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Abstract:



Many forest ecosystems with a large pine component in the western United States have experienced environmental stress associated with climate change and increased competition with forest densification in the absence of fire. Information on how changes in climate and competition affect carbon allocation to tree growth and defense is needed to anticipate changes to tree vigor and, ultimately, stand structure. This study retrospectively examined the influence of annual climate and competition measures on the growth and defense of 113 large sugar pines (Pinus lambertiana) in a mixed-conifer forest of the central Sierra Nevada of California. We found that growth in large sugar pine was positively associated with higher January temperatures and lower intraspecific competition. Resin duct size was negatively associated with climatic water deficit and total competition, while resin duct area contrastingly showed a positive relationship with total competition. From 1979 to 2012, the rates of growth increased, while resin duct size decreased. Our results suggest that tree vigor measures can respond differently to climate and competition factors that may lead to separate growth and defense trends over time. Stress associated with warmer temperatures and higher competition may distinctly influence individual tree and stand-level vigor with potential implications for future forest dynamics.
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1. Introduction


The old-growth forests of the western U.S. that historically experienced low- to moderate-severity fire are undergoing changes in climate and competition that may affect carbon allocation to growth and defense in trees. The persistent legacy of fire exclusion practices has substantially increased the stand density in many of these forests [1,2,3], which can cause greater competition for water and other resources [4]. These conditions are potentially exacerbated by a warming climate [5] that can further limit water resources and increase tree stress [6]. The combination of these changes in climate and competition can substantially affect tree vigor by impacting tree growth and resin defenses [7,8] and contribute to observed increases in background tree mortality rates [9,10], large-scale tree die-off events [11], and the decline of large diameter trees [12,13].



Large trees provide many valuable ecological functions and ecosystem services but are generally rare across most landscapes as a result of past logging practices [14,15]. While large trees typically have a competitive advantage, these trees can still be vulnerable to environmental stress and higher mortality [12,13,15]. Additionally, large trees could be threatened by bark beetle activity, which has increased in a warmer drier climate coupled with denser forests [16,17]. Understanding the effects of how climate and competition changes growth and defense allocation can provide important information about large tree vigor responses to environmental stress with potential implications on forest dynamics.



There are multiple theoretical frameworks for communicating the trade-off between allocating carbon to growth or defense in trees with varying resource availability [18]. The growth-differentiation balance hypothesis states that trees experiencing stressors that limit growth but not photosynthesis will allocate more carbon to secondary compounds (e.g., oleoresin) and structures (e.g., resin ducts) [19,20]. The resource availability hypothesis expands on the growth-differentiation balance hypothesis by stating that slower growing trees will allocate more to constitutive (i.e., continually produced) defenses when the cost of replacing tissues is high, while faster growing trees will allocate more to inducible (i.e., produced in reaction to stress) defenses [21]. These hypotheses posit that reduced resource availability from elevated temperatures and increased competition may reduce growth and potentially shift carbon allocation patterns to defense. Alternatively, warmer and earlier growing seasons could promote conditions that activate photosynthesis earlier, allowing for greater carbon prioritization to growth.



Tree growth and resin duct defenses provide a functional assessment of tree vigor that can be retrospectively assessed using dendrochronology methods. Measures of radial growth reflect the ability of a tree to acquire resources and allocate carbon to growth. Numerous studies have linked reduced radial growth and changes in growth patterns to increased mortality in many tree species [22,23,24,25]. Resin ducts are the network of conduits that produce and deliver oleoresins that chemically impair, isolate, and expel insects and pathogens [26]. Greater allocation to resin ducts has been positively correlated with increased resin flow [27] and decreased probability of tree mortality [8,28,29,30].



Changes in climate and competition can have different effects on carbon allocation to tree growth and defense. Studies have demonstrated that tree growth in lower elevation forests is often negatively correlated with increasing temperatures, while growth in higher elevation forests is often positively correlated with increasing temperatures [31,32]. Greater competition has been shown to limit growth for many species [33,34,35], but these relationships can vary depending on tree species [36]. The role of climate and competition on resin duct defenses has generally been less well studied, though some have found more allocation to resin ducts with higher precipitation and temperature [30,37,38,39].



This study examined growth and defense relationships with climate and competition in large sugar pine (Pinus lambertiana) in an old-growth, mixed-conifer forest of the central Sierra Nevada. Much of California has experienced increasing temperatures over the last few decades, punctuated by an extended and severe drought [40]. Additionally, a century of fire exclusion has allowed shade tolerant species such as white fir (Abies concolor) and incense cedar (Calocedrus decurrens) to establish, resulting in denser stands with greater competition than historical conditions [3,9,41]. Cumulatively, these conditions have likely contributed to the observed decline in sugar pine populations [42] and threaten the persistence of large individuals. Here, we took a retrospective approach using common dendrochronological methods to analyze the influence of climate and competition on sugar pine growth and defense at an annual resolution. The primary objectives of this study were to: (1) develop growth and defense models that explore the relative importance of climate and competition and (2) examine the trends in growth and defense over the past 50 years. The results of this study highlight the potential drivers of carbon allocation to growth and defense, improving our understanding of how the combined stressors of a warming climate and increased competition affect large sugar pine vigor.




