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ABSTRACT 

Climatic drivers of growth in mixed conifer forests of the Sierra Nevada for different tree 
sizes and thinning treatments 

Andrew Hirsch 

The Mediterranean region of northern California is projected to get increasingly warmer 
under all Intergovernmental Panel on Climate Change (IPCC) emission scenarios, with future 
precipitation projections not showing much of a trend. This poses a problem to the already dry 
summers that are experienced in the Mediterranean region of California. If precipitation does not 
increase alongside temperatures, the dry seasons will likely only get drier. The use of 
dendroclimatology to assess how mixed conifer species in the Sierra Nevada responded to past 
climate is a key resource that can be used to infer how trees may respond to a future changing 
climate. In this study, I assessed and compared responses of small, medium, and large 
diameter mixed conifer species to different climate variables (temperature, precipitation, and 
climate moisture index (CMI)). One of the most coherent responses from all diameter groups 
and across all species was the positive response to increasing minimum winter temperatures. 
All diameter groups and species also responded positively to precipitation and CMI at some 
point in the analysis period. Perhaps the most notable difference when comparing the three 
diameter groups to climate was the higher occurrence of negative responses to temperature of 
the previous year from the largest diameter group—as well as the higher number of negative 
responses to temperature in general. These results suggest that larger trees may be more 
sensitive to future climate projections compared to smaller trees, and they may carry those 
effects into the next year. 

 Due to the multiple ecosystem benefits that these iconic large, old growth trees provide, 
forest managers are applying radial thinning treatments around these legacy trees to improve 
their vigor and reduce mortality. However, there is limited information on the effectiveness of 
these treatments. One objective of this current study was to analyze sub-hourly stem 
fluctuations of legacy ponderosa and sugar pines in multiple different radius thinning treatments 
to assess the short-term effects of these treatments. Thinning treatments applied were: R30C0 
(9.1 m radius), R30C2 (9.1 m radius leaving 2 competitors), and RD1.2 (radius equaling DBH 
multiplied by 1 ft/in multiplied by 1.25). The other objective of this study was to assess climatic 
drivers of hourly stem fluctuations. Using the dendrometeR package in the program R, I 
gathered daily statistics (i.e. daily amplitude) of the stem fluctuations, as well as stem cycle 
statistics such as duration and magnitude of contraction, expansion, and stem radial increment. 
I then performed correlation analyses between those statistics and the environmental variables 
to assess the climatic drivers of stem fluctuations as well as try to determine which radial 
thinning treatment was most effective at increasing growth and vigor. The findings from this 
study highlighted the important role that mean solar radiation, air temperature, and relative 
humidity play in stem variations of sugar and ponderosa pine. One of the main findings from a 
management perspective was that RD1.2 was the only treatment group for sugar pine that 
contracted less on warmer, higher solar radiation days and put on more stem radial increment 
on higher solar radiation days. For ponderosa pine, treatment RD1.2 also contracted less on 
warmer, higher solar radiation days. These findings suggest that the extended radius RD1.2 
treatment may be the most effective at releasing legacy sugar and ponderosa pine trees 
compared to the other treatments applied.



iii

Acknowledgements 

I would first like to thank my advisor, Dr. Steve Chhin, for your guidance throughout this 

process. Your expertise and input has improved my work immensely. It was a pleasure working 

for you these past two years as you always provided positive feedback and helped to further my 

understanding of any topic that arose during this research. Thank you to the Forest Service for 

providing funding and making this research possible (Joint Venture Agreement # 14-JV-

11272139-016). Thank you, Dr. Jianwei Zhang, for providing data and assistance with tracking 

down additional resources that made analysis more thorough. Thank you, Dr. Jamie Schuler, for 

teaching me crucial silvicultural knowledge throughout the years. This knowledge has helped 

me provide a more thoughtful analysis for this research and will be essential for my forestry 

career. 

Thank you, Eric Yetter, for your help throughout my dendrochronological analysis. You 

were always willing to provide feedback and assistance while working together in the lab, and it 

did not go unnoticed. I would also like to thank John Holden for your help with collecting data for 

the Chhin Lab. Thank you to Dr. Michael Premer, Christal Johnson, Iris Allen, and all the field 

assistants for collecting the field samples and data that was used for this research. I would also 

like to thank all of the forestry professors at West Virginia University for helping build my 

knowledge throughout my time here. Lastly, I would like to thank my partner, Joellen Stivala, 

and all of my family and friends for their support and advice throughout the years. Without 

everyone mentioned here, this research would not have been possible.   



iv 

Table of Contents 

ABSTRACT…… ........................................................................................................................II 

Acknowledgements .............................................................................................................. III 

List of Tables ………………………………………………………………………………………………………………………..VI 

List of Figures ..................................................................................................................... VII 

Chapter 1: Forest Conditions and Current Management Approaches in Northern Sierra 
Nevada, California ................................................................................................................. 1 

1.1 Introduction ........................................................................................................................1 

1.2 Ecology of Sierra Nevada .....................................................................................................2 

1.3 Fire Suppression Impacts and Implications ...........................................................................3 

1.4 Climate Change Implications ................................................................................................5 

1.5 Management Effects/Implications .......................................................................................6 

1.6 Thesis Structure ..................................................................................................................9 

1.7 Conclusions .........................................................................................................................9 

1.8 References ........................................................................................................................ 11 

Chapter 2: Dendroclimatic analysis of Sierra Nevada mixed conifer species: comparison of 
growth responses to climate variables between small, medium, and large trees ................... 16 

2.1 Introduction ...................................................................................................................... 16 

2.2 Methods ........................................................................................................................... 20 
     2.2.1 Study Site ................................................................................................................................................ 20 
     2.2.2 Site Selection & Field Methods ............................................................................................................... 21 
     2.2.3 Laboratory Methods & Dendrochronological Analysis .......................................................................... 22 
     2.2.4 Dendroclimatic Analysis ......................................................................................................................... 23 

2.3 Results .............................................................................................................................. 24 
     2.3.1 Stand Characteristics and Chronology Statistics .................................................................................... 24 
     2.3.2 Growth Responses to Temperature........................................................................................................ 25 
     2.3.3 Growth Responses to Precipitation and CMI ......................................................................................... 27 

2.4 Discussion ......................................................................................................................... 29 
     2.4.1 Growth Responses to Climate Variables ................................................................................................ 29 

2.5 Conclusions ....................................................................................................................... 33 

2.6 Appendix .......................................................................................................................... 35 

2.7 References ........................................................................................................................ 42 

Chapter 3: Daily and stem cycle analysis of Pinus ponderosa and Pinus lambertiana: Radial 
release effects and climatic drivers of stem radial fluctuations ............................................. 46 

3.1 Introduction ...................................................................................................................... 46 

3.2 Methods ........................................................................................................................... 48 



     3.2.1 Study Site ................................................................................................................................................ 48 
     3.2.2 Site Selection & Field Methods ............................................................................................................... 49 
     3.2.3 Analysis Methods ................................................................................................................................... 51 

3.3 Results .............................................................................................................................. 55 
     3.3.1 Climate Data........................................................................................................................................... 55 
     3.3.2 Growth Variable Correlations ................................................................................................................ 55 
     3.3.3 Daily Approach ....................................................................................................................................... 56 
     3.3.4 Stem Cycle Approach .............................................................................................................................. 56 

3.4 Discussion ......................................................................................................................... 59 
     3.4.1 Growth Variables.................................................................................................................................... 59 
     3.4.2 Daily Approach ....................................................................................................................................... 60 
     3.4.3 Stem Cycle Approach .............................................................................................................................. 62 

3.5 Conclusions ....................................................................................................................... 65 

3.6 Appendix .......................................................................................................................... 67 

3.7 References ........................................................................................................................ 75 

Chapter 4: General Conclusions ........................................................................................ 79 

v



List of Tables 

Table 2.1 Average basal area and quadratic mean diameter of the four main species studied 
and for all species combined. The “All” column total for basal area is slightly higher 
than the sum of the four main species due to small amounts of Jeffrey pine (Pinus 
jeffreyi) and/or red fir (Abies magnifica) in the sample plots. ...................................... 36 

Table 2.2 Statistics for the standardized tree ring chronologies for each species and DBH 
group. ........................................................................................................................... 36 

Table 3.1 Summary table of trees that were measured with dendrometers. PIPO = Pinus 
ponderosa (ponderosa pine) and PILA = Pinus lambertiana (sugar pine). The control 
treatment category did not have any radial thinning done; R30C0 had a constant 
radial thinning radius of 9.1 m regardless of DBH; R30C2 had the same treatment as 
R30C0 but two competitor trees were left within the 9.1 m radius; lastly, the RD1.2 
treatment radius was determined by multiplying the DBH in inches by 12 by 1.25 to 
get a radius (in feet) that was dependent on the DBH. ............................................... 68 

Table 3.2 General descriptive statistics of the combined species-treatment groups. The mean 
plot radius for the control treatments is just for the measurement plots since there 
were no radial thinning treatments applied to them. The other mean plot radii were 
the actual mean radii of the radial thinning treatments applied. ................................. 68 

Table 3.3 Significant correlations between growth variables. The underscore and number 
indicate a given phase (1 = contraction, 2 = expansion, 3 = radial increment). 
Magnitude is the absolute value of the difference between the highest and lowest 
normalized stem growth for a given phase, whereas duration is how long that phase 
lasted. Values considered significant if after 1000 bootstrapped correlations the 95% 
confidence interval did not include zero. Light grey indicates a significant positive 
correlation between the variables whereas the black color indicates a significant 
negative correlation (mean correlation noted in cells with significant correlations). 
Hyphens (-) are noted in cells where comparisons were not made or to avoid 
duplicate correlations. .................................................................................................. 69 

Table 3.4 Daily approach analysis. Significant correlation values after running 1000 
bootstrapped correlations for each variable. Light grey indicates a significant positive 
correlation with daily amplitude and a given climate variable for that species-treatment 
group. Black color indicates a significant negative correlation. If there is a significant 
correlation, the mean correlation value is indicated within the cell. ............................ 70 

Table 3.5 Stem cycle approach analysis. Significant correlation values after running 1000 
bootstrapped correlations for each variable. Light grey indicates a significant positive 
correlation between the variables for that species-treatment group. Black color 
indicates a significant negative correlation. Mean correlation noted in cells with 
significant correlations. ................................................................................................ 71 

vi



vii 

List of Figures 

Figure 2.1 Map of study area; located in the southern portion of Lassen National Forest in 
northern California, southwest of Lake Almanor. Plots are indicated as black dots on 
the main map. Map courtesy of Johnson et al. (2017).  ............................................. 37 

Figure 2.2 Standardized chronologies for the time frame of the dendroclimatological analysis 
(1969-2014). ABCO = Abies concolor, CADE = Calocedrus decurrens, PILA = Pinus 
lambertiana, PIPO = Pinus ponderosa. G1 = Diameter Group 1 (20.32 to < 40.64 
cm, small size), G2 = Diameter Group 2 (40.64 to < 60.96 cm, medium size), G3 = 
Diameter Group 3 (> 60.96 cm, large size). PIPO_G2 is not included because its 
Expressed Population Signal (EPS) value was too low for dendroclimatological 
analysis. ..................................................................................................................... 38 

Figure 2.3 Species standardized chronologies with all DBH Groups combined for the time frame 
of the dendroclimatological analysis (1969-2014). ..................................................... 39 

Figure 2.4 Statistically significant (p < 0.05) growth responses to maximum temperature, 
minimum temperature, and mean temperature by species and diameter group and 
for each species as a whole (i.e., with all diameter groups combined). Darker 
coloring indicates a negative correlation with growth, while the lighter coloring 
indicates a positive correlation with growth. Numbers indicate the order of 
importance for that relationship, with 1 being the most important (according to the 
standardized partial regression coefficients). Explanatory climate variables 
expressed either for a monthly period or a 3-month seasonal period.  NS = no 
significant variables in the model................................................................................ 40 

Figure 2.5 Statistically significant (p < 0.05) growth responses to precipitation and climate 
moisture index by species and diameter size group and for each species as a whole 
(i.e. with all diameter groups combined). Darker coloring indicates a negative 
correlation with growth, while the lighter coloring indicates a positive correlation with 
growth. Numbers indicate the order of importance for that relationship, with 1 being 
the most important (according to the standardized partial regression coefficients). 
Explanatory climate variables expressed either for a monthly period or a 3-month 
seasonal period. .......................................................................................................... 41 

Figure 3.1 Map of study area—located in the southern portion of Lassen National Forest in 
northern California, just southwest of Lake Almanor. Focal trees (plot centers) are 
indicated as black dots on the main map. Trees measured with dendrometers are 
randomly dispersed throughout the study area plots. Map courtesy of Johnson et al. 
(2017). ......................................................................................................................... 72 

Figure 3.2 Example output of the actual dendrometer data stem cyclic phases for an individual 
sugar pine tree, 126R30 (A), and for a portion of the normalized dendrometer data 
showing stem cyclic phases of the PILA_R30C0 treatment group (B). Yellow 
indicates contraction (phase 1), orange indicates expansion (phase 2), and red 
indicates stem radial increment (phase 3). Stem radial increment occurs when the 
stem expands further than the previous maximum. ................................................... 73 

Figure 3.3 Chester RAWs weather station for the measurement period. Data shown here is 
from the time of the first dendrometer measurement to the last dendrometer 
measurement. ............................................................................................................. 74 



 
 
1 
 

Chapter 1: Forest Conditions and Current Management Approaches in Northern 
Sierra Nevada, California 
 
 
1.1 Introduction 

Human impacts such as fire suppression and inappropriate logging have led to a change in 

forest composition and structure to more shade-tolerant trees such as Abies concolor (white fir) 

and Calocedrus decurrens (incense cedar) in the Sierra Nevada region (Miller and Urban 2000; 

Taylor 2000; Smith et al. 2005; Beaty and Taylor 2008; Moghaddas et al. 2008). The forest 

understory was historically less dense, lacking the ladder fuels that are present today (Smith et 

al. 2005; Collins et al. 2011). Because of this increase in density and therefore increase in 

shading of the forest floor, shade-tolerant trees such as white fir and incense cedar can now 

outcompete the more shade-intolerant trees that have previously been a major component of 

these ecosystems. Presence of ladder fuels causes a more continuous supply of fuel which then 

promotes the movement of surface fire from the forest floor up into the canopy—turning what 

could have been a surface fire into a crown fire. These dense thickets of ladder fuels and 

increased stand densities leads to an increased risk of stand-replacing wildfires (Miller and 

Urban 2000; Stephens and Collins 2004; Schmidt et al. 2008; Van de Water and North 2010; 

Johnson et al. 2014). 

