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Pine species in the southern fringes of their range are experiencing changes related to 
climatic pressures which may in turn affect their susceptibility to bark beetle invasions. 
These environmental stressors can lead to changes in a pines ability to produce resin as a 
defensive measure. This study of Pinus jeffreyi, Pinus coulteri, and Pinus lambertiana aims 
to identify the species of most concern and the overall health of the pines in the San 
Jacinto Mountains. Pines were systematically sampled, and data was collected on various 
environmental conditions and stressors affecting each tree. Differences in each Pinus spp. 
resin flow rates were calculated and used to measure the trees’ ability to ward off a bark 
beetle invasion. An index was then created based on observed physical attributes to 
individual trees and used as a proxy of general health. Jeffrey pines (Pinus jeffreyi) were 
found to have the highest resin flow rate as well the highest index rating. Sugar pines 
(Pinus lambertiana) were found to have the lowest resin flow rate and lowest rating on 
the index. Slope was also found to be an accurate predictor of resin flow rate. Differences 
in resin flow rates and general health among Pinus spp. suggest that pines are handling 
shifting environmental conditions differently. Although Jeffrey pines are known to be 
drought tolerant, our results indicate that they are the pine species at most risk in the San 
Jacinto Mountains. Pine forests at their southern fringes must be monitored and managed 
more closely for bark beetle invasions and other stressors that could decimate these 
habitats. We propose not only cost-effective forest health monitoring methods, but also 
suggest appropriate land management practices. 
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INTRODUCTION  

Pine forests across the western United 
States are an important ecosystem for many 
organisms. They host many endangered 
species, such as the federally threatened 
northern spotted owl (Strix occidentalis 
caurina) and are crucial sources of food and 

shelter for other species (Irwin et al. 2012). 
Montane pine forests in California cover 
approximately 14% of the state and are 
characterized by high habitat diversity and 
strong climatic gradients (Skinner et al. 
2008). Unfortunately, in the last century, 
Californian pine forests have been facing a 
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dramatic increase in stressors from many 
fronts. As temperatures increase, stressors 
such as drought, fire, and pest outbreaks are 
becoming more prevalent in pine forests.  

Summer drought periods are normal 
within Californian forests and species such 
as Jeffrey pine (Pinus jeffreyi) and Coulter 
pine (Pinus coulteri) are relatively drought 
tolerant due to their evolutionary history in 
this climate (Borken et al. 2006). However, 
as temperatures increase due to global 
climate change, warmer seasons are 
becoming longer, and winter seasons are 
dryer. Climatic change is putting California 
pine forests under more serious drought 
pressure than ever before. Between 2012-
2015 California experienced the most severe 
drought conditions in the last century which 
caused widespread mortality across pine 
forests (Griffin and Anchukaitis 2014; Kolb et 
al. 2016). As drier conditions persist, drought 
and associated stressors can not only limit 
trees’ resources for growth and defenses, 
but also lead to an increase in fire 
susceptibility (Halofsky et al. 2020).  

Fire suppression and drought act in 
conjunction to put pine forests under even 
more stress. Californian ecosystems have 
evolved with frequent low intensity burns; 
dendrochronology studies in the San Jacinto 
mountains have shown forests would burn 
on, average, every 33 years (Everett 2008). 
Some pine species life histories are 
dependent on fire. Lodgepole pines (Pinus 
contorta) for example, are serotinous, 
meaning they have strong protected seeds 
that require heat to open them up to 
germinate (Lotan n.d.). Fire is a keystone 
ecological process influencing biodiversity 
and species abundance (Steel et al. 2015). 
However, with European colonization in 
America, fire suppression became a 

prevalent forest management strategy. Fire 
suppression has shifted fire regimens from 
frequent low intensity burns to non-
frequent high intensity burns. Due to the 
absence of frequent low intensity burns, the 
overall density of pine forests has increased 
significantly (Steel et al. 2015). This increase 
in forest density can lead to multiple 
negative effects on pines such as increased 
competition for resources and susceptibility 
to pest outbreaks, such as bark beetles 
(Bradley and Tueller 2001).  