2. Materials and Methods


2.1. Study Area


This study was conducted within the Stanislaus-Tuolumne Experimental Forest (STEF; 38°10′22″ N, 120°00′00″ W; Figure 1) on the western slope of the Sierra Nevada near Pinecrest, California, with the study unit ranging between 1793 m and 1967 m in elevation. The old-growth, mixed-conifer forest community was primarily comprised of white fir, sugar pine, incense cedar, ponderosa pine (P. ponderosa), Jeffrey pine (P. jeffreyi), and black oak (Quercus kelloggii). The climate was characterized as Mediterranean, with warm, dry summers and cold, wet winters. During the time period examined by our study, air temperature ranged from −25 to 35 °C with an annual average of 8.6 °C, and annual precipitation ranged from 364 mm to 2202 mm (annual average of 1146 mm; [43]), which fell as either rain or snow during the winter months. During exceptional winters, snow accumulations up to 3 m deep can result in a shortened growing season from mid-May to the end of September. The soils were loam to gravelly loam of the Wintoner-Inville families complex, formed primarily from granite, contributing to high site productivity [3]. In Fall 2012, a thinning treatment was applied to approximately 80% of the study area, leaving 20% as untreated controls. The treatment retained larger diameter trees and removed mostly small diameter white firs and incense cedars that had established in the understory in the absence of fire. The historical fire regime of the STEF had a median return interval of six years, but the stand had not experienced a fire since 1889 [3].


Figure 1. Map showing the location of the Stanislaus-Tuolumne Experimental Forest within the range of sugar pine.
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2.2. Data Collection


Eighty mature live sugar pine with a diameter at breast height (DBH; approx. 1.37 m above the ground) greater than 50 cm were randomly selected within a section of the experimental forest that covered approximately 55 ha. An additional 33 live large sugar pine were included from a separate mortality study within the same study area that selected trees by pairing dead sugar pine with the nearest live sugar pine of the same or similar size [44]. The final data set for this study thus included a total of 113 live trees. For all sampled sugar pine, we recorded DBH (cm) and bark thickness (cm) and extracted one large diameter (12 mm) core to measure the annual growth and resin duct defense for each tree. The bark thickness (cm) was estimated by finding the cambium inside the hole from the extracted core, using the increment borer spoon to demark the length to the outside of the bark, and measuring the distance using digital calipers [45].



To measure the tree competition surrounding each focal sugar pine, a series of nested plots were established with the subject tree as the plot center. We included all competitor trees taller than breast height within 5 m of plot center, all trees with a DBH > 5 cm within 10 m, and large diameter trees with a DBH > 50 cm within 20 m. For each competitor tree, we recorded the species, DBH, basal diameter, status (live, dead, cut in 2012), distance, and azimuth to subject tree. For all standing dead trees we recorded the decay class, which was modified from a previous study [46] to only include categories for snags. Since some competitor trees were cut prior to the study within previously thinned units, we measured the basal diameter approximately 5 cm above the ground on any cut stumps and estimated DBH based on the basal diameter-to-DBH relationships established from uncut trees at the site (Appendix A). A total of 586 uncut competitor trees (10% of all measured competitor trees) were cored to the pith (tree center) at breast height using a small diameter (5 mm) increment borer for the purpose of retrospectively estimating the annual basal area increments of competitors at different time steps.




2.3. Growth and Defense Measures


All tree cores were mounted and progressively sanded with 80- to 600-grit sand paper, then scanned to create a high resolution (1200 dpi) image. Annual ring boundaries were assigned, and the total ring width (mm year−1) was measured from the scanned images using WinDendro [47]. All cores were visually crossdated and COFECHA [48] was used to assess potential errors in assigning years to annual rings. The series for all live subject sugar pines (n = 113) had an intercorrelation of 0.552 and a mean sensitivity (i.e., variability in ring width) of 0.177.



Sugar pine growth was calculated as the basal area increment (BAI, cm2 year−1):
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(1)




where BAIt was the growth for year t, R was the outer radius, and r was the inner radius. This equation assumed that the annual ring width was constant and geometrically circular throughout the radial growth of a given year. The BAI was used as a standardization method to account for age- or size-related growth trends while still maintaining suppression or release events that may be due to changes in climate or competition [49,50]. Sugar pine defense was estimated through measurements of vertical resin ducts within each annual growth ring (Figure 2). The resin ducts were identified from high resolution images of each core and measured using the program ImageJ [51]. For each annual growth increment, we measured the mean resin duct area (size, mm2 year−1) and the sum of the resin duct areas (total area, mm2 year−1).