Canopy cover affects the likelihood of crown fires to spread across the landscape as well as 

the ability for shade-tolerant/intolerant species to regenerate in the understories (Schmidt et al 

2008). Therefore, canopy cover can be manipulated to decrease the spread of crown fires. It 

can also be manipulated to allow more light to favor the ingrowth of more shade-intolerant 

species that have grown in these forests in the period of pre-fire suppression. Also, canopy 

cover can affect decomposition rates because of the role it plays in the microclimate of the 

forest floor such as with moisture levels and temperature levels (Kim et al. 1996; Stephens and 

Moghaddas 2005). All of these factors highlight the value of utilizing thinning treatments to 

mitigate issues brought about by fire suppression. 
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1.2 Ecology of Sierra Nevada 

The historical fire regimes in much of the western United States are described as low 

intensity surface fires that burn approximately every 4 to 25 years (Graham at al. 2004). The 

dramatic shift/halt in historic fire regimes as a result of previous fire suppression has led to the 

increase in fuel loads across landscapes and therefore the increase in susceptibility of our 

forests to fires of high intensity and severity (Graham et al. 2004; Stephens and Collins 2004; 

Johnson et al. 2014; Knapp et al. 2017). This poses a significant risk to our current forests as 

well as the communities of people surrounding those forests. 

Common tree species found in these mixed-conifer forests of the Sierra Nevada are Pinus 

ponderosa (Ponderosa pine), Pinus lambertiana (sugar pine), Abies concolor (white fir), 

Calocedrus decurrens (incense-cedar), Pseudotsuga menziesii (Douglas-fir), and Quercus 

kelloggii (California black oak) (Stephens 1998; Stephens and Collins 2004; Moghaddas and 

Stephens 2008). Since the first four species mentioned are researched in the subsequent 

chapters, additional information discussed will be regarding those species. Ponderosa pine is 

shade intolerant and has a wide range throughout the western United States and parts of 

Canada and Mexico, with the highest concentration in the United States being in California 

(Graham and Jain 2005). Ponderosa pine can be found growing in both moist and dry 

conditions and is known for its ability to survive low severity wildfires (Graham and Jain 2005). It 

also has thick bark that protects it from fire and germinates from seed which aids in 

regeneration after fire (Pawlikowski et al. 2019). In the Sierra Nevada, ponderosa pine puts on 

radial growth from mid-April to early September, and puts on half of its yearly radial growth in 47 

days during the period of its highest growth rate (Fowells 1941). Sugar pine grows throughout 

much of the Pacific northwest, most notably in the Klamath and Siskiyou mountains and on 

western slopes of the Sierra Nevada and Cascade Range (Habeck 1992). Sugar pine has 

intermediate shade tolerance and is commonly found on multiple different sites ranging from 

moist, steep, north- and east-facing slopes to more mesic, south-facing slopes (Habeck 1992). 
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Sugar pine puts on radial growth from mid-April to late August, and puts on half of its yearly 

radial growth in 46 days during the period of its highest growth rate (Fowells 1941). White fir is 

shade tolerant and, in California and surrounding states, can be found in multiple different 

growing conditions depending on its location and elevation (Zouhar 2001). White fir puts on 

radial growth from early May to mid-August, and completes half of its yearly radial growth within 

44 days during the period of its highest growth rate (Fowells 1941). Incense-cedar is also shade 

tolerant; it can grow on a range of sites from shaded stream courses to exposed slopes and 

grows well on hot, dry sites (Tollefson 2008). Incense-cedar is commonly found on xeric sites in 

mixed conifer forests of California (Tollefson 2008). Incense cedar puts on radial growth from 

mid-April to late August, and puts on half of its yearly radial growth within just 39 days during the 

period of its highest growth rate (Fowells 1941). It is important to highlight that the dates 

previously mentioned from Fowells (1941) are averages and can fluctuate depending on climate 

variations from year-to-year. Analysis of ponderosa pine at different elevations indicated that the 

start of radial growth also tended to be delayed further at higher elevations (Fowell 1941). In 

general, temperature has been attributed as one of the main environmental factors controlling 

the start of conifer growth in the Sierra Nevada, while water availability is the main factor 

controlling the ending of the growing season (Royce and Barbour 2001). Of the coniferous 

species mentioned, ponderosa and sugar pine are the most drought tolerant, followed by 

incense cedar and white fir (Barbour et al. 2007; Pile et al. 2019). 

 

1.3 Fire Suppression Impacts and Implications 

Significantly altered present forest conditions compared to the pre-fire suppression period is 

largely attributed to the lack of fire in these Sierra Nevada ecosystems, since fire is one of the 

key ecosystem processes in these forests (Collins et al. 2011). One key change is a higher tree 

density and canopy cover associated with unburned forests (Collins et al. 2011). High severity 

forest fire causes forest fragmentation, wildlife habitat loss, increased erosion and 
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sedimentation, altered post-fire seedling recruitment, changes in carbon sequestration, among 

many other ecosystem processes (Miller et al. 2009). A study in old-growth mixed-conifer 

forests of the southern Sierra Nevada suggests that pathogen- and insect-induced mortality is 

significantly higher in areas with high stand densities but is not higher for shade-tolerant species 

(such as white fir) (Smith et al. 2005). This suggests that increased stand densities can lead to 

changes in composition toward more shade-tolerant species not just from microclimatic factors 

but from pathogen- and insect-induced mortality as well. The study conducted by Smith et al. 

(2005) also suggested that there is an increase in old-tree mortality due to higher stand 

densities. Furthermore, Ritchie et al. (2008) observed an increase in old-tree mortality in 

unmanaged ponderosa pine stands of the Black Mountain experimental forest of northeastern 

California. Since snags are an important habitat for many wildlife species, it is important to also 

consider snag density changes due to fire suppression. Snag density has significantly increased 

since pre-fire suppression, while average snag size has significantly decreased (Knapp 2015). 

Though higher snag densities might sound better for wildlife, larger snags are preferred by 

many wildlife species—therefore, fire suppression has essentially lowered the number of 

suitable snag trees for wildlife habitat (Knapp 2015).  

The extent of high severity fires has notably increased since the 1980s for a large area of 

California and western Nevada (Miller et al. 2009). Mean and maximum fire size as well as the 

total area burned annually have all notably risen since the beginning of the 1980s and are now 

at or rising above values from those right before fire suppression became a national practice in 

the mid 1930s (Miller et al. 2009). On that same note, low vigor and increased stress due to 

competition for resources (i.e. from increased stand densities) has been linked to greater 

susceptibility to fire for many different tree species (Cocking et al. 2012).  

Forest composition change over 39 years (from 1954/1961 to 1996) was studied in an old-

growth mixed conifer forest in the northern Sierra Nevada and found that—over the last 39 

years—stand density increased 39% and stand basal area increased 15% (Ansley and Battles 
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1998). These changes were largely attributed to the canopy recruitment of white fir and 

continued growth and low mortality of Douglas-fir (Ansley and Battles 1998). These increased 

stand densities created lower light conditions that favored the encroachment of more shade-

tolerant species such as white fir. Encroachment of shade-tolerant species growing in the 

understory adds the component of ladder fuels into stands that historically had open 

understories. These ladder fuels now add the risk of understory fires being able to transition up 

into the crowns and create more intense and devastating fires (Schoennagel et al. 2004; 

Lyderson et al. 2013). 

 

1.4 Climate Change Implications 

Future climate was projected for the Sierra Nevada region by 11 GCMs (Global Climate 

Models) under two emission scenarios (SRES (Special Report on Emissions Scenario(s))): a 

higher emission scenario (A2) and a lower emission scenario (B1) (Maurer 2007). It was 

projected that, by 2071-2100, temperatures will rise by an average of 3.7C under A2 and 2.4C 

under B1, with July temperatures rising most by 5C for A2 and 3C for B1 (Maurer 2007). 

Annual precipitation cannot be projected as broadly as annual temperatures, however. Higher 

magnitudes of increases in winter precipitation and decreases in spring precipitation are 

projected under A2 than B1, though the annual average precipitation does not differ much 

between both scenarios (Maurer 2007).  

Climate change-related stress is a key component to consider when determining the 

resilience of certain species to changes in climate that can be associated with increased 

competition for resources. Climate change-related stressors such as decreased precipitation in 

the spring and increased temperature during the growing season may have differing effects on 

dominant trees compared to competitors such as shade-tolerant species like white fir. Johnson 

et al. (2017) found that poor growing conditions such as those previously mentioned tend to hurt 
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competitors more than dominant trees, while positive growing conditions tended to help 

competitors more than dominant trees. This finding suggests that dominant pine trees that have 

been historically present in these forests may be more resilient to climate change effects than 

the newly establishing shade-tolerant competitors such as white fir and incense cedar (Johnson 

et al. 2017). 

Changes in climate also have an impact on wildfire risk and behavior. When comparing fire 

risks under the A2 and B1 scenarios, the A2 scenario results in a greater increase in large fire 

probabilities (Westerling and Bryant 2008). Increases in fire risk for northern California were all 

positive and increasing with temperature, whereas the change in fire risk for southern California 

ranged from decreases of -29% to increases of 28%—which is attributed to differences in 

precipitation between the different emission scenarios (Westerling and Bryant 2008). It is 

important to note that—when comparing different global climate models and scenarios—there is 

much more uncertainty in precipitation changes than there is for temperature changes in 

California, making it difficult to assess fire risk changes due to climate change driven 

precipitation changes (Westerling and Bryant 2008). The Hadley Centre and Canadian GCMs, 

used to estimate fire season severity in the middle of the next century, suggested that changes 

in season severity ratings (SSR) across the United States increase from a range of 10-50% 

(Flannigan et al. 2000). In general, all of these findings imply that fire severity on the landscape 

in the United States will likely increase due to climate change. 

 

1.5 Management Effects/Implications 

Most of the management associated with addressing the fuel build up issues due to fire 

suppression deal with varying thinning treatments, mastication treatments, and prescribed burns 

(Moghaddas et al. 2008; Schmidt et al. 2008; Johnson et al. 2014). In a study comparing 

different management effects, harvest of all trees up to 14” diameter quickly restored multiple 

aspects of pre-fire suppression mixed conifer forest conditions (Miller and Urban 2000). In the 
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same study, prescribed fire resulted in similar changes if they were sufficiently severe (Miller 

and Urban 2000). This brings about the idea that canopy cover treatments paired with 

prescribed burn treatments may be an effective management method to restore these 

ecosystems to their historic conditions.  

Stands that have been altered due to fire suppression and inappropriate logging must also 

be managed to mitigate potential fire behavior from the increased stand densities and presence 

of ladder fuels, as well as the general buildup of fuels. Based on simulated fire behavior in the 

Southern Cascade Range of California, rate of spread, percent crown burned, heat released, 

and flame length were lowest for mechanical thin plus prescribed burn treatments, highest for 

just prescribed burn treatments, and intermediate for just mechanical thin treatments (Schmidt 

at al. 2008). This simulation suggests that mechanical thinning plus prescribed burn treatments 

would likely be most effective at minimizing high severity fire risks. 100-hour fuels (fuels 

between 1 and 3”) were higher in mechanical thin plus prescribed burn plots than in the 

controls, which was attributed to the prescribed burning not consuming all the 100-hour fuels 

added by the mechanical thinning treatment—even though whole tree removal was used 

(Schmidt et al. 2008). This brings up the idea that mastication may be necessary in both the 

ponderosa pine plantations as well as the mixed-conifer forests to best minimize fuel loading—

depending how thorough thinning treatments and brush clean ups are. Crown scorch, bole char, 

and tree mortality (after simulated fire) was found to be lower in stands that were thinned and 

burned compared to stands that were only thinned (Raymond and Peterson 2005; Ritchie et al. 

2007; Schmidt et al. 2008). In terms of area burned, the simulation determined that—overall—

prescribed burn treatments alone decrease the area burned the most compared to the control, 

followed by the mechanical thin plus prescribe burn and then mechanical thinning alone 

(Schmidt et al. 2008). This does not suggest that mechanical thin plus prescribed burn 

treatments are the most effective at minimizing the extent of a fire, but mechanical thinning is 
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needed to reduce the ladder fuels since prescribed burning alone may not be safe or able to 

reduce them—especially in areas with steep slopes. 

Since large, old growth trees (often referred to as legacy trees) provide multiple ecosystem 

benefits such as wildlife habitat, carbon sequestration, and structural diversity, new thinning 

treatments designed to thin a certain radius around these trees are starting to be implemented 

in an attempt to improve vigor and reduce their mortality (Hood et al. 2018). In a study done by 

Hood et al. (2018), they found that, for legacy Pinus ponderosa (ponderosa pine) and Pinus 

jeffreyi (Jeffrey pine), radial thinning treatments that removed every tree less than 10” dbh within 

the width of the legacy tree crowns were not sufficient enough to cause a substantial increase in 

basal area increment (BAI). This lack of increase in BAI was mainly attributed to the thinning 

area around the legacy trees being too small. They suggested that a larger thinning radius may 

increase legacy tree BAI more. However, there are other benefits to these thinning treatments in 

general than just increased growth. Thinning treatments may limit drought-induced mortality 

(Bradford and Bell 2017) and lower wildfire risk due to the creation of heterogenous canopy 

conditions (Hood et al. 2018; Fulé et al. 2012). Since bark beetles usually target weak/stressed 

trees, thinning treatments may even lower the likelihood of bark beetle attacks on these larger 

trees since the improved growing conditions created by freeing up resources via thinning would 

decrease their stress and likely make them less susceptible to bark beetle attacks (Bentz et al. 

2010; Fettig et al. 2007). Though current methods attempting to improve vigor of these legacy 

trees is to thin a certain radius around them (i.e. Hood et al. 2018), there is little information on 

the specific radius that is best to thin around these trees and their effectiveness in the Sierra 

Nevada region. This brings up the importance of applying and studying different radial thinning 

treatments to try and build a basis of proper thinning radii to use to release these legacy trees 

effectively.  
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1.6 Thesis Structure 

The objective of Chapter 2 is to perform a dendroclimatic analysis to examine the effect of 

past climate on northern Sierra Nevada tree species (white fir, sugar pine, ponderosa pine, and 

incense cedar) and compare the growth responses of three diameter size classes to multiple 

climatic variables. This chapter will help to further expand our understanding of how small, 

medium, and large-sized trees responded to previous climate, as well as how shade tolerant 

and intolerant trees responded differently. This may shed light on what climate variables are 

driving growth the most between tree sizes as well as between shade tolerances—therefore 

shedding light on how the increased shade tolerant species composition in the northern Sierra 

Nevada may be affected by climate change. 

Since there are a lack of studies in the northern Sierra Nevada which analyze the ideal 

radius for radial thinning treatments around legacy trees, one objective of Chapter 3 is to use 

dendrometer instruments to analyze sub-hourly stem fluctuations of ponderosa and sugar pines 

after multiple different radial thinning treatments to assess the short-term effects of these 

treatments. This will help to provide guidance earlier to managers as to what thinning radius, 

whether it be diameter-based or a fixed radius, may be best to use to improve tree health and 

vigor of the remaining legacy trees. The other objective of this study is to analyze the sub-hourly 

dendrometer data collected on the ponderosa and sugar pines within those varying radial 

thinning treatments to assess climatic drivers of hourly stem fluctuations. This will also provide 

managers with an idea as to how different radial thinning treatments can be used to affect the 

microclimates around the radially released legacy trees—as well as build our understanding of 

climate effects on daily stem variation in the northern Sierra Nevada region.  

