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Trees in more competitive environments appear to respond to climate differently than trees in less com-
petitive environments. In turn, climate patterns may affect inter- or intra-specific competition, favoring
certain individuals over others. Using dendrochronological methods, we sampled cores from dominant
pine trees and their nearby competitors in 40 stands in the northern Sierra Nevada. Our dendroclimato-
logical analyses showed complex responses to climate for the dominant pine and their competitors. Pinus
lambertiana Dougl. and Pinus ponderosa Dougl. Ex P. & C. Laws benefited from cooler temperatures in the

gzﬁvoergiion past May; all species benefited from warmer winter temperatures; Calocedrus decurrens (Torr.) Florin
Climgte benefited from cooler temperatures in the past summer, while Abies concolor (Gord. & Glend.) Lindl.)
Dendrochronology and the two pine species benefited from cooler temperatures in the present summer. All species showed

consistently positive effects from increased precipitation and increased moisture availability. A competi-
tion ratio calculated as the ratio between the dominant tree’s radial increments to the competitor’s indi-
cated that climate could influence competition through one of two mechanisms. One, negative responses
to climate conditions that were negative for one species but neutral for another tended to drive the com-
petition ratios. Two, conditions that were negative for both competing trees tended to hurt competitors
more than dominant trees, while conditions that were generally positive tended to help competitors
more than dominant trees. These results suggest that the dominant pine trees may be more resilient
to climate stress than competitors. Reducing competition via management such as thinning may increase
climatic resilience for all species and possibly have positive competitive results for competitors.
Increasing temperatures will tend to harm Sierra Nevada conifers in the summer and spring, but may
show some benefit over the winter as long as precipitation is not reduced.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

It has been well established that competition from other nearby
trees can have a limiting effect on tree growth (e.g. Gomez-
Aparicio et al., 2011; Das, 2012; Ruiz-Benito et al., 2013). Although
competition is often not the primary factor in the mortality of old-
growth trees, old-growth trees in more competitive environments
are at a higher risk of mortality (Das et al., 2011). Reduction of
competition via thinning have shown to have a number of positive
effects on survival. In a ponderosa pine forest of northern Califor-
nia, old-growth trees have significantly higher mortality in un-
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thinned stands versus thinned stands (Ritchie et al., 2008). Thin-
ning treatments in addition to decreasing the risk of high-
intensity fire promote the growth of the residual trees (Magruder
et al,, 2013; van Mantgem and Das, 2014; Pukkala et al., 2015).
Thinning has also been shown to reduce mortality from Dendroc-
tonus bark beetles without harming stand productivity (Zhang
et al., 2013). Thinning treatments to reduce competition may also
increase a stand’s resiliency to climate stresses (Misson et al.,
2003; Linares et al., 2010; Magruder et al., 2013; Guillemot et al.,
2015). Just as competition may increase a tree’s sensitivity to cli-
mate, climatic conditions may also affect competition with other
trees. Temperature and precipitation have been shown to shift
the competitive advantages of different species in an area
(Goémez-Aparicio et al., 2011; Cavin et al., 2013). Interactions
between climate and competition can be complex, and effects
may vary by species, region, tree age, and tree size.
Dendrochronological analysis is the technique of measuring
radial tree growth and relating this to available climate records
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for the same time periods. Using these techniques, the response of
radial growth to climatic conditions can be inferred over many
years (e.g. Chhin et al., 2008a). One can form a picture of how
whole forest stands have changed over time, and how they have
responded to disturbances, yearly variations in climate, and
changes in competition. Studies have reported some interesting
and complex relationships of tree response to climate and compe-
tition. For example, Gedalof and Smith (2001) found that for moun-
tain hemlock (Tsuga mertensiana (Bong.) Carriere), warm summer
temperatures were associated with positive growth in the present
year, but negative growth in the following year. They attributed
this to warm summers being favorable for initiating large crops
of cones, which then matured in the following year at a significant
energetic cost to the tree. Other studies have found that site condi-
tions as a surrogate for climate had dendroclimatic responses. For
example, trees that are located near bodies of water showed less
response to drought stress in dry years, but were more susceptible
to harm from flooding in wet years (Potito and MacDonald, 2008;
Chhin et al., 2013). Responses also vary by species. Hurteau et al.
(2007) found that for Sierra Nevada conifers under high-density
conditions, such as white fir (Abies concolor (Gord. & Glend.) Lindl.),
showed the strongest and most consistent response to climate,
with most species showing stronger responses under more open
conditions.

Larger trees may show different responses to climate and com-
petition than smaller trees (Castagneri et al., 2012; Rozas, 2014),
because larger trees have greater non-structural carbon pools to
draw on (Niinemets, 2010) and greater access to sunlight
(Thomas and Winner, 2002), but are also slower growing in gen-
eral. Differences in drought response between saplings and mature
trees may also depend on species. In a deciduous forest, He et al.
(2005) found that some species showed little difference in drought
response between old trees and young ones, while other species
showed greater drought-related growth reductions in older trees.
Individual trees may also show different responses to climate than
the population does as a whole, due to differences in microclimate,
competition, and tree age and size (Rozas and Olano, 2013). To con-
trol for age and size effects, some dendrochronology studies have
chosen to study even-age plantations (de Luis et al., 2009), to sep-
arate trees out into different size classes before analysis (Chhin
et al., 2008b), or to focus on a particular age group such as seed-
lings of 0.5-2 m in height (Chhin and Wang, 2008).

While most studies in dendrochronology focus on either estab-
lishment dates or responses to climate (Chhin and Wang, 2002),
there is less research on interactions between climate and competi-
tion. Studies show that competition cannot be neglected in studying
tree growth over time. For example, fires that reduce competition
can have a benefit to the growth of surviving trees, especially smal-
ler trees, in spite of the cost of fire damage (Valor et al., 2013). Addi-
tionally, while trees with low competition may show strong climatic
signals in their yearly growth, trees that are more suppressed due to
competition do not have much sensitivity to climate (Piutti and
Cescatti, 1997; Gea-lzquierdo et al., 2009; Rozas, 2014). Instead,
their growth is more dependent on the previous year’s growth
(Rozas and Olano, 2013). Competition can be a more important fac-
tor in tree growth than climate, although climate can influence a
tree’s sensitivity to competition and can affect which species are
the dominant competitors (Gomez-Aparicio et al., 2011).

