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ABSTRACT

Pinnell, Sean R., M.S. May 2016 Organismal Biology and Ecology

Resin duct defenses in ponderosa pine during a mountain pine beetle outbreak: genetic
effects, mortality, and relationships with growth

Chairperson: Anna Sala

Despite formidable tree defenses against insect pests, including resin produced in resin
ducts, bark beetles have recently caused extensive outbreaks in western North American
forests. To date, our understanding of the extent to which resin duct defenses remain
effective at the peak of an outbreak, the relative genetic vs. environmental controls on
resin duct production, the degree to which drought reduces resin defenses in naturally
occurring outbreaks, and whether and when defense production competes for resources
with growth remains limited. Resolving these questions is relevant in the face of climate
change, and increased risk of outbreaks. I took advantage of a 40-year-old ponderosa pine
(Pinus ponderosa) genetic trial where a recent mountain pine beetle outbreak
(Dendrochtonus ponderosae) killed 36% of trees. I examined phenotypic and genetic
variation in resin ducts, their consequences on survival during the outbreak, the influence
of drought on resin duct defenses, and potential growth-defense tradeoffs. Using
dendrochronology, I retrospectively measured growth and resin duct traits in thirty
families from low to high mortality from before to during the outbreak. Resin duct
defenses significantly decreased mortality during the peak of the outbreak both at the
phenotypic and genetic levels. However, differences in resin duct defenses between trees
that survived and those that died and between high and low mortality families were small
prior to the outbreak but were amplified during the outbreak, which was preceded by a
drought. Resin duct production, but not size, was under strong genetic control. Analyses
at both the phenotypic and genetic levels indicated that drought significantly predisposed
some trees and families to mortality via reductions of resin duct defenses, particularly
duct size. I found no evidence of a resin duct defense-growth tradeoff. Rather, faster
growing trees and families produced more resin ducts than slower ones. Despite this,
however, faster growing families did not suffer lower mortality. These contradictory
results suggest breeding for fast growth increases resin duct defenses and survival, but at
high beetle densities during an outbreak, other factors possibly involving induced
defenses, appear to ultimately offset this effect.
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INTRODUCTION

Recently, the mountain pine beetle (Dendroctonus ponderosae) has caused extensive, and
in some cases unprecedented, outbreaks leading to large-scale mortality in pine forests from
Alaska to Northern Mexico (Allen et al. 2010, Meddens et al. 2012). Mountain pine beetle
(MPB) outbreaks are a regularly reoccurring natural disturbance that has maintained and shaped
species diversity over large time scales. Not surprisingly, the coevolution of conifers with tree
killing insects and pathogens over millions of years, has led to a formidable defense system
where resin production is critical (Franceschi et al. 2005). However, our understanding of the
variability and effectiveness of defense mechanisms against the bark beetle remains incomplete.
First, the role of resin defenses is thought to decrease and even to become inconsequential as
beetle densities increase (Boone et al. 2011). However, some studies have shown that beetle-
killed trees in natural stands have higher resin ducts (where resin is produced and stored) relative
to surviving trees (Kane and Kolb 2010, Gaylord et al. 2013, Ferrenberg et al. 2014, Gaylord et
al. 2015, Hood and Sala 2015), pointing to the possibility that resin defenses may remain
effective at high beetle densities. Second, defense production is known to be under strong genetic
and environmental control (Coley et al. 1985, Herms and Mattson 1992, Hamilton et al. 2001),
and there is now consensus that warmer temperatures and drought associated with climate
change have intensified current bark beetle epidemics (Raffa et al. 2008, Bentz et al. 2010,
Marini et al. 2012, Netherer et al. 2015) in part due to negative effects of drought on defense
production (Netherer et al. 2015, Gaylord et al. 2015). Given the strong consequences of defense
production on survival and fitness, the relative genetic vs. environmental control of resin duct

production becomes particularly relevant, but our knowledge of how they interact remains



limited (Sampedro et al. 2011, Moreira et al. 2012, Sampedro 2014) particularly with respect to
drought. Third, while limited experimental evidence suggests that drought reduces resin defenses
(Gaylord et al. 2013, Netherer et al. 2015, Gaylord et al. 2015), evidence in naturally occurring
outbreaks is very limited. Fourth, whether and when defense production competes for resources
with growth (Herms and Mattson 1992) remains controversial, but could have important
consequences for forest breeding programs aimed at increasing growth, particularly in the face of
climate change and increased risk of outbreaks. Here, I took advantage of a genetic trial in
ponderosa pine (Pinus ponderosa) that was naturally subjected to a mountain pine beetle
outbreak, to examine the phenotypic and genetic variation in defense traits, their consequences
on survival, responses to drought, and potential growth-defense tradeoffs.

Pines, the hosts of the MPB, defend themselves against bark beetles by producing resin
ducts where oleoresin (hereafter resin), a viscous lipid-soluble mixture of volatile and
nonvolatile terpenoid and phenolic compounds is synthesized and stored (Hodges et al. 1979,
Strom et al. 2002). Therefore, resin ducts function both as a constitutive defense present prior to
attack, and as an inducible defense that produces additional resin, often with altered chemical
composition, in response to wounding or infection (Franceschi et al. 2005, Kolosova and
Bohlmann 2012, Hood and Sala 2015). When beetles bore into a tree, resin ducts are severed,
causing resin to flow to the attack site and to physically push out or trap entering beetles, thus
impairing successful attack. Resin defenses against the beetle can be extremely dynamic
depending on beetle population density, and are thought to be most important at endemic stages
(Raffa et al. 2008, Boone et al. 2011) when low beetle population density limit pheromone-
mediated mass attacks necessary to successfully overwhelm most trees defenses. At this stage,

beetles tend to attack small, less vigorous and poorly defended trees, which in turn limit beetle



