high latitudes (e.g., Nemani et al., 2003), but site-specific research is needed.

Anticipating how these forests will respond to future climate change can be informed by understanding how the component species have responded to past variation in climate at a range of temporal scales. Tree growth along the Pacific coast is strongly influenced by natural climate variability associated with the Pacific Decadal Oscillation (PDO) (D’Arrigo et al., 2001; Gedalof and Smith, 2001). The PDO is characterized by multi-decadal changes in sea-surface temperature that alter the regional climate (Mantua et al., 1997; Mantua and Hare, 2002). In the twentieth century, the PDO is thought to have undergone a regime shift to a negative phase in 1945–1946 and a shift to a positive phase in 1976–1977. Along the northern Pacific coast of North America, negative PDO phases are associated with cooler and drier climate conditions, while positive shifts bring warmer and wetter conditions, including reduced snow depth and earlier snowpack melting (Mantua and Hare, 2002). Thus, comparing climate-growth response between PDO phases can provide insights into species-specific growth sensitivity to warm growing season temperatures and winter thaw-freeze events.

We sampled canopy-dominant yellow-cedar, western hemlock and Sitka spruce in an old-growth forest with no visible symptoms of canopy dieback, located on Haida Gwaii, Canada. Our study is the first to examine yellow-cedar climate-growth dynamics in comparison with co-occurring species. Given the regional influences of the PDO along the north Pacific coast, we compared climate and the climate-growth response of each species across three periods associated with PDO regime shifts in the twentieth century: 1901–1945 (neutral/positive phase), 1946–1976 (negative phase), 1977–2015 (positive phase). Following Mantua and Hare (2002) and Comeau et al. (2019), we expected that the climate would be warmer and wetter in positive phases of the PDO, but cooler and drier in the negative phase. We hypothesized that the growth of all three species would be positively associated with growing season temperatures, particularly during the positive phases of the PDO, as tree species in high latitude forests are commonly temperature-limited. In positive phases, we also hypothesized yellow-cedar growth would be negatively associated with winter temperature and precipitation, given that warmer winter temperature and low snowpack depth has been linked to species decline (Hennon et al., 2012).



MATERIALS AND METHODS


Study Area

We sampled a mixed-species old-growth forest on Haida Gwaii (53° 23′ 50.97′′ N, -132° 22′ 31.52′′ W; 394 meters above sea level), located on the Pacific coast of British Columbia, Canada (Figure 1). The BC Government Vegetation Resources Inventory (VRI), a landscape wide data layer derived from aerial photo interpretation and ground sampling, indicates there was no evidence that stand-level wind, fire, insects, pathogens, or yellow-cedar decline were driving tree mortality at our study site (BC Government, 2020). The VRI data estimates tree species composition, age, volume and height. The most recent VRI data for our study area indicates that the dominant species were western hemlock (55%) and Sitka spruce (30%), with smaller proportions of yellow-cedar and western redcedar, the average age of canopy trees was > 350 years, average height was 38 m with non-uniform vertical complexity, and basal area was 65 m2 per hectare (ha) (BC Government, 2020). Density within the VRI polygon was 325 live and 5 dead trees ha–1, with 55% crown closure (BC Government, 2020).
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FIGURE 1. Location of the study site on Haida Gwaii, British Columbia, Canada (red circle in A,B). The old-growth forest was comprised of Sitka spruce, western hemlock, and yellow-cedar trees that were up to 130 cm in diameter at breast height and 770 years old (C). (Photos by V. Comeau).


The forest is located in the montane variant of the Wet Hypermaritime Coastal Western Hemlock subzone (CWHwh), according to biogeoclimatic classification (Meidinger and Pojar, 1991). Climate of the stand is classified as warm temperate, humid, with cool summers (Cfc, Kottek et al., 2006). From 1901 to 2015, the stand had an annual average temperature of 6.06°C (±0.68°C) and average total precipitation of 2,292 mm (±276 mm) annually (ClimateBC, Wang et al., 2016).