Some studies have also attempted to determine which Sierra
Nevada conifers give the most reliable records of climate:
Hurteau et al. (2007) found that of Sierra Nevada mixed-conifer
species growing in high-density conditions, white fir growth
showed the closest correspondence with the Palmer drought
severity index (PDSI). Incorporating lagged climate effects gener-
ally did not improve the chronology alignment with PDSI, except
for Jeffrey pine (Pinus jeffreyi Grev. & Balf.). Potito and

MacDonald (2008), on the other hand, found that Jeffrey pine
growth corresponded more strongly with winter (October-
February) PDSI than western juniper (Juniperus occidentalis Hook.)
or lodgepole pine (Pinus contorta Louden).

While many studies exist on dendrochronology in the Sierra
Nevada as well as the impacts of weather patterns on growth, or
the impacts of competition on growth, studies that cover interac-
tions between these two factors are lacking. This is in spite of
the fact that factors such as temperature and precipitation may
influence which species are most competitive. Greater competi-
tion, in turn, may decrease sensitivity to climate but increase tree
mortality in old-growth forests (Smith et al., 2005). Den-
drochronology provides a method by which to study decades of
growth responses, and to examine how climate and competition
influences growth. In this study, dendrochronology was used to
study effects of monthly and seasonal climate on growth of four
common Sierra Nevada mixed-conifer species: white fir, ponderosa
pine (Pinus ponderosa Dougl. ex. P. & C. Laws), sugar pine (Pinus
lambertiana Dougl.), and incense cedar (Calocedrus decurrens (Torr.)
Florin). We used ring width data to examine whether monthly and
seasonal climate influences trees differently based on their domi-
nance in the stand. This study has important implications towards
managing and safeguarding the productivity and health of old-
growth pine species. This will help ensure the resilience of old-
growth pines towards the impact of climate change and the effects
of competition from the encroachment of shade tolerant conifers
such as white fir and incense cedar.

2. Methods
2.1. Study site

Study sites were located in Lassen National Forest at an eleva-
tion of approximately 1525 m (Fig. 1). In approximate order of
abundance, the most common tree species are white fir (ABCO),
sugar pine (PILA), ponderosa pine (PIPO), and incense cedar
(CADE). Ponderosa pine is the least shade tolerant, followed by
sugar pine; incense cedar is somewhat shade tolerant; and white
fir is by far the most shade tolerant. Older trees also tend to be less
shade-tolerant than young trees (Kinloch and Scheuner, 1990).

The climate is Mediterranean, with cool wet winters and hot
dry summers (Grantham et al., 2010). The Sierra Nevada is a
unique ecosystem in that it has very large trees and high produc-
tivity despite growth that is limited by extremely dry conditions
in the summer and cold conditions in the winter. Based on data
from the PRISM climate group (Daly et al., 2008), average daily
temperature for December-February was 1.4 °C for 1980-2010.
Average precipitation for June-August was only 1.25cm per
month. The main growing season begins in the spring but contin-
ues throughout the summer, with growth continuing to occur to
a lesser extent in the fall and winter. Kelly and Goulden (2016)
measured gross ecosystem productivity and found that 32% occurs
in the spring, 32% in the summer, 21% in the fall, and 15% even in
the winter.

The season for radial growth begins in mid-April for sugar pine,
ponderosa pine, and incense cedar, and in early May for white fir.
Radial growth lasts until August or September (Fowells, 1941).
Shoot growth tends to begin after radial growth, in June, and nee-
dle growth begins even later in late June or early July (Royce and
Barbour, 2001). Shoot growth may also begin at the same time as
radial growth, but may proceed very slowly until June when rapid
growth begins. Radial growth may be based on water availability,
beginning with snow-melt and ending when water potentials drop
with summer drought. Shoot growth instead may be based on pho-
toperiod and temperature (Royce and Barbour, 2001).
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Fig. 1. The study site was located in northern California, marked with a circle on the inset map. Plots were located in several different but closely spaced study areas as

shown.

2.2. Field methods

We selected sites in three sampling blocks targeted for future
restoration as thinning treatments to remove shade tolerant coni-

fers and limit competition with large, old-growth pines and to limit
the likelihood of stand replacing crown fires (Fig. 1). The northern-
most block was 24.4 ha in size, the middle sampling block was
12.6 ha, and the southernmost block was 9.8 ha. Initially within
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each sampling block, old-growth pine trees were systematically
surveyed along 40.2-m wide, belt-transects. We defined an old-
growth pine as a pine with a diameter at breast height (DBH) of
at least 63.5 cm and at least 200-years old. Some trees in this study
were upwards of 300-years old and 120 cm in DBH. We then ran-
domly selected a subset of the old-growth pines. A total of 40 plots
were sampled, with 25 plots where sugar pine was the dominant
tree and 15 plots where ponderosa pine was dominant, due to
the greater relative abundance of large sugar pine in the area. Plots
were centered on a focal tree, which was the largest pine in the
plot. Plots were circular with varying radii: 16 plots had a fixed
radius of 9.1 m, 5 plots had a radius calculated from the DBH of
the focal tree x 12 (i.e. 8.8-9.1 m), and 19 plots had a radius calcu-
lated from the DBH of the focal tree x 15 (i.e. 9.5-18.1 m). While
the varying plot radii are relevant to other future studies con-
ducted in these plots, for this study they have little impact because
the study focuses only on cores from the focal trees and the nearest
competitors. Competitors tended to be closer to the focal tree by
definition, so a larger plot radius does not imply that competitors
are farther away. Plot boundaries did not overlap and were at least
a plot radius apart from each other and from the site area bound-
ary. Average basal area for the plots used in this study was
58.27 m?/ha, with a quadratic mean diameter of 50.99 cm
(Table 1).

For each plot, we selected 1-3 competitors based on visual
assessment of which trees in the plot were providing the most
competition for the focal tree. Assessment was based on size and
distance from the focal tree. Competitor trees all met at least two
out of three of the following criteria: DBH that is at least 1/3 of
the DBH of the focal tree; at least 1/3 of the height of the focal tree;
the gap between the competitor tree’s crown and that of the focal
tree is less than the crown width of the focal tree. We selected two
trees when possible; however, three plots only had one acceptable
competitor, while one other had three approximately equal com-
petitors. This minor departure from selecting two competitors is
a reflection of capturing the natural stand variability in terms of
density of competitors. When the previous criteria were not
enough to decide between several possible competitors, we used
the Lorimer Competition Index. The Lorimer Competition Index
quantifies competition using the following equation (Lorimer,
1983):

_Di/b;

= pist, @

In this equation, CI is the competition index, D; is the diameter
of the competitor tree, D; is the diameter of the focal tree, and
DIST;; is the distance between the two trees.