Bark beetle infestations have been a 
natural part of pine ecosystems for 
thousands of years; however, an 
overabundance of bark beetles can lead to 
the decimation of entire forests (Stark and 
Cobb 1969). Bark beetles kill trees by eating 
the phloem—the vascular system in plants 
that moves nutrients throughout the trunk. 
In low population abundance, bark beetles 
aid in natural renewal and decomposition 
processes and help cycle nutrients back into 
the soil. However, in recent years, bark 
beetle population explosions have been 
responsible for the loss of millions of acres of 
pine forests (Ferrenberg et al. 2014). A 
multitude of factors including increased pine 
forest density and a warmer climate seem to 
be fueling increased bark beetle infestations 
(Kolb et al. 2016). To protect themselves 
from infestations, pine trees must allocate 
extra energy to defenses such as resin 
production. Using extra energy for defenses 
is a major trade-off, especially while pines 
face other stressors such as drought and 
competition from increased density.  

Pine trees use resin production primarily 
as an induced defense against pests and 
fungi. An increase in resin production 
protects pines from bark beetle infestation 
by killing invaders with terpenes, chemicals 
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toxic to most insects (Phillips and Croteau 
1999). Resin mobilizes at wound and 
infection sites to help the tree trap and expel 
invaders. It reacts with air and crystalizes, 
forming a hardened barrier that seals 
wounds. Production of resin is energetically 
costly and is made at the expense of growth 
and reproduction (Bouwmeester 2019). 
Trees under moderate amounts of stress will 
produce large amounts of resin whereas 
trees under extreme amounts of stress will 
begin to dwindle in their resin production to 
allocate enough energy for baseline 
functions (Phillips and Croteau 1999). 
Additionally, resin production is positively 
tied to less susceptibility of bark beetle 
death (Kane 2010). All evergreen trees 
produce resin as a defense, but the amount 
a tree may produce is dependent on multiple 
factors such as species, age, location and 
stress level. 

Although the mechanics and production of 
pine resin defense is well-understood, 
research on the variation in resin production 
across different pine species is lacking. 
Additionally, common coring techniques to 
sample resin ducts can be time consuming 
and costly (Hood 2015). In assessing multiple 
variables to estimate stress levels among 
species, we aim to evaluate an efficient, 
cheap, and timely technique that could be 
applied to forest monitoring. We set out to 
estimate the health and resin response of 
Pinus jeffreyi, Pinus coulteri, and Pinus 
lambertiana in the San Jacinto Mountains. 
These mountains provide an ideal study 
system because of the high pine species 
diversity, as well as the fact that these pines 
exist on the fringes of their distribution. The 
fringes of a species distribution can be useful 
for predicting future conditions of core 
range habitat types since periphery habitats 

are already facing climatic extremes (Geber 
2008). Considering the increase in recent 
stressors, we expected to see high amounts 
of resin production from all these three pine 
species. However, we predicted that species 
that are best adapted to drought, such as P. 
jeffreyi and P. coulteri, will be under the least 
amounts of stress and produce the least 
amount of resin.  

METHODS 

Our study was conducted at the James 
Natural Reserve System in the Southern 
Californian San Jacinto Mountain Range 
(33.80880, -116.77515) from May 5–9, 2021. 
The San Jacinto Mountains provide a unique 
habitat to study; they form the steepest 
slope in the continental United States 
starting at 800 ft. and ending at 10,834 ft. 
above sea level and represent the southern 
fringes of Jeffrey, Coulter, and sugar pine 
distribution (nps.gov).  

Pine trees of each species were 
systematically sampled every twenty meters 
along hiking trails. A similar sample size of 
each tree species was taken with 32 Jeffrey, 
25 Coulter, and 28 sugar pine samples (Fig. 
1). Diameter at breast height, litter depth, 
and forest density measurements were 
taken at each tree. Density was measured by 
counting the number of pine species 
surrounding our focal specimen within a ten-
meter radius of the focal tree.  
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Figure 1. Map of Pinus spp. sampled along trails at 
the James Reserve. Each color corresponds to a 
different pine species that was samples. Red pins 
represent Jeffrey pine (Pinus jeffreyi). Orange pins 
represent Coulter pines (Pinus coulteri). Blue pins 
represent sugar pines (Pinus lambertiana). A total of 
85 pines were sampled. 