reproduction and population increases, thus perpetuating the endemic stage. Certain
environmental triggers such as increased temperatures during larval development can cause
beetle populations to occasionally increase to epidemic levels (Aukema et al. 2008, Raffa et al.
2008). Increases in beetle populations increase the probability that larger trees will be mass
attacked regardless of tree defenses (Wallin and Raffa 2004, Boone et al. 2011). Moreover, a
density-dependent switch in beetle behavior occurs as beetle population densities increase, such
that at epidemic stages beetles increasingly prefer larger, more resource-rich trees, despite having
higher defenses, likely because larger trees provide a better habitat for beetle reproduction
(Boone et al. 2011). Consistently, (Boone et al. 2011) showed that host defenses were effective
at deterring beetle attack when beetle populations were low, but became inconsequential after
stand-level beetle densities surpassed a critical threshold. Recent studies, however, have shown
that beetle-killed trees in natural stands have lower resin ducts than surviving trees (Kane and
Kolb 2010, Gaylord et al. 2013, Ferrenberg et al. 2014, Gaylord et al. 2015, Hood and Sala
2015), suggesting that resin defenses may remain effective during outbreaks. However, whether
mortality in these studies occurred at high beetle densities remains unclear and additional
research on the effectiveness of resin duct defenses during an outbreak is warranted.

Plant defense traits are highly influenced by environmental and genetic factors (Coley et
al. 1985, Herms and Mattson 1992, Hamilton et al. 2001). Experimental evidence from pines and
other conifers indicate that resin flow and secondary chemicals are heritable genetic traits and
thus subject to selection from insects, pathogens, and environmental factors (Rosner and
Hannrup 2004, Sampedro et al. 2011, Westbrook et al. 2013). Although resin flow and chemistry
are critical upon attack, resin flow is extremely variable and often difficult to measure (Blanche

et al. 1992, Lombardero et al. 2000, Knebel et al. 2008, Cannac et al. 2009, Moreira et al. 2015,



Hood et al. 2015). Recent studies showing higher resin ducts in surviving trees (see above)
indicate that resin ducts may be a more convenient, stable and reliable measure of defense
potential because they are recorded over time in the wood. These results are further corroborated
with the fact that both, resin duct size and the total area of resin ducts correlates with resin flow,
the critical metric that influences the beetle’s ability to escape entrapment and successfully bore
into the tree (Hood and Sala 2015). Consistent with genetic variation of resin flow, studies so far
have also found genetic variation in resin ducts (Moreira et al. 2012, Westbrook et al. 2015).
However, our knowledge of genetic and environmental effects on specific resin duct traits (e.g.
number and size of individual ducts and their total area) that are specifically correlated to resin
flow, and their subsequent effects on plant fitness and survival at high beetle densities is still
limited. Furthermore, if resin duct defenses reduce mortality as indicated by recent studies (see
above), and if they exhibit a significant genetic signal, then we would expect phenotypes and
genotypes with greater resin duct defenses to exhibit lower mortality during an outbreak. To our
knowledge no study has evaluated phenotypic and genetic variation of resin duct defenses and
their consequences on mortality during a naturally occurring beetle outbreak.

Both direct and indirect effects of warming and drought have been identified as one of
the main triggers of recent beetle outbreaks in conifer stands (Rouault et al 2006;
Dobbertin(Rouault et al. 2006, Dobbertin et al. 2007, Raffa et al. 2008, Seidl et al. 2011,
Williams et al. 2013, Kaiser et al. 2013). On the one hand, warming increases insect
developmental rates and survival which in turn drive population success (Regniere and Nealis
2007, Powell and Bentz 2009, Weed et al. 2013). On the other, drought and warming have
negative physiological effects on trees, which may lead to increased rates of attack and mortality.

Drought compromises hydraulic function, carbohydrate production, and carbohydrate supply to



sinks (McDowell et al. 2008, McDowell and Sevanto 2010, Sala et al. 2010, Ryan 2011), all of
which could compromise defense production and delivery to attack sites. Despite substantial
research on carbon allocation in trees (Litton et al. 2007), our understanding of the mechanisms
by which drought may reduce defense production remains limited and so far negative effects of
drought on resin (or resin duct) production have only been shown under experimental settings
(Netherer et al. 2015, Gaylord et al. 2015). To date, information on negative drought effects on
resin duct production in naturally occurring outbreaks is lacking.

The production of both, carbon-based secondary compounds such as resins and resin
ducts entails resources and it is costly (Gershenzon 1994, Haukioja et al. 1998). Plant defense
theory, therefore, predicts that growth-defense tradeoffs are likely to occur (Herms and Mattson
1992, Heil and Baldwin 2002). However, empirical evidence of growth defense tradeoffs is
extremely difficult to obtain (Agrawal et al. 2010). The growth-differentiation-balance
hypothesis (GDBH) allows predictions of costs of defense at the intraspecific level based on the
degree to which stress affects growth vs carbon assimilation (Herms and Mattson 1992). While
several studies in pines have found support for the GDBH (Lorio and Sommers 1986, Wilkens et
al. 1998, Lombardero et al. 2000, Gaylord et al. 2007, Novick et al. 2012) the timing of resin and
resin duct production may not coincide with growth demands and no trade-off may occur.
Further, higher resource acquisition by vigorous, faster growing trees may allow for a greater
allocation to both growth and defense (Hood and Sala 2015) in which case tradeoffs are very
difficult to demonstrate. Potential growth-defense tradeoffs have important consequences for
tree-breeding programs developed to increase growth rates, particularly under climate change