We cored the focal tree and each competitor twice at stump
height (0.5 m). Dendrochronology of these cores served as the basis

Table 1

for quantifying the impacts of climate and competition on the
growth of dominant pines.

2.3. Laboratory methods

In the lab, cores were dried, mounted, sanded, and cross-dated
using standard dendrochronological methods (Stokes and Smiley,
1996; Speer, 2010). Ring widths were cross-dated using the list
method (Yamaguchi, 1991), measured in CooRecorder, and verified
with statistical cross-dating in COFECHA (Holmes, 1983), and stan-
dardized in ARSTAN (Cook, 1985). We standardized each species
separately (Table 2). For studying climate effects, we standardized
each species with either a linear regression or a cubic smoothing
spline. For white fir, we used a 40-year cubic smoothing spline;
for sugar pine and ponderosa pine we used a 60-year cubic
smoothing spline; and for incense cedar we used a linear regres-
sion. For studying competition, we used a conservative linear
regression in order to preserve short-term and medium-term
effects of climate and competition while smoothing out long-
term effects from factors such as age (ring widths may decrease
on larger trees due to the increased bole area that the ring must
cover) (Gersonde and O’Hara, 2005; Speer, 2010). From this, we
created a standard ring width chronology for each species (Fig. 2).

Climate data was obtained from the PRISM climate group at
Oregon State University, which triangulates data from multiple
weather stations and accounts for geographical and topographical
variations in order to give site-specific weather records dating back
to 1895 (Daly et al., 2008). From this data we chose the following
as climate variables to test on the tree ring chronologies: monthly
average temperature, monthly minimum temperature, and
monthly maximum temperature. These values were also used to
calculate a climatic moisture index (CMI) (Hogg, 1997). CMI
accounts for both precipitation and potential evapotranspiration
based on temperature and elevation. We used CMI in addition to
precipitation and temperature to provide a more complete picture
of net water balance and to provide an understanding of how trees
respond to water stress. In addition to the monthly variables, we
calculated three-month seasonal climate variables as the average
of temperature or the sum of precipitation or CMI over three
months. Climate data for successive 19-month periods (April of
the prior year to October of the following year) were related with
tree ring chronologies using a specialized R program as in Chhin
et al. (2008b). This program used the stepAIC function to perform
a stepwise forward selection, designed to select models with the
lowest Akaike Information Criteria (AIC) (Venables and Ripley,
2002). AIC is a measure of the “distance” between the values pre-
dicted by a model and the values that were measured; hence a low
AIC indicates a better model for the dataset (Burnham and
Anderson, 2002). AIC penalizes models for adding more parame-
ters, so variables were only added if they lowered the AIC by at

The average basal area per plot, quadratic mean diameter (QMD), height, and crown diameter for each tree species, and for focal trees and competitor trees, respectively. The ‘All’

column contains a total for BA and an average for other values.

ABCO CADE PIPO PILA All
BA (m?/ha) 18.11 5.48 13.87 2047 58.27!
QMD all (cm) 37.40 45.02 65.14 78.89 50.99
QMD competitors (cm) 55.87 55.74 67.83 72.78 61.39
QMD focal (cm) NA? NA? 90.55 98.71 95.53
Competitor height (m) 26.0 21.2 29.3 26.0 25.8
Focal height (m) NA? NA? 34.1 34.7 34.4
Competitor crown diameter (m) 6.99 6.05 7.83 6.56 6.91
Focal crown diameter (m) NA? NA? 9.19 10.6 10.0

1 Some stands contained small numbers of Jeffrey pine (Pinus jeffreyi) or red fir (Abies magnifica), which accounts for the slight difference between the sum of the basal areas

for the species listed, and the total basal area.

2 NA = not applicable. No white fir (ABCO) or incense cedar (CADE) were selected as focal trees.
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Table 2
Statistics for standard tree ring chronologies for each tree species. ABCO = Abies concolor, CADE = Calocedrus decurrens, PIPO = Pinus ponderosa, PILA = Pinus lambertiana.
Species Chronology time # Mean Standard Absent rings Common interval time # trees in common Intercore
span trees sensitivity deviation (%) span interval correlation
ABCO 1846-2014 34 0.1135 0.1315 0.045 1951-2013 30 0.312
CADE 1812-2014 13 0.1618 0.2680 0.207 1903-2014 8 0.385
PIPO 1718-2014 30 0.1343 0.1681 0.293 1872-2013 21 0.274
PILA 1785-2014 34 0.1067 0.1356 0.048 1902-2014 25 0.294
1.8
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Fig. 2. Standardized ring width chronologies for each species. PIPO = Pinus ponderosa, PILA = Pinus lambertiana, ABCO = Abies concolor, CADE = Calocedrus decurrens. This shows
the ring widths for each species after a linear regression or smoothing spline has been applied to standardize growth, as described in Section 2.3 (Laboratory methods).

least 2 (Akaike, 1974). This produced species-specific results for
relationships between climate and tree growth, on a monthly scale
as well as a three-month seasonal scale. When models had multi-
ple time periods that were significant to growth, they were ranked
in order of importance using standardized partial regression coef-
ficients (Zar, 1999).

To study interactions between climate and competition, we also
calculated competitive chronologies between focal trees and com-
petitor trees using the formula
Focal tree radial growth index

Competition Ratio = - - -
P Competitor radial growth index

(2)

Therefore, a competition ratio > 1 means that conditions favor
the growth of the focal tree more than the growth of the competi-
tor. A competition ratio < 1 means that conditions favor the com-
petitor over the focal tree. These competition ratios were used as
the basis for studying dendroclimatology and competition. In cases
of missing rings, a value of 0.1 was substituted for the missing ring
in order to avoid dividing by zero in calculating the competition
ratio. We established categories of competitive chronologies based
on which species were competing. The categories were: PIPO-PIPO,
PIPO-ABCO, PILA-PILA, PILA-ABCO, or PILA-CADE, where the first
species is the dominant focal tree. Other competition categories
(PILA-PIPO, PIPO-CADE, PIPO-PILA) did not have a large enough
sample size to be included. Additional categories were also created
for PIPO-interspecific and PILA-interspecific, which included all
interspecific competition chronologies for each focal tree species.
Competitive chronologies were then averaged together with other
chronologies of the same category. Competitive chronologies were
created back to 1920, which ensured that all categories had a sam-
ple size of at least 8 instances of competition for the entire chronol-
ogy. Competitive chronologies for each category were then related
with climate data using the same methods that were applied for
the species chronologies.