To measure resin flow rate, we created a 
seven-centimeter-deep puncture in the 
tree’s sapwood using a framing nail and 
waited two to five hours for resin secretion 
to accumulate. Resin flow rate in cm per 
hour was calculated using time between 
initial nail puncture and time of resin flow 
measurement. Distance resin traveled down 
the bark of the tree was measured using a 
meter stick. Resin flow rate was used as a 
proxy to how much stress a tree was going 
through since past research has shown pine 
trees produce more resin in response to 
stress (Phillips and Croteau 1999).  

We created a bark beetle likelihood index 
(BBLI) to quantify pine tree stress conditions. 
The index used a point-based system 
measuring the likelihood of a bark beetle 
infestation on a particular pine tree. 
Presence in each category was worth one 
point, presence of small holes (under two 
mm in size, must have covered at least 
twenty percent of tree the within sight), 
presence of beetle drill holes (three to 
twelve mm in size, must have pierced 
through bark layer), presence of 

yellow/dead leaves on tree branches (at 
least ten percent of total leaves on tree), 
sawdust present (from beetle drilling), and 
pitch present (dark red resin, evidence of a 
tree’s defense response to beetle drilling). 
Our BBLI was created based off a report by 
the USDA Forest Service on how to spot signs 
of bark beetle infestation (calfire.gov). The 
BBLI incorporates symptoms of other 
stressors beyond bark beetles, making it 
useful as a proxy for relative pine tree 
health. 

To test the effects of density, slope, litter 
depth, diameter at breast height, and BBLI, 
on the resin flow rate, a multiple linear 
regression was run. To see how Jeffrey, 
Coulter, and sugar pines resin flow rates 
varied among species, a one-way ANOVA 
was run with species as the predictor 
variable and resin flow rate as the response 
variable. ANOVA was also run with species as 
the predictor variable and BBLI as a response 
variable. A Tukey Kramer post hoc analysis 
was also performed to see specifically which 
pine species resin flow rates differed from 
each other. Lastly, a linear regression was 
run to see the relationship between BBLI and 
resin flow rate. All statistical tests were run 
using JMP software version 15.2.1. (SAS 
Institute, 2018)  

RESULTS 

Together, density, slope, litter depth, 
diameter at breast height, and the BBLI 
predicted resin flow rate response (Whole 
model, N = 85, r2 = 0.30, p <0.01). Density, 
litter depth, and DBH do not individually 
predict resin flow rate (Table 1). Jeffrey pines 
had the fastest resin flow rate among the 
three species while sugar pines exhibited the 
lowest (N = 85, F = 8.53, p <0.01, Fig. 2). 
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Jeffrey pines also had the highest BBLI rating 
among the three species (N = 85, F = 8.53, p 
<0.01, Fig. 3). BBLI and resin flow rate had a 
direct positive relationship (N = 85, F = 14.09, 
p <0.01, Fig. 4). The slope of the mountain 
the trees were found on negatively impacted 
resin flow rate (N = 85, t = 3.72, p <0.01, 
Table 1, Fig. 5). 

 

Figure 2. Boxplot of pine species and their 
corresponding average bark beetle likeliness rating. 
Jeffrey Pines were found to have an overall greater 
bark beetle likelihood index (BBLI) than sugar pines (F 
= 8.5278, p = 0.0004). Jeffrey and Coulter Pines were 
not found to have varying BBLI (proxy for health) 
ratings (p = 0.0840). Coulter and sugar pines also did 
not have varying BBLI ratings (p = 0.1846). The boxes 
represent the first and third quartiles and the 
whiskers represent the 95% confidence interval. 

 

Figure 3. Linear regression of the bark beetle 
likelihood index as a function of resin flow rate. The 
x-axis represents the bark beetle likelihood index, and 
the y-axis represents the resin flow rate. As the bark 
beetle likelihood index increases, so does the 
production of resin by pines (F = 14.092, p = 0.0003). 

 

 

Figure 4. Linear regression of slope as a function of 
resin flow rate. The x-axis represents the slope of the 
mountain the pine was growing on, the y-axis 
represents the resin flow rate (cm/hr). This graph 
shows a negative linear trend between slope and 
resin flow rate. As the steepness of the slope 
increases, the amount of resin produced by pines 
decreases. (F = 13.397, p = 0.0004).  
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Figure 5. Linear regression of slope as a function of 
resin flow rate. This graph shows a negative linear 
trend between slope and resin flow rate. As the 
steepness of the slope increases, the resin flow rate 
decreases (F = 13.397, p = 0.0004). 