and increased incidence of insect outbreaks (Allen et al. 2010, Anderegg et al. 2015).
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Here we took advantage of a 40-year-old ponderosa pine genetic trial, which was
naturally subjected to a mountain pine beetle outbreak to examine phenotypic and genetic
variation in resin ducts, their consequences on survival during the outbreak, and potential
growth-defense tradeoffs. Specifically I addressed the following questions: (i) Is survival during
an outbreak when beetle densities are high related to greater resin duct defenses at both the
individual tree level (phenotypic effect) and at the family level (genetic effect)? (ii) Is there
genetic differentiation in resin duct traits? If so, which specific traits are under strongest genetic
control? (iii) Does drought affect resin duct defenses, and is this effect constant across families?
(i.e. does drought predispose some families more than other to mortality?) And (iv) is there
evidence of a growth defense trade-off? This later question was motivated by results from our
prior work at this site (R. de la Mata and A. Sala, unpublished) showing a significant negative
genetic correlation between growth and survival. Although defenses were not measured and a
growth-defense tradeoff could not be demonstrated, results showed that the growth-survival
tradeoff was not solely due to beetle preference for larger trees (and hence faster growing
families), thus suggesting that differences in mortality between fast and slow growing families

may be related to defense allocation.
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MATERIALS & METHODS

Study site and plant material

The site is a P. ponderosa common garden genetic trial originally established at the
Lubrecht experimental forest in Montana (40°32°N, 113°42°W; 1,128 m) in 1974 by the Inland
Empire Tree Improvement Cooperative (IETIC). Mean annual air temperature is 7°C and a mean
annual precipitation 511 mm, with 44% falling as snow (Nimlos, 1986). Soils are dominantly
silty clay loam, with Greenough soils, fine silty, frigid Typic Cryoboralf (Madsen and Hudson,
1997). Seeds were collected from 204 open-pollinated, wild mother trees selected from 44
natural stands in western Montana and Northern Idaho (northern USA rocky Mountains)
exhibiting above average growth and form characteristics at stand level. Mother trees were
selected based on phenotypically superior growth and form. Cones were collected from 1 to 6
trees per stand spaced between 20 and 400 m apart. Seeds from each individual mother tree were
considered a half sibling family and were reared at the USDA Forest Service tree nursery in
Coeur d’Alene (Idaho, USA). The site was level and cleared prior to planting one-year-old bare-
root seedlings in 1974 on a 3 X 3 m spacing using a randomized complete block design with 4-
tree family-row plots in each of 5 blocks for a total of 20 trees per family (4,025 seedlings total).
Additional planting of containerized 2-year-old seedlings occurred in 1975 to replace mortality
during the first year.

Survival and diameter at breast height (DBH; 1.4 m above ground) were surveyed
periodically until 2001 by the IETIC. Mortality was high shortly after planting and decreased
thereafter with ca. 62.7% survival by 2001. No beetle-mortality was noted during the last

measurement year in 2001 (27 + 1 year after planting). Beetle activity was initially observed in
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2005 and started to intensify at the Lubrecht site thereafter with peak mortality reaching ca. 36%

in 2011 (De la Mata et al. in review).

Mortality survey

We used data from De la Mata et al. (in prep) on beetle-induced mortality. Briefly, in
June 2013, each tree in the stand (dead or alive) was mapped with a GPS device with submetric
accuracy (Trimble® Geo HX). For each tree, live or dead status as well as whether death
occurred before or after 2001 (based on the 2001 survey) was noted. Beetle-killed trees after
2001 were identified based on abundant resin pitch tubes. The approximate year of successful
attack (<2008, 2009, 2010, 2011, 2012) was retrospectively determined based on needle
presence, needle color, and twig and bark characteristics. Year of death was assumed to be one
year following attack.

During bark beetle outbreaks, live trees adjacent to attacked trees are more likely to be
attacked and killed than live trees away from attacked trees (contagion effect). Further, live hosts
in heavily attacked areas of the stand may die regardless of defenses because high beetle
densities allow mass attacks to overwhelm well-defended trees. Conversely, trees in areas with
low mortality may survive not necessarily because they are well defended but because beetle
pressure is low. Therefore, mortality probability needs to be adjusted to account for the
contagion effect (spatial susceptibility or autocorrelation). Spatial susceptibility was calculated
using geostatistical techniques (De la Mata et al. in prep), and beetle-mortality was then adjusted.

Precipitation data to test about drought effects was obtained from the Lubrecht Flume

SNOTEL weather station (46°53°N, 113°19°W; 1,427 m) United States Department of
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Agriculture Natural Resources Conservation Service. We used annual accumulated precipitation

(mm yrY) over hydrological year from 1995 to 2010.

Resin duct defenses, growth, and mortality

To explore if resin duct traits relate to MPB induced mortality, we selected fifteen
families of highest and fifteen of lowest spatially adjusted mortality. Although twenty trees were
initially planted per family, mortality from planting to prior to the outbreak reduced the sample
size. We therefore randomly selected 6-10 trees per family (dead or alive) depending on the
number of trees that were alive prior to the outbreak within each family.

Tree sampling for annual tree growth and axial resin duct measurements was conducted
in July and August of 2014. We extracted two 5-mm diameter increment cores from bark to pith
at DBH (1.4 m) from each tree at north and south cardinal directions using a manual increment
borer. DBH and bark depth were also measured during this time. Cores were mounted on wood
blocks and progressively sanded until cellular structures were visible through a stereoscopic
microscope. We created high-resolution images (2,400 d.p.i.) of each core using an Epson
platform scanner and measured ring widths to the nearest 0.001 mm using CooRecorder v7.8
(Cybis Elekronik & Data AB, Saltsjobaden, Sweden). For each tree we averaged ring width
measurements between both cores using standard dendrochronogical methods. We used both the
initial estimate of tree death from the 2013 survey (De la Matta, in prep) and
dendrochronological cross-dating techniques to determine the exact year a tree died. For dead
trees we assumed the last growth ring formed to be the year of death (beetle flight occurs in
July). We used COFECHA (Grissino-Mayer 2001) to assess the strength of our cross-dating

techniques. All dead trees died between the years of 2008-2012 from beetle attack.