3. Results
3.1. Chronology characteristics

All species showed fairly high inter-core correlations, ranging
from 0.274 for ponderosa pine up to 0.385 for incense cedar
(Table 2). The average core was missing less than 0.3% of rings
for each species. Mean sensitivity was between 0.1067 and
0.1618, with sugar pine at the low end and incense cedar at the
high end.

3.2. Responses to mean temperature

In general, cooler average temperatures in the summer and
warmer average temperatures in the winter were most favorable
for growth of all species (Fig. 3A). There were some complex pat-
terns. Incense cedar showed no response to summer temperatures
in the current year, but was sensitive to summer temperatures
from the past year. The two pine species also showed negative
responses to warmer temperatures in May of the previous year.
For the sugar pine and white fir, average temperature in June of
the current year was the most important variable, with a negative
impact from high averages. Ponderosa pine responded negatively
to high averages in May-July of the current year. However, this
effect was less important than the positive effect from warm tem-
peratures in December-February, and the negative effect of warm
temperatures in May of the previous year. December-February
temperature was second most important for sugar pine and white
fir. Incense cedar was unique in that it responded most to high
average temperatures in July of the previous year, followed by
November of the previous year, and lastly it responded to warmer
Februarys in the current year. In terms of the coefficient of deter-
mination (R?), ponderosa showed the highest R?, followed by sugar
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A. Mean temperature: Individual species response

Month
Group A M JJASONDUIFMAMUJIASO R
PILA 0.208
PIPO 0.325
ABCO 0.180
CADE [ 1 ] [ 2 | 0.148

B. Mean temperature: Competition ratio response

Month
Group A M J JASONDIJIFMAMIJIJIAS O R
PILA-PILA N.S.
PIPO-PIPO 5 ¢ | L] 0.261
PILA-IR 0.058
PIPO-IR 0.139
PILA-ABCO [ o0ss
PILA-CADE 0.102
PIPO-ABCO 0.085

Fig. 3. Tree response to mean temperature by species (A), and competition ratio response to mean temperature by species pair (B). Dark coloring indicates a negative
relationship with growth, while light coloring indicates a positive relationship according to a linear regression model. Numbers indicate order of significance (1 is the most
important relationship according to standardized partial regression coefficients). All relationships that are shown are statistically significant (p <0.05). PILA = Pinus
lambertiana, PIPO = Pinus ponderosa, ABCO = Abies concolor, CADE = Calocedrus decurrens. N.S. indicates that no relationships were significant. Interspecific (IR) includes all
trees of a different species from the focal tree. For competitive pairs (e.g. PILA-ABCO), the first species listed is the dominant focal tree, and the second species is the

competitor.

pine, then white fir, with incense cedar showing the weakest
determination.

Average monthly temperature had somewhat different effects
on competition ratios. Effects from the past year tended to be more
important than effects from the current year (a trend which held
for other climate variables as well). For average temperature, the
most consistent effects were for temperature in the spring of the
past year, and temperatures in July of the past year (Fig. 3 B). Warm
spring temperatures in the past year favored competitors over
focal trees for PIPO-interspecific, PIPO-ABCO, PILA-interspecific,
and PILA-ABCO competition. The influence of past spring tempera-
tures was the most significant effect for PIPO-Interspecific and
PILA-ABCO; for PILA-Interspecific and PIPO-ABCO, it was the only
significant effect. The second most significant effect for PIPO-
Interspecific was that higher October averages in the past year
favored competitors. For PILA-ABCO, the second largest effect
was from October of the current year, where higher averages
instead favored focal trees. For PILA-CADE competition, the num-
ber one effect was from February averages, with higher averages
favoring competitors. The second most important factor was tem-
peratures in July of the previous year, with warmer temperatures
favoring focal trees. Overall, PIPO-PIPO competition showed the
highest R? value, while PILA-PILA had no significant effects at all
and PILA-Interspecific, PILA-ABCO, and PIPO-ABCO all had R? val-
ues under 0.1.

3.3. Responses to minimum temperature

Higher minimum temperatures tended to be beneficial in the
winter but harmful in the summer (Fig. 4A). Winter minimums
(December-February) were more important than summer mini-
mums for sugar pine, ponderosa, and white fir. July minimums in
the current year were the second most important time for sugar
pine and white fir; ponderosa pine showed an additional negative
impact from high minimums in May of the previous year, which
was more important than the impact from July of the current year.
The chief exception to minimum temperature trends was incense
cedar, which showed very little response to minimum tempera-
tures and only responded to minimums in April of the previous

year. Higher minimums in the past April had a negative impact
on incense cedar. Once again ponderosa pine showed the highest
coefficient of determination and incense cedar showed the lowest.

Minimum temperatures mostly showed different trends for
each competition category (Fig. 4B). Lower minimums in August
(beta coefficient (b) = —0.417) and higher minimums in December
(b =0.235) benefited ponderosa focal trees over interspecific com-
petitors (a higher beta coefficient (b) indicates a stronger relation-
ship). Lower minimums for September-November of the previous
year also benefited sugar pine focal trees over intraspecific com-
petitors (b=-0.261). Lower minimums for May of the previous
year benefited sugar pine focal trees over interspecific competitors
(b=-0.229), and ponderosa pine focal trees over white fir com-
petitors (b= —0.223) (the only minimum temperature effect that
showed up in more than one category). PILA-CADE showed mixed
trends, with high August minimums benefiting incense cedar com-
petitors (b= -0.448), and high July minimums benefiting sugar
pine focal trees (b = 0.297) in the current year. R? values for mini-
mum temperature were highest for PIPO-Interspecific, followed by
PILA-CADE. Other R? were <0.1 (PILA-PILA, PILA-Interspecific, PIPO-
ABCO), otherwise no significant effects were found (PIPO-PIPO,
PILA-ABCO).