Figure 2. A high-resolution photo of a sugar pine increment core with vertical resin ducts.
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2.4. Climate and Competition


Climate data were acquired from the Parameter-Elevation Regression on Independent Slopes Model (PRISM) [43]. PRISM uses an algorithm based on a network of instrumental observations and digital elevation models to produce site-specific values of precipitation and temperature. Monthly total precipitation (mm) and monthly temperature (mean, maximum, and minimum; °C) were extracted from PRISM for our study site. To examine relative dryness, we estimated the annual climatic water deficit using the water balance model [52]. Climatic water deficit estimates water availability and has been shown to be a biologically important measure of water stress in the Sierra Nevada [32,53,54].



To estimate changes in competition over time, we retrospectively reconstructed competition by estimating the diameter inside bark (DIB, measured at breast height) for every individual competitor tree going back to 1964 (50 years before sampling). Since a portion of the study site was thinned in 2012 prior to our sampling, we measured the basal diameter for all uncut live trees and built site-specific regression models for each species to estimate the DBH for all cut competition trees (Appendix A). Site and species-specific bark equations were then constructed to estimate bark thickness and calculate the diameter inside bark for all competitor trees that were not cored (Appendix A). The last year of growth for standing dead competitor trees was estimated by constructing species-specific equations based on the relationship between the last year of growth in the cored samples and the associated decay class (Appendix B). We could not extract viable cores from most dead trees that had fallen. The absence of these dead and decayed trees may have resulted in a slight underestimation of competition during the earlier years of the time period analyzed. Once the diameter inside bark was estimated for all competitor trees, mean ring widths were then progressively subtracted to estimate the DIB for each year. The mean ring width for each year was measured by species and tree size using the 586 collected competition cores. Since growth rate can vary based on tree size, we tested for significant differences among mean annual growth for three to five size classes per species. The mean ring width only differed by size class for white fir; thus we used separate growth estimates for white firs in three DBH classes (less than 23 cm; 23–48 cm; greater than 48 cm).



Competition was calculated using the distance-dependent Hegyi index (Equation (2); [55]), which has been well correlated to tree growth in other studies [36,56] and was among the top performing competition indices in a comparative study [33]. The Hegyi index was calculated using the following equation:


[image: there is no content]



(2)




where Ct is competition during year t, DIBit was the subject tree diameter in year t, DIBjt was the competitor tree diameter in year t, Dij was the distance from the subject tree i to the competitor tree j, and n was the number of competitors. The estimations for competition were also subdivided to estimate interspecific competition (i.e., non-sugar pine competitors), intraspecific competition (i.e., sugar pine competitors), and total competition.




2.5. Statistical Analysis


The final dataset included annual measurements for growth, defense, climate, and competition between 1964 and 2012. We chose to analyze this time frame to capture sufficient annual climate variation, while limiting the underestimation of competition due to the unaccounted mortality of competition trees from earlier years. All statistical analyses were performed in the program R [57].



The climate variables used for model development were selected by examining the relationship of seasonal (e.g., winter, summer, wet, dry, and annual) and monthly climate variables (temperature, precipitation, climatic water deficit) with growth and defense measures using the statistical package Treeclim [58]. The package calculates bootstrapped estimates of the Pearson’s correlation coefficient (r) to detect high-resolution climatic signals in tree rings. Climate variables with significant relationships were then included in candidate growth and defense models.



We determined the response of large sugar pine growth and defense to changes in climate and competition using generalized linear mixed modeling (GLMM) with the lme4 package [59]. This statistical approach was appropriate given the non-normal distribution of the sugar pine growth and defense data and the nested structure of the annual measurements within each subject tree. Basal area increment was the response variable for all growth models. The response variables for defense models included resin duct size and total resin duct area. All growth and defense models included a log link function in the gamma distribution family to accommodate the non-normal and positively skewed distribution of the response data. Gamma regression has been successfully used in previous tree growth modeling studies in temperate forests [22,57] and longleaf pine resin duct defense models [38]. The previous year’s growth (previous BAI) was included as a covariate in the growth models to account for temporal autocorrelation, and current BAI was included in the resin duct models because of its high correlations with growth. We considered individual subject trees as a random effect in the model to account for variation in growth and defense among trees. The first models included predictor variables of climate only and competition only to determine separate relationships with growth and defense. We then tested models that combined climate, competition, and interactions between predictor variables. For full models with both climate and competition predictors, we analyzed 31 models for basal area increment, 28 models for resin duct size, and 31 models for resin duct total area.