Field Sampling, Chronology Building, and Assessment

Starting from the center of the forest stand, we searched an expanding area until we sampled 60 canopy trees, 20 each of yellow-cedar, western hemlock and Sitka spruce. Following standard dendroclimatological methods (Fritts, 1976), we selected large (diameter at breast height = ∼50−130 cm) and presumed old, living individuals of each species and one core was collected from each tree at breast height to generate the longest ring-width series possible.

Cores were air-dried, mounted on wooden supports, and sanded with increasingly finer grains to 600 grit. The cores were scanned at a high resolution (2400 or 3200 dpi) and the CooRecorder program was used to measure the width of rings to the closest 0.001 mm (Larsson, 2014a). Ring-width series were cross-dated using the program CDendro to create species-specific ring-width chronologies (Larsson, 2014b). The program COFECHA was used to confirm cross-dating accuracy (Holmes, 1983). For each species, two detrended chronologies were developed using the dplR package in R (Bunn et al., 2021; R Core Team, 2021), as follows. First, a negative exponential curve was fit to individual tree ring-width series to remove size- and age-related trends, resulting in standard chronologies used for wavelet analysis (below). Second, individual ring-width series were double detrended, fitting a negative-exponential curve to the ring-width series, followed by a 60-year spline (50% frequency response) that removed longer term growth trends. The chosen spline retained > 95% of variance at < 31 years, allowing us to test for the potential influences of multi-decadal variation associated with the PDO. Finally, each double-detrended ring-width series was pre-whitened using an autoregressive model to remove temporal autocorrelation and species residual chronologies were created by averaging across the pre-whitened series (Cook and Holmes, 1996).

Summary statistics derived for each chronology included the length of the chronology, mean sensitivity (MS), a measure of year-to-year ring-width variability, and the inter-series correlation (rbar), a measure of the correlation among all ring-width series (Fritts, 1976). The expressed population signal (EPS) measured the strength of the common signal among series (Wigley et al., 1984). We averaged the EPS from 1901 to 2015, the period used for climate-growth analysis. Summary statistics were reported for the residual chronologies.

To identify dominant modes of temporal variability, we performed a Morlet wavelet analysis on the standard species-specific chronologies (Torrence and Compo, 1998). Wavelet analysis was conducted across the length of the shortest species chronology, to aid comparison between species. We analyzed wavelengths from 1457 to 2015, the length of the Sitka spruce chronology at the site. The default parameter settings of the Morlet wavelet function in dplR were used, with a 95% confidence interval chosen for estimating the cone of influence (Bunn et al., 2021).



Climate-Growth Analysis

Climate data for the study site were obtained using ClimateBC, a climate mapping software that downscales historical monthly climate variables, from local weather stations and regional climate models, at a spatial resolution of 0.5°× 0.5° (Wang et al., 2016). Historical monthly climate data were obtained for 1901–2015 by inputting the site coordinates into ClimateBC. The full climate record was split into periods, based on well-documented regime shifts in the PDO: 1901–1945 (neutral/positive phase), 1946–1976 (negative phase) and 1977–2015 (positive phase) (Mantua and Hare, 2002). To test if climate varied significantly among PDO phases, we compared monthly temperature (mean, minimum, and maximum) and total precipitation among phases using a Kruskal-Wallis one-way analysis of variance on ranks, with a Dunn’s post-hoc test (α = 0.05 for all statistical tests).

To assess relationships between growth and climate, we correlated the residual chronology of each species against monthly temperature and precipitation data using the treeclim package in R (Zang and Biondi, 2015). In preliminary analyses, we correlated mean, minimum, and maximum monthly temperatures from 1901 to 2015 against the residual chronologies. Significant correlations (p < 0.05) were identified using bootstrapped samples (n = 1,000). Subsequent analyses used maximum temperature, which was most significantly correlated with growth of all three species. To compare among species, the residual chronologies were correlated against monthly maximum temperature and total precipitation, across the full 1901–2015 record and three periods (1901–1945, 1946–1976, 1977–2015). In each analysis, correlations were calculated for a 15-month window, from June of the year prior to ring formation through August of ring formation to assess potential lagged effects of the previous growing season, fall, or winter climate.