14



Resin duct measurements were made in ImageJ (version 1.46r, National Institute of
Health, Bethesda, MD, USA) to the nearest 1 x 107" mm? using the ellipse tool. Each resin duct
was assigned the calendar year in which that duct formed validated by our cross-dated ring width
measurements. We measured resin ducts formed from 1995 until 2010 excluding the years of
2011-2014 due to low sample sizes for dead trees. We calculated five axial resin duct variables
as described in (Hood and Sala 2015): resin duct production (no. year™), duct size (mm?), total
duct area (mm? year™), duct density (no. mm? year™), and relative duct area (% of total resin duct
area relative to xylem area —excluding ducts- in each annual ring). We used basal area increment
(BAI) as an annual growth metric (cm? year™) by using both ring width and tree-specific cross-
sectional data (inside bark diameter) under the assumption that tree rings represent concentric
circles. BAI (cm? year?) was calculated using the dpIR package v 1.6.0 in R v 3.0.1 (Bunn
2010).

All statistical analyses described below were performed using the R statistical software
(Team 2013). We tested differences in resin duct number (no. ducts yr), duct size (mm?), total
duct area (mm? ring area™®), and relative duct area (% annual ring) between live and dead trees.
These variables were selected on the basis of their effect on resin flow (duct number, duct size
and total duct area) and as a metric of potential growth defense tradeoff (relative duct area)
(Hood and Sala 2015). We used one-tailed t-test on log-or square root-transformed data or by
Wilcoxon tests when assumptions of normality were not met by transformations. Analyses were
performed separately for the periods prior to the beetle outbreak (1995-2003) and the period
when the beetle outbreak likely started (2004-2010). These two periods were distinguished based
on the assessment of beetle-mortality in the stand. Mortality in 2008 was already at 4%, which is

substantially higher than background mortality rates of 1-1.5% (Franklin et al. 1987, van
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Mantgem et al. 2003, Allen et al. 2010) and is considered to reflect an outbreak (Raffa and
Berryman 1983, Raffa et al. 2008). We thus assumed that beetle activity started a few years
earlier, in 2004, when beetle activity in the area became noticed. Simple t-tests do not account
for differences in growth and spatial susceptibility (areas of high and low attack density). We
therefore did an analysis of co-variance (ANCOVA) using type-11 sums of squares for each
response variable, with tree status (live and dead) as a factor and DBH and spatial susceptibility
(see above) as co-variates.

To determine which resin duct traits were best predictors of mortality in individual trees,
we ran multiple logistic regression analyses to model the probability of beetle-induced mortality
across all years of the study (1995-2010) as a function of spatial susceptibility and resin duct
traits as predictor variables. Each model was run separately using each resin duct trait as an
independent variable. Because beetle preference for larger hosts is strongly dependent on beetle
population densities during and outbreak (Boone et al. 2011), we also included DBH as a
predictor variable.

Resin duct traits generally decreased over time, from before to during the outbreak (see
Results). To evaluate whether resin duct defenses differed between high and low mortality
families, we first calculated the percent change of each resin duct variable for each individual
tree from before (using the average from 1995-2003) to during the outbreak (average from 2004-
2010). We then pooled the % change of each resin duct variable per family and tested whether
the change in resin duct defenses predicted mortality at the family level. We used simple linear
regression between family and % change in resin duct defenses as the dependent variable and

spatially adjusted mortality rate as the predictor variable.

16



Genetic influence of resin duct traits

Genetic differentiation in resin duct variables were tested using a linear mixed effects
model with tree nested within family as a random effect. In order to account for the
autocorrelation between successive years, year was also treated as a random effect. Family was
considered a random factor and the associated variance components were estimated by restricted
maximum likelihood (Faraway 2005). Two assess whether family (random effect) had a
significant effect over each resin duct variable, a comparative model approach was used, where
two times the log-likelihood when including and excluding the random family effect are
compared. This statistic follows a chi-squared distribution and chi-squared p-values are reported.
We also used a parametric bootstrap approach to more accurately estimate the p-values for the

likelihood ratio test for each resin defense trait (Faraway 2005).

Drought effects on resin duct production

We used a linear mixed effects model approach (see above) to test whether drought
caused a divergence in resin duct production from before to during the outbreak in individual
trees that died vs. those that survived, and also in high vs. low mortality families. At the
individual tree level, year and tree were treated as random effects, while precipitation and status
(dead or alive) were fixed. A similar approach was used at the family level with the following
modifications: year and family were treated as random effects, with tree nested within family
also as a random effect and rank (high or low mortality families) and precipitation as fixed

effects.

Trade-offs between growth and defense

17



Correlation analyses between resin duct variables and growth (DBH) were used to
evaluate potential growth-defense trade-offs (note that DBH is a surrogate of growth rate as all
trees were the same age). Analyses were done at the individual (phenotypic) and family
(genotypic) level. When statistical model assumptions were not met with simple linear
regression, we used a generalized linear model (GLM) and specified a logarithmic link function

to stabilize residuals.
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RESULTS

Role of defenses during the outbreak

Within our random subsample of trees per family (n=232), a total of 84 trees were dead.
Several dead tree core samples, however, were in poor condition and had to be removed from the
analyses, leaving a total of 68 dead trees available for cross dating. Based on cross dating, dead
trees died between 2008 and 2012, although the majority (94%o0f our sampled trees) died in 2009
and 2010, the two years of peak mortality during the outbreak (13% relative to 4-7% in other
years; de la Mata et al. in prep).