 

1.7 Conclusions 

It is important that we mitigate these forest changes to protect our forests and people from 

experiencing larger and more frequent fires. This study will not only help to generate a basis for 
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proper radii of radial thinning treatments, but it will help to build our understanding of how 

climate variables affect tree growth in the Sierra Nevada. This knowledge can be used to infer 

how climate change will affect tree growth in the future, as well as how we can alter climate 

variables via radial thinning treatments to create more ideal growing conditions for the legacy 

trees in the northern Sierra Nevada region. 
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Chapter 2: Dendroclimatic analysis of Sierra Nevada mixed conifer species: 
comparison of growth responses to climate variables between small, medium, 
and large trees 
 
 
2.1 Introduction  

Climate change is expected to alter many different aspects of the current climate, with 

temperatures being one of the most notable changes especially in the Mediterranean region of 

northern California. It is expected that global surface temperatures will rise under all future 

climate change emission scenarios, otherwise called Representative Concentration Pathways 

(RCPs) (IPCC 2013). Relative Concentration Pathways are broken down by the IPCC into 

different intensity emission scenarios: RCP2.6 (lowest emission scenario), RCP4.5, RCP6.0, 

and RCP8.5 (highest emission scenario) (IPCC 2013). Relative to 1986-2005, temperatures will 

likely rise between 0.3°C and 0.7°C by the 2016-2035 time period. For the lowest emission 

RCP2.6 scenario, global surface temperatures are likely to rise an average of 1.0°C in both the 

2046-2065 and 2081-2100 time periods (IPCC 2013). In contrast—for the highest emission 

scenario (RCP8.5)—global surface temperatures are likely to rise even more with an average of 

2.0°C and 3.7°C in the 2046-2065 and 2081-2100 time periods, respectively (IPCC 2013). 

These temperature increases, paired with the lack of any distinct changes in precipitation 

patterns projected to occur in California in the future (Luers et al. 1990), may be harmful to the 

future health of California’s forests. In terms of precipitation changes, one climate model 

projects slightly wetter winters, while another projects slightly drier winters (Luers et al. 1990). A 

cascading effect on forest ecosystems reliant on spring moisture from snowpack melting may 

also occur due to earlier spring melting and general loss of snowpack likely to occur under all 

emission scenarios (Luers et al. 1990). On top of this possible domino effect from earlier 

snowmelt, if temperatures rise into the medium warming range, the risk of wildfires occurring in 

California could increase by as much as 55%—almost double that of the lower warming range 

(Luers et al. 1990). While there are many risks and concerns regarding a future changing 
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climate, mitigating these threats to our ecosystems requires analyzing and managing multiple 

facets of our natural resources—including analyzing previous effects of climate variables on tree 

growth. Doing so can provide insight on how trees may respond to these changes in the future, 

and how we can manage our forests to be best suited for future conditions.  

Previous research in northern California that looked at the growth responses of trees 

between 15 and 92 cm in DBH found, in general, winter precipitation (positive correlation) and 

summer temperatures (negative correlation) were the most important predictors of annual ring 

width variation for the six coniferous species studied (Pinus ponderosa, Pinus lambertiana, 

Pseudotsuga menziesii, Abies concolor, Abies magnifica, and Calocedrus decurrens) (Yeh and 

Wensel 2000). Another study, conducted in Plumas County in the northern Sierra Nevada 

region, looked at the same coniferous trees (except Abies magnifica) but only for DBHs greater 

than 76 cm (Bigelow et al. 2014). This study found that higher minimum winter temperatures 

(positive correlation) was one of the most important predictor variables followed by higher 

maximum summer temperatures (negative correlation) and log transformed precipitation of the 

current year or the year prior (positive correlation) (Bigelow et al. 2014). Interestingly, a study 

done in the Mediterranean climate region of Italy on Douglas-firs with an average DBH of 73 cm 

had similar findings in which growth was negatively correlated with maximum temperatures in 

July of the current year and October of the previous year (Castaldi et al. 2020). The Castaldi et 

al. (2020) study also had a similar finding to Bigelow et al. (2014) in which growth was positively 

correlated with winter temperatures of the current year of growth. Since the northern Sierra 

Nevada region of California is also in a Mediterranean climate, the results from the study done 

in Italy being similar to the results from the California studies may not be surprising. Research in 

other areas which compiled data from many temperate regions found that trees responded 

positively to increased summer temperatures (Way and Oren 2010), which is generally not the 

case for the Sierra Nevada and Mediterranean regions (Bigelow et al. 2014; Castaldi et al. 

2020; Yeh and Wensel 2000). This is likely because the summers in Mediterranean climates are 
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usually much drier with most of the yearly precipitation occurring in the winters (Bigelow et al. 

2014; Castaldi et al. 2020). Therefore, due to different climate patterns and tree species (among 

other factors), it is difficult to assert that growth responses in one climate can occur in another. 

It has been found that large and small trees may have different responses to climate 

variables, whether it be age dependent or size dependent (Mérian and Lebourgeois 2011; Vieira 

et al. 2009). Furthermore, younger trees may exhibit more erratic growth since they are usually 

being influenced by a higher number of environmental factors in the understory (Chhin et al. 

2008a; Copenheaver and Abrams 2003). Szeicz and MacDonald (1994) found that, in the 

western Northwest Territories, Canada, older Picea glauca (white spruce) responded negatively 

to previous summer temperatures while the younger trees did not. They attributed general 

differences in growth responses to physiological changes that occur as trees age, such as 

changes in root, shoot, and cambial growth patterns (Szeicz and MacDonald 1994). This 

change in growth patterns may be causing the larger trees to be more dependent and affected 

by previous years growing conditions. For example, large trees have a larger stem and root 

system than small trees (and therefore more tissue for storing nutrients) so they may be more 

negatively affected if previous summer conditions inhibit their ability to grow and store as much 

nutrients for the following year. In addition, respiration demands generally increase as trees age 

(West 2020), so higher temperatures would amplify those increased respiration demands—i.e. 

causing more photosynthate to be used for respiration and therefore less photosynthate for 

storage. An increased rate of respiration is expected in more exposed higher canopy leaves 

(Pallardy 2008), which older/larger trees would likely contain. This raises the question as to 

whether smaller trees will respond as strongly as larger trees do to the climate variables often 

looked at in dendroclimatology.  

Mérian and Lebourgeois (2011) found that, in the Mediterranean climate region of 

France, shade tolerant species (Abies alba and Fagus sylvatica) had a significantly different 

response to summer drought between small and large trees, with large trees being more 
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affected by summer drought periods. They attributed this occurrence to the possible increase in 

canopy heterogeneity in areas with more shade tolerant species. In other words, since shade 

tolerant species can persist better in low light, there may be larger gaps between the upper, 

large diameter, and lower, small diameter crowns—causing the smaller diameter trees to be 

protected more due to differences in microclimatic conditions such as buffered temperature 

variations (Mérian and Lebourgeois 2011). Vieira et al. (2009), a study which was also done in a 

Mediterranean climate (Portugal), found that earlywood (i.e. springwood) of young trees was 

more sensitive to climate influence while the older trees were more sensitive in the latewood 

(i.e. summerwood) portion of growth. Though these two studies found differences between 

small and large/young and old trees in Mediterranean climates, this type of direct comparison 

study is still yet to be conducted in the northern Sierra Nevada region of California.  

All of these studies mentioned were dendrochronology-based studies; more specifically, 

they were dendroclimatological studies. Dendrochronology is the method of assigning calendar 

years to specific tree rings by using crossdating techniques which help to identify and match up 

distinct patterns and similarities between two cores of the same tree and/or across multiple 

trees. Doing so better assures that counting errors as well as errors associated with missing and 

false rings do not occur (Yamaguchi 1991). Dendroclimatology is a subdiscipline of 

dendrochronology in which tree rings are compared with past climate to help determine how 

historic climate factors impacted growth. Dendroclimatology principles can also be expanded 

further to project how trees will respond to future climate projections based on how they 

responded historically (Chhin et al. 2008b). The use of these dendrochronology and 

dendroclimatology principles helps to build our understanding of tree responses to climate as 

well as how trees may respond to a future changing climate. Knowing how trees may respond to 

future climate can help to build better adaptive management plans that can try to account for 

those future changes. 
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The objective of this study is to examine the effect of climate on northern Sierra Nevada 

tree species (white fir, sugar pine, ponderosa pine, and incense cedar) and compare the growth 

responses of three diameter size classes to different climatic variables. Considering the findings 

of studies conducted in other Mediterranean climate regions, I hypothesize that 1) species in the 

largest diameter group will respond differently to climate variables than the smallest diameter 

group, especially for shade tolerant species and 2) large trees will show more lagged responses 

to growth due to their ability to store more food reserves than smaller trees. 

 

2.2 Methods 

2.2.1 Study Site 

 The study took place in the Lassen National Forest in the northern Sierra Nevada range 

of California at an average elevation of 1530 m (Figure 2.1). The Lassen National Forest is in 

the M261 Sierran Steppe—Mixed Forest—Coniferous Forest—Alpine Meadow Province 

ecoregion (Bailey 1994). This region of California is described as having warm, dry summers 

and cool, moist winters with most of the yearly precipitation generally happening in the winter 

(between October and March). Also, most precipitation happening at higher elevations in the 

winter comes in the form of snow and becomes an important resource for moisture as snow 

melts during the growing season (Yeh and Wensel 2000). The main soils found in this region 

are ultisols on mountain slopes with humid air, dry alfisols at lower elevations, and entisols in 

the narrow floodplains and alluvial fans of the valley (USDA Forest Service 1999). The most 

common tree species encountered were white fir (Abies concolor – ABCO), followed by sugar 

pine (Pinus lambertiana – PILA), ponderosa pine (Pinus ponderosa – PIPO), and incense cedar 

(Calocedrus decurrens – CADE). Ponderosa pine, sugar pine, and incense cedar all start their 

radial growth around mid-April and continue to put on radial growth for around 147, 129, and 

136 days, respectively (Fowells 1941). White fir starts radial growth slightly later around early 

May and continues to put on radial growth for around 108 days (Fowells 1941). Ponderosa pine 
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is the most shade intolerant, sugar pine has intermediate shade tolerance, incense cedar is 

shade tolerant, and white fir is the most shade tolerant of these species. The stands in the study 

area have an uneven-aged structure. In general, temperature has been attributed as one of the 

main environmental factors controlling the start of conifer growth in the Sierra Nevada, while 

water availability is the main factor controlling the ending of the growing season (Royce and 

Barbour 2001). 

 

2.2.2 Site Selection & Field Methods 

The study sites were selected based on them containing an old-growth pine which was 

defined as having a breast height diameter of at least 63.5 cm. A total of 40 plots were selected 

for the study; 25 of those plots had an old-growth sugar pine as the plot center and 15 plots had 

an old-growth ponderosa pine as the plot center. Within each of the measurement plots, the 

DBH and species of all trees were recorded. For every tree in the plot, a single core was taken 

at stump height (0.5 m) perpendicular to the direction of the slope to avoid compression wood 

(Speer 2010). For each of the “plot center” trees and their two key competitors, a second core 

was taken opposite the first core at the same height. It is important to note that Johnson et al. 

(2017) used the data and cores collected on the center and competitor trees to analyze how the 

growth of the center and competitor trees differed based on both the competition index and 

different climate variables. This current study is also using those cores from the center and 

competitor trees, but it is using the additional singular cores taken on all the other trees to 

analyze and compare growth responses to climate fluctuations between and within small (20.32 

to < 40.64 cm), medium (40.64 to < 60.96 cm), and large (greater than 60.96 cm) sized trees of 

the four species previously mentioned.  
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2.2.3 Laboratory Methods & Dendrochronological Analysis  

To analyze the growth responses to climate and compare between different species and 

diameter groups, cores were separated out by species and diameter at breast height (DBH) 

ranges into 12 distinct groups. Groups were first separated into the 4 main tree species: Abies 

concolor (ABCO), Calocedrus decurrens (CADE), Pinus lambertiana (PILA), and Pinus 

ponderosa (PIPO). The few Abies magnifica and Pinus jeffreyi that were encountered were 

grouped with Abies concolor and Pinus ponderosa, respectively. Groups were then further 

broken down by DBH, herein referred to as Diameter Groups. Diameter Group 1 (i.e., small 

diameter size) ranged from 20.32 to < 40.64 cm, Group 2 (i.e., medium diameter size) ranged 

from 40.64 to < 60.96 cm, and Group 3 (i.e., large diameter size) was anything greater than 

60.96 cm. Diameter Groups were created by referencing the thinning guidelines used for the 

project area, which specified to keep all healthy pines greater than 40.64 cm within the radial 

release treatments and to center the radial release treatments around the healthiest pine tree 

greater than 60.96 cm in each plot (John Zarlengo, USDA Forest Service, personal 

communication). These guidelines were established to prevent the harvesting of the healthy 

medium-sized trees as well as to apply the thinning treatments around the healthy larger pine 

trees. Using these two criteria (species and DBH), 12 distinct groups were created; for example, 

Abies concolor was separated out into ABCO_G1, ABCO_G2, and ABCO_G3, no matter what 

plot the cores were initially in (since all plots were in the same general area). 

Collected cores were dried in the lab and then mounted, sanded, and cross-dated using 

standard dendrochronological methods as in Speer (2010). Cross-dating was done by 

comparing and matching up ring width patterns (primarily narrow rings) using the list method for 

each species-diameter group (Yamaguchi 1991). Once visual cross-dating was done as 

accurately as possible, ring widths were measured in CooRecorder and then cross-dating 

accuracy was examined and further improved using program COFECHA (Holmes 1983). After 

cross-dating was finished, ring widths from every species-diameter group were then 
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standardized in ARSTAN using the same standardization technique when possible to remove 

any noise from competition and other non-climatic factors such as age-related growth declines. 

Ring widths for all trees within diameter Group 1 and Group 2 were standardized using a 

negative exponential distribution with autocorrelation removed. Group 3 trees (ABCO_G3, 

CADE_G3, and PILA_G3) were standardized using a negative exponential distribution while 

PIPO_G3 was standardized using an 80-year cubic smoothing spline. It is important to note that 

PIPO_G2 was not analyzed for growth responses to climate due to it having much lower than 

the ideal 0.85 Expressed Population Signal (EPS value) (Briffa and Jones 1990). This EPS 

value is the benchmark for chronology signal strength and the time frame having this EPS value 

is considered to have a reliably strong chronology signal. For the small and medium diameter 

groups, the EPS value threshold was lowered because these size classes likely exhibit a 

weaker stand-wide signal since they may be more influenced by microsite factors (Kosiba et al. 