We developed species-specific linear-mixed effects models for each time period to quantify growth response to climate, while accounting for variability in growth among individual trees (hereafter “predictive effect”). This analysis is being increasingly used to understand the key climate drivers of tree growth across time (Carrer et al., 2019). Mixed-model analysis was undertaken in R using the nlme package (Pinheiro et al., 2021). Each model was structured as:
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where Yi is a vector of residual ring-width index values for tree i, α is the model intercept, Xi is a matrix of fixed effects (monthly and seasonal climate variables), β is a vector of fixed effects coefficients, bi is the random effect (ID of tree i) and εi represents the error term. Models were fitted with random intercepts, assuming the relationship between climate and growth was constant between conspecific trees. Only residual ring-width index series that spanned the full common time period (1901–2015) were included. A combination of monthly and seasonal climate variables was selected as fixed effects, based on the Pearson correlation analysis and previous studies of yellow-cedar growth on Haida Gwaii (Comeau et al., 2019). Monthly climate variables included maximum temperature of September (pTMAXSept) and November (pTMAXNov) in the year prior to ring formation, and current August precipitation (PAug). Five seasonal climate variables were derived as follows. Previous summer temperature (pTMAXSum) was the average of previous June–August maximum temperatures; winter temperature (TMAXWinter) averaged December to February maximum temperatures; spring temperature (TMAXSpring) averaged March to May maximum temperatures, and summer temperature (TMAXSum) averaged current June to August maximum temperatures; and winter precipitation (PWinter) was the sum of December to February precipitation. We chose a backward model selection approach to determine the climate variables that most explained residual ring-width index growth, by removing the least significant climate variables until all variables in the model were significant. To increase interpretability of the model coefficients, the fixed effects were centered and then scaled to create z-scores. A test of collinearity between fixed effect variables was performed on each full model, with all fixed effects included, by testing the variance inflation factor (VIF). We inspected the model diagnostics to ensure there were no outliers and the residuals were normally distributed with no heteroscedastic variability. We reported the intercept, coefficient estimate, standard error, and p-value for each model. To assess model fit we computed the marginal R2 (Nakagawa et al., 2017) and root mean square error (RMSE) for each of the nine species and time combinations.




RESULTS


Chronology Variation and Wavelet Analysis

Ring-width series from large and old trees contributed to each species-specific residual chronology, which spanned 559–773 years (Table 1). The yellow-cedar chronology included 19 ring-width series that were longer, on average, than those of western hemlock and Sitka spruce. Of the three species, yellow-cedar had the highest inter-series correlations (rbar = 0.482) and inter-annual growth variability (MS = 0.271). Western hemlock (n = 14) had the lowest inter-series correlations (rbar = 0.314), while Sitka spruce (n = 20) had the lowest inter-annual variability in ring-width (MS = 0.217). Only the yellow-cedar residual chronology exceeded and stayed above a critical EPS value of 0.85, passing the threshold after 1776. Yellow-cedar was also the only species to have an average EPS above 0.85 from 1901 to 2015 (EPS = 0.89).


TABLE 1. Descriptive statistics of full-length species residual chronologies.
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The chronologies of all three species exhibited inter-annual to multidecadal variation (Figure 2). Wavelet analysis highlighted strong multi-decadal variation from 1457 to 2015 that was most stable over time for yellow-cedar and Sitka spruce. Yellow-cedar had strong frequency variation at the 16–128-year wavelengths from 1457 to 2015. Frequency variation at 32–64 years was most stable after 1700. Sitka spruce had strong and stable variation in the 64–128-year wavelengths, and significant variation at 32–64-years around 1800. Western hemlock had the least consistent variation overall, which was significant in the 64–128-year wavelengths after 1800 and at 16–32-years after 1950, though this interpretation is limited by the weak common signal in the western hemlock chronology.
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FIGURE 2. Raw ring-width of individuals/mean (top), residual individual/mean ring-width index (middle) and wavelet analysis conducted on standard chronologies (bottom) for yellow-cedar (n = 19), western hemlock (n = 14) and Sitka spruce (n = 20). Spanning 1457–2015, the common period of all three species chronologies.