Duct size and total duct area decreased from before to during the outbreak (Figs. 1-2).
(Note that reductions in total duct area are expected because trees become larger over time, thus
reducing ring width over which total duct area is measured). Relative duct area, in contrast,
increased slightly from before to during the outbreak but only in trees that survived the attack
relative to trees that were Killed (Fig. 1). Results were similar when low and high mortality
families were compared (Fig. 2). At the individual level (dead vs. alive) during, but not before,
the outbreak duct size, total duct area, and relative duct area were all significantly higher in trees
that survived relative than those that were killed, suggesting that trees with greater resin duct
defenses during the outbreak are more likely to survive (Fig. 3). Of these variables, only total
duct area was significantly higher in live trees prior to the outbreak (Fig. 3e). After adjusting for
spatial susceptibility and growth, differences between live and dead trees were reduced, but
relative duct area during the outbreak (but not before) remained significantly higher in live
relative to dead trees (P > 0.05; Fig. 4f). At the family level (comparisons between high and low

mortality families) results were similar to those at the individual level (not shown).
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Results from logistic regression analyses across all years of the study (1995-2010)
showed that only relative duct area was a significant predictor of tree mortality (odds ratio of
0.009; P =0.041; Table 1). In contrast, DBH did not have any significant effect on mortality
(Table 1).

At the family level, decreases in duct size and relative duct area from before to during the
outbreak were negatively correlated with mortality (P = 0.004 and 0.013, respectively; Fig. 5).
That is, families that suffered greater mortality had stronger reductions of duct size and relative
duct area from before to during the outbreak. In contrast, there was no relationship for total duct

area (P > 0.05; Fig 5b).

Genetic influence of resin duct traits

We found no significant genetic effects for duct size and total duct area, but a significant

genetic effect for relative duct area, duct density and number (Table 2).

Effect of drought on resin duct defenses

Average rainfall during 1999-2002, a period shortly before the outbreak, was below the
long-term average. These dry years occurred after a period of above average precipitation (Fig.
6a). Reduced precipitation prior to the outbreak coincided with a decrease in radial growth from
prior years of above average precipitation (Fig. 6b). BAIl decreased from before to during the
outbreak but was similar for both dead and live trees in both periods, indicating that the drought
prior to the outbreak did not have a stronger effect on BAI in trees that died (Fig. 3).

As expected, at the phenotypic level, there was a significant effect of mortality on all
resin duct variables (Table 3, Fig. 1). Drought (annual precipitation) had a significant effect on

total duct area but not on duct size or relative duct area (Table 3). The interaction precipitation x
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mortality status (live and dead trees) was highly significant for duct size (P < 0.0001),
marginally significant for relative duct area (P = 0.055), but not significant for duct area (P >
0.05; Table 3, Fig. 1). At the family level (genotypic effect) mortality (high vs. low mortality
families) was significant for duct size and total duct area but was marginally insignificant for
relative duct area (Table 3, Fig. 2). Annual precipitation had a significant effect on total duct area
but not on duct size or relative duct area (Table 3, Fig. 2). The interaction drought x family
mortality rank (low and high mortality families) was statistically significant for duct size and

total duct area (P < 0.05; Table. 3, Fig. 2), but not for relative duct area (P > 0.05; Fig. 2).

Resin duct defenses, growth, and mortality

Resin duct size and total duct area were positively correlated to DBH both at the
individual tree (phenotypic) and at the family level (genotypic; P < 0.05; Fig. 7). While there
was a similar trend for relative duct area, it was not statistically significant (P > 0.05; Fig. 7).
Trees that died tended to have higher BAI prior to and during the outbreak although these
differences were not statistically significant (Fig. 6b, analyses not shown). Because our selection
of families to sample was based on adjusted mortality rather than growth, the DBH of individual

trees and families did not correlate to spatially corrected mortality (Fig. 8).
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DISCUSSION

Although conifers exhibit a well-developed defense system against beetles, the role of
defenses is thought to decrease during epidemic stages of an outbreak when beetle population
densities are very high (Raffa and Smalley 1995, Boone et al. 2011). Here, we show that resin
duct defenses in ponderosa pine decreased mortality at the peak of an outbreak, both at the
phenotypic and genetic level. As expected, we found genetic differentiation in resin duct traits,
(although only for traits related to cambial activity) therefore providing a source of variation for
selection to act upon. Interestingly, resin duct defenses between dead and live trees and between
high and low mortality families were generally smaller and often not statistically significant
before the outbreak but were amplified during the outbreak. Therefore, predisposition of trees or
families to mortality prior to the outbreak is small when based on resin duct defenses alone. In
contrast, our results indicate that the drought immediately prior to the outbreak predisposed some
trees and families to mortality during the outbreak. Although defenses are assumed to be costly,
we found no evidence of a growth-resin duct defense tradeoff. Rather, some resin duct traits
strongly increased with growth both at the individual and family level. However, growth rate
(DBH) was similar between the high and low mortality families (i.e. faster growing families did
not exhibit greater mortality despite greater resin duct defenses). In fact, our previous results at
this site with all 204 families showed that faster growing families (greater DBH) suffered
greater, rather than lower, mortality (de la Mata et al. in prep). These seemingly contradictory
results suggest that while resin duct defenses decrease mortality at the peak of an outbreak, other

factors (likely induced defenses) ultimately offset this effect.
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Resin duct defenses: phenotypic and genotypic effects on mortality

