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ABSTRACT 

In the age of fire suppression, a major killer of coniferous forests has shifted from wildfires 
to beetle infestations and drought stress. We examined a conifer forest in the Eastern 
Sierra Nevada to obtain demographic data on the area and to determine the factors 
affecting conifer mortality. We found a positive relationship between the number of 
boreholes and mortality across tree species. Bark beetle tree mortality in lodgepole pine 
(Pinus contorta) was related to density, diameter, slope and aspect of the site. In white fir 
(Abies concolor), the only correlation was between borehole abundance and percent 
mortality. The greatest mortality in lodgepole pine occurred in intermediate stand 
densities and diameters, indicating that there is a critical point where forests are most 
vulnerable to beetle induced mortality. Management techniques could focus on specific 
stand densities and topography to reduce the risk of mortality and limit beetle infestation 
from spreading.  
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INTRODUCTION  

Dramatic forest mortality events such as 
wildfires tend to be viewed negatively from 
a human perspective as they endanger lives, 
structures, and economic assets. However, a 
certain level of mortality in conifer forests is 
important for maintaining a diversity of size 
classes and species compositions that 
increase resistance and resilience to 
disturbances (Fettig 2012). Historically, fire 
was a natural disturbance that culled dense 
overgrowth and can be essential for the 
propagation and succession of many 
conifers (Clements 1910). In the past 
hundred years, fire suppression has 
increased the overall density of forests 
which has increased fire intensity and fire 

danger (Minnich 1983). Short term shifts in 
climate, such as the extended California 
drought between 2011 and 2019, further 
compounded this long-term fire risk (Riley 
and Loehman 2016). As a potential response 
to the removal of this disturbance regime, 
other mechanisms have become more 
prevalent factors in the mortality of conifers.  

Infestations by the fir engraver beetle 
(Scolytus ventralis) and mountain pine 
beetle (Dendroctonus ponderosae) are 
replacing the fire disturbance as a driving 
cause of conifer death. Drought stress and 
carbon balance are important factors in 
determining a tree’s ability to resist bark 
beetle infestation (Christian et al. 1987). 
Since 2010, drought and beetle infestation 
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have caused 102 million tree deaths in the 
Sierra Nevada alone (USDA 2016). Fire 
suppression has increased the distribution of 
small diameter and shade-tolerant species 
from historic levels (McIntyre et al. 2015). 
The increase in biomass related to more 
small diameter trees and homogeneity, 
paired with the extended drought 
experienced, has increased the likelihood of 
insect infestation outbreaks (Pile et al. 
2018). While management such as thinning 
stands of trees is a component for mitigating 
fire risks and returning forests to their pre-
suppression structure, it is important to 
understand that fire suppression has already 
had long-lasting impacts. Adapting to this new 
disturbance regime from a management 
perspective requires understanding what 
factors of a forest increase its susceptibility 
to beetle infestation.  

Bark beetles lay their eggs in the phloem 
and the outer wood of trees. Phloem is a 
crucial source of nutrition for bark beetles 
(Christiansen et al. 1987). Invading beetles 
release pheromones which tag trees for 
further attack in an attempt to overcome 
defensive secretions of trees (Raffa and 
Berryman 1987).  Under specific conditions 
beetles can rally their numbers to target high 
density stands (Christiansen et al. 1987). 
Additionally, P. Contorta greater than 25 cm 
DBH can serve as sources for beetles, which 
can sustain great enough numbers of beetles 
to overcome a smaller sink tree’s defenses 
and overwhelm the host conifer. (Safranyik 
et al. 1974). 

To better understand the factors that 
increase a forest’s susceptibility to 
infestation, we studied how abiotic factors 
like slope and aspect, and biotic factors like 
tree density and size affect the mortality of 
conifers in the Sierra Nevada. Larger 
diameter trees provide a higher 

reproductive potential for beetles but also 
require a higher beetle load to overwhelm 
the tree’s defenses (Fettig 2016). We 
predicted that greater borehole abundance 
will be associated with greater tree 
mortality. This was essential to our study to 
determine if beetle infestation was 
influencing the die off events we observed. 
We predicted that as the density of trees 
increases, mortality will increase because 
there are more resources to sustain a larger 
beetle population and shorter distances for 
bark beetles to travel between trees. We 
predict that trees on south-facing slopes will 
have a higher rate of mortality because 
southern slopes experience direct sunlight 
and therefore have less water availability 
(Saksa et al. 2017). Understanding these 
dynamics will help inform management in 
these conifer forests, as they are critical 
habitat for many species and represent 
valuable economic assets.  