Climate Comparison Between Time Periods

Annual and monthly maximum temperatures and total precipitation differed significantly among time periods (Figure 3). Mean monthly maximum temperatures were consistently cooler from 1946 to 1976 (8.3 ± 5.0°C; mean ± standard deviation) with significant differences in April and June relative to 1901–1945 (8.9 ± 5.1°C) and 1977–2015 (9.0 ± 4.8°C). Temperatures were warmest in May, July, and August during the earliest period (1901–1945) and in January, February, March, and December during the most recent period (1977–2015), although differences were significant in January only. Total annual precipitation was, on average, lower from 1946 to 1976 (2148 ± 242 mm) compared to 1901–1945 (2408 ± 213 mm) and 1977–2015 (2271 ± 311 mm). Precipitation was greatest from 1901 to 1945 for all months except June and August, but significant for November only. Precipitation in June and August was greatest from 1977 to 2015, but not significantly different from other periods.
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FIGURE 3. Comparison of monthly maximum temperature and total precipitation between time periods. Each bar represents a monthly temperature or precipitation value averaged across one of the three time periods. Error bars represent standard deviation around the mean. Different letters indicate a significant difference between phases (p < 0.05).




Climate-Growth Correlations With Monthly Climate

Growth of yellow-cedar was positively correlated with maximum temperature but negatively correlated with precipitation during the growing season, with significant but variable relations with winter conditions among time periods (Figure 4). From 1901 to 1945 growth was significantly positively correlated to maximum temperature in June and July of the year prior to ring formation, but more strongly correlated to current growing season maximum temperatures after 1946. May precipitation was negatively correlated with growth across all periods, though not significant from 1946 to 1976. Growth was negatively correlated to November temperature and positively correlated to January temperature from 1946 to 1976. Correlations with January temperatures were positive in this period, but negative from 1901 to 1945 and 1977 to 2015, although the negative correlations were not significant. December precipitation had a weak negative correlation with growth prior to 1976, but a significant positive correlation from 1977 to 2015. Correlations with January and February precipitation were positive from 1946 to 1976, negative from 1977 to 2015, and significant for January in both periods.
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FIGURE 4. Pearson correlation functions relating each species residual chronology to monthly maximum temperature and total precipitation across each time period. Bars above the line represent a positive correlation to monthly maximum temperature/total precipitation, and bars below the line represent a negative correlation to monthly maximum temperature/total precipitation. Symbols indicate significant correlations (p < 0.05).


Western hemlock growth was strongly positively correlated with maximum growing season temperature, with fewer consistent correlations with precipitation (Figure 4). From 1901 to 1945, growth was significantly positively correlated to current August temperature and previous July precipitation. From 1946 to 1976, the positive correlation with August temperature persisted but growth was negatively correlated with the previous July temperature. Correlations with precipitation were negative in November but positive in February. The correlations between growth and temperature were strongest in 1977 to 2015, with significant correlations across 7 months spanning the previous fall through current summer. Growth was positively correlated with December precipitation but negatively correlated with May precipitation.

Overall, Sitka spruce growth was weakly correlated to monthly climate across all time periods, with few significant correlations (Figure 4). From 1901 to 1945, growth was negatively correlated with previous August and current April temperature and June precipitation. Growth was positively correlated with current August temperature from 1946 to 1976 but negatively correlated with previous July temperature from 1977 to 2015.