Constitutive resin flow in pines is the first line of defense against bark beetle attack,
acting both as a physical barrier that pushes out entering beetles as well as a potent chemical
deterrent (Erbilgin et al. 2003, 2006). Previous studies have shown that resin ducts, where resin
is produced and stored, are a good surrogate of defense. For example, (Hood and Sala 2015)
showed that resin flow in ponderosa pine (the metric relevant for pitching out beetles) is
significantly and positively correlated with total resin duct area and resin duct size of the five
most recent years. Consistently, studies have also shown that dead or successfully attacked trees
have lower resin duct defenses relative to live or unsuccessfully attacked trees (Kane and Kolb
2010, Ferrenberg et al. 2014, Hood et al. 2015). While these results suggest that resin duct
defenses reduce the risk of mortality, it is not clear whether trees sampled in these studies died
when beetle densities were highest during the peak of the outbreak. This is important because the
role of constitutive and induced defenses has been shown to decrease with beetle densities and
even to become inconsequential at epidemic stages (Boone et al. 2011), thus suggesting that resin
duct defenses do not affect mortality at the peak of an outbreak. Indeed, constitutive resin
defenses are most important at endemic stages when mass attacks are limited by low beetle
densities and beetles can only successfully attack weaker and less defended trees (Boone et al.
2011). However, at epidemic stages when beetle densities are highest, a density-dependent
coordinated shift in beetle behavior allows beetles to preferentially attack larger, higher quality
hosts for brood production despite their higher defenses (Wood 1982, Wallin and Raffa 2000,

2004), a response possible via a mass attack strategy that overwhelm host defense capacity.
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Consistent with previous results showing that resin ducts are a good surrogate for overall
defense capacity, but in contrast to studies showing little or no effect of defenses at the peak of
an outbreak, we found that trees that survived the outbreak had greater resin duct defenses (duct
size, total duct area and relative duct area) during the outbreak (Figs. 1, 3). Likewise, families
that incurred lower mortality had lower decreases of resin duct traits (duct size and relative duct
area) from before to during the outbreak (Figs. 2,5). Although differences in resin duct defenses
between dead and live trees during the outbreak were reduced when accounting for tree size and
spatial susceptibility, they remained significant for relative duct area (Fig. 4f). Our tree ring
analyses confirmed that the majority of dead trees sampled in this study (94%) were attacked the
years when mortality during the outbreak was highest (de la Mata et al. in prep). Therefore, our
results provide evidence that resin duct defenses were effective at decreasing mortality even at
the peak of the outbreak that overall killed 36% of the trees (de la Mata et al. in prep).
Accounting for tree size and spatial susceptibility likely reduced the differences between live
and dead trees during the outbreak (Fig. 4) because of contrasting effects of tree size and the role
of defenses in areas of high and low spatial susceptibility (and, presumably, beetle densities).
Thus, while at the stand level resin duct defenses decreased mortality at the peak of the outbreak,
at smaller spatial scales (i.e. when accounting for spatial susceptibility and size) the role of
defenses likely varied with beetle pressure. That is, greater defenses in larger trees may be
effective at lower beetle pressure (lower spatial susceptibility) but less so at higher beetle
pressures (high spatial susceptibility). The overall effectiveness of resin duct defenses in
reducing mortality was also corroborated by our analyses of drought effects (Table 3) and by the
results from logistic regression analyses showing that relative duct area was a significant

predictor of mortality (Table 1).
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Genetic influence of resin duct traits

Resin defenses in conifers have strong fitness consequences and are significantly
influenced by genetic and environmental factors. For instance, (Moreira et al. 2015) found that
duct density and relative duct area were influenced by genotype in Pinus pinaster, and
(Westbrook et al. 2015) found that duct production (duct no. yr'!) was genetically correlated to
xylem growth in Pinus taeda. However, less is known about genetic effects on resin duct size
and total area (the metrics related to resin flow; Hood and Sala 2015). The formation of resin
duct canals occurs within the cambial zone and outermost layers of developing xylem due to a
developmental shift in cambial cells that initiates resin duct epithelial cells in lieu of wood-
forming tracheids (Schaller 2008). The production of these resin ducts is associated with
increased biosynthesis and accumulation of terpenoid oleoresins. The developmental and
metabolic processes associated with the production of resin ducts and synthesis of resins require
gene upregulation of multiple enzymatic pathways (Martin et al. 2002, Faldt et al. 2003, McKay
et al. 2003, Miller et al. 2005, Huber et al. 2005, Byun-McKay et al. 2006). Therefore, it is
reasonable to predict that resin duct traits directly related to cambial activity are strongly
influenced by such gene regulation and therefore under stronger genetic control. Consistent with
this, we found that genetic effects were only significant for resin duct variables that are
influenced by cambial activity (duct production, density, and relative area) but not size of ducts
or total duct area. The lack of genetic signature on duct size and total duct area suggests that
these variables are under stronger environmental control (Table 2). Indeed, both of these
variables relate to cell size, a trait strongly influenced by water-driven cell expansion. Because
genetic effects on resin duct traits translated to differential mortality, outbreaks have the potential

to drive selection for better-defended phenotypes (de la Mata et al. in prep).
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Drought effects on resin duct defenses

Trees that later survived and low mortality families had generally greater resin duct
defenses than trees that died and high mortality families, respectively. However, these
differences were mostly significant during the outbreak, but generally not before the outbreak
(Figs. 1-4). There are two possible non-mutually exclusive explanations for these results. One is
that high beetle pressure somehow caused an induction of resin duct production in some trees
and families to a greater extent than others. Although resin duct size and total duct area
decreased over time in all trees (Figs. 1-4), a potential induction in some trees or families could
have minimized this decrease, thus generating the differences between trees that subsequently
died and those that survived and families with high and low mortality. Although induction of
resin duct production in pines has been shown in response to mechanical wounding (Fahn and
Zamski 1970), hormone treatment (Moreira et al. 2015), or fire (Hood et al. 2015), differences in
resin duct traits between live and dead trees and between high and low mortality families (higher
in surviving trees and in low mortality families) consistently appeared at the onset of the drought
prior to the outbreak (Figs. 1-2). These patterns, therefore, are not consistent with a beetle
induction because the outbreak occurred later.