3.4. Responses to maximum temperature

Higher maximum temperatures tended to be detrimental for
growth, particularly in summer of the present year and late spring
or early fall of the past year (Fig. 5A). Incense cedar again showed
effects from hot summers in the previous year but not in the cur-
rent year, while other species responded most to hot summers in
the current year. For the two pine species, higher maximums in
May of the previous year were also detrimental; ponderosa addi-
tionally showed a negative relationship with maximums in
September-November, and a positive relationship with January
maximums. White fir responded only to July maximums in the cur-
rent year, with no impacts from the past year. Incense cedar, on the
other hand, had a negative relationship to maximums in July and
November both of the previous year, mirroring its negative
relationship to July and November averages for the previous year.
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A. Minimum temperature: Individual species response

Month
Group A M JJASONDUJIFMAMIIJIASO R
PILA 2 0.175
PIPO 3 0.312
ABCO B 0218
CADE 0.045
B. Minimum termperature: Competition ratio response
Month
Group A M J J ASONDUJFMAMIJJASO R
PILA-PILA 0.068
PIPO-PIPO N.S.
PILA-IR [ | 0.052
PIPO-IR 20 0.156
PILA-ABCO N.S.
PILA-CADE 0.116
PIPO-ABCO 0.050

Fig. 4. Tree response to minimum temperature by species (A), and competition ratio ri
are the same as those described for Fig. 3.

esponse to minimum temperature by species pair (B). Conventions for labels and colors

A. Maximum temperature: Individual species response

Month
Group A M JJ A S ONDUJFMAMUJIJASO R
PILA 0.225
PIPO 7 0.335
ABCO 0.140
CADE 0.140
B. Maximum temperature: Competition ratio response
Month
Group A MJJ AS ONDJFMAMUJJASO R?
PILA-PILA N.S.
PIPO-PIPO 0.285
PILA-IR 0.131
PIPO-IR 0.103
PILA-ABCO 0.099
PILA-CADE 0.213
PIPO-ABCO 0.124

Fig. 5. Tree response to maximum temperature by species (A), and competition ratio ri
are the same as those described for Fig. 3.

Ponderosa pine had the highest R? value and incense cedar was
tied with white fir for lowest R2.

For competition ratios, maximum temperature showed some of
the highest R? values of any of the climate-competition variables
(Fig. 5B), with the exception of PILA-PILA (which showed no signif-
icant relationship to maximum temperature) and PIPO-
Interspecific (which showed stronger determination from mini-
mum and average temperature). The highest R? value was for
PIPO-PIPO, while the lowest were for PILA-PILA (no effect) and
PILA-ABCO (the only one <0.1, but still the highest R? value seen
for PILA-ABCO). Higher maximum temperatures in the past July
benefited focal trees for PILA-interspecific (b=0.275) and PILA-
CADE (b=0.314), and was the top effect for both. Meanwhile,
higher temperatures in the past spring tended to benefit inter-
specific competitors for PIPO-interspecific (b=-0.244), PILA-
ABCO (b =-0.201), and PIPO-ABCO (b = —0.305). Higher tempera-
tures in the past fall seemed to benefit focal trees at sugar pine
sites (#1 effect for PILA-ABCO, #2 effect for PILA-Interspecific and
PILA-CADE), but benefited interspecific competitors at ponderosa
sites (#2 effect for PIPO-Interspecific and PIPO-CADE). For
intraspecific ponderosa competition, though, the focal tree seemed
better able to withstand the warm fall temperatures (b =0.302).

esponse to maximum temperature by species pair (B). Conventions for labels and colors

PIPO-PIPO competition showed the most effects, including a bene-
fit to focal trees from high maximums in May of the past year
(b =0.344), and a benefit to competitors from high maximums in
August (b=-0.263), April (b=-0.248), and July (b=0.248) of
the past year. Maximum temperatures in the current year showed
little impact on competition ratios, other than for PILA-CADE which
showed some benefit to competitors from high maximums in
January-March (b = —0.245).

3.5. Responses to precipitation and CMI

More precipitation was almost always a positive for all species
(Fig. 6A). Fall precipitation was generally not beneficial to growth
in the current year, but did show benefits for growth in the next
year. Winter precipitation from the past year and summer precip-
itation in the current year tended to have the largest impact on
growth, with the exception of ponderosa pine. Ponderosa
responded most positively to precipitation in the late fall/early
winter of the past year (October-December), followed by May of
the past year, and lastly early spring of the current year
(February-April). Unlike the other species, ponderosa did not show
a response to summer precipitation. Sugar pine and white fir
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A. Precipitation: Individual species response

Month
Group A M JJASONUDUJIFMAMIJIJIASO R
PILA | | ! ! 0229
PIPO [ | | ] 0.193
ABCO | | | 0.320
CADE | \ | 0.214
B. Precipitation: Competition ratio response
Month
Group AMJJASONDIJIFMAMIJIIJIASDO O R?
PILA-PILA 0.045
PIPO-PIPO 0.245
PILA-IR N.S.
PIPO-IR N.S.
PILA-ABCO N.S.
PILA-CADE [ ] 0.044
PIPO-ABCO N.S.

Fig. 6. Tree response to precipitation by species (A), and competition ratio response to precipitation by species pair (B). Conventions for labels and colors are the same as

those described for Fig. 3.

showed identical responses to precipitation: both were most
responsive to precipitation in December-February, then precipita-
tion in May-July of the current year, then September-November
of the past year, and lastly May-July of the past year. Incense cedar
was most responsive to August precipitation in the current year,
followed by August-October of the past year, then November-
January. All relationships to precipitation were positive. This time
ponderosa showed the weakest coefficient of determination, fol-
lowed by incense cedar. The strongest coefficient of determination
was for white fir.

Like precipitation, a higher climate moisture index was gener-
ally positive for all species in most months and seasonal periods.
This seemed to be especially true in the summer (both current
and prior year) and the fall-winter of the past year, and less true
in the spring and fall of the current year (Fig. 4E). Ponderosa was
most responsive to CMI in July of the current year; incense cedar
was most responsive to CMI in July of the past year. Sugar pine
and white fir showed the greatest responses to CMI for May-July
of the current year. Sugar pine had the second strongest effect from
October-December, and then May-July of the previous year. Pon-
derosa’s second greatest effect was from May-]July of the previous
year, then September-November. White fir had the most effects
from CMI. Its second greatest effect was for December-February,

A. CMI: Individual species response

then September-November, and lastly May-July of the previous
year. Incense cedar had the second strongest effect for June-
August of the current year, and lastly October-December. For R?
value, white fir was highest, followed by ponderosa, then sugar
pine, and last of all incense cedar.