Growth Response to Growing Season and Winter Climate

The linear-mixed effects models revealed that climate variables affecting growth varied among the species and through time, although with modest explanatory power (R2 ≤ 0.18) (Table 2). While the predictive effects of some climate variables included in the models were consistent with the correlation analyses, the response of growth to other variables differed, as follows. Yellow-cedar growth was significantly affected by temperature and precipitation across all time periods, with climate explaining the most variation in growth for 1946–1976 (R2 = 0.128) (Table 2). November temperature had a positive effect on growth in 1901–1945 and 1977–2015, but a negative effect in 1946–1976. Winter temperature was significant in all periods, switching from a positive effect in the first two periods, to a negative effect after 1977. Winter precipitation had a negative effect in 1901–1945. In 1901–1945 growth was positively affected by previous summer temperature and August precipitation, but negatively affected by previous September and spring temperature. In 1946–1976, summer temperature positively affected growth, whereas, in 1977–2015 spring temperature positively affected growth.


TABLE 2. Final linear-mixed effects models after model selection, relating tree ring-width index with eight climate variables.
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For western hemlock, all significant predictive effects were during the growing season. In 1901–1945 summer temperature had a positive effect (Table 2). Western hemlock was negatively affected by previous summer temperatures in 1946–1976 and 1977–2015, but positively affected by current spring temperatures in both periods. There was a positive effect of previous September temperature in 1977–2015. Climate predicted the greatest variation in western hemlock growth in the most recent time period (1977–2015, R2 = 0.173).

Variation in Sitka spruce growth was affected by both winter and growing season conditions, although in all time periods climate predicted limited variation in growth (R2 = 0.013–0.038) (Table 2). Sitka spruce growth was negatively affected by previous summer temperature in 1901–1945 and 1977–2015 but was positively affected by current summer temperature in 1946–1976. August precipitation affected growth positively in 1901–1945 but negatively in 1977–2015. Growth was affected positively by winter precipitation in 1946–1976 and winter temperature in 1977–2015.




DISCUSSION


Climate and Tree Growth Responses Differed Among Pacific Decadal Oscillation Phases

We found that the climate and climate-growth responses of the three co-occurring tree species differed significantly between PDO phases. As hypothesized, we found that maximum monthly temperatures were significantly warmer during positive phases, with the greatest warming in the winter months of the most recent positive phase (1977–2015). Warmer winter temperatures in this most recent period led to an earlier start to the growing season and may have altered the rain-to-snow threshold and underlying hydrology of the forest (Buma et al., 2017). There were a greater number of significant differences in monthly temperature between PDO phases than monthly precipitation, indicating that PDO phase had a greater effect on site temperature than precipitation.

Multi-decadal frequency variation was present in all three species chronologies, suggesting the influence of the PDO. This pattern was strongest for yellow-cedar, less consistent for western hemlock and noticeably absent for Sitka spruce during the twentieth century, suggesting the PDO had a lesser effect on growth variation. Consistent with this, as the climate differed between PDO phases, so too did the strength and direction of climate-growth correlations from which we inferred facilitating and limiting influences of temperature and precipitation on tree growth (Chavardès et al., 2013; Comeau et al., 2019). Both yellow-cedar and western hemlock were strongly facilitated by growing season temperature, while Sitka spruce had weak relations with climate across all phases. We also found that both monthly and seasonal variables could predict variation in species growth among the three phases. The modeled response of residual ring-width index values to growing season and winter climate generally agreed with the correlation analysis, although yellow-cedar responded more strongly to winter temperature. In our models, climate explained only a small proportion of year-to-year variance in ring-width indices for each species, despite the significant correlations of yellow-cedar and western hemlock with climate. Similarly, Campbell et al. (2021) also found low growth variance explained by climate in Pacific coastal forests containing yellow-cedar and western hemlock. The low explanatory power of our chosen climate variables may have been due to the temperate, ocean-moderated climate or relatively strong influences of local site conditions or gap dynamics inherent to old growth forests. Nevertheless, our study presents novel findings on how the three species growing in the same old-growth forest have responded to climatic variation over the past century and provides insights into how they may respond to future changes in climate if the trees continue to respond in similar ways as they have in the past.



