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Oikos Plants resist herbivores using both constitutive and induced defenses. Limited resources
129: 1093-1107, 2020 and biosynthesis costs of anti-herbivore compounds may impose tradeoffs between
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ecological scale may influence potential tradeoffs and analyzed constitutive-induced
Subject Editor: Johan Kotze relationships from genotypic to interspecific levels. We focused on one system, conifer
Editor-in-Chief: Dries Bonte phloem monoterpenes that resist bark beetle attack, to minimize variation from feed-
Accepted 19 April 2020 ing guild or phylogeny. We examined 45 half-siblings in common gardens (n=763),

seven populations of five species with tree-level data (n=436) and 29 studies of nine
species with population-mean data in forests. All studies evaluated mature trees to cor-
respond with beetle behavior in nature and employed common methods of induction
and analysis. Rather than a global tradeoff between constitutive and induced defenses,
relationships varied with level of biological organization. In common gardens, consti-
tutive concentrations and inducibility (I-C) were inversely related across families and
individuals. These relationships did not extend to forest populations, however, where
constitutive concentrations and inducibility were positively related. Across popula-
tions and species, constitutive concentrations and inducibility were likewise positively
related. There was no evidence for inducibility tradeoffs between monoterpene quan-
tity and composition: trees showed no or positive relationships between constitutive
concentrations and induced compositional changes. These results suggest environmen-
tal variability can supersede underlying physiological tradeoffs in some systems, allow-
ing plants with greater resource pools to excel in multiple defense components. This
is further supported by microsite effects on inducibility exceeding family effects in
the common gardens, and by relationships between constitutive and absolute induced
concentrations being positive at all levels. We present a general model for understand-
ing how underlying physiological tradeoffs are variably manifested across scales. These
results can contribute to the protection and resilience of agronomic and native ecosys-
tems and help contextualize organismal-level allocations to ecosystem-level patterns
across heterogeneous landscapes.

NORDIC SOCIETY OIKOS

] ) © 2020 Nordic Society Oikos. Published by John Wiley & Sons Ltd
www.oikosjournal.org

1093


http://dx.doi.org/10.1111/oik.07242

Keywords: allocation, monoterpenes, phytochemistry, plant
defense, Scolytinae, tradeofls

Introduction

Plant defenses against insect herbivores are often multimodal
and diverse (Acevedo et al. 2015, Karban 2019). Defense
components can be expressed constitutively or be induced
by insect attack (Kessler and Baldwin 2008, Mithofer and
Boland 2012). Induced responses can be systemic (Schilmiller
and Howe 2005) or localized within a plant (Karban and
Niiho 1995), and can be elicited rapidly (Underwood 1998)
or over longer time frames (Haukioja and Niemela 1979).
Induced changes can include both increased concentrations
of defense compounds and changes in the relative composi-
tion of compounds (Karban 2019).

Defenses can be costly (Gershenzon 1994, Zust and
Agrawal 2017), so plants with access to limited energy and
substrate pools must contend with a variety of tradeoffs to
optimize fitness (Herms and Mattson 1992). Understanding
the incidence, extent and source (i.e. genetic, environmen-
tal) of these tradeoffs can help guide breeding programs,
predict pest outbreaks and optimize management strategies.
For example, genetic-based tradeoffs may inform breeding
programs or provide insight for across population or across
species comparisons, while phenotypic tradeoffs may guide
management strategies and help to develop crucial predic-
tions of where outbreaks may occur. This knowledge can also
guide strategies to build resilience into cultivated and native
ecosystems faced with intensifying pest pressures due to
anthropogenic change (Biedermann et al. 2019, Huang et al.
2019) by predicting what combinations of traits can likely
co-occur. Understanding linkages between physiological
tradeoffs and ecological patterns can also provide valuable
insights into basic coevolutionary processes.

Tradeoffs can potentially arise as differential allocations to
growth versus defense (Herms and Mattson 1992), resistance
versus tolerance (Strauss and Agrawal 1999) or physical ver-
sus chemical defenses (Strauss et al. 2002). Differential allo-
cation to induced versus constitutive defenses may provide a
means for plants to achieve the most cost-effective deploy-
ment of antiherbivore traits (Steppuhn and Baldwin 2008,
Cipollini and Heil 2010, Kempel et al. 2011). There may also
be potential tradeoffs between increasing total concentrations
and maximizing the diversity of defense compounds during
induction (Villari et al. 2014, Karban 2019).

The literature on whether plants exhibit tradeoffs between
induced versus constitutive defenses is mixed, with multiple
examples of either the presence (Kempel etal. 2011, Rasmann
and Agrawal 2011, Moreira et al. 2014, Villari et al. 2014) or
absence (Brody and Karban 1992, Thaler and Karban 1997,
Underwood and Rausher 2002, Koricheva et al. 2004) of
such trends. Study systems used to evaluate these relation-
ships have varied in the degree to which the herbivore influ-
ences plant fitness, the extent to which defenses are primarily
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qualitative or quantitative, and the energetic costs of the
defense trait. Additionally, most studies assessing relation-
ships between induced versus constitutive defenses have been
conducted at a single level of biological organization, such as
among genotypes within a species (Traw 2002, Underwood
and Rausher 2002), individuals in a population (Villari et al.
2014), or various host species (Kempel et al. 2011, Rasmann
and Agrawal 2011, Moreira et al. 2014), or at a single level
of ecological scale, such as a glasshouse or a single or closely
proximate locations in the field. However, there are many
ecological processes for which biological level or ecological
scale (hereafter biological scale for simplicity) strongly affects
both the magnitude and direction of relationships (Levin
1992, Schneider 2006), such that microscale processes do not
directly scale to macroscale patterns (Englund and Cooper
2003). Despite the ecological, evolutionary and resource
management implications of potential tradeoffs between
constitutive and induced plant defenses, little is known about
how biological scale may affect these relationships.