Akaike’s information criterion (AIC) was used for model selection, with substantial differences in model fit indicated by a change in AIC values greater than two [60]. To avoid issues of multicollinearity, highly correlated predictor variables were not included in the same model and were verified based on a variance inflation factor (VIF) less than 10 [60]. For growth and defense, we report the top model and all models within two AIC of the top model. Additionally, to understand the relative importance of climate and competition in predicting growth and defense, we report the top climate only model, the top competition only model, and a null model based on random effects and covariates that excluded climate and competition. For each top model reported, we provide an estimate of the model accuracy and precision by calculating the root mean squared error (RMSE) and the coefficient of determination (R2) for the relationship between the predicted values and the actual values of growth and defense. The relative importance of climate and competition was assessed by calculating the standardized coefficients for each variable based on the fitted GLMM using the following equation:
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(3)




where βs1 is the standardized coefficient for variable 1, β1 is the unstandardized coefficient estimate for variable 1, s1 is the standard deviation for variable 1, and sy is the standard deviation for the response variable.



We examined the trends (i.e., changes over time) in mean annual growth and defense and the measures of climate between 1964 and 2012. Competition estimates had higher uncertainty further back in time and were excluded from this analysis. Annual averages of growth and defense were calculated from all 113 subject trees, and the trends were analyzed using piecewise regression in R with the segmented package to account for the possibility of multiple linear relationships [61]. Piecewise regression uses a maximum likelihood and bootstrapping approach to determine whether the relationship being examined contains breakpoints that significantly improve the linear model. Climate trends were analyzed using linear regression, and we only reported significant relationships for climate variables included in the top growth and defense models.





3. Results


3.1. Growth Models


Models of large sugar pine growth that included annual measures of climate and competition performed better than models based on climate or competition alone (Table 1). The top model for growth included the January temperature of the current year, the total wet season precipitation (previous October–current April), the interaction of the January temperature and the wet season precipitation, interspecific competition, and intraspecific competition (Table 2). Growth was most strongly associated with intraspecific competition (β = −0.0062) and the January temperature (β = 0.0049). Trees with more intraspecific competition grew slower, while warmer January temperatures resulted in faster growth. However, the inclusion of the wet season precipitation and January temperature interaction term (β = −0.0025) indicated that the relationship between the January temperature and growth was weakened during years with higher wet season precipitation (Figure 3A).


Figure 3. The relationship of basal area increment (BAI) with (A) the January temperature and (B) intraspecific competition for all subject sugar pines across all years. The interaction of temperature and precipitation is represented in panel A by showing the relationship between the January temperature and BAI when wet season precipitation was the highest (dashed) and the lowest (solid). Trend lines are based on the top model for BAI and are shown to visualize the relationship for single predictors by including the mean for all other predictors.
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Table 1. Generalized linear mixed model results for growth (basal area increment) in large sugar pines. There were no additional models within two Akaike’s information criterion (AIC) of the top model.







	
Growth Models

	
K

	
AIC

	
Δ AIC

	
AIC wt

	
LL

	
R2

	
RMSE






	
Jan temp + Wet precip + Jan temp × Wet precip + Inter comp + Intra comp

	
9

	
39,546.03

	
0.00

	
1.00

	
−19,764.01

	
0.81

	
10.05




	
Jan temp × Wet precip (climate only)

	
7

	
39,632.84

	
86.81

	
0.00

	
−19,809.42

	
0.80

	
10.24




	
Inter comp + Intra comp (competition only)

	
6

	
40,111.22

	
565.19

	
0.00

	
−20,049.61

	
0.78

	
10.90




	
Previous BAI + 1|Tree (null model)

	
4

	
40,188.05

	
642.02

	
0.00

	
−20,090.02

	
0.77

	
11.05








Note: The predictor variables include the January temperature of the current year (Jan temp), total wet season precipitation (Wet precip), the interaction of temperature and precipitation (Jan temp × Wet precip), interspecific competition (Inter comp), and intraspecific competition (Intra comp). All models include the null model of previous basal area increment (Previous BAI) as a covariate and a tree with a random intercept (1|Tree). K is the number of parameters, AIC is Akaike’s information criterion, Δ AIC is the difference from the top model, AIC wt is the weight of each model, LL is the log likelihood, R2 is based on the relationship between the predicted and actual values of BAI, and RMSE is the root mean squared error.








Table 2. Summary of the top generalized linear mixed model with the lowest AIC for sugar pine growth (basal area increment). The standardized coefficient provides an estimate for the relative importance of each variable, wherein values further from 0 are more associated with changes in BAI.