Growing Season Temperatures Facilitate Yellow-Cedar and Western Hemlock Growth

As tree species in high-latitude forests are commonly temperature-limited, we hypothesized that growth would be more positively correlated with and facilitated by temperature during positive phases of the PDO. We found yellow-cedar and western hemlock growth to be strongly facilitated by warmer growing season maximum temperatures, particularly following the transition to a positive PDO phase after 1977. This indicates that growth is being released from a temperature limitation as the regional climate warms, following a similar “greening” response to forests across the circumpolar north (Lloyd and Bunn, 2007). These findings are consistent with positive correlations between temperature and growth of healthy yellow-cedars (Beier et al., 2008; Wiles et al., 2012; Comeau et al., 2019) and western hemlock (Rudnicki and Chen, 2000). The predictive effect of current summer temperature on yellow-cedar and western hemlock growth was less significant than current spring temperatures. Unlike other forests at similar latitudes but in continental climates (Lloyd and Bunn, 2007), climate of our study forest is moderated by the Pacific Ocean and annual rainfall is high. Trees are unlikely to be limited by low soil moisture availability during future growing seasons; therefore, yellow-cedar and western hemlock will likely continue to benefit from warming growing season temperatures.

Sitka spruce exhibited the fastest growth of the three species during the twentieth century, with wide ring widths that were weakly correlated with growing season climate across all PDO phases. Sitka spruce growth was more complacent, with lower mean sensitivity and less multi-decadal variation across the study period than yellow-cedar and western hemlock. The Sitka spruce chronology included the youngest sampled trees, on average, with almost half of the trees younger than 200 years old. Including young, fast growing trees in the chronology could explain the wide average ring-widths in the nineteenth and twentieth century; we found no evidence that the growth rates of older trees increased in response to warming climate. This finding is consistent with research showing that younger, smaller trees are less responsive to climate than older, larger trees (Szeicz and MacDonald, 1994; Carrer and Urbinati, 2004; Trouillier et al., 2019). Sitka spruce growth is limited by low soil moisture during the growing season, low winter temperature (Läänelaid and Helama, 2019) and short growing seasons at upper elevations (Stephen, 1967). In contrast, the mild, wet climate and mid-elevational position of our study site, explains the lack of significant correlations and predictive effects of growing season and winter climate on growth. Considering the weak associations between climate and growth over the twentieth century, Sitka spruce is least likely to be facilitated or limited by future increases in growing season temperature at our study site on Haida Gwaii.



Relations With Winter Conditions Are an Early Warning of Yellow-Cedar Decline

As hypothesized, yellow-cedar was strongly correlated with and responsive to winter temperature and precipitation during the positive phases of the PDO, as the species is sensitive to warmer winters and snow loss (Hennon et al., 2012; Buma et al., 2017). Contrasting the positive effects of warming growing seasons, yellow-cedar was limited by warm dry winter conditions during the most recent period. This is evidence of the emerging stress to yellow-cedars in recent decades and is consistent with the thaw-freeze hypothesis from Alaska (Hennon et al., 2012). Dividing the time period of analysis based on major switches in the PDO revealed the complex nature of yellow-cedar decline, where the PDO interacts with overarching climate warming. In the earliest time period, spanning the neutral/positive phase, increased radial growth was predicted by warmer drier winter conditions, suggesting yellow-cedar did not benefit from increased moisture over the winter and did not risk thaw-freeze damage with increased winter temperatures. During the cooler negative PDO phase growth was facilitated by warmer wetter January conditions. This follows many other tree species that have exhibited increasing growth over the twentieth century in response to warmer temperatures, leading to longer growing seasons (Driscoll et al., 2005; Wilmking and Juday, 2005; Lloyd et al., 2011), with earlier snowmelt and increased rain-on-snow events (Buma et al., 2017). From 1977 to 2015, when late-winter temperatures were significantly warmer than previous time periods, this relationship switched and growth was limited by low January precipitation and facilitated by higher January precipitation, possibly contributing to a more persistent snowpack insulating yellow-cedars roots from freezing damage. The shallow fine-roots of yellow-cedar rely on a persistent over-winter snowpack for protection from thaw-freeze events (D’Amore and Hennon, 2006; Schaberg et al., 2008). In addition, the models revealed that growth became negatively associated with warmer winter temperature in the 1977–2015 period, which can lead to increased thaw-freeze events as temperatures hover near freezing (Hennon et al., 2012; Buma et al., 2017). This concurs with research from Alaska and Haida Gwaii where warm dry winter conditions have been found to be limiting to yellow-cedar in declining stands (Beier et al., 2008; Wiles et al., 2012; Comeau et al., 2019) and is an early warning sign that these old-growth yellow-cedars are vulnerable to decline.