METHODS 

We conducted research between July 29 
and August 4, 2019 at Valentine Camp, one 
of two reserves in the Valentine Eastern 
Sierra Reserves managed by the University 
of California Natural Reserve System. 
Located near the town of Mammoth Lakes, 
CA, Valentine Camp is comprised of 156 
acres of subalpine habitat with an elevation 
range of 2437–2605 m. Historically, it 
receives an average of 51 to 64 cm of 
precipitation and a range in temperature 
between -10°C and 25°C. It contains 
montane forest habitat which is composed 
of coniferous trees including lodgepole pine 
(Pinus contorta), Jeffrey pine (Pinus jeffreyi), 
white fir (Abies concolor) and red fir (Abies 
magnifica).  
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Due to the lack of existing demographic 
information about the reserve, plot location 
was selected to obtain a variation of site-
level characteristics such as northness 
(calculated by taking the cosine of aspect 
multiplied by the sine of slope), elevation, 
stand density, percent mortality, and 
composition of coniferous tree species. 
Northness was used as a proxy for drought 
stress because water availability differs with 
topographical features. Positive values 
indicate a more north-facing slope, while 
negative values indicate a more south-facing 
slope. We conducted 20 demographic 
surveys in 15 m x 15 m plots (Fig. 1). Within 
each plot every conifer was flagged and 
identified, diameter at breast height (DBH) 
was measured. Trees were counted and 
classified as healthy, flagging, or dead. 
Flagging trees were classified as trees that 
had discolored needles, which is a symptom 
of reduced health. Total borehole 
abundance was calculated using a 20 cm by 
20 cm frame at each cardinal direction and 
summing the boreholes observed per tree. 
Species borehole averages per plot were 
used to compare differences at the site level. 

Statistical analyses were conducted using 
JMP Pro v14.2.  P. contorta and A. concolor 
were the most abundant so we only ran 
analyses on these species. We conducted a 
simple linear regression to test how percent 
mortality per species is affected by average 
borehole abundance per plot. This was done 
to determine if beetle abundance is affecting 
tree mortality of species differently. Linear 
relationships were tested between stand 
density and species-specific mortality. 
Quadratic regression models were run to 
test if there are non-linear, complex 
relationships for percent tree mortality for P. 
contorta and A. concolor between stand 
density and DBH.  We ran a multiple linear 

 

Figure 1. Locations of survey sites plotted against 
northness at Valentine Eastern Sierra Reserve. Black 
line is the border of the reserve. Northness was 
calculated by taking the cosine of aspect multiplied by 
the sine of slope. Northness is defined by how north 
a slope’s face is and how steep is the slope. Northern 
most slopes in the Northern Hemisphere experience 
cooler temperatures and more water abundance.  

regression model to test how percent tree 
mortality per species is affected by stand 
density, DBH, and the interaction between 
those variables. We also ran a multiple linear 
regression to test how mortality was 
affected by borehole abundance, northness, 
and the interaction between those variables. 

RESULTS 

Demographic data is summarized in Table 
1. For the remainder of this paper we will 
only refer to A. concolor and P. contorta as 
other conifer species did not occur with 
enough frequency to analyze. Borehole 
abundance was positively correlated with 
mortality for both species (Figure 2, Figure 3; 
PP. contorta=0.017, r2

P. contorta=0.32, nP. 

contorta=17; PA. concolor=0.0002, r2
A. concolor=0.67, 

nA. concolor = 14). The results of the linear 
regression addressing the effect of stand 
density on mortality were nonsignificant for 
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both A. concolor and P. contorta(PA. 

concolor=0.60, PP. contorta=0.21). In the multiple 
quadratic regression for density, DBH, and 
mortality, the effects of DBH on mortality 
changes with P. contorta density (Figure 4, 
P=0.026). However, in A. concolor there was 
no interaction of DBH and density on 
mortality (P=0.52). Northness positively 
correlated with the number of boreholes for 

P. contorta (Figure 5, n=17, F=6.36, 
P=0.0234, r2=0.30,). However, there was no 
effect of aspect on the number of boreholes 
on A. concolor (P=0.978). When examining 
the effects of boreholes(n=17, t=5.65, 
P<0.0001), northness(n=17, t=-2.64, P=0.02) 
and the interaction of northness and 
boreholes(n=17, t=-4.23, P=0.001) on 
mortality all three had significant effects.

Table 1: Valentine conifer census. In total, we surveyed 302 individual conifers over 1.1 total acres, just 0.7% of 
valentine reserve. P. contorta (Total Count=149) was the most abundant species followed by A. concolor (Total 
Count=113). P. jeffreyi had the largest DBH (46.4cm ± 29.8). The most abundant species held similar percentages of 
healthy trees while P. contorta had a percent mortality rate of 27.5% over A. concolor’s percent mortality rate of 
16.8%.  