2017). Since we are investigating growth-climate relationships and not trying to reconstruct past 

climate, this is an acceptable EPS value threshold for the smaller trees (Kosiba et al. 2017). 

Therefore, 11 of the 12 groups having an EPS value greater than 0.80 (and 0.85 for the large 

diameter group) were used for further analysis. 

 

2.2.4 Dendroclimatic Analysis 

To analyze growth responses to climate variables, long-term weather data for the 

geographic centroid of all plots (Lat 40.1900, Long -121.3110) were gathered from the PRISM 

Climate Group at Oregon State University (Daly et al. 2008) for the timeframe of the 

dendroclimatological analysis (1969 – 2014). Specific data collected for analyses were the 

following primary climatic variables: minimum temperature (MIT), maximum temperature (MAT), 

mean temperature (MET), and precipitation (PPT). These variables were then used to calculate 

a secondary climate variable, climate moisture index (CMI) so that precipitation and temperature 

could be combined to express the moisture regime of the area (Hogg 1997). Each monthly 
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variable was also converted into 3-month seasonal scales by averaging the temperature 

variables and summing up the precipitation and climate moisture index variables for the 

respective three-month periods. A regression model was then created for each species-

diameter group’s growth response to each of the climatic variables (monthly and 3-month 

seasonal scales) using an RScript program developed by Chhin et al. (2008b). This program 

utilizes a stepAIC function which prefers models that minimize Akaike’s Information Criteria 

(AIC) values and penalizes models with excessive predictor variables (Chhin et al. 2008b). More 

specifically, variables were only included in a model if they lowered the AIC value by at least 2 

when included (Akaike 1974). Using the program developed by Chhin et al. (2008b), growth 

responses to each of the climatic variables were analyzed from April of the previous year (t-1) 

through October of the current year (t). The significant variables included in the regression 

models were then ranked based on their standardized (β) partial regression coefficients; in this 

case, variables with the highest absolute value coefficient were ranked number one (Zar 1999).  

 

2.3 Results  

2.3.1 Stand Characteristics and Chronology Statistics 

 The overall average basal area (m²/ha) of the study area was 58.27 m²/ha, with sugar 

pine contributing the most (20.47 m²/ha), followed by white fir (18.11 m²/ha), ponderosa pine 

(13.87 m²/ha), and incense-cedar (5.48 m²/ha) (Table 2.1). The 0.34 m²/ha difference in overall 

average basal area from the sum of the four main species was due to small amounts of Jeffrey 

pine (Pinus jeffreyi) and/or red fir (Abies magnifica) in the sample plots. The overall quadratic 

mean diameter of the study area was 50.99 cm, with sugar pine being the largest (78.89 cm), 

followed by ponderosa pine (65.14 cm), incense cedar (45.02 cm), and white fir (37.4 cm) 

(Table 2.1). The average ring-width (standard deviation in parenthesis) for ABCO_G1, G2, and 

G3 was 1.893 mm (0.754), 2.462 mm (0.966), and 2.714 mm (1.192), respectively. The average 

ring-width for CADE_G1, G2, and G3 was 1.627 mm (0.799), 1.753 mm (0.857), and 2.165 mm 
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(1.179), respectively. The average ring-width for PILA_G1, G2, and G3 was 1.924 mm (0.768), 

3.280 mm (0.878), 3.039 mm (1.444), respectively. The average ring-width for PIPO_G1, G2, 

and G3 was 2.434 mm (0.893), 2.624 mm (1.031), and 2.182 mm (1.015), respectively.  

 The average percentage of missing rings in a species and diameter group was 0.1806%, 

with some groups having no missing rings, and the highest percentage of missing rings being 

0.4422% (Table 2.2). Groups having no missing rings usually had a smaller number of trees. All 

groups reached an EPS value of 0.80 by 1969 (except PIPO_G2 which was excluded from 

analyses); most groups reached an EPS value of 0.85 by 1969, except for CADE_G2 and 

PILA_G2 which maxed out at 0.803 and 0.830, respectively. Mean sensitivity values ranged 

between 0.1165 and 0.2928, with 10 out of the 11 groups being between 0.1165 and 0.1949. 

Intercore correlation values were slightly numerically different between the 3 DBH groups. The 

average intercore correlation value for DBH Group 1 was 0.252, while DBH Group 2 was 0.340, 

and DBH Group 3 was 0.345. Standardized chronologies are visually represented in Figures 2.2 

and 2.3. Some key years of growth reduction (relative to the surrounding years) that can be 

seen in those figures are in 1977, 1985, and 2001. The most apparent and drastic growth 

reduction of those years, however, is in 1977 in which very narrow and missing rings were most 

commonly found.   

 

2.3.2 Growth Responses to Temperature  

 All growth responses to maximum temperature were negative—except for PILA_G1 

which responded positively to max temperature in April of the prior year (t-1) (Figure 2.4A). In 

general, there was a more apparent response to maximum temperature from species of 

diameter group 3 (largest diameter group). Most species-diameter groups responded negatively 

to maximum temperatures around summer to fall of the current year (if they did respond to 

maximum temperature), with the largest diameter group showing more of a lagged response to 

max temperatures in summer to early fall of the previous year. Both ABCO and PILA in diameter 
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group 1 (smallest diameter group) responded negatively to maximum temperatures in June of 

the current year (t). A negative correlation with maximum temperature in July of the previous 

year (t-1) was the only predictor variable for CADE_G1, and no predictor variable was found for 

PIPO_G1. Species in diameter group 2 had a very similar response to maximum temperatures 

compared to diameter group 1, however, no positive correlations were found in this group. The 

main differences between these diameter groups was that ABCO_G2 responded negatively to 

maximum temperatures for the May-July seasonal period (t) instead of just June (t), and 

PILA_G2 responded negatively to maximum temperatures in April (t) instead of June (t). 

Species in diameter group 3 had much different responses to maximum temperature. All 

species in diameter group 3, except ABCO_G3, responded negatively to maximum 

temperatures in late summer to fall of the current year (with varying importance). The only 

growth response from ABCO_G3 was a negative response to maximum temperatures in 

January-March of the current year. Also, more of a lagged response to maximum temperatures 

was seen from species in diameter group 3, in which they responded negatively to maximum 

temperatures in varying months throughout the year prior. Responses from each species with all 

diameter groups combined (i.e. denoted by “_ALL”) tended to follow the same pattern of 

diameter group 3 more so than the other diameter groups.  

 More of a coherent trend across all groups can be observed for the growth responses to 

minimum temperatures (Figure 2.4 B). Most species and diameter groups responded negatively 

to minimum temperatures around early summer to early fall of the current year. However, more 

of a 3-month seasonal response to summer temperatures can be seen for species in diameter 

group 3, specifically ABCO_G3 and PILA_G3. Again, a lagged response was more apparent in 

diameter group 3 than the other diameter groups—with ABCO_G3, CADE_G3, and PILA_G3 

responding negatively to minimum temperatures in the 3-month seasonal period of July-

September of the previous year (t-1). Perhaps one of the most coherent responses to minimum 

temperatures from all diameter groups was the positive response to minimum temperatures in 
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the winter leading up to the current year of growth. Most of these positive responses can be 

seen from November (t-1) to January (t). Something else that stands out in this figure is the 

positive response to minimum temperatures in April (t-1) for PILA_G1 and in June (t-1) for 

PILA_G2. When all diameter groups are combined for each species, it is clear that increasing 

minimum winter temperatures had a positive influence on growth of all species in at least some 

portion of the winter months leading up to the current growing season. As seen in the maximum 

temperature figure (Figure 2.4 A), CADE_ALL and PIPO_ALL also exhibit that lagged negative 

response to minimum temperatures in July-September (t-1) and May (t-1), respectively.  

 Mean temperatures had a very similar effect on growth as minimum temperatures, but 

no coherent response was seen in the winter months (Figure 2.4 C). In general, species from all 

diameter groups responded negatively to mean temperatures in summer to early fall of the 

current year. However, more of a trend arises when looking at mean temperatures in which 

species in diameter group 1 responded negatively to mean temperatures in June (t) whereas 

species in diameter group 3 responded negatively more so in the latter parts of the summer to 

early fall. As seen in the other temperature variables, a lagged response was more apparent 

from species in diameter group 3. Most of the same growth trends carried over when diameter 

groups were combined, but the lagged response became less apparent again.  

 

2.3.3 Growth Responses to Precipitation and CMI 

 Nearly all growth responses to precipitation were positive (Figure 2.5 A). The only 

negative response to precipitation was from PILA_G2 in which it responded negatively to 

precipitation in the June-August seasonal period of the previous year (t-1). This variable, 

however, was the least important predictor variable for PILA_G2 growth. In general, positive 

responses to precipitation can be observed between early fall of the previous year and spring of 

the current year. ABCO_G1 responded positively to precipitation in December-February (t) and 

September-October (t-1). CADE_G1 responded positively to precipitation only in February (t). 
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PILA_G1 responded positively to precipitation in January-March (t) followed in importance by 

May (t). PIPO_G1 responded positively and strongest to precipitation in October (t-1) followed 

by April (t). Species in diameter group 2 had a fairly similar pattern of responses. However, 

PILA_G2 did have a negative response to precipitation in the June-August (t-1) seasonal period, 

which was not seen in PILA_G1. ABCO_G3’s growth response stayed fairly similar to 

ABCO_G1 and G2’s growth responses, but it also responded positively to precipitation from 

August-October of the current year—with that seasonal period being the least important 

predictor of growth. Growth responses to precipitation from CADE_G3 and PILA_G3 seemed to 

change the most from the 2 smaller diameter groups. CADE_G3 had a stronger lagged 

response than CADE_G1 and G2 in which it responded positively and strongest to precipitation 

in the July-September seasonal (t-1) period, followed by the October-December seasonal (t-1) 

period. PILA_G3 had a more lagged response than PILA_G1 in which it responded positively 

and strongest to precipitation in the November-January (t-1) seasonal period, followed by the 

July-September (t) seasonal period. This was a different response than what was seen with 

PILA_G1, having just one month of overlap in January (t). However, growth responses to 

precipitation for species in diameter group 3 were not as different from diameter group 1 as with 

the other climate variables—with the exception of the positive response to late summer/early fall 

precipitation by ABCO_G3 and PILA_G3 which was not exhibited in other diameter groups. A 

clear trend arose when all diameter groups were combined for each species in which all species 

generally responded positively to precipitation between early fall (t-1) and early spring (t).  

 Growth responses to climate moisture index (CMI) followed a similar pattern as growth 

responses to precipitation (Figure 2.5 B), with some slight differences. Every growth response 

was also positive, except for a negative response to CMI in the June-August (t-1) seasonal 

period seen in PILA_G2.  ABCO_G1 responded positively and strongest to CMI in the 

December-February (t) seasonal period, followed by the May-July (t) seasonal period, and 

September-November (t-1) seasonal period. The only predictor variable for CADE_G1 was a 
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positive response to CMI in February of the current year. PILA_G1 responded positively and 

strongest to CMI in the January-March (t) seasonal period, followed by April-June (t). The only 

predictor variable for PIPO_G1 was a positive response to CMI in September-November (t-1). 

Growth responses to CMI were very similar in diameter group 2, with the exception of a 

negative response seen in PILA_G2 to CMI in the June-August (t-1) seasonal period. Also, 

ABCO_G2 only responded to CMI in the December-February (t) seasonal period rather than the 

3 predictor variables identified for ABCO_G1. ABCO_G3 growth responses to CMI were fairly 

similar to ABCO_G1 and G2 but with more of a lagged response. ABCO_G3 responded 

positively and strongest to CMI in November-January (t-1), followed by August-October (t-1). 

CADE_G3 was noticeably different than CADE_G1 and G2, in which it had a strong lagged 

response to CMI. The most important predictor variable for growth in response to CMI from 

PILA_G3 stayed fairly consistent between the 3 diameter groups. However, the second most 

important predictor variable for PILA_G3 growth was CMI in the July-September (t) seasonal 

period. This response was fairly different than what was seen in PILA_G1 and G2, showing that 

the larger sugar pines were more effected by CMI later in the year. The most important predictor 

variables for PIPO_G3 were a positive response to CMI in the September-November (t-1) 

seasonal period, followed by April-June (t-1), and the month of February (t). This was similar to 

PIPO_G1, but PIPO_G3 had more responses to CMI and also exhibited a lagged response 

while PIPO_G1 did not.  

 

2.4 Discussion 

2.4.1 Growth Responses to Climate Variables 

The general finding that diameter growth decreased due to increasing maximum 

temperatures in the summer aligned with findings from Yeh and Wensel (2000) as well as 

Bigelow et al. (2014). This pattern is not surprising since summer is usually the dry period in the 

Mediterranean climate of the Sierra Nevada range. Therefore, increasing maximum 
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temperatures would be expected to intensify drought stress which would subsequently decrease 

growth. Another notable growth response was the negative response to increasing maximum 

temperatures in the current summer to early fall from all species in largest diameter group (i.e, 

#3), except white fir. One possibility that could lead to this negative response would be 

increased respiration requirements for larger trees as temperatures increase—as well as the 

general higher respiration demands that are required as trees age (West 2020). West (2020) 

also suggested that some of this increase in respiration could be due to increases in 

maintenance respiration associated with older trees. This distinct difference in growth responses 

to maximum temperature between the largest and smallest diameter groups was not as 

apparent with the minimum and mean temperature variables. 

One distinct pattern that was observed across all temperature variables was how the 

largest diameter group had a lagged negative response to temperature. This lagged negative 

response was to summer temperatures (t-1) for three of the species (ABCO, CADE, and PILA) 

in diameter group 3 and to March (t-1) temperatures for PIPO_G3; this was observed in every 

temperature variable except for the lack of influence of maximum temperature on ABCO_G3. 

Interestingly, Sceicz and MacDonald (1994) found very similar results when comparing growth 

responses between trees less than 200 years old and greater than 200 years old in which the 

older trees responded negatively to previous summer temperatures while the younger trees did 

not. They attributed general differences in growth responses to physiological changes that occur 

as trees age, such as changes in root, shoot, and cambial growth patterns (Sceicz and 

MacDonald 1994). Similarly, this response may be due to the inherent nature of larger trees 

having more tissues for storage, and therefore being influenced more by previous season’s 

growth and growing conditions. Furthermore, increased respiration in larger trees from higher 

temperatures in the prior year may be decreasing the amount of stored carbohydrates and 

therefore causing the lagged negative growth response with temperatures. For example, if a 

tree experienced a stressful growing season the year prior, it may not have as many reserves 
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for the flush of growth the following year (Pallardy 2008), especially for a large tree with more 

growth and metabolic requirements than a smaller tree. Though this current study found a fairly 

consistent lagged negative response to summer temperatures (t-1), another study done by 

Bigelow et al. (2014) in the Sierra Nevada, which looked at the same four species that are in the 

current study, did not find any significant lagged responses to previous summer temperatures. 