	
Fixed Effects

	
Coefficient Estimate

	
Standard Error

	
p-Value

	
Standardized Coefficient

	
VIF






	
Intercept

	
3.17104

	
0.05400

	
<0.0001

	
0

	
-




	
Jan temp

	
0.06490

	
0.00237

	
<0.0001

	
0.0049

	
1.7526




	
Wet precip

	
0.00016

	
0.00001

	
<0.0001

	
0.0027

	
1.0334




	
Jan temp × Wet precip

	
−0.00003

	
0.00001

	
<0.0001

	
−0.0025

	
1.7100




	
Inter comp

	
−0.17792

	
0.02989

	
<0.0001

	
−0.0040

	
1.0865




	
Intra comp

	
−0.44539

	
0.07492

	
<0.0001

	
−0.0062

	
1.0859




	
Previous BAI

	
0.12532

	
0.00028

	
<0.0001

	
0.0123

	
1.0875








Note: The predictor variables include the January temperature of the current year (Jan temp), total wet season precipitation (Wet precip), the interaction of temperature and precipitation (Jan temp ×Wet precip), interspecific competition (Inter comp), intraspecific competition (Intra comp), and previous basal area increment (Previous BAI) as a covariate. VIF is the variance inflation factor.









3.2. Defense Models


The best performing models for large sugar pine defense consistently included measures of both climate and competition (Table 3). Models with measures of climate only or competition only had substantially higher AIC values (>2) when compared to full models that incorporated both variable categories. Climate measures relating to water availability (e.g., climatic water deficit) had a better association with resin duct defenses than did measures of temperature. In addition, defense was more strongly associated with total competition as opposed to subdividing competition into interspecific and intraspecific competition.



Table 3. Generalized linear mixed models for sugar pine defense (resin duct size and total area). The reported model results include the top models (Δ AIC < 2), the top climate only model, the top competition only model, and the null model (i.e., no climate or competition variables included).







	
Defense Models

	
K

	
AIC

	
Δ AIC

	
AIC wt

	
LL

	
R2

	
RMSE






	
Resin duct size

	

	

	

	

	

	

	




	
Wet temp + Wet precip + CWD + Total comp

	
8

	
−24,252.96

	
0.00

	
0.21

	
12,134.48

	
0.6574

	
0.0223




	
Wet precip + CWD + Total comp

	
7

	
−24,252.91

	
0.05

	
0.21

	
12,133.46

	
0.6573

	
0.0224




	
Wet precip + CWD + Total comp + Wet precip × Total comp

	
8

	
−24,252.11

	
0.85

	
0.14

	
12,134.05

	
0.6572

	
0.0224




	
Wet precip + CWD + Inter comp

	
7

	
−24,251.52

	
1.44

	
0.10

	
12,132.76

	
0.6573

	
0.0224




	
Wet temp + Wet precip + CWD + Inter comp + Intra comp

	
9

	
−24,251.47

	
1.49

	
0.10

	
12,134.74

	
0.6570

	
0.0224




	
Wet precip + CWD + Total comp + Total comp × Wet temp

	
8

	
−24,251.34

	
1.63

	
0.09

	
12,133.67

	
0.6573

	
0.0224




	
Wet precip + CWD + Inter comp + Intra comp

	
8

	
−24,251.16

	
1.80

	
0.09

	
12,133.58

	
0.6572

	
0.0224




	
Wet temp + CWD (climate only)

	
6

	
−24,250.04

	
2.92

	
0.05

	
12,131.02

	
0.6569

	
0.0224




	
Total comp (competition only)

	
5

	
−24,208.96

	
44.00

	
0.00

	
12,109.48

	
0.6537

	
0.0225




	
BAI + (1|Tree) (null model)

	
4

	
−24,202.93

	
50.03

	
0.00

	
12,105.46

	
0.6535

	
0.0225




	
Resin duct total area

	

	

	

	

	

	

	




	
Wet temp + Apr precip + Total comp + CWD × Total comp

	
8

	
−3811.91

	
0.00

	
0.50

	
1913.95

	
0.5400

	
0.2104




	
Wet temp + Apr precip + CWD + Total comp

	
8

	
−3810.90

	
1.01

	
0.30

	
1913.45

	
0.5398

	
0.2105




	
Wet Temp + Apr precip + CWD +Total comp + Apr precip × Total comp

	
9

	
−3809.98

	
1.92

	
0.19

	
1913.99

	
0.5399

	
0.2105




	
Wet temp + Apr precip + CWD (climate only)

	
7

	
−3789.07

	
22.84

	
0.00

	
1901.54

	
0.5423

	
0.2099




	
Total comp (competition only)

	
5

	
−3753.81

	
58.10

	
0.00

	
1881.90

	
0.5307

	
0.2125




	
BAI + (1|Tree) (null model)

	
4

	
−3740.18

	
71.73

	
0.00

	
1874.09

	
0.5330

	
0.2119








Note: The predictor variables include average wet season temperature (Wet temp), total wet season precipitation (Wet precip), total April precipitation (April precip), climatic water deficit (CWD), total competition (Total comp), interspecific competition (Inter comp), and intraspecific competition (Intra comp). K is the number of parameters, Δ AIC is the difference from the top model, AIC wt is the weight of each model, LL is the log likelihood, R2 is based on the relationship between the predicted and actual values of defense, and RMSE is the root mean squared error. 