For competition ratios, competitors tended to benefit most from
more moisture and precipitation, particularly in the past year
(Figs. 6B and 7B). Higher precipitation in July of the past year ben-
efited competitors for PILA-PILA competition; higher CMI in July of
the past year benefited competitors for PILA-PILA competition and
PILA-interspecific competition. Higher precipitation and higher
CMI in May and in September-November of the past year benefited
competitors in PIPO-PIPO competition, but higher precipitation
and higher CMI in August of the past year benefited focal trees.
Incense cedar benefited from wet summers in the current year as
well as in the past year in PILA-CADE competition: incense cedar
competitors benefited from more precipitation in July-September
of the current year, and from higher CMI in July-September of
the previous year as well as June-August of the current year.
Precipitation did not affect competition for PILA-interspecific,
PIPO-interspecific, PILA-ABCO, or PIPO-ABCO competition. PIPO-
interspecific, PILA-ABCO, and PIPO-ABCO showed no impacts from
CMLI. The highest R? value was for PIPO-PIPO for both precipitation

Month
Group A M JJASONDUJITFMAMIIJIASO R
PILA | | 0.290
PIPO 0.305
ABCO | | 0.335
CADE | | | | | 0.177
B. CMI: Competition ratio response
Month
Group AMJJASONDUIFMAMIIJASO R
PILA-PILA 0.057
PIPO-PIPO 0.227
PILA-IR 0.064
PIPO-IR N.S.
PILA-ABCO N.S.
PILA-CADE 0.169
PIPO-ABCO N.S.

Fig. 7. Tree response to CMI by species (A), and competition ratio response to CMI by species pair (B). Conventions for labels and colors are the same as those described for

Fig. 3.
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and CMI. PILA-CADE had the second highest R? for CMI only. All
other R? values were under 0.1.

4. Discussion
4.1. Competition and climate

Temperature conditions that were unsuitable for pines but neu-
tral for other species tended to favor interspecific competitors. For
example, ponderosa pine showed a negative response to high max-
imum temperatures in September-November of the previous year,
and therefore interspecific competitors gained an advantage. With
intraspecific competition, however, ponderosa focal trees were
better able to withstand high September-November maximums
compared to ponderosa competitors. Likewise, higher averages
and higher maximums in May of the past year were negative for
both pine species, but not the interspecific competitors. As such,
the interspecific competitors tended to tolerate warm tempera-
tures in the past spring. Intraspecific competition, however, once
again showed a different trend, since the focal tree and the same
species competitor responded negatively to warmer temperatures.
While intraspecific competition between sugar pines showed no
significant relationship to average temperature at all, intraspecific
ponderosa competition again showed that warm temperatures in
the past May favored the focal ponderosa over the competing pon-
derosas. This may indicate that under adverse conditions, domi-
nant ponderosas show more resilience than their less dominant
conspecifics.

A possible explanation for why white fir competitors handled
higher maximum temperatures better than ponderosa pine focal
trees is that white fir is an anisohydric species, which means that
its stomata stay open longer under dry conditions. Ponderosa pine
is an isohydric species that closes its stomata more quickly when it
experiences water stress (Bigelow et al., 2014). Therefore, white fir
continues to photosynthesize and gain carbon stores even when it
is hot and dry. While this puts it at greater risk to drought induced
xylem cavitation, anisohydric species like white fir also have
greater resistance to these effects (McDowell et al., 2008).

When conditions were generally favorable for all species, com-
petitors showed greater growth, while under generally negative
conditions, focal trees showed greater growth. Competitors seem
to benefit more from increased moisture and precipitation (i.e.
conditions which were generally found to be beneficial). Focal
trees were more resilient to high July averages in the previous year
(PIPO-PIPO and PILA-CADE), high July maximums in the previous
year (PILA-Interspecific, PILA-CADE, and PIPO-PIPO), low February
averages in the present year (PILA-CADE), and low January-
March maximums (PILA-CADE). One possible exception is Decem-
ber minimums: low December minimums favored competitors
over focal trees for PIPO-Interspecific competition, which may indi-
cate that large trees are more sensitive to extreme cold. Other
trends were more mixed and difficult to interpret.

Overall, this suggests that competitors had higher radial growth
associated with more moisture and precipitation, cooler summers,
and warmer winters. The inverse is also true: dominant trees can
withstand less moisture and precipitation, hotter summers, and
cooler winters. Older and larger trees tend to grow more slowly
than a smaller tree, so under positive conditions a small competitor
will tend to grow relatively more than a large focal tree. Under
negative conditions, however, the focal tree may not suffer as
much as the competitors will, because it will have established
more protective mechanisms such as a more established root sys-
tem (Van Lear and Kapeluck, 1995), a better canopy position, a
wider canopy, or thicker bark. Younger trees may also begin the
growing season earlier and thus tend to show more overall growth,

but with greater sensitivity to environmental signals (Rossi et al.,
2008; Vieira et al., 2009).

This interpretation of growth differences between young and
old trees has mixed support from the literature. While some stud-
ies have found that larger and/or older trees show more uniform
growth and are less sensitive to climate (Vieira et al., 2009;
Olivar et al., 2014), other studies have found that large trees are
more sensitive (Guillemot et al, 2015) or equally sensitive
(Chhin et al., 2008b; Linares et al., 2010). De Luis et al. (2009) sug-
gest that these differences among the studies may be that some
studies compare climate sensitivity based on age, while others
compare based on size, and these factors are difficult to separate.
In an even-age plantation, de Luis et al. (2009) found that small
trees were more sensitive to climate than large trees. Effects of size
and age may also be confounded by effects of competition and sup-
pression, as suppressed trees may be less sensitive to climate
(Rozas and Olano, 2013).