However, though Bigelow et al. (2014) did not capture that lagged response to summer 

temperatures (t-1), they did show a similar finding of a lagged negative response from large 

ponderosa pine (i.e. similar to PIPO_G3) to spring temperatures in the year prior. This lagged 

negative response was thought to be attributed to vascular embolisms created by early spring 

drying events in soil that is frozen or dry due to high vapor pressure deficits created from high 

temperatures; these vascular embolisms could have subsequently resulted in decreases in 

rates of carbon fixation (Bigelow et al. 2014). Decreases in carbon fixation during the year prior 

were thought to have caused a decrease in ring width the following year because the trees may 

not have had as much stored photosynthate to use for the flush of growth occurring in the spring 

(Bigelow et al. 2014). However, this is not likely since conifers are fairly resistant to embolisms 

(Sperry et al. 1994). It is also unclear why large ponderosa pine was the only species to 

significantly respond negatively to high spring temperatures in the year prior if vascular 

embolisms are the cause of this lagged response. 

Another main finding from the study was that higher adjusted R2 values were captured 

for species in diameter group 3 compared to diameter group 1—with the exception of a few 

instances mainly with white fir in which the adjusted R2 slightly decreased from diameter group 1 

to group 3. The larger trees also tended to be more influenced at a seasonal scale whereas the 

smaller trees were influenced mainly by monthly climatic factors—especially for the temperature 

variables. The inability to explain as much variation in ring width for the smaller, less mature 

trees could be attributed to more erratic growth since they are usually being influenced by a 

higher number of environmental factors in the understory such as competition (Chhin et al. 
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2008a; Copenheaver and Abrams 2003). In this case, smaller, more suppressed trees may be 

more influenced by edaphic and/or microclimate gradients (Sprague 2009). This noise (i.e. 

unwanted growth influences for dendroclimatic analysis) is usually accounted for during analysis 

in which growth signals are maximized and noise is minimized (Copenheaver and Abrams 

2003). However, the higher amount of noise often seen in smaller trees (due to reasons 

previously mentioned) could be why lower percentages of variation in ring width for smaller 

trees is explained by the climate variables examined in the current study—even when noise is 

minimized as much as possible. In other words, this difference is likely because more variation 

in ring width for smaller trees (versus larger trees) is attributed to other factors not analyzed in 

this study. 

Some general findings were likely due to the inherent nature of the climate in the Sierra 

Nevada. Especially regarding the dramatic decrease in growth around the year 1977 as seen in 

Figure 2.2, with a slightly greater decrease in growth perhaps seen for the larger trees. This 

year (1976 to 1977) is known as one of the worst, if not the worst, drought years in California 

history (Santos and Godwin 1978). The area of this study was not specifically listed in the 

report, but it is inferred that the location received less than 60% of the normal precipitation and 

just 24% of normal natural basin runoff—as compared to 43% natural basin runoff the year prior 

(Santos and Godwin 1978). Another finding that is likely strongly related to climate is that 

species mainly responded positively to both precipitation and CMI during late fall-winter. This 

was generally the case for all species and diameter groups, with slightly more adjusted R2—on 

average—accounted for in the larger diameter groups. This positive response commonly 

occurring around this time of year is likely because most yearly precipitation in the northern 

Sierra Nevada occurs during the winter. One other finding that commonly occurred across all 

diameter groups and species was the positive response to minimum temperatures in the winter. 

This was also found to be a significant predictor variable for the same four species studied by 

Bigelow et al. (2014) in the Sierra Nevada and was speculated to be due to decreases in 
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photoinhibition during warmer winters. Photoinhibition is usually referred to as a light-induced 

decrease in photosynthesis; however, it can also be attributed to high or low temperature 

extremes (Pallardy 2008). In this case, Bigelow et al. (2014) likely speculated that a decrease in 

photoinhibition may be the reason for increased growth because recovery of photoinhibition is 

able to occur at warmer, more moderate temperature levels (Pallardy 2008). However, this is 

unlikely the reason since limited diameter growth is put on before April in the Sierra Nevada 

(Fowells 1941). Nonetheless, this finding suggests that trees of all sizes will likely benefit from 

increasing minimum winter temperatures in the future. 

 

2.5 Conclusions 

 This study underscored how climate variables can have differing growth effects on 

species based on their size. One of the most interesting findings from the study was the lagged 

negative response to temperature variables exhibited by the largest diameter group (DBH 

Group 3) but not so much by the smaller diameter groups. The largest diameter group also 

tended to respond stronger to temperature variables in general. This can likely be attributed to 

increased respiration in the more exposed higher canopy leaves (Pallardy 2008) as well as the 

general increase in respiration demands and root and shoot size as trees age (West 2020). 

Another interesting finding regarding the largest diameter group, in general, was that more 

variation in ring width was explained by the climate variables used for dendroclimatic analysis in 

this study. This could be due to the smaller trees having a higher number of environmental 

factors that influence their growth in the understory (Chhin et al. 2008a; Copenheaver and 

Abrams 2003), therefore lowering the percentage of variation that could be explained by 

temperature, precipitation, and CMI. However, there were also some similarities in terms of 

growth responses to precipitation and CMI across all diameter groups which can likely be 

attributed to the wet season in the Lassen National Forest occurring around the winter months. 

Another similarity was that species in all diameter groups responded positively to increasing 
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winter minimum temperatures, with no distinct difference between diameter groups—

highlighting the benefit that trees of all sizes will likely gain from increasing minimum winter 

temperatures in the future. 
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Table 2.1 Average basal area and quadratic mean diameter of the four main species studied and for all species combined. The “All” column 
total for basal area is slightly higher than the sum of the four main species due to small amounts of Jeffrey pine (Pinus jeffreyi) and/or red fir 
(Abies magnifica) in the sample plots.  

  ABCO CADE PILA PIPO ALL 

BA (m²/ha) 18.11 5.48 20.47 13.87 58.27 

QMD (cm) 37.4 45.02 78.89 65.14 50.99 

 
 
 
Table 2.2 Statistics for the standardized tree ring chronologies for each species and DBH group. 

Species 
DBH 

Group 
# 

Chronology 
Time Span 

# of 
Trees 

Mean 
Sensitivity 

Standard 
Deviation 

Absent 
Rings (%) 

Year EPS 
Reached 0.80 

# of Trees Needed 
to Reach EPS 

Value 0.80 

Intercore 
Correlation 

ABCO 1 1830-2015 191 0.1676 0.1714 0.0681 1885 15 0.211 

CADE 1 1798-2015 40 0.1302 0.1190 0.1308 1925 15 0.221 

PILA 1 1876-2015 12 0.1630 0.2568 0.3788 1957 7 0.387 

PIPO 1 1819-2015 28 0.2928 0.2579 0.4422 1969 18 0.190 

ABCO 2 1851-2015 51 0.1949 0.3207 0.0599 1890 10 0.296 

CADE 2 1784-2015 13 0.1616 0.1496 0.3645 1893 9 0.312 

PILA 2 1888-2015 7 0.1165 0.1163 0.0000 1950 6 0.411 

PIPO 2   1785-2015 9 0.1651 0.2969 0.0623  NA*  NA* 0.222 

ABCO 3 1834-2015 15 0.1276 0.3342 0.0000 1879 9 0.319 

CADE 3 1812-2015 14 0.1608 0.3155 0.0791 1876 4 0.535 

PILA 3 1738-2015 33 0.1233 0.2086 0.2923 1856 12 0.265 

PIPO 3 1718-2015 24 0.1292 0.1687 0.1713 1799 12 0.261 
*NA values noted because EPS did not reach the 0.80 threshold.
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Figure 2.1 Map of study area; located in the southern portion of Lassen National Forest in 
northern California, southwest of Lake Almanor. Plots are indicated as black dots on the main 
map. Map courtesy of Johnson et al. (2017). 
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A. Species and DBH Group 1 standardized chronologies 

 
B. Species and DBH Group 2 standardized chronologies 

 
C. Species and DBH Group 3 standardized chronologies 

 
 

Figure 2.2 Standardized chronologies for the time frame of the dendroclimatological analysis 
(1969-2014). ABCO = Abies concolor, CADE = Calocedrus decurrens, PILA = Pinus 
lambertiana, PIPO = Pinus ponderosa. G1 = Diameter Group 1 (20.32 to < 40.64 cm, small 
size), G2 = Diameter Group 2 (40.64 to < 60.96 cm, medium size), G3 = Diameter Group 3 (> 
60.96 cm, large size). PIPO_G2 is not included because its Expressed Population Signal (EPS) 
value was too low for dendroclimatological analysis. 
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Figure 2.3 Species standardized chronologies with all DBH Groups combined for the time frame 
of the dendroclimatological analysis (1969-2014).  
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A. Maximum Temperature 

B. Minimum Temperature 

 

 
 

C. Mean Temperature 

 

 
 
Figure 2.4 Statistically significant (p < 0.05) growth responses to maximum temperature, 
minimum temperature, and mean temperature by species and diameter group and for each 
species as a whole (i.e., with all diameter groups combined). Darker coloring indicates a 
negative correlation with growth, while the lighter coloring indicates a positive correlation with 
growth. Numbers indicate the order of importance for that relationship, with 1 being the most 
important (according to the standardized partial regression coefficients). Explanatory climate 
variables expressed either for a monthly period or a 3-month seasonal period.  NS = no 
significant variables in the model.  

Species

DBH 

Group
A M J J A S O N D J F M A M J J A S O adjR²

ABCO 1 0.190

CADE 1 0.135

PILA 1 1 2 3 0.354

PIPO 1 NS

ABCO 2 0.144

CADE 2 0.132

PILA 2 1 2 1 2 0.325

ABCO 3 0.103

CADE 3 1 2 3 0.319

PILA 3 2 3 1 0.348

PIPO 3 1 3 2 0.341

Month

ABCO All 1 2 0.175

CADE All 0.209

PILA All 2 1 0.241

PIPO All 2 1 0.200

Species

DBH 

Group
A M J J A S O N D J F M A M J J A S O adjR²

ABCO 1 2 1 0.322

CADE 1 4 5 2 6 3 1 0.516

PILA 1 4 5 2 3 1 0.423

PIPO 1 0.094

ABCO 2 4 2 1 3 0.391

CADE 2 1 2 0.325

PILA 2 3 1 4 2 0.335

ABCO 3 1 2 4 3 0.640

CADE 3 3 1 2 0.749

PILA 3 2 3 1 0.631

PIPO 3 1 2 0.204

Month

ABCO All 2 1 3 0.468

CADE All 1 2 3 0.619

PILA All 2 3 1 0.449

PIPO All 1 2 0.170

Species

DBH 

Group
A M J J A S O N D J F M A M J J A S O adjR²

ABCO 1 0.231

CADE 1 3 2 1 0.331

PILA 1 1 2 3 0.366

PIPO 1 2 1 0.149

ABCO 2 1 2 0.275

CADE 2 0.200

PILA 2 1 2 0.241

ABCO 3 2 1 3 0.515

CADE 3 1 3 2 0.660

PILA 3 2 1 0.504

PIPO 3 0.124

Month

ABCO All 3 2 1 0.336

CADE All 1 2 0.502

PILA All 2 1 0.323

PIPO All 3 2 1 0.244
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A. Precipitation 

 

 
 

 
B. Climate Moisture Index 

 

 
 
Figure 2.5 Statistically significant (p < 0.05) growth responses to precipitation and climate 
moisture index by species and diameter size group and for each species as a whole (i.e. with all 
diameter groups combined). Darker coloring indicates a negative correlation with growth, while 
the lighter coloring indicates a positive correlation with growth. Numbers indicate the order of 
importance for that relationship, with 1 being the most important (according to the standardized 
partial regression coefficients). Explanatory climate variables expressed either for a monthly 
period or a 3-month seasonal period.  

 

Species

DBH 

Group
A M J J A S O N D J F M A M J J A S O adjR²

ABCO 1 2 1 3 0.410

CADE 1 0.075

PILA 1 1 2 0.281

PIPO 1 1 2 0.205

ABCO 2 2 1 0.326

CADE 2 1 2 0.128

PILA 2 3 1 2 0.525

ABCO 3 2 1 3 0.372

CADE 3 1 2 0.258

PILA 3 1 2 0.300

PIPO 3 2 1 0.231

Month

ABCO All 2 1 0.432

CADE All 1 2 0.211

PILA All 2 1 0.371

PIPO All 1 2 0.256

Species

DBH 

Group
A M J J A S O N D J F M A M J J A S O adjR²

ABCO 1 3 1 2 0.372

CADE 1 0.076

PILA 1 1 2 0.266

PIPO 1 0.080

ABCO 2 0.262

CADE 2 0.063

PILA 2 3 1 2 0.528

ABCO 3 2 1 0.283

CADE 3 1 2 0.260

PILA 3 3 1 2 0.342

PIPO 3 2 1 3 0.318

Month

ABCO All 2 1 0.410

CADE All 1 2 0.221

PILA All 1 2 0.390

PIPO All 1 2 0.236
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Chapter 3: Daily and stem cycle analysis of Pinus ponderosa and Pinus 
lambertiana: Radial release effects and climatic drivers of stem radial fluctuations 
 
 
3.1 Introduction 

The forests of the Sierra Nevada region of California are facing multiple threats due to 

climate change issues such as increasing temperatures and earlier melting of snowpack (IPCC 

2013, Luers et al. 1990), as well as issues due to the impacts of previous fire suppression and 

inappropriate logging. The Sierra Nevada region is known for its warm, dry summers and cool, 

moist winters with most precipitation occurring in the winter (between October and March). 

During these already dry growing seasons, increased stem densities have likely intensified tree 

stress and competition (Fecko et al. 2008). Management of stem densities via thinning 

treatments is a common mitigation technique to limit competition and moisture stress of the 

retained trees (Fecko et al. 2008). Since large, old growth trees provide multiple ecosystem 

benefits such as wildlife habitat, carbon sequestration, and structural diversity, new thinning 

treatments designed to thin a certain radius around these trees are being implemented in an 

attempt to improve vigor and reduce mortality of these legacy trees. Hood et al. (2018) found 

that, for legacy Pinus ponderosa (ponderosa pine) and Pinus jeffreyi (Jeffrey pine), radial 

thinning treatments that removed every tree less than 25.4 cm dbh within the width of the legacy 

tree crowns were not sufficient to cause an increase in basal area increment (BAI). They 

suggested that a larger radius of thinning may increase legacy tree BAI more. However, there 

are other benefits to these thinning treatments in general than just increased growth. Thinning 

treatments may limit drought induced mortality (Bradford and Bell 2017), lower wildfire risk due 

to the creation of heterogeneous canopy conditions (Hood et al. 2018; Fulé et al. 2012), and 

lower the likelihood of bark beetle attacks. These larger trees with improved growing conditions 

would experience less stress and likely make them less susceptible to bark beetle attacks—

since bark beetles usually target weak/stressed trees (Bentz et al. 2010; Fettig et al. 2007). 