The top model for resin duct size included climatic water deficit, total wet season precipitation (previous October–current April), and total competition (R2 = 0.66, RMSE = 0.0223; Table 4). Based on the standardized coefficient estimates, resin duct size had the strongest association with total competition (β = −0.8634), followed by climatic water deficit (β = −0.3502). Both of these relationships were negative, wherein smaller resin duct size was associated with higher competition and higher climatic water deficit (Figure 4).


Figure 4. The relationships between resin duct size and the two strongest predictors: (A) climatic water deficit and (B) total competition for all subject sugar pines across all years. The trend line in each panel is based on the top model for resin duct size and visualizes the relationship for single predictors by including the mean for all other predictors. Resin duct size was smaller when climatic water deficit and total competition were higher.
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Table 4. The top generalized linear mixed model for (top) resin duct size and (bottom) area. The standardized coefficient provides an estimate for the relative importance of each variable, wherein values further from 0 are more associated with changes in BAI.







	
Fixed Effects

	
Coefficient Estimate

	
Standard Error

	
p-Value

	
Standardized Coefficient

	
VIF






	
Resin duct size

	

	

	

	

	




	
Intercept

	
−2.27145

	
0.04628

	
<0.0001

	
0

	
-




	
Wet temp

	
−0.00486

	
0.00338

	
0.1510

	
−0.1387

	
1.5892




	
Wet precip

	
0.00002

	
0.00001

	
0.0627

	
0.1699

	
1.3971




	
CWD

	
−0.00016

	
0.00005

	
0.0003

	
−0.3502

	
1.5948




	
Total comp

	
−0.04754

	
0.02344

	
0.0426

	
−0.8634

	
1.0822




	
BAI

	
0.00101

	
0.00025

	
<0.0001

	
0.6601

	
1.1421




	
Resin duct total area

	

	

	

	

	




	
Intercept

	
−1.85128

	
0.07785

	
<0.0001

	
0

	
-




	
Wet temp

	
−0.03198

	
0.00827

	
0.0001

	
−0.1118

	
1.4014




	
Apr precip

	
0.00033

	
0.00006

	
0.0003

	
0.0893

	
1.0648




	
Total comp

	
0.27487

	
0.04720

	
<0.0001

	
0.6109

	
1.2393




	
CWD × Total comp

	
−0.00019

	
0.00061

	
<0.0001

	
−0.1393

	
1.5328




	
BAI

	
0.01193

	
0.00007

	
0.0110

	
0.8750

	
1.0875








Note: the predictor variables include the average wet season temperature (Wet temp), total wet season precipitation (Wet precip), total April precipitation (April precip), climatic water deficit (CWD), total competition (Total comp), and current basal area increment (BAI) as a covariate. VIF is the variance inflation factor.








Resin duct total area was most strongly associated with climatic water deficit, precipitation, total competition, and the interaction of climatic water deficit with total competition (R2 = 0.54, RMSE = 0.2108; Table 4). Resin duct total area had the strongest relationship with total competition (β = 0.6109), where resin duct total area increased with total competition. The interaction between total competition and climatic water deficit was also a significant factor in the top model for resin duct total area. A higher climatic water deficit was associated with a weakening of the relationship between total competition and resin duct total area (Figure 5).


Figure 5. The relationship between resin duct total area and total competition for all subject sugar pines across all years. The interaction of total competition and climatic water deficit (CWD) is represented by showing the relationship between resin duct total area and the total competition when CWD was the lowest (dashed) and the highest (solid). Trend lines are based on the top resin duct total area model to visualize the relationship for single predictors by including the mean for all other predictors.
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3.3. Temporal Trends


During the time period analyzed (1964–2012), there were significant trends in large sugar pine growth and defense (Figure 6). The growth trend was best estimated in two segments with a break point at 1979 (R2 = 0.37). BAI decreased from 1964 to 1978 by 0.71 cm2 year−1 (p = 0.0153) and increased from 1979 to 2012 by 0.44 cm2 year−1 (p < 0.0001). The lowest average BAI occurred in 1977 (23.71 cm2), and the highest average BAI occurred in 2012 (61.99 cm2). The resin duct size decreased over the full time period examined (R2 = 0.17, p = 0.0022). The resin duct total area did not show a significant trend, and the annual values remained relatively consistent throughout the time period analyzed. The measures of climate also showed significant changes during the study time period, including increases in the wet season temperature (R2 = 0.3810, p < 0.0001), January temperature (R2 = 0.2801, p < 0.0001), and climatic water deficit (R2 = 0.3048, p = 0.0001).