Several studies have shown that drought and warming have enhanced the recent bark
beetle outbreaks in western North America (Raffa et al. 2008, Bentz et al. 2010, Marini et al.
2012, Mitton and Ferrenberg 2012, Netherer et al. 2015), an effect thought to be due to drought-
related reductions in carbohydrate availability and, therefore, on defense production (Seager et
al. 2007, Bentz et al. 2010, Raffa et al. 2013, Netherer et al. 2015). Both resin duct structures and
resin itself (made of carbon-rich terpenes) are costly to produce (Gershenzon 1994, Franceschi et
al. 2005, Moreira et al. 2015). By limiting photosynthesis, extended or severe drought can

deplete carbon reserves (Dunn and Peter 1993, Gaylord et al. 2013) which could limit allocation
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to defense (Herms and Mattson 1992, Lombardero et al. 2000, Desprez-Loustau et al. 2006,
Netherer et al. 2015). Consistently, both experimental drought (Gaylord et al. 2013, Netherer et
al. 2015, Gaylord et al. 2015) and reduced precipitation (Rigling 2003; Hood et al. 2015) have
been shown to decrease resin duct-related defense production. The significant negative effect of
drought on total duct area we report here (Table 3) is consistent with these studies. Importantly,
our results show that the drought preceding the outbreak had a differential effect on resin duct
traits in trees that later died relative to those that survived and in high relative to low mortality
families (Table 3). Although the specific traits for which drought caused this divergence varied
depending on whether the analysis was at the phenotypic or genotypic level, duct size, a variable
apparently under strong environmental control (Table 2) and significantly related to resin flow
(Hood and Sala 2015) was significant in both cases. These results clearly show that drought
predisposed some trees and families to higher mortality relative to others. That is, before the
drought, most resin duct traits were similar in trees that survived the outbreak relative to those
that died, and in low and high mortality families, but values for some resin duct traits within both
groups significantly diverged at the onset of the drought with differences persisting during the
outbreak (Figs. 1-4).

Our results, however, do not provide clear evidence of the mechanisms by which some
trees and families are more susceptible to the negative effects of drought on defenses relative to
others. Before the outbreak and just prior to the drought event, BAI tended to be higher in trees
that subsequently died (Fig. 6b), suggesting that fast growth may compromise resin duct defense
production under drought. However, these differences, while consistent, were not statistically
significant, precluding inference on whether fast growth compromises defenses under drought

and subsequent survival (see below). Prior to the drought and the outbreak, total duct area and
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relative duct area tended to be smaller in trees that subsequently died relative to those that
survived (Fig. 3), however, only differences in total duct area, a variable correlated with resin
flow (Hood and Sala 2015), were statistically significant. Combined, these results suggest that
slight differences in relative allocation to growth and defense prior to the outbreak may have
been exacerbated by the drought. The significant effect of relative duct area as a predictor of
mortality (Table 1) is also consistent with this. In summary, while the mechanisms involved are
not completely resolved, our results provide clear evidence that a drought preceding a naturally
occurring outbreak predisposed some trees and families to greater mortality relative to others via

a decrease of resin duct defenses.

Trade-offs between growth and defense

Tradeoffs between growth and defense have long been hypothesized because defenses are
costly to produce and limited resources cannot be simultaneously allocated to all fitness-
enhancing functions (Rose and Charlesworth 1981, Schluter et al. 1991, Stearns 1992, Messina
1993, Messina and Fox 2001, Roff et al. 2002). These tradeoffs, however, are surprisingly
difficult to demonstrate (Lorio and Sommers 1986, Mattson and Haack 1987, Conner 2003,
Agrawal et al. 2010, Sampedro 2014) and results in the literature are often inconsistent. For
instance, genetic correlations between growth and resin duct defenses have been shown to be
negative (Reid and Watson 1966, Blanche et al. 1992), positive (Fahn and Zamski 1970, Rosner
and Hannrup 2004), or not significant (Wimmer and Grabner 1997). Here, we found no evidence
of a growth-resin duct defense tradeoff. Instead, faster growing individuals and genotypes
(families) had more and larger ducts and larger total duct area (Fig. 7). Similar results at the
phenotypic level have been reported for ponderosa pine (Kane and Kolb 2010, Hood and Sala

2015). The positive effect of tree size on resin duct defenses highlights the well-known vigor
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effect whereby larger plants acquire more resources for investment in all functions, including
defense (Agrawal 2011). Because of this vigor effect, a better metric for examining tradeoffs
may be relative resin duct area, which reflects investment in defense relative to growth.
However, relative duct area did not vary significantly with growth at the individual and family
levels (Fig. 7). Therefore, our results do not support a tradeoff between growth and resin duct
defenses. If anything, faster growing families expressed greater resin duct defenses relative to
slower growing families.

Despite the fact that faster growing families had greater resin duct defenses (Fig. 7) and
that resin duct defenses decreased beetle mortality (Figs. 3-4), faster growing families did not
experience lower mortality in our sampled families. Although trees that subsequently died tended
to have higher growth rates (BAI) across all years of the study (Fig. 6b), these differences and
those in DBH (tree diameter) were not statistically significant (Fig. 8). Moreover, our results at
the same site based on the full set of half-sib families planted at the site (204 instead of the 30
we sampled for this study) show a significant negative genetic correlation between growth and
survival (i.e. faster growing families exhibited greater, rather than lower, mortality; De la Mata et
al. in prep). This effect, however, was driven by a single year during the epidemic stages of the
outbreak: the second year (2010) of the two years of highest mortality. Further, a detailed
analysis showed that this effect was not driven by the beetle preference for larger, better
defended trees (and therefore faster growing families) at high beetle densities, suggesting an
intrinsic growth survival trade-off of the host trees (De la Mata et al. in prep). If faster growing
trees and families produce more resin duct defenses (Fig. 7) and if these defenses increase
survival during an outbreak (Figs. 1-4), why was growth not related (Fig. 8) or negatively

genetically correlated with survival (De la Mata et al. in prep)? A possible explanation is that
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slower growing families exhibited an induction of resin flow and/or resin chemistry in response
to the high beetle pressure in 2009, and that during the subsequent year this effect was strong
enough to offset the increase of constitutive resin duct defenses with growth rates (De la Mata et
al. in prep). Further research is needed to elucidate whether differential induced responses in

slow vs. fast growing trees and families are responsible for the patterns we observed.