Though current methods attempting to improve vigor of large trees (often referred to as legacy 
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trees) involve thinning to a certain radius around them (i.e. Hood et al. 2018), there is little 

information on the specific radius and their effectiveness in the Sierra Nevada region.  

The use of dendrometers to measure tree stem fluctuations—often in sub-hourly 

intervals—can provide useful short-term results of thinning treatments such as tree water status 

and radial growth (Viera et al. 2013). In addition, comparing sub-hourly tree stem 

measurements with multiple climate variables can provide key insights as to what climate 

variables are driving stem fluctuations throughout the day. This can help to highlight which 

variables managers can alter via thinning treatments to improve growth and vigor. Most studies 

which use dendrometer readings to assess stem fluctuations use methods of analysis that either 

summarize the readings using a daily approach (i.e. daily amplitude, mean, minimum, and 

maximum values) (Duchesne and Houle 2011) or using a stem cycle approach (Viera et al. 

2013; Ziaco and Biondi 2018; Deslauriers et al. 2003). The stem cycle approach breaks down 

the dendrometer readings into contraction, expansion, and stem-radius increment and can 

analyze cycles that last longer than a day (van der Maaten et al. 2016). Contraction occurs as 

the stem variation goes below the previous maximum, expansion occurs as the stem goes 

above the previous minimum, and stem-radius increment occurs when the stem expands further 

than the previous maximum (e.g., Figure 3.2B). A study in the Sierra Nevada which looked at 

the effect of thinning and prescribed burns on water storage in Jeffrey pine via band 

dendrometers found that thinning treatments caused the stems of the trees left behind to 

contract more on a daily basis—especially during the latter (and drier) part of the growing 

season (Fecko et al. 2008). They attributed this to the trees in the thinned treatments having 

more available water to recharge their stems with during that part of the year, therefore causing 

their stems to contract more throughout the day since they could then use that larger amount of 

recharged water for their transpiration needs (Fecko et al. 2008). A study done by Viera et al. 

(2013) on maritime pine (Pinus pinaster) in the Mediterranean climate region of the west coast 
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of Portugal found that daily variations in stem radius were mainly controlled by transpiration and 

therefore stem fluctuations were most influenced by temperature and tree water status.  

Many studies have been done to assess drivers of daily stem fluctuations; however, 

there are limited studies in the Sierra Nevada region (Fecko et al. 2008). Similarly, there have 

been no studies looking at the effects of radial thinning treatments on daily stem fluctuations of 

the retained large/legacy trees within the Sierra Nevada region. One objective of this current 

study is to analyze sub-hourly stem fluctuations of ponderosa and sugar pines in multiple 

different radius thinning treatments to assess the short-term effects of these treatments. This 

will help to provide guidance earlier to managers as to what thinning radius, whether it be 

diameter-based or a fixed radius, improves tree health and vigor of the remaining legacy trees. 

The other objective of this study is to analyze the sub-hourly dendrometer data collected on the 

ponderosa and sugar pines within those varying radial thinning treatments to assess climatic 

drivers of hourly stem fluctuations.  

 

3.2 Methods 

3.2.1 Study Site 

 The study took place in the Lassen National Forest in the northern Sierra Nevada range 

of California at an average elevation of 1530 m (Figure 3.1). The ecoregion of the Lassen 

National Forest is categorized as the M261 Sierran Steppe—Mixed Forest—Coniferous 

Forest—Alpine Meadow Province (Bailey 1994).  The northern Sierra Nevada region in general 

is described as having warm, dry summers and cool, moist winters with most of the yearly 

precipitation generally happening in the winter (between October and March). Furthermore, 

most precipitation at higher elevations in the winter comes in the form of snow and is usually an 

important resource for moisture during the growing season as the snow melts (Yeh and Wensel 

2000). The main soils found in this region are ultisols on mountain slopes with humid air, dry 
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alfisols at lower elevations, and entisols in the narrow floodplains and alluvial parts of the valley 

(USDA Forest Service 1999).  

 

3.2.2 Site Selection & Field Methods 

The study sites were selected based on criteria that includes containing an old-growth 

pine which was defined as having a breast height diameter of at least 63.5 cm. These old-

growth pines were designated as the plot centers in which radial thinning treatments were then 

applied around them removing all mid and understory trees except healthy pines greater than 

40.6 cm in diameter. A total of 16 plots were selected for this study; 11 of those plots had an 

old-growth sugar pine as the plot center and 5 plots had an old-growth ponderosa pine as the 

plot center. 

Treatment types for sugar pine consisted of:  

1) 3 control plots with no thinning (referred to as Con)  

2) 3 plots with a thinning radius of 9.1 m around the focal tree with zero competitors left 

within the radius (referred to as R30C0) (this is the common radial thinning radius in the 

Lassen National Forest (John Zarlengo, USDA Forest Service, personal 

communication))  

3) 2 plots with a thinning radius of 9.1 m keeping two competitors within the radius 

(R30C2) 

4) 3 plots with a radius based on the old-growth pine diameter multiplied by 1 ft/in of 

DBH and then multiplied by 1.25 which ranged from 14.0 – 18.0 m (RD1.2) 

To further summarize, dendrometer units were attached to three sugar pines in the control 

treatment group with an average dbh 81.8 cm, three sugar pines in the R30C0 treatment group 

with an average dbh of 88.1 cm, two sugar pines in the R30C2 treatment group with an average 
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dbh of 99.1 cm, and three sugar pines in the RD1.2 treatment group with an average dbh of 

111.3 cm (Table 3.1 and 3.2).  

Treatment types for ponderosa pine consisted of:  

1) 2 control plots with no thinning (Con)  

2) 3 plots with a thinning radius of the diameter multiplied by 1 ft/in of DBH and then 

multiplied by 1.25 which ranged from 11.3 – 14.0 m (RD1.2)  

Dendrometer units were attached to two ponderosa pines in the control treatment with an 

average dbh of 89.4 cm and three in the RD1.2 treatment group with an average dbh of 87.6 cm 

(Table 3.1 and 3.2). All radial thinning treatments mentioned above were applied approximately 

one and a half years before dendrometer measurements were taken for this study. 

 Automatic point dendrometers were made using methods from Wang and Sammis 

(2008). Dendrometers were then connected to the trees by scraping off some of the outer bark 

to have a clean surface for the dendrometer to mount to. Care was taken to avoid exposure of 

cambium layer (not all bark was removed). Using two C-clamps with predrilled holes for 

mounting them to the tree, two 7.6 cm screws were drilled into the tree and mounted to the C-

clamps using nuts on both sides of the clamp. Then the point dendrometer was placed in the C-

clamp making sure the sensor’s resistor slider (plunger) was pushed in to a depth of 

approximately 3 mm. The dendrometer was then connected to an Onset HOBO datalogger. A 

field laptop was connected to the data logger to launch the unit, setting a measurement time 

interval of 15-minutes. Data from the data loggers were then recorded every few weeks to 

secure the previously logged measurements to avoid any potential data loss. Other climate data 

were downloaded from the Chester, CA RAWs weather station (https://raws.dri.edu/cgi-

bin/rawMAIN.pl?caCCHS). This included hourly measurements of mean air temperature, mean 
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relative humidity, total solar radiation, and total precipitation (Figure 3.3). HOBO data and 

Chester RAWs weather station data were then combined for analysis purposes.  

 

3.2.3 Analysis Methods 

 Combining and Running Data Through DendrometeR 

 As for the HOBO data, the dendrometer unit recorded data in voltages rather than actual 

units. To convert the voltages from the dendrometer unit, a regression equation was made by 

manually pushing in the sensor’s plunger at 0.2mm increments and recording the respective 

voltage at each increment. Using this regression equation, I was able to convert the voltage 

readings to millimeter readings. 

 The respective HOBO data for each tree was compiled and converted to actual units. 

Any gaps in measurements due to technical issues were filled in with “NA” so that the data 

could be run through the dendrometeR R package (van der Maaten et al. 2016)—since this is 

required in order for the package to run properly. Once initial compiling and cleaning of the data 

was finished, outliers were located by calculating Z-scores for each dendrometer measurement 

using the respective daily mean and daily standard deviation associated with that measurement. 

If Z-scores for a given sub-hourly dendrometer measurement were >2 or <-2, “NA” values were 

substituted (Ziaco and Biondi 2018). This was done to account for outlier measurements in the 

dendrometer data due to technical issues that may have occurred with the dendrometer units or 

the data loggers themselves—or even from wildlife (i.e. squirrels) standing on the dendrometer 

set-up. After this step was finished, the data was then ready to run through the dendrometeR R 

package made by van der Maaten et al. (2016). This package was used to generate output for 

both the stem cycle and daily approaches.  

The raw dendrometer data with all “NA” values added in as previously mentioned was 

then used as input for the dendrometeR package (van der Maaten et al. 2016). This data file 
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had three columns: “TIMESTAMP” (in 15-minute intervals), “mmGROWTH” (mm), and 

“SOILMSTR” (%). Some reformatting was done within R to assure the raw data was in proper 

format for the dendrometeR package. Code for this reformatting was adapted from the 

dendrometeR package manual (van der Maaten et al. 2016). Any “NA” values in the 

dendrometer data were gap filled using the “fill_gaps” function with the smoothing parameter 

(Hz) set to the default value of 0.01 (no smoothing) used by van der Maaten et al. (2016) to 

ensure gaps were estimated primarily by data adjacent to the gaps. Once gaps were filled, 

hourly averages of the dendrometer data were calculated. Then this data was combined with 

the Chester, CA RAWS station data which was also in hourly increments 

(https://raws.dri.edu/cgi-bin/rawMAIN.pl?caCCHS). Both datasets were assured to be in Pacific 

Daylight Time (PDT) before combining since measurements were taken in the Spring/Summer. 

Hourly averages of the dendrometer data were calculated because the temporal resolution of 

the environmental data needs to be the same or higher than the dendrometer data for the 

dendrometeR package to work (van der Maaten et al. 2016).  

Once hourly averages of the gap-filled HOBO data were combined with the Chester 

RAWs station data for each focal tree, the datasets needed to be combined by species-

treatment group so that I could assess the treatment effects and climatic drivers of stem 

variation across each given species-treatment group. To do this, I first standardized the 

dendrometer data sets for each focal tree using a locally weighted quadratic regression via the 

“loess” function in the program R, similar to Chhin et al. (2010). Once the dendrometer datasets 

were standardized, the initial residuals were averaged across the whole species-treatment 

group for each hourly increment, then cumulative values were calculated at each successive 

hour. These cumulative standardized dendrometer measurements will be further referred to as 

normalized stem variation. After the normalized stem variation was calculated, I could then run 
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the dendrometeR package the rest of the way through to get the daily and stem cycle statistics 

for each species-treatment group.  

Now that everything was combined for each respective species-treatment group, the 

three distinct stem cycle phases (contraction, expansion, stem radial increment) were identified 

using the “phase_def” function with the default parameter values as used in van der Maaten et 

al. (2016). This function first looks within a specified daily time window, and then offsets the 

original dendrometer series to make sure the initial extrema identified are the actual extrema of 

each cyclic phase (van der Maaten et al. 2016). The output from the “phase_def” function was 

used as input for the “cycle_stats” function in which cycles were defined based on the previously 

identified phases. A full stem cycle is denoted by a contraction, expansion, and a stem radial 

increment phase (if any increment occurs). For example, a cycle could consist of just the 

contraction and expansion phases if no stem radial increment occurs. Statistics such as 

magnitude (of normalized radial change), duration, and timing for each phase and cycle were 

then calculated (van der Maaten et al. 2016). The smoothing parameter for the “cycle_stats” 

function was set to the default value of 4 used by Deslauriers et al. (2011) whom this function 

was derived from. This value of the smoothing parameter is useful for handling data with 

moderate levels of noise. The “climate_seg” function was then used to calculate the mean, min, 

max, and sum of all the environmental parameters for each given stem cyclic phase and cycle. 

The main stem cycle statistics from the dendrometeR package consisted of magnitude and 

duration of each stem cyclic phase as well as the mean and sum of the environmental variables 

during that respective phase (sum is only applicable to precipitation data).  

Daily statistics were also calculated for the environmental and normalized stem variation 

data. The “daily_stats” function was used to calculate these daily statistics using a smoothing 

parameter value of 1. A smoothing parameter of 1 represents no smoothing and is the default 

parameter used by van der Maaten et al. (2016) for this function to ensure that daily statistics 
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were not influenced by the day prior or after. Daily statistics from the dendrometeR package 

consisted of amplitude of normalized radial change, timing of min and max of the normalized 

stem variation data, as well as mean and sum of each environmental variable (sum only 

applicable to precipitation data). 

 

Analyzing Output from the DendrometeR Package 

To analyze dendrometeR package output for the stem cycle approach, Pearson 

correlations were run to determine the association between each climate variable and the 

magnitude and the durations of standardized stem fluctuations for each cyclic phase. In 

addition, a correlation matrix was developed on growth parameters (magnitude and duration) to 

assess if there was any correlation between magnitude and duration for all combinations of 

phases for a total of 15 separate Pearson correlations (i.e. magnitude of phase 1 vs duration of 

phase 1, magnitude of phase 1 vs magnitude of phase 2, etc.). To improve robustness of my 

results, variables were considered significantly correlated if after 1,000 bootstrapped 

correlations (random seed of 12345) the 95% confidence interval of their correlation coefficient 

did not include zero, similar to Viera et al. (2013). Correlations and bootstraps were done 

separately for each climate variable versus phase duration, for each climate variable versus 

phase magnitude, and for each pair of variables in the correlation matrix. For the daily 

approach, Pearson correlations were run to determine the association of each individual climate 

variable with amplitude of daily standardized radial variation. As with the analysis of the stem 

cycle approach, I improved the robustness of my results by running 1,000 bootstrapped 

correlations with a random seed of 12345. Variables were considered significantly correlated if 

after 1,000 bootstrapped correlations the 95% confidence interval of their correlation coefficient 

did not include zero, similar to Viera et al. (2013). 
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3.3 Results 

3.3.1 Climate Data 

 The overall mean hourly solar radiation recorded from May 27 th to August 25th, 2016 was 

0.32 ° KW-hr/m² with a standard deviation of 0.36 ° KW-hr/m² (Figure 3.3A). Mean air 

temperature was 18.55° C with a standard deviation of 8.54° C (Figure 3.3B). The mean relative 

humidity for that time span of the measurement period was 42.40% with a standard deviation of 

22.79% (Figure 3.3C). The mean hourly precipitation was 0.01 mm with a standard deviation of 

0.13 mm (Figure 3.3D). The total amount of precipitation for those three months was 18.02 mm. 

To further highlight the lack of precipitation, there were only two days—for a total of 14 hours 

combined—that precipitation was recorded at the Chester RAWs station during those three 

months. 