Another possible explanation for growth differences is sug-
gested by Piutti and Cescatti’s (1997) who reported that European
beech trees (Fagus sylvatica) with high competition showed oppo-
site responses to temperature and precipitation compared to trees
with low competition. Trees with low competition responded pos-
itively to increased temperature and negatively to increased water
availability, while trees with high competition responded nega-
tively to increased temperature and positively to increased water
availability. In this study of Sierra Nevada conifers, dominant focal
trees may be less impacted by competition than their smaller com-
petitors are. Therefore, like European beech with lower competi-
tion, focal trees respond more favorably to high temperatures
and low moisture (which also fits with evidence that focal trees
are more sensitive to low minimum temperatures). This is consis-
tent with studies that have found that large trees are more resilient
in competitive environments compared to small trees (de-Dios-
Garcia et al., 2015), and that decreasing competition also decreases
drought stress (Misson et al., 2003).

Another noteworthy finding was that intraspecific competition
ratios among ponderosa pines showed the biggest effects (that is,
the highest coefficient of determination) from all climate variables,
except minimum temperature. The same cannot be said for compe-
tition between sugar pines, which indicates that intraspecific com-
petition is not stronger per se than interspecific competition, but
rather is species-specific. It is possible that the low significance
of intraspecific competition between sugar pines is due to more
extensive root grafting in this species, which reduces competition.
While little is known about how common root grafting is in sugar
pine versus ponderosa pine or other species, sugar pine is in the
same subgenus (Strobus) as eastern white pine (Pinus strobus),
which is known to show frequent root grafting (Bormann and
Graham, 1959).

In the absence of such cooperative relationships, it is common
to find stronger effects for intraspecific competition versus inter-
specific (Perot and Picard, 2012; de-Dios-Garcia et al., 2015). This
is consistent with the idea that decreases in species diversity lead
to less diversity in resource use, which ultimately leads to intensi-
fied resource competition and a decrease in productivity (Loreau
et al., 2001). However, different species may be differently
impacted by climate and competition (Fernandez-de-Ufia et al.,
2015), and while greater diversity may reduce stress from some
sources, it does not necessarily reduce drought stress (Grossiord
et al.,, 2014).

Competition ratios responded less to conditions in the current
year than conditions in the past year. This seems to fit with the
idea that suppressed trees are more influenced by growth in the
past year than by climate in the current year (Rozas and Olano,
2013). This finding also seems reasonable in light of the idea that
stem growth responses to changes in competition are expected
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to have some lag (Vincent et al., 2009). A suppressed tree may need
time to build up its root system, improve its canopy position, and
increase its carbohydrate stores before it can show an increase in
radial growth. Therefore, positive conditions in the previous year
tend to make more of a difference for competitors than conditions
in the current year.

4.2. Species specific dendroclimatology

Responses to temperature were as expected, and mostly consis-
tent across species. Radial growth for all species tended to respond
positively to warmer winters, which likely indicates that exces-
sively cold conditions cause stress to trees. However, studies of
temperature effects on Sierra Nevada mixed-conifer forests are
lacking. Cold winters have been found to decrease radial growth
before in dendroclimatology studies in other mountainous regions
(Johnson et al.,, 1988; Chhin et al., 2008b). Stress may include
freezing-induced embolism which can in turn lead to cavitation
(Tyree and Sperry, 1989; Pittermann and Sperry, 2006). Tempera-
tures below about 8 °C can inhibit productivity by reducing CO,
uptake (Fellows and Goulden, 2013). At a temperature of 0 °C, pho-
tosynthesis is reduced to half of maximum rates (Kelly and
Goulden, 2016).

Decreases in radial growth corresponding to hot summers are a
common finding (St. George, 2014). While warmer summer tem-
peratures have positive effects in some climates, they become a
negative when temperatures are high enough to increase evapora-
tive water loss and slow photosynthesis (St. George, 2014; St.
George and Ault, 2014). The Sierra Nevada tends to be very dry
in the summer, so high summer temperatures can induce or com-
pound moisture stress, as in Reichstein et al. (2007). Higher tem-
peratures contribute to a higher vapor-pressure deficit, which in
turn contributes to drought stress (Williams et al., 2012). Higher
temperature also leads to increased respiration and loss of carbo-
hydrates, which can make carbohydrate reserves from the previous
year important for growth in the current year (Pallardy, 2007). This
may explain why temperature in the past summer and spring are
important for growth in the current year for sugar pine, ponderosa
pine, and incense cedar. Spring and summer are the time when
radial growth and height growth occur in California, which makes
growing conditions particularly important during this time
(Fowells, 1941). White fir may be less sensitive to past spring
and summer temperatures because of its anisohydric characters
which allows it to photosynthesize under dry conditions, while
other species close their stomata and reduce carbon uptake during
times of drought stress (McDowell et al., 2008).

Studies of ponderosa pine from other regions have underscored
the importance of precipitation and moisture availability (espe-
cially summer precipitation and moisture) in determining growth
(Watson and Luckman, 2002; Peterson et al., 1993). Growth of pon-
derosa pines in western Canada showed positive correlations to
both precipitation and the Palmer Drought Severity Index (PDSI),
with the strongest effects from yearly precipitation and July pre-
cipitation for the current year (Watson and Luckman, 2002). While
the climate at Watson and Luckman’s (2002) sites were arid to
semi-arid, they note that maximum precipitation tended to fall
in June-July, with minimums in February-April (Watson and
Luckman, 2002). This is a very different weather pattern from the
one in the Sierra Nevada, which means that the monthly/seasonal
results are not necessarily directly comparable, although the posi-
tive impact of precipitation and PDSI in a moisture-limited climate
likely still applies. In Colorado ponderosa pines, growth also
showed positive relationships to both precipitation and PDSI, par-
ticularly in the summer (Peterson et al., 1993). Growth responded
negatively to spring temperature (Peterson et al., 1993) - similar to
the negative relationship found here between temperature in the

past May and pine growth in the Sierra Nevada. The negative
impact of warm springs may be related to snow pack. Guarin and
Taylor (2005) found that April snowpack depth in Yosemite
National Park had a significant negative correlation to tree mortal-
ity (i.e., more trees died in years with lower April snowpack), at
sites that contained all the species present in this study. The asso-
ciation between mortality and low April snowpack was likely due
to the reduced moisture availability later in the season. This may
also explain the negative relationship that incense cedar and pon-
derosa pine both showed to higher minimum temperatures in the
previous spring.