 
 

 

Figure 2. Correlation of mortality and average 
boreholes on Pinus contorta. There was a positive 
relationship between the proportion of mortality per 
site of P. contorta and the average boreholes per site 
on P. contorta. As beetle attacks increased, mortality 
increase. Three plots did not contain P. contorta. 
(n=17, r2=0.32, F=7.09, P= 0.0177) 

 
 
 

 

Figure 3. Correlation of Mortality and Average 
Boreholes on Abies concolor. There was a positive 
linear relationship between the proportion of 
mortality per site of A. concolor and the average 
boreholes per site on A. concolor. Five plots did not 
contain A. concolor. (n=15, r2=0.67, F=25.84, 
P=0.0002) 
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Figure 4. Quadratic correlation between Pinus 
contorta mortality, stand density, and DBH. Linear 
relationship between stand density and DBH 3a.The 
quadratic relationship between the number of 
mortalities of P. contorta per site and stand density 
(n=17, r2=0.29, F=2.93, P=0.087). 3b. The quadratic 
relationship between the number of mortalities of P. 
contorta per site and DBH (n=17, r2=0.29, F=2.86, 
P=0.09). 3c. The linear relationship between stand 
density and DBH (n=17, r2=0.19, F=3.52, P=0.08). 

 

Figure 5. Correlation between average boreholes on 
Pinus contorta and northness. The linear relationship 
between the average boreholes per site on P. 
contorta and northness. Northness is calculated by 
taking the cosine of aspect times the sine of slope. 
Three plots did not contain P. contorta (N=17, 
P=0.0234, r2= 0.298). 

DISCUSSION 

We observed that greater borehole 
abundance increases tree mortality. We 
found deceased P. contorta and A. concolor 
had more boreholes than living trees (Fig. 2, 
3). While this is well known, it was important 
to prove this interaction holds true for 
Valentine Camp. 

Our prediction that greater stand density 
would increase tree mortality was not 
directly supported. We observed the 
greatest mortality in P. contorta but not in A. 
concolor in intermediate density and DBH 
stands. Our observations for P. contorta 
conflict with Smith et al. 2005 which found 
that the greatest mortality is observed in the 
oldest trees with the largest diameter in 
both shade and shade-intolerant conifer 
species. Our results also contrast with Egan 
et al. 2010 who found pines in northeastern 
California have higher levels of tree mortality 
in unthinned stands compared to 
commercially thinned stands. This may be 
explained by the covariant interaction 
between DBH and density on P. contorta 
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mortality. A potential cause of this 
interaction is that small diameter trees 
which often occur in greater density stands 
do not provide enough phloem to sustain 
beetle populations (Berryman 1976). Large 
trees, frequently observed in less dense 
stands can repel beetle attacks more 
effectively due to a greater ability to 
mobilize bark beetle defenses such as 
oleoresin (Christiansen 1987). The mortality 
observed in P. contorta may indicate a 
shifting forest structure. 

Additionally, the number of boreholes had 
a stronger influence on mortality on 
southern facing slopes than on northern 
facing slopes for P. contorta. We did not 
observe an effect of northness on the 
number of boreholes or a change in 
borehole induced mortality with northness 
on A. concolor.  A. concolor is not observed 
frequently on south-facing slopes (Orr and 
Howald 2000). Limitations of the A. 
concolor’s range and ability to establish on 
south-facing slopes may account for the lack 
of correlation. The result for P. contorta 
supports our second prediction that drought 
stress reduces a conifers ability to mount a 
defensive response against invading beetles. 
On north facing slopes, there are enough 
resources to allow trees to survive beetle 
attacks that would kill the same tree on a 
south facing slope. Southern slopes 
experience more direct sunlight and less 
water availability. Examination of effects 
from the 2011 to 2019 drought aids in the 
prediction of potential consequences of 
more extreme droughts.  

We measured higher rates of mortality 
among trees that establish on southern 
slopes with less water abundance. Altered 
snowpack melt disturbances have been 
observed driving drought severity in the 
Sierra Nevada region (Saksa et al. 2017).  This 

is compounded by bark beetles exploiting 
warmer temperatures which has increased 
rates of tree invasion (Bentz et al. 2010). In 
response to these large scale disturbances 
established forest structure and 
communities will continue to transition. Our 
study may provide insight into how forest 
structure will shift. We observed that A. 
concolor does not respond the same way as 
P. contorta to the density and tree size 
interaction. If P. contorta continues to be more 
affected by this will shift forest composition 
to a more fir dominated structure.  

Forest structure is changing and 
understanding what it will look like in the 
future will inform forest management 
techniques. Fire suppression has resulted in 
a new disturbance regime in the form of 
increased beetle driven mortality. Since 
trees on southern-facing slopes are more 
vulnerable to topographic drought stressors, 
conservation efforts could be focused to 
protect high risk trees on southern slopes. 
We did not find A. concolor on southern 
facing slopes, which could indicate that they 
were not capable of handling the increased 
water demands of the last decade. 
Regarding the cascading consequences born 
from fire suppression, increasing 
topographic drought stress in California, and 
stand density driven biotic infestations, a 
shift in forest structure may be taking place 
and future studies should continue to 
monitor these complex interactions.  
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