The negative response of yellow-cedar to warmer winter temperatures from 1977 to 2015 did not appear in the other two species, providing evidence that yellow-cedar is uniquely vulnerable to warming winter climate. Yellow-cedar roots are less cold-tolerant, de-harden earlier, and occupy a shallower soil depth compared to those of western hemlock and Sitka spruce (Schaberg et al., 2005, 2011). However, the relatively high elevation, closed canopy, and well-drained soils of the forest we studied likely buffered yellow-cedar trees from severe damage by thaw-freeze events in the twentieth century. Snowpack is more persistent and melts later in the spring at high elevations, so the yellow-cedar trees studied growing at mid-elevation (c. 400 masl) on Haida Gwaii were better protected from frost damage than forests closer to sea level (Buma et al., 2017; Comeau et al., 2021), with poorly drained soils (Comeau et al., 2019), where much of the decline on Haida Gwaii has been found.

The sensitivity of yellow-cedar to warm dry winters in recent decades is consistent with other studies showing increased vulnerability to late-winter thaw-freeze events in declining forests (Beier et al., 2008; Comeau et al., 2019, 2021). However, this study is the first to detect this response in an apparently healthy old-growth forest, in which no trees showed visual signs of decline, such as discolored foliage and thinning crowns. When comparing variation in individual ring-width indices from 1900 to 2015, we found some yellow-cedar suffered intermittent growth reductions after 1950 that may be consistent with thaw-freeze events and provide an additional early warning sign of decline (Cailleret et al., 2017; Comeau et al., 2021). We recommend careful monitoring of forest health to determine if canopy dieback or tree mortality of yellow-cedar results in future as winter climate continues to warm.




CONCLUSION

Our research revealed new evidence of yellow-cedar vulnerability to decline, embedded in the rings of trees growing in a seemingly healthy, productive coastal temperate rainforest. Dendrochronology is a valuable tool that can be used to understand how tree growth has responded to past changes in climate. In our novel study, we compared the climate-growth response of three species co-occurring in an old-growth forest on Haida Gwaii. We found Sitka spruce had weak climate-growth responses throughout the twentieth century, with little change in the facilitating and limiting effects of climate following shifts in PDO phase. In contrast, western hemlock and yellow-cedar growth responded strongly to multi-decadal climate variation associated with the PDO and were similarly facilitated by warm growing season temperature after 1946. Yellow-cedar was uniquely limited by warm winter temperatures that reduced snowpacks since 1977, a growth pattern that provides an early warning of species-specific tree susceptibility to decline.
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standard deviation (mm); rbar = inter-series correlation; MS = mean sensitivity; EPS Y/Avg. = year when the expressed population signal passed 0.85 (no value indicates
that the EPS did not pass and stay above 0.85)/the average EPS from 19017 to 2015. rbar, MS and EPS Y/Avg. were calculated using the residual ring-width index

chronologies.
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