Figure 6. Changes in (A) basal area increment and (B) resin duct size from 1964 to 2012. The basal area increment increased by 0.17 cm2 year−1 (p = 0.0076, R2 = 0.14) from 1978 to 2012, and the resin duct size decreased by 0.0001 mm2 year−1 (p = 0.0022, R2 = 0.17) during the full study time period. The dashed line represents the trend, and the shaded area is the 95% confidence interval.
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4. Discussion


The sugar pine growth and defense (resin duct size and total area) models were improved when both climate and competition variables were included, but the measures of climate and competition and the direction of these relationships differed. Climate and competition relationships with growth have been well established [34,35,36], but their influence on defense structures has received markedly less attention [37,38]. Our results suggest that annual carbon allocation to defense structures is not fixed and that both climate and competition influence resin duct characteristics even when incorporating changes in growth. Consistently, we found that growth and defense were more strongly associated with competition than climate variables. Growth and resin duct size had contrasting relationships with measures of competition, wherein growth was negatively related to intraspecific competition and the resin duct total area was positively related to total competition.



We also observed that the trends of growth and defense over the past 50 years differed, highlighting that these measures of vigor are responding differently to changes in climate. Increasing temperature and climatic water deficit likely have contrasting impacts on growth, and increasing competition could favor carbon allocation to defense but had differing impacts on resin duct characteristics (e.g., size and total area). Below, we place our findings in context with previous research and discuss future implications for sugar pines with potential insight into other species.



4.1. Growth Relationships with Climate and Competition


Sugar pine growth was associated with the climate variables of January temperature and wet season precipitation, though January temperature was more strongly associated with growth. The relationship between warmer January temperatures and higher growth suggests that sugar pines at our study site may be limited more by colder winter temperatures (i.e., limited by growing season) than by precipitation, at least for the years considered in this study. Growth that is limited by cold more than moisture has been found in high elevation conifers in California [62]. However, this result was surprising considering that the elevation of the study site was 1700 m. Previous studies have suggested that the transition from low elevation, water-limited forests to high elevation, energy-limited forests occurs between 2000 and 2600 m in the southern Sierra Nevada [31,32].



Large sugar pine growth in our study was associated with intraspecific competition more than with total or interspecific competition, which is consistent with previous findings for the growth of sugar pine and other conifers [36]. The influence of intraspecific competition may reflect that older sugar pine can be stronger competitors than younger shade-tolerant species such as white fir and incense cedar [36]. The large sugar pine at our study site commonly occurred in clusters and were taller than most surrounding trees, likely resulting in greater intraspecific competition for light. Interspecific competition may have been less important because of the higher abundance of smaller incense cedar and white fir that likely did not compete as directly with large diameter sugar pines for aboveground and belowground resources.




4.2. Defense Relationships with Climate and Competition


The variation in large sugar pine resin duct defense in our study was partially associated with climate factors. In particular, the relationship of defense measures with total wet season precipitation and climatic water deficit suggests that years with lower snowpack in the Sierra Nevada may limit large sugar pine carbon allocation to defense. Years with lower wet season temperatures and greater water stress may lead to less carbon allocation to resin ducts. Warmer temperatures have been associated with earlier spring snowmelt [63], and reduced snowpack development along with earlier snowmelt can contribute to lower soil moisture and drier conditions [64]. The relationship between climate and resin duct defense characteristics has been observed in both ponderosa pine and longleaf pine (P. palustris); however, the strength of the relationships and variables of importance were not consistent with our findings. One study in Montana found that ponderosa pine resin duct total area was greater when temperatures were warmer and precipitation was higher during the month of July [30], while another study examining longleaf pine in Florida found that resin duct total area was lower following a dry winter and did not show a significant relationship with temperature [38]. These differences indicate that the relationship between resin duct defense and climate likely varies depending on the species and the climatic regions examined. Recent research has observed substantial variation in defense characteristics in pines across sites of differing climate [65] and along elevational gradients [66], but more direct examination with climate across these scales is needed.



Notably, this is the first study we know of that examined the relationship between resin duct defense and competition. We found that higher total competition was associated with smaller resin ducts but resulted in greater total resin duct area. Increases in resin duct total area with competition are consistent with the growth-differentiation balance hypothesis [20]. Specifically, competition-induced reductions in growth potentially allowed more carbohydrates to be allocated to resin ducts. The growth-differentiation balance hypothesis predicts that when environmental factors (e.g., water or nutrients) limit growth more than photosynthesis, carbon is directed towards the secondary metabolism, including defense. However, we also observed a reduction in resin duct size with more competition, which is counter to expectations of the growth-differentiation balance hypothesis. Despite more carbon allocation to resin duct defenses, specific resin duct characteristics (e.g., size and total area) may respond differently when the secondary metabolism is prioritized, although more research is needed. Conversely, trees with higher competition may limit resources sufficiently to reduce carbon allocation to both growth and defense. These conflicting results highlight the difficulty of directly examining the growth-differentiation balance hypothesis [67]. We only examined xylem resin duct structures in our study, which represents a small subset of the defense characteristics of the whole tree (e.g., oleoresin, resin ducts in the branches and needles).