 

3.3.2 Growth Variable Correlations 

  One of the most common significant correlations for the sugar pine groups was the 

positive correlation between magnitude and duration of the same phase (Table 3.3). For 

example, as magnitude of contraction increases, so would the duration of contraction. This 

significant positive correlation between magnitude of contraction and duration of contraction was 

seen in PILA_RD1.2. The most common occurrence of this relationship was the positive 

correlation between magnitude of expansion and duration of expansion, and this positive 

correlation was observed in both the PILA_Con, and PILA_R30C0 treatment groups. There was 

also a very strong positive correlation between magnitude of radial increment and duration of 

radial increment for PILA_R30C0 and PILA_RD1.2. The other positive correlation found 

between growth variables was the positive correlation between magnitude of expansion and 

magnitude of contraction seen in PILA_RD1.2. Two negative correlations were found, with the 

strongest negative correlation being between duration of stem-radius increment and magnitude 

of contraction for the PILA_R30C2 treatment group. 
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 The most common significant correlation for the ponderosa pine groups was the positive 

correlation between magnitude of expansion and magnitude of contraction seen in PIPO_Con 

and PIPO_RD1.2 (Table 3.3). There was also a significant negative correlation between 

magnitude of expansion and duration of contraction for PIPO_Con. This was the only significant 

correlation found in the ponderosa pine group that was not found in the sugar pine group. 

Lastly, a significant positive correlation was found between magnitude of expansion and 

duration of expansion for the PIPO_Con treatment group. 

  

3.3.3 Daily Approach  

 The most common and strongest significant correlations for the sugar pine treatment 

groups were seen between daily amplitude and daily mean solar radiation for PILA_R30C0 and 

PILA_R30C2 (Table 3.4). Only one significant positive correlation was found between daily 

amplitude and mean relative humidity, occurring in the PILA_RD1.2 treatment group. No 

significant correlations were found between amplitude and daily sum of precipitation. 

 The most common significant correlation for the ponderosa pine treatment groups was 

the positive correlation between daily amplitude and mean relative humidity for both the 

PIPO_Con and PIPO_RD1.2 treatment groups. The only significant negative correlation found 

in the ponderosa pine groups was the negative correlation between amplitude of daily stem 

variation and daily mean air temperature for the RD1.2_PIPO treatment group. As with the 

sugar pine treatment groups, there were no significant correlations found between amplitude 

and daily sum of precipitation for the ponderosa pine treatment groups.  

 

3.3.4 Stem Cycle Approach 

 In general, the stem variation of the sugar pine treatment groups were most often 

correlated to mean solar radiation, mean air temperature, and mean relative humidity (Table 
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3.5). The most common occurrences of negative correlations were with mean solar radiation 

and mean air temperature. Furthermore, the sugar pine groups that had the radial thinning 

treatments applied to them were more often correlated to the environment variables than the 

control treatment groups were. The duration of contraction for both the PILA_R30C2 and 

PILA_RD1.2 treatment groups was negatively correlated with mean solar radiation. The duration 

of contraction for both the PILA_R30C0 and PILA_RD1.2 treatment groups was negatively 

correlated with mean air temperature and positively correlated with mean relative humidity. The 

magnitude of contraction followed a similar pattern for PILA_RD1.2 in which the magnitude of 

contraction was negatively correlated with mean solar radiation and mean air temperature but 

positively correlated with mean relative humidity.  

One notable finding for the sugar pine group for the expansion phase correlations was 

that the duration of expansion was positively correlated with mean air temperature and 

negatively correlated with mean relative humidity for PILA_RD1.2. The duration of expansion for 

PILA_R30C2 was positively correlated to mean solar radiation. All correlations between 

magnitude of expansion and the environmental variables for the sugar pine group were positive. 

There were also fairly strong significant positive correlations between magnitude of expansion 

and mean solar radiation for both the PILA_R30C2 and PILA_RD1.2 treatment groups. The only 

other correlation found with the magnitude of expansion was the significant positive correlation 

with magnitude of expansion and mean air temperature for the PILA_RD1.2 treatment group.  

There was a very similar pattern between the significant correlations found for the 

duration of stem radial increment and the magnitude of stem radial increment for the sugar pine 

treatment groups. Most of these correlations were found for the R30C2_PILA treatment group. 

In this case, the duration of radial increment and the magnitude of radial increment were both 

negatively correlated to mean solar radiation and mean air temperature but positively correlated 

to mean relative humidity. Both duration and magnitude of stem radial increment had fairly 
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strong mean correlation values for those significant correlations mentioned. The other significant 

correlation found for the radial increment phase was the positive correlation between magnitude 

of radial increment and mean solar radiation for the PILA_RD1.2 group. 

For the ponderosa pine group and for correlations with the contraction phase, both the 

PIPO_Con and PIPO_RD1.2 treatment groups had the same correlations with duration of 

contraction. In this case, they both were significantly negatively correlated to mean solar 

radiation and mean air temperature and positively correlated to mean relative humidity. 

Interestingly, the magnitude of contraction was positively correlated with mean solar radiation 

and air temperature for PIPO_Con, whereas the duration of contraction was negatively 

correlated with those same variables for the PIPO_Con treatment group. Lastly, the magnitude 

of contraction for PIPO_RD1.2 was positively correlated to mean relative humidity.  

 There were not many significant correlations identified for the ponderosa pine groups for 

the expansion phase. In this case, the PIPO_Con treatment group had a positive correlation 

between duration of expansion and both mean solar radiation and mean air temperature. The 

only other significant correlation was also with the PIPO_Con treatment group. In this case, 

there was a negative correlation between duration of expansion and mean relative humidity for 

the PIPO_Con treatment group. There were no significant correlations found between the 

magnitude of expansion and the environmental variables for the ponderosa pine groups. In 

addition, there were limited significant correlations found between the stem radial increment 

phase and the environmental variables. In this case, the only significant correlation found 

between the ponderosa pine groups and the stem radial increment phase was the negative 

correlation with duration of radial increment and mean solar radiation for the PIPO_RD1.2 

group. 
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3.4 Discussion 

3.4.1 Growth Variables 

 The significant relationship between magnitude and duration of the same phase—

especially for the expansion and radial increment phases—is a common finding in other studies 

(Viera et al. 2013; Biondi and Rossi 2015; Deslauriers et al. 2007). The study done by Viera et 

al. (2013) on maritime pine (Pinus pinaster) in the Mediterranean climate of Portugal attributed 

the relationship between magnitude and duration of expansion and radial increment in pre-

summer (late June to August) to the long days that occur during this time. Since the days are 

longer and most expansion (also referred to as recovery) occurs during the night when 

transpiration slows, the magnitude of expansion is highly dependent and restricted by the 

duration of time the tree has during the night to expand (Viera et al. 2013). This is similar for 

radial increment since most radial increment occurs during the night when the tree stem is 

recovering; for example, if the stem can recover long enough to expand more than it contracted 

during the day, then a radial increment will occur. Hence, since nights are shorter during the 

summer, radial increment usually does not occur and rather an overall decrease in stem size 

often occurs throughout the summer in Mediterranean climates, as seen in Figure 3.2A in the 

current study and in Viera et al. (2013). The significant positive correlation between magnitude 

of contraction and magnitude of expansion can most likely be linked to the more negative water 

potential that is created inside the stem when transpiration rates exceed the rate of water 

uptake—which also leads to stem shrinkage (contraction) (King et al. 2013). Therefore, as the 

stem contracts more, the water potential becomes more negative within the stem because it is 

losing more water to transpiration without being able to replenish it, therefore creating a stronger 

pull at the roots (Pallardy 2008). This stronger pull created at the roots would then likely pull up 

more water throughout the night when the stem is recovering during the expansion phase 

(compared to if the stem shrank less and therefore had a less negative water potential). This is 

likely why the magnitude of expansion is strongly positively correlated to the magnitude of 
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contraction. Liu et al. (2017) also had a similar finding in which they found a positive relationship 

between amplitude of recovery and magnitude of contraction and highlighted the 

interdependency of these two phases—this relationship occurred even under drought conditions 

in the Liupan Mountains of Northwest China.  

 

3.4.2 Daily Approach  

 Similar findings regarding the significant correlations between daily amplitude and solar 

radiation and relative humidity were also found in Biondi and Rossi (2015) in Pinus monophylla 

in the Great Basin Desert of North America. However, they compared those variables to the 

daily stem variations computed from daily averages and daily maxima and did not explicitly state 

the sign of the correlation. There were some findings that were unique to each species group, 

however. Regarding the sugar pine groups, PILA_R30C0 and PILA_R30C2 both had a positive 

correlation between daily amplitude and mean solar radiation, while there were no significant 

correlations found between these variables for the ponderosa pine group. It is unclear why only 

sugar pine would have that correlation and not ponderosa pine as well. A study done by King et 

al. (2013) on larch and spruce trees in the central Swiss Alps also observed increased daily 

amplitude on days with greater amounts of sunshine. They attributed these observations to the 

greater evaporative demand on days with stronger solar radiation (King et al. 2013). It is 

important to note that amplitude is an absolute value calculation for the daily approach—a 

possible disadvantage regarding the use of the daily approach. Therefore, any value for daily 

amplitude can mean an overall increase in stem size or an overall decrease in stem size for that 

day. In this case, it is most likely that the stem size decreased more on those sunnier days.  

A finding that was unique to the ponderosa pine group was the negative correlation 

between daily amplitude and mean air temperature for the PIPO_RD1.2 treatment group. 

However, King et al. (2013) observed an increase in daily stem amplitude on days with higher 

temperatures. They attributed this to the increased canopy transpiration and water demands 
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that are required on hotter days. This finding does not align with my study in which I observed a 

negative correlation with daily amplitude and mean air temperature for the RD1.2_PIPO group. 

However, this difference in findings is likely due to differences in species and climate patterns 

between the two study areas. The area where King et al. (2013) conducted their study is also 

relatively dry, but precipitation is distributed evenly throughout the year. This is fairly different to 

the Mediterranean climate of the Lassen National Forest in which it is warm and dry in the 

summers with most precipitation occurring during the winter. In this case, it is more likely that 

the ponderosa pine in the Sierra Nevada closed their stomata on those hotter days to avoid 

xylem cavitation since they are isohydric species that close their stomata quickly during periods 

of high water stress (McDowell et al. 2008), whereas there may be enough moisture in the 

summer in that region of the Swiss Alps to allow trees to keep their stomata open and therefore 

transpire and contract more. Going back to the positive correlation between daily amplitude and 

mean solar radiation for the PILA_R30C0 and PILA_R30C2 treatment groups that was not 

found with the ponderosa pine groups, this could be related to how isohydric or anisohydric 

sugar pines are. Though information is lacking regarding how isohydric (or anisohydric) sugar 

pines are, this finding may allude that sugar pines are more likely to keep their stomata open on 

sunnier (possibly drier) days than ponderosa pines and therefore be more anisohydric than 

ponderosa pine (therefore closing their stomata less readily during periods with high water 

stress (McDowell et al. 2008)). If that is the case, sugar pine may be keeping its stomata open 

on those sunnier days, causing the stem to contract more and have a larger amplitude (though 

we can only assume the direction of growth when given just the daily amplitudes). A future study 

done to determine if sugar pines are isohydric or anisohydric may help to explain more of the 

differences in responses to climate between these species.  
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3.4.3 Stem Cycle Approach  

 The magnitude and duration of contraction being negatively correlated with air 

temperature and solar radiation makes sense when considering the climate of the Sierra 

Nevada. Since the climate is already warm and dry in the summers (Bigelow et al. 2014; Yeh 

and Wensel 2000), it is more likely that stomata of the sugar pine and ponderosa pines closed 

on these hotter days since there is limited water. Viera et al. (2013) had a similar finding in 

which magnitude of contraction was negatively correlated with maximum temperatures during 

the summer in the Mediterranean region of Portugal. They attributed this to the high 

temperatures and low soil water content during the summer causing the trees to control 

transpiration more—thus causing the stem to contract less on hotter days when the stem is 

controlling transpiration even more. The duration of contraction and magnitude of contraction 

being positively correlated to mean relative humidity (RH) does not seem to be a growth 

response covered in other dendrometer studies. This finding is opposite to what is expected 

when considering the effect of relative humidity on transpiration rates. Since the water vapor 

concentration gradient between the leaf and the atmosphere on high RH days is lower, the tree 

would not transpire as much compared to a low RH day (Pallardy 2008) when just considering 

the concentration gradient that is pulling water from the leaf into the atmosphere to drive 

transpiration. If that is the case, the stem should actually contract less on these days because it 

would be losing less water relative to a lower RH day. However, this increase in magnitude and 

duration of contraction on higher RH days could also be occurring because the tree is more 

likely to keep its stomata open to transpire because it does not have as high of a risk of water 

loss due to the shallower concentration gradient causing a slower transpiration rate (Pallardy 

2008). One of the most surprising findings regarding the contraction phase was that the 

PIPO_Con treatment group had a positive correlation with magnitude of contraction and mean 

air temperature and solar radiation whereas the PIPO_RD1.2 treatment group had a negative 

relationship with those environmental variables. This means that the control treatment group 
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contracted more on those hotter and sunnier days than the RD1.2 treatment group; the RD1.2 

treatment group actually contracted less on those days. This difference between the control and 

RD1.2 treatment groups for the ponderosa pine species is an early indication that the extended 

radial release treatments are beneficial. This will be explored more once the stem radial 

increment correlations are discussed. 

 The duration of expansion for PIPO_Con was positively correlated to mean solar 

radiation and mean air temperature but negatively correlated to mean RH. Liu et al. (2017) had 

a fairly similar finding regarding air temperatures in which they found a positive correlation 

between stem expansion and maximum air temperature during the dry summer stage defined 

for their study. Though this finding is similar, it was for maximum air temperature and magnitude 

of expansion instead of mean air temperature and duration of expansion. However, they are 

more comparable since duration and magnitude of expansion were positively correlated for the 

PIPO_Con group (Figure 3.3). They attributed this positive correlation to the fact that air 

temperature was controlling the stem contraction during the daytime. Therefore, when the stem 

contracted more during the daytime with increased temperatures, the stem also expanded more 

during the evening and overnight to try to replenish the lost water from the stem contraction 

phase (Liu et al. 2017). 

 The lack of significant correlations between the stem radial increment phase and the 

environmental variables is likely due to the fact that stem radial increment is not very common 

during the dry summers in Mediterranean climates; this lack of significant correlations with the 

increment phase also occurred in Viera et al. (2013). The significant negative correlation of 

duration and magnitude of radial increment to mean solar radiation and mean air temperature, 

though not found in either the Viera et al. (2013) or the Liu et al. (2017) studies, can likely be 

explained by the increasingly dry conditions created on those days from the high temperatures 

drying out the soil (Viera et al. 2013). Even though contraction is limited on those days as 
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explained by Viera et al. (2013), the decreased soil moisture created by the high temperatures 

in a climate already known for its dry summers would create a microclimate that is not 

conducive to a stem radial increment being put on.   