Conclusion

Insect-related pests, including bark beetles, are predicted to intensify under climate
change due to direct positive effects of higher temperatures on insects as well as indirect effects
of drought and warming on beetle-associated organisms and host trees (Bentz et al. 2010,
Anderegg et al. 2012). In contrast to previous studies indicating a minor role (if any) of tree
defenses in preventing mortality at high beetle densities during an outbreak, we show, both at the
phenotypic and genetic levels, that resin duct defenses decreased mortality during the peak of an
outbreak when beetle densities were highest. We also show that a drought preceding the outbreak
predisposed some trees and families to higher mortality due to differential production of resin
duct defenses. Importantly, while resin duct defenses decreased mortality and faster growing
trees and families produced more resin duct defenses, faster growing families did not exhibit
lower mortality (based on the subsample in this study) or exhibited greater mortality (based on
all 204 families at the site; de la Mata et al. in prep). We speculate that these counterintuitive
results are due to a greater induced response in slow growing families that offsets the positive
effects on constitutive defenses in fast growing families.

Understanding the positive effects of tree growth on constitutive and induced defenses
and genetic and environmental effects on growth and defense allocation strategies should be

taken under consideration by forest management decisions. Based on our results, breeding
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programs that aim to propagate fast, vigorously growing trees will also increase constitutive resin
duct defenses (Westbrook et al. 2015). However, our results also show that this does not
necessarily decrease mortality during an outbreak. On the contrary, it may increase mortality (De
la Mata et al. in prep). This suggests that breeding programs aimed at increasing growth rates
may reduce the likelihood of beetle-induced mortality during endemic stages and the transition
from endemic to epidemic stages (when constitutive defenses matter most), but once at epidemic
stages faster growth may decrease survival. How growth rates affect the relative investment to
constitutive vs. inducible responses, their potential tradeoffs, and how these relative investments

are affected by genetics and drought deserves further research.
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TABLES & FIGURES

Variable B (SE) P-value Odds ratio
Relative duct areca -2.37 (1.16) 0.041 0.009
(% annual ring)
Tree diameter (DBH) 0.043 (0.04) 0.330 1.043
(cm)
Spatial susceptibility 0.5 <0.0001 1.690

Table 1. Logistic regression results for effects on spatial susceptibility, DBH and relative resin
duct area on the probability of mortality across all years of the study (1995-2010); model
v*(3)=188.4, R’= 0.67 (Hosmer-Lemeshow), 0.55 (cox-Snell), 0.79 (Nagelkerke). Of several

resin duct traits tested independently, only relative duct area was statistically significant.
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Family effect

Resin duct variable x> p-value
Duct size (mm?2) 1.54 0.213
Total duct area (mm?2 yr-1) 2.37 0.123
Relative duct area (% annual ring) 8.80 0.003
Resin duct density (ducts-mm?2-yr-1) 13.40 <0.001
Resin duct production (no. ducts yr1) 5.15 0.023

Table 2. Summary of linear mixed effects models on the genetic influence over resin duct

defense parameters across all years of the study (1995-2010). Significant p-values are shown

in bold.
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Phenotypic

Drought Mortality Drought x Mortality

F P F P F P
Duct size (mm?) 272 0.118 149 <0.001 15.64 <0.0001
Total duct area (mm?2 yr1) 519 0.037 511 0.023 249 0115
Relative duct area (% annualring) | 0.12 0.735 6.35 0.011 3.67 0.055

Genotypic

Duct size (mm?2) 149 0.240 | 8.19 0.004 6.24 0.012
Total duct area (mm?2 yr1) 493 0.041 | 7.07 0.007 7.61 0.005
Relative duct area (% annual ring) | 0.01  0.943 3.48 0.061 6.24 0.113

Table 3. Tests of the effects of drought (annual precipitation), mortality and their interaction in
the mixed models used to test drought effects at the individual (upper; mortality is dead vs. live)
and family levels (lower; mortality is high vs. low mortality families) across all years of the
study (1995-2010). The significance of the main fixed effects and the interaction term were

tested via restricted maximum likelihood (see text). Significant p-values are shown in bold.
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Figure 1. Temporal variation in resin duct traits between live and dead trees across all years of
the study (1995-2010). Shaded area shows the drought prior to the outbreak (1999-2002). p-

values show differences in resin duct traits between live and dead trees due to drought. Error bars

are £SE.
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Figure 3. BAI and resin duct traits of individual live and dead trees prior to the outbreak (bar-
plots left), and during the last seven years when the outbreak developed (bar-plots right). Error

bars are £SE. * P <0.05; ** P <0.01; *** P <0.001; ns, not significant.
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Figure 4. Resin duct traits of individual live and dead trees prior to the outbreak (bar-plots left),
and during the last seven years when the outbreak developed (bar plots right) adjusted after
accounting for tree growth and spatial susceptibility. Error bars are £SE, significant values

indicated by * P <0.05; ** P <0.01; *** P <0.001; ns, not significant.
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across spatially corrected mortality. Each data point represents a family mean consisting of 6-10

individual trees. Error bars are +SE.
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Figure 7. Relationship between resin duct traits and growth (DBH) at the family level (left) and

individual tree level (right) for all years of the study (1995-2010). Each data point on the left

panels represents a family mean consisting of 6-10 individual trees. Error bars are +SE. Error

bars were omitted from individual plots for clarity.
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Figure 8. Relationship between growth and spatially corrected mortality at the family level (a)

and at the individual tree level (b) across all years of the study (1995-2010). Each data point (a)
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