Growth studies of other Sierra Nevada mixed-conifer species
are uncommon, probably because these species are less common
outside the Sierra Nevada. After ponderosa pine, white fir has the
broadest range outside the mountains of California. White fir in
Utah has been shown to exhibit the best growth under cooler
and wetter conditions (Shane and Harper, 1979). Dendroclimatol-
ogy studies of mixed-conifer Sierra Nevada forest are rare.
Bigelow et al. (2014) presents the most similar research to the
work conducted here. Their research on the dendroclimatology of
large Sierra Nevada conifers revealed responses to climate much
like the ones found here. Namely, they found generally positive
responses to precipitation from all species. They found similar
responses to temperature: positive responses to winter minimums,
negative responses to summer maximums, and a negative
response to spring maximums in the past year. However, Bigelow
et al. (2014) only found negative responses to summer tempera-
ture in white fir and incense cedar, and spring temperatures in
the previous year had negative effects on ponderosa pine. The
research presented here suggests that these effects may impact
more species than previously thought. Bigelow et al. (2014) also
limited their study only to trees >76 cm in DBH, while the average
QMD for the competitor trees in this study was only 61 cm
(Table 1). This suggests that these climatic effects also extend to
somewhat smaller trees.

A higher CMI and higher precipitation were generally positive
year-round for all species. In some moist climates, winter precipi-
tation may have a negative effect as heavy snow loads may damage
trees and persistent snowpack may delay the growing season
(Chhin et al., 2008a). However, in California it is more common
for winter precipitation to have a positive impact on growth
because winter snowfall has the largest impact on moisture avail-
ability (St. George, 2014), most of the precipitation for the year falls
in the winter (Dettinger et al., 2011), and snowmelt is an important
determinant of water availability well into the warm season
(Hamlet et al., 2007). Hence, winter tended to be the most impor-
tant time for precipitation for sugar pine, ponderosa pine, and
white fir. While winter precipitation increased the growth of
incense cedar; for this species the most critical time for precipita-
tion was August of the present year and August-October of the past
year. This is consistent with research showing that shoot growth in
incense cedar continues until October, and increases significantly
with more watering (Harry, 1987).

Moisture availability (i.e. CMI) tended to be more critical during
the summer growing season. This is consistent with a climate
where most of the precipitation falls in the winter and most evap-
otranspiration occurs in the summer (Kelly and Goulden, 2016). In
such a moisture-limited climate, more precipitation and higher
CMI tend to be beneficial almost year-round. Incense cedar again
tended to be most responsive to CMI in summer of the previous
year, while other species were most responsive to CMI in summer
of the current year. This may again be explained by the key role
that summer and fall moisture play in shoot elongation for incense
cedar (Harry, 1987): more shoot growth in the previous year leads
to benefits in the following year as photosynthetic ability is
increased.



C. Johnson et al./Forest Ecology and Management 394 (2017) 1-12 11

Incense cedar also showed exception to the temperature trends.
Compared to other species, incense cedar showed weaker relation-
ships to temperature and seemed to be more sensitive to temper-
ature in the previous summer than in the current year. It is not
entirely surprising that incense cedar shows different trends from
other Sierra Nevada conifers; while pines and firs are all part of the
Pinaceae family, incense cedar is more distantly related, in the
Cupressaceae family. It is also not entirely surprising that incense
cedar is less sensitive to temperature, and particularly to winter
minimums. In the winter, in yellow cedar (Chamaecyparis
nootkatensis (D. Don) Spach) has shown the ability to quickly
increase its cold tolerance, beyond that of western hemlock (Tsuga
heterophylla (Raf.) Sarg.) (Schaberg et al., 2005). Yellow cedar is in
the Cupressacae genus and shows indeterminate growth (i.e. leaf
shoots that elongate continually rather than having a new flush
of growth in the spring), making it similar to incense cedar.
Hurteau et al. (2007) suggest that incense cedar is less sensitive
to annual climate because it concentrates less of its growth into
photosynthetic tissue, which leads to lower growth efficiency
(Gersonde and O’Hara, 2005). Fowells (1941) similarly suggested
that incense cedar might be slower growing than other mixed-
conifer species, because it does not have an over-wintering bud
but instead must continually invest in leaf elongation. Incense
cedar was also unique in that it responded negatively to higher
mean and maximum temperatures in November (although pon-
derosa was also negatively affected by high maximums in
September-November). This is likely because in incense cedar, cold
hardiness is developed in response to falling temperatures and not
in response to decreasing photoperiod, as in most trees with deter-
minate growth (Hawkins et al., 2001). Therefore warm tempera-
tures in November could leave incense cedar trees particularly
unprepared for cold temperatures in the winter months.

5. Conclusions

The dendroclimatic findings were consistent with the climate of
the Sierra Nevada, which is moisture-limited and features cold
winters and hot summers. More precipitation and more moisture
availability were generally positive for growth in all seasons, and
growth was favored by more mild temperatures in the winter
and summer. Species responses to climate conditions influenced
competitive dynamics. Conditions that tended to be harmful for
pines but not for other species naturally tended to benefit other
species at the expense of the pines. On the other hand, conditions
that were positive for both focal trees and competitors tended to
benefit competitors more, while focal trees were better able to
maintain consistent growth under negative conditions. These find-
ings imply that large pines may be resistant to future increasing
temperatures and decreasing moisture, while smaller trees may
fare worse. Findings also suggest that sensitivity to climate can
vary with tree size, age, and/or dominance and canopy position,
along with species. Not only that, but trees that are less affected
by competition may even show opposite effects from trees that
are heavily affected by competition, as suggested by Piutti and
Cescatti (1997). There was also evidence that, while ponderosa
pine shows relatively strong intraspecific competition, sugar pine
shows little intraspecific competition, and suggests ameliorating
effects such as the possibility of root grafting. These results should
be taken into account in future dendroclimatic studies, and in mak-
ing management decisions about mixed-age stands. In particular,
the selection of management regime including thinning frequency
and intensity to restore and safeguard the health and productivity
of the old-growth pines should take into account that old-growth
pines may need management attention even during suitable cli-
mate conditions when competitors have relatively higher perfor-

mance. This research suggests many potential future research
directions, including examining impacts of varying levels of com-
petition, impacts of climate post-thinning compared to pre-
thinning, impacts of tree species diversity on climate sensitivity,
and studies of the extent of root grafting in Sierra Nevada species.
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