It is important to note that the magnitude of radial increment of the PILA_RD1.2 

treatment group was positively correlated to mean solar radiation. This means that the 

PILA_RD1.2 group actually put on more radial increment on sunnier days. This finding, along 

with the previous finding that the PILA_RD1.2 treatment group contracted less on warmer and 

sunnier days suggests that the PILA_RD1.2 treatment group was less negatively affected by 

increasing temperatures and solar radiation and that it may even benefit from warmer and 

sunnier days. This may shed light on the extended radial release RD1.2 treatment being the 

most effective at releasing these legacy sugar pine trees to improve growth and vigor since 

trees in this treatment category seemed to be less negatively affected by increasing 

temperatures and higher solar radiation. A thinning study done by Magruder et al. (2013) found 

that a moderate thinning intensity (21 m2/ha) may be best for increasing productivity and climatic 

resiliency of the remaining trees for a red pine plantation in Michigan. Since my study did not 

categorize specific thinning intensities and rather categorized radial release sizes, it is hard to 

make an accurate comparison between the two. However, the diameter based radial release 

using the RD1.2 treatment may help to apply extended radial release treatments that increase 

available resources for remaining trees compared to unthinned stands or the standard thinning 

radius of 9.1 m used by the USDA Forest Service (Hood et al. 2018). Furthermore, Hood et al. 

(2018) found that a radial thinning radius of 9.1 m around legacy ponderosa and Jeffrey pines in 

the Lassen National Forest, California was not sufficient enough to cause an increase in growth 

(Basal area increment (BAI)), but it did help to lessen growth decline. Lessening growth decline 

and a heterogenous canopy structure may then bring about other benefits such as increased 

drought tolerance and a reduction in wildfire severity and bark beetle attack risk (Hood et al. 
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2018). In addition, Hood et al. (2018) suggests a thinning radius larger than 9.1 m may be 

sufficient to increase BAI. Therefore, the larger thinning radius that would be applied using the 

extended thinning radius RD1.2 treatment may be sufficient to increase growth and vigor of the 

remaining legacy trees—especially for sugar pines. The results from my study indicating that the 

PILA_RD1.2 contracted less on warmer, sunnier days and put on more radial increment on 

sunnier days appears to support that claim.  

 

3.5 Conclusions 

 The findings from this chapter highlight the important role that mean solar radiation, air 

temperature, and relative humidity play in stem variations of sugar and ponderosa pines from 

the Sierra Nevada region. One of the more significant findings from a management perspective 

arises is when considering how both positive and negative correlations were found between 

magnitude of contraction and mean solar radiation and air temperature. The positive correlation 

with those variables was found for the control treatment group; this means that the control group 

tended to contract more on those warmer days. The negative correlation with contraction and 

mean solar radiation and air temperature was found for the RD1.2 treatment group. This means 

that the trees in this treatment tended to contract less on those warmer days. This suggests that 

the extended radial thinning treatments likely provided more resources for the residual trees. 

When looking at the magnitude of stem radial increment, however, the only significant positive 

correlation with mean solar radiation or air temperatures was found with the PILA_RD1.2 

treatment group and mean solar radiation. This makes the negative correlation in the 

contraction phase seem to be more likely due to increased moisture levels in RD1.2 treatments 

causing the trees to more readily replenish their stems and therefore contract less. Since they 

contract less on those hotter and sunnier days, that is possibly why they were more likely to put 

on stem radial increment on those days.  
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It is important to note, however, that this study used environmental variables that were 

gathered from a nearby weather station in Chester, California. Therefore, these relationships 

with air temperature, solar radiation, etc. are assuming that these environmental variables are 

the same within all of the treatment plots. The study was also only done for one summer, so a 

multiple year study may have different significant findings since it would have more data points. 

Nonetheless, the main findings from this study highlight that solar radiation, air temperature, and 

relative humidity play an important role in daily stem fluctuations—and that an extended radial 

treatment distance (RD1.2) may be the most effective treatment to release and improve growth 

and vigor of legacy sugar and ponderosa pine trees in the Sierra Nevada region.   
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Table 3.1 Summary table of trees that were measured with dendrometers. PIPO = Pinus 
ponderosa (ponderosa pine) and PILA = Pinus lambertiana (sugar pine). The control treatment 
category did not have any radial thinning done; R30C0 had a constant radial thinning radius of 
9.1 m regardless of DBH; R30C2 had the same treatment as R30C0 but two competitor trees 
were left within the 9.1 m radius; lastly, the RD1.2 treatment radius was determined by 
multiplying the DBH in inches by 12 by 1.25 to get a radius (in feet) that was dependent on the 
DBH.  

Focal 
Species 

Treatment 
Category 

Plot ID 
Plot Radius 

(m) 
Focal Tree DBH 

(cm) 

PILA Control Con230 9.1 64.0 

PILA Control Con234 9.1 63.8 

PILA Control Con240 16.9 117.6 

PILA R30C0 122R30 9.1 96.0 

PILA R30C0 126R30 9.1 92.2 

PILA R30C0 138R30 9.1 75.9 

PILA R30C2 135R30C2 9.1 106.2 

PILA R30C2 141R30C2 9.1 91.9 

PILA RD1.2 C2RD1.2 18.0 120.7 

PILA RD1.2 C4RD1.2 17.4 115.6 

PILA RD1.2 C8RD1.2 14.0 97.5 

PIPO Control Con226 10.7 73.4 

PIPO Control Con259 13.4 105.4 

PIPO RD1.2 C6RD1.2 11.3 78.0 

PIPO RD1.2 C7RD1.2 13.4 86.9 

PIPO RD1.2 C11RD1.2 14.0 98.0 

 

 
Table 3.2 General descriptive statistics of the combined species-treatment groups. The mean 
plot radius for the control treatments is just for the measurement plots since there were no radial 
thinning treatments applied to them. The other mean plot radii were the actual mean radii of the 
radial thinning treatments applied.  

Species and 
Treatment Group 

Mean Plot 
Radius (m) 

Mean Focal Tree 
DBH (cm) 

PILA_Con 11.7 81.8 

PILA_R30C0 9.1 88.1 

PILA_R30C2 9.1 99.1 

PILA_RD1.2 17.7 111.3 

PIPO_Con 12.0 89.4 

PIPO_RD1.2 12.9 87.6 
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Table 3.3 Significant correlations between growth variables. The underscore and number 
indicate a given phase (1 = contraction, 2 = expansion, 3 = radial increment). Magnitude is the 
absolute value of the difference between the highest and lowest normalized stem growth for a 
given phase, whereas duration is how long that phase lasted. Values considered significant if 
after 1000 bootstrapped correlations the 95% confidence interval did not include zero. Light grey 
indicates a significant positive correlation between the variables whereas the black color 
indicates a significant negative correlation (mean correlation noted in cells with significant 
correlations). Hyphens (-) are noted in cells where comparisons were not made or to avoid 
duplicate correlations. 

Treatment 
Group 

Variable  duration_1 magnitude_1 duration_2 magnitude_2 duration_3 

 

PILA_Con 

magnitude_1   - - - -  

duration_2     - - -  

magnitude_2     0.61 - -  

duration_3         -  

magnitude_3            

PILA_R30C0 

magnitude_1   - - - -  

duration_2 -0.32   - - -  

magnitude_2     0.41 - -  

duration_3         -  

magnitude_3         0.83  

PILA_R30C2 

magnitude_1   - - - -  

duration_2     - - -  

magnitude_2       - -  

duration_3   -0.64     -  

magnitude_3            

PILA_RD1.2 

magnitude_1 0.33 - - - -  

duration_2     - - -  

magnitude_2   0.85   - -  

duration_3         -  

magnitude_3         0.85  

PIPO_Con 

magnitude_1   - - - -  

duration_2     - - -  

magnitude_2 -0.30 0.76 0.30 - -  

duration_3         -  

magnitude_3            

PIPO_RD1.2 

magnitude_1   - - - -  

duration_2     - - -  

magnitude_2   0.29   - -  

duration_3         -  

magnitude_3            
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Table 3.4 Daily approach analysis. Significant correlation values after running 1000 
bootstrapped correlations for each variable. Light grey indicates a significant positive correlation 
with daily amplitude and a given climate variable for that species-treatment group. Black color 
indicates a significant negative correlation. If there is a significant correlation, the mean 
correlation value is indicated within the cell.  

Species and 
Treatment 

Group 
Variable 

Mean Solar 
Radiation 

Mean Air 
Temperature 

Mean RH 
Sum 

Precipitation 
 

PILA_Con 

Daily 
Amplitude 

         

PILA_R30C0 0.23        

PILA_R30C2 0.44        

PILA_RD1.2     0.24    

PIPO_Con     0.32    

PIPO_RD1.2   -0.37 0.25    
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Table 3.5 Stem cycle approach analysis. Significant correlation values after running 1000 
bootstrapped correlations for each variable. Light grey indicates a significant positive correlation 
between the variables for that species-treatment group. Black color indicates a significant 
negative correlation. Mean correlation noted in cells with significant correlations. 

Species and 
Treatment 

Group 
Variable 

Mean Solar 
Radiation 

Mean Air 
Temperature 

Mean RH 
Sum 

Precipitation 
 

PILA_Con 

Duration of 
Contraction 

         

PILA_R30C0   -0.55 0.60    

PILA_R30C2 -0.91        

PILA_RD1.2 -0.40 -0.35 0.34    

PIPO_Con -0.45 -0.43 0.40    

PIPO_RD1.2 -0.64 -0.42 0.53    

PILA_Con 

Duration of 
Expansion 

         

PILA_R30C0 -0.20        

PILA_R30C2 0.80        

PILA_RD1.2   0.28 -0.28    

PIPO_Con 0.39 0.53 -0.39    

PIPO_RD1.2          

PILA_Con 

Duration of 
Radial 

Increment 

         

PILA_R30C0          

PILA_R30C2 -0.71 -0.72 0.83    

PILA_RD1.2          

PIPO_Con          

PIPO_RD1.2 -0.38        

PILA_Con 

Magnitude 
of 

Contraction 

         

PILA_R30C0 0.41        

PILA_R30C2          

PILA_RD1.2 -0.49 -0.40 0.45    

PIPO_Con 0.29 0.27      

PIPO_RD1.2 -0.33 -0.44 0.40    

PILA_Con 

Magnitude 
of 

Expansion 

         

PILA_R30C0          

PILA_R30C2 0.41        

PILA_RD1.2 0.71 0.42      

PIPO_Con          

PIPO_RD1.2          

PILA_Con 

Magnitude 
of Radial 

Increment 

         

PILA_R30C0          

PILA_R30C2 -0.65 -0.68 0.76    

PILA_RD1.2 0.35        

PIPO_Con          

PIPO_RD1.2          
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Figure 3.1 Map of study area—located in the southern portion of Lassen National Forest in 
northern California, just southwest of Lake Almanor. Map courtesy of Johnson et al. (2017). 
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A. 126R30 stem cyclic phases 

 

B. PILA_R30C0 stem cyclic phases  

 

Figure 3.2 Example output of the actual dendrometer data stem cyclic phases for an individual 
sugar pine tree, 126R30 (A), and for a portion of the normalized dendrometer data showing 
stem cyclic phases of the PILA_R30C0 treatment group (B). Yellow indicates contraction (phase 
1), orange indicates expansion (phase 2), and red indicates stem radial increment (phase 3). 
Stem radial increment occurs when the stem expands further than the previous maximum.  
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A. Solar radiation 

 

B. Mean air temperature 

 

C. Mean relative humidity 

 

D. Total precipitation 

 

Figure 3.3 Chester RAWs weather station for the measurement period. Data shown here is 
from the time of the first dendrometer measurement to the last dendrometer measurement. 
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Chapter 4: General Conclusions 
 
 With impacts of climate change and previous fire suppression threatening the health and 

vigor of Sierra Nevada mixed conifer forests, it is becoming increasingly important to further our 

understanding of climatic drivers of growth in these forests as well as the effectiveness of 

current management techniques attempting to mitigate these issues. It is also important to 

understand how small-, medium-, and large-sized trees were affected by historic climate to help 

us fine-tune our management efforts on the tree sizes we are most interested in managing for. 

Furthermore, given the multiple ecosystem benefits that legacy trees provide in the Sierra 

Nevada region, the effects of the radial release treatments that are being applied more often 

around these trees needs to be further researched. In this thesis, I performed a dendroclimatic 

analysis to determine climatic drivers of growth of small-, medium-, and large-sized mixed 

conifer species in the northern Sierra Nevada region. I also analyzed hourly dendrometer data 

collected on sugar and ponderosa pines in multiple different radial release treatments to assess 

climatic drivers of hourly stem fluctuations. This was done to further our understanding of 

climatic drivers of growth as well as to try and provide short-term results of these radial release 

treatments. Findings from the analysis of the dendrometer data will help guide future decisions 

on which radial release treatments may be best to release legacy sugar and ponderosa pine 

trees—until longer-term effects can be analyzed.      

The findings from my dendroclimatic analysis highlight how Sierra Nevada mixed conifer 

species of different sizes may be affected differently in a future changing climate. More 

specifically, larger trees may be more negatively affected by increasing summer and fall 

temperatures in the future and may also carry over those negative effects into the next year. 

Though smaller trees were sometimes negatively affected by these increasing temperatures, 

they rarely carried those negative affects into the next year. However, trees of all sizes may 

benefit from increasing minimum winter temperatures. Future dendroclimatic studies looking to 

explore other influences on smaller tree growth patterns may want to look into more 
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microclimatic factors affecting growth in the understory. Using such microclimatic factors, along 

with the factors already analyzed in this study, may help to explain a higher percentage of ring 

width variation in those smaller trees.  

 The analysis of the dendrometer data collected on sugar pine and ponderosa pine 

further highlighted the important role that air temperature plays in the growth of Sierra Nevada 

mixed conifer species. Furthermore, this analysis found that air temperature, solar radiation and 

relative humidity all play an important role in hourly stem fluctuations. While some treatment 

groups such as the PIPO_Con treatment group contracted more on warmer and higher solar 

radiation days, the RD1.2 treatment group for both sugar and ponderosa pine contracted less 

on those days. This suggests that the extended radial release RD1.2 treatment may be 

providing more resources for the residual trees. The only positive correlation found between the 

magnitude of stem radial increment and mean solar radiation or air temperature was found for 

PILA_RD1.2 and mean solar radiation. This means that the PILA_RD1.2 treatment group 

contracted less on warmer, sunnier days and actually put on growth on sunnier days (the only 

treatment group to do this). In addition to furthering our understanding of climatic drivers of 

hourly stem fluctuations, these findings provide early indications as to the outcomes of the radial 

treatments applied in the study area. More specifically, these findings suggest that the extended 

radial release treatment may be the most effective at releasing these legacy sugar and 

ponderosa pine trees in the northern Sierra Nevada region.  
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