A more competitive environment that results in more resin duct total area suggests a potential induced response that may be similar to the induced response to disturbances (e.g., fire and pathogens) [30,68]. However, an increase in the total resin duct area and a decrease in resin duct size may confer different effects on tree defensibility through resin production and delivery. More resin duct area may result in a larger reservoir of resin available to pitch out invading pests [27], but small resin ducts may also result in reduced resin flow (i.e., rate of resin delivered). Following Poiseuille’s law, decreases in resin duct size should decrease resin flow by the fourth power [69]. This increase in resistance to resin flow may partially explain observations of decreased resin flow with greater competition [70] but requires more direct examination.




4.3. Recent Trends and Future Implications


The differing long-term trends in the growth and defense of large sugar pines over the past 50 years were associated with concurrent increases in temperature and climate water deficit. Growth was clearly partitioned into two trends, a negative trend punctuated by a severe drought in 1977 and a positive trend since the late 1970s. This shift in growth pattern may partially reflect shifts in climate teleconnections such as the Pacific Decadal Oscillation (PDO), which had a phase shift from warm to cool during the late 1970’s [71]. However, the persistent increase in growth also coincided with rapid temperature increases in the Sierra Nevada during the same period [72]. The temporal pattern of resin duct size differed from growth and consisted of a more subtle but persistent decrease over the time period examined. This trend suggests that resin duct size was likely more responsive to increased competition over time.



Climate projections indicate that increased temperature and climatic water deficit will likely continue [5] and, based on our findings, may result in increased growth and decreased resin duct size in large sugar pines. However, the positive relationship between growth and temperature may eventually reach a threshold at which rising temperatures will contribute to sufficient drought stress that begins to limit growth. Our data did not indicate that such a threshold between temperature and growth had been reached during the past 50 years. Temperature-growth relationship thresholds have not been established for sugar pines but have been observed in conifers at high latitudes and elevations [73,74].



Climate changes can also affect bark beetle outbreaks and the ability of large sugar pines to defend against attack. Warmer winter temperatures have been linked to higher bark beetle populations, leading to an increase in the occurrence of outbreaks [16,17]. Climatic water deficit is projected to increase by as much as 23% by 2050 due to climate change-induced warming [54], which may result in smaller resin ducts that may further reduce defense against bark beetle attack. This and other potential climate changes could have a compounding effect on bark beetle-related mortality for sugar pines by creating favorable conditions for bark beetle outbreaks and weakened resin duct defenses.



In forests where fire exclusion continues to persist, competition could have a contrasting influence on resin duct defense, wherein resin duct size decreases but resin duct total area increases through the production of a higher density of smaller resin ducts [8,27]. In other words, there could be more resin available with higher resin duct total area but reduced resin flow due to increased resistance in resin flow independent of direct impacts to resin production [27]. However, if higher tree densities persists due to continued fire exclusion, some large sugar pines may experience reduced competition due to increased mortality rates (e.g., density dependent mortality, bark beetle attacks, and drought) [42], leading to fewer resin ducts that cover less area but are larger in size.



The impacts of climate and competition on large sugar pine growth and defense have potential implications for tree mortality. Slow growth and other patterns often indicate a higher probability of mortality [23,24,25,75]. In some cases, resin duct variables are better predictors of mortality than growth [8,29]. Trees with smaller resin ducts and less total resin duct area have been associated with greater probability of mortality [28,30]. Conversely, our observations of decreased resin duct size over time may indicate greater mortality risk. Regardless, continued increases in climatic water deficit may cause growth and defense to reach a threshold that could contribute to increases in large sugar pine mortality.



This study highlights that large sugar pine growth and defense had contrasting relationships with climate and competition, suggesting that measures of tree vigor may have differing responses to future changes. Competitive stress related to fire exclusion could result in the allocation of more carbon to resin duct defenses but could decrease the size of resin ducts, reducing resin flow. While the effects of climate and competition on tree vigor are complex, our research provides a better understanding on the factors related to large sugar pine vigor with potential implications for forest health modeling and forest management treatments (e.g., thinning and burning).
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Table A2. Species equations to estimate the last year of growth in dead competitor trees from decay class and diameter at breast height (DBH) from dead trees sampled at the Stanislaus-Tuolumne Experimental Forest. All equations were constructed using linear regression.







	

	
Last Year of Growth (year)




	
Species

	
n

	
Equation

	
R²






	
White fir (Abies concolor)

	
19

	
Year = 2013.37395 − 3.01157 × (decay class) + 0.05148 × (DBH)

	
0.67




	
Incense cedar (Calocedrus decurrens)

	
20

	
Year = 2016.96708 − 5.24412 × (decay class) + 0.09327 × (DBH)

	
0.62




	
Sugar pine (Pinus lambertiana)

	
13

	
Year = 2012.73560 − 3.76571 × (decay class) + 0.02657 × (DBH)

	
0.76
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