Table 1. Predictor variables and their corresponding t 
ratio and p values by running a multiple linear 
regression to predict resin flow rate. BBLI and slope 
were found to predict the resin flow rate.  

Predictor Variable t ratio p value 
BBLI 1.99 <0.01 
Slope 3.72 <0.01 
Pine Density 1.63 0.1061 
Litter Depth (cm) 0.45 0.6523 
DBH 1.66 0.1012 

 
DISCUSSION 

Contrary to our predictions, Jeffrey pines 
had the highest BBLI rating and resin flow 
rate of the three species studied. This 
suggests that Jeffrey pines are under higher 
amounts of stress than the two other pine 
species studied. Despite Jeffrey pines having 
the highest BBLI, there was not a large 
proportion of trees with high BBLI ratings 
overall. This comes as a surprise as bark 
beetles have been found to attack pine 
stands in the San Jacinto Mountains in the 

past, yet we did not observe any ongoing 
large-scale bark beetle attacks. The lack of 
active infestation may suggest that the 
forests are currently relatively healthy and 
only under moderate stress levels. The 
reason we may have seen only mild signs of 
bark beetles could also be due to 
seasonality. 

Although signs of beetle attack might be 
evident across years, our study was 
conducted after a recent spring snowfall and 
bark beetle population size may not have 
had time to recuperate from the cold 
weather (Logan and Powell 2001). To get a 
more holistic view of pine forest 
susceptibility to bark beetle outbreaks, 
further research into a wider range of 
elevations would be beneficial. 

Interestingly, a steeper slope 
corresponded with a greater resin flow rate 
and BBLI rating, implying trees growing on 
sloped environments are more susceptible 
to stressors. Trees growing on shallow slope 
environments were typically found in creek 
beds where water tends to collect. Steeper 
slopes tend to discharge their water faster 
and therefore trees on slopes will have less 
access to water. This suggests that water 
availability is a strong indicator of a pine 
tree's health and ability to produce a resin 
defense. Knowing that pines on steeper 
slopes have a diminished resin response, 
area with steep slopes such as the San 
Jacinto Mountains should be of a higher 
conservation priority. Furthermore, 
monitoring those pines will be useful for 
future forest risk assessments especially as 
the impacts of climate change and other 
stressors increase. 

As the climate is changing and high 
intensity burns are becoming more 
common, pine species may be adversely 
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affected and shift their ranges higher in 
elevation and farther north (Steel et al. 
2015). This is an issue of high concern 
because pine forests are home to many 
other organisms. If pines begin to shift 
ranges, the species that utilize them may 
begin to face increased selective pressure 
(Geber 2008).  

A lack of rainfall may also be affecting 
pines' ability to produce induced resin as 
protection from bark beetles (Rissanen et al. 
2021). Resin production for singular species 
has been studied but literature on cross 
species comparison is lacking. Our cross-
species comparison to find which species 
produced the most amount of resin can be 
an indicator for which species needs the 
most monitoring.  

Fig. 4 shows BBLI and resin flow rate are 
positively related, supporting that our resin 
sampling method is an effective predictor of 
pine tree health. These two measures we 
proposed may be very useful in future 
studies because it allows for cost effective, 
efficient, large scale forest sampling. The 
BBLI sampling method may also be used to 
gauge vulnerability of a forest and allow us 
to determine where larger measure studies 
need to be taken. 

One measure we can implement is 
frequent low-intensity fire regimens. Since 
the past fire frequency for the San Jacinto 
area was about 33 years, Jeffrey pines are 
likely more suited to frequent fire intervals 
than the other two pine species. Frequent, 
low-severity fires in dry conifer forests may 
foster both high tree level defenses and 
forest structure that confers resistance to 
subsequent bark beetle outbreaks (Hood et 
al. 2015). Low-severity fires cause less 
overall tree density, which makes pines less 
susceptible to bark beetle attack (Hood et al. 

2015). We suggest what's best for these 
pines is to bring back the fire intervals that 
these pine trees are used to, as it might help 
them be less susceptible to potential bark 
beetle invasions. Of course, there are 
challenges with re-establishing frequent fire 
intervals and the density of current forests 
can make this dangerous. With the 
collaboration of forest management, future 
studies can be implemented to confirm 
which species need the most monitoring to 
save the future of our forests.  
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