We tested putative tradeoffs between plant constitutive
and induced defenses by conducting a cross-scalar approach
across a single multispecies model system. This approach
minimizes the potentially confounding effects of variable
herbivore impacts, chemical classes, forms of induction, phy-
logenies and plant tissues compromised. We selected a model
system in which coevolved native herbivores strongly affect
host plant survival in nature, related plant species employ a
common defense with well-documented bioactivities, and
previous studies by multiple lab groups employed standard-
ized methods. Our model comprises interactions between
Pinaceae and Scolytinae (bark beetles), with analyses ranging
from intraspecific plant genotypes to inter-species. Further,
we focused on monoterpenes, because these compounds:
1) exhibit high, dose-dependent repellent and toxicological
activities against bark beetles and their symbionts at quan-
tities present in vivo (Raffa and Smalley 1995, Raffa et al.
2005, Adams et al. 2011, Reid et al. 2017); 2) show con-
centration-dependent relationships to host survival in nature
(Raffa and Berryman 1982, 1983a, Erbilgin et al. 2003,
2006, Boone et al. 2011, Zhao et al. 2011); 3) are highly
inducible (Schiebe et al. 2012, Raffa et al. 2017, Celedon and
Bohlmann 2019); and 4) comprise a major portion of host
secondary chemistry (Raffa et al. 2017, Biedermann et al.
2019).

Bark beetles that colonize the main stems of mature trees
are the greatest source of herbivore-induced mortality to
conifers worldwide (Anderegg et al. 2015, Biedermann et al.
2019). Some native species undergo intermittent, landscape-
scale irruptions that substantially alter forest species composi-
tion, demographic structure, carbon sequestration, economic
value and successional trajectories over millions of hectares.
Successful colonization is lethal to host trees due to the
combined actions of beetle development within subcortical
tissues, coordination of rapid pheromone-mediated mass
attacks, and vectoring of moderately phytopathogenic fungi
into host tissues (Safranyik and Carroll 2006, Krokene and
Solheim 2007, Blomquist et al. 2010). Most tree-killing bark



beetles are primarily associated with one host genus, of which
they can exploit most species within their geographic range.

Adapted conifer species exploit the beetles’ fungal symbi-
onts as cues indicative of attack to elicit rapid, locally induced
chemical defenses (Keeling and Bohlmann 2006, Bohlmann
2012, Keefover-Ring et al. 2016, Mason et al. 2017, Celedon
and Bohlmann 2019). Phloem monoterpenes quickly rise
to levels that repel or kill beetles, impede pheromone com-
munication and inhibit symbionts (Erbilgin et al. 2003,
Adams et al. 2009). Induced localized production of high
quantities of monoterpenes has been shown to predict tree
survival under natural conditions in Pinus, Abies and Picea
(Schiebe et al. 2012, Biedermann et al. 2019, Huang et al.
2019). The combination of inoculation with a beetle’s pri-
mary symbiotic fungus and mechanical wounding elicits
responses similar to those against natural attack. Simple
mechanical wounds do not elicit comparable responses. Trees
further differentiate between relatively pathogenic versus
nonpathogenic fungi, viable versus heat-killed fungi (Raffa
and Smalley 1995), and inoculation with a beetle’s fungal
symbiont versus the broadly acting plant defense elicitor
methyl jasmonate (Burke et al. 2017).

We currently have little understanding of whether coni-
fers exhibit tradeoffs in their constitutive versus induced
defenses against bark beetle—fungal complexes. A statistically
weak positive correlation between constitutive and induced
resin flow was observed during early but not late summer
in a mature Pinus taeda planting (Lombardero et al. 2000).
There was no relationship between constitutive resin canal
metrics and induced terpenes or phenolics among trees in
forest populations of mature Pinus contorta or Pinus albicau-
lis (Mason et al. 2019). Opposing increases and decreases
of some phenolics, but consistent increases in monoterpene
inducibility were observed during induction in forest popula-
tions of mature Pinus sylvestris (Villari et al. 2014). In glass-
house seedlings, relationships of total constitutive to methyl
jasmonate-induced phenolics varied with species and latitu-
dinal source (Moreira et al. 2014), and monoterpene cyclase
showed opposing responses to drought in induced versus con-
stitutive Abies grandis (Lewinsohn et al. 1991). Collectively,
these patterns suggest an opportunity to better understand
plant defense tradeoffs by employing multi-level analyses on
a system characterized by intense herbivore-driven selective
pressures, interactions across highly heterogeneous land-
scapes, and strong cross-scale processes (Raffa et al. 2008,
Seidl et al. 2016, Balogh et al. 2018).

Our objective was to evaluate potential tradeoffs between
constitutive and induced chemical defenses in conifer—bark
beetle interactions using studies that employed common
methodologies across a range of biological scales: 1) across
half-siblings, 2) among individuals in common gardens; 3)
among individuals in forest populations of multiple tree spe-
cies; 4) across populations of a single species; 5) across popu-
lations of multiple species; and 6) across multiple tree species.
We explored potential relationships from three perspectives:
a) inducibility (I-C) of monoterpenes versus constitutive
concentrations (i.e. the plant’s allocation strategy), b) direct

relationships between constitutive and induced total con-
centrations (i.e. the defenses an herbivore encounters) and
c) total versus compositional changes (i.e. potential tradeoffs
between chemical quantity and quality during induction).

Methods

Biology of model system

Adult beetles land on potential hosts, burrow into the
bark and release aggregation pheromones that attract both
sexes (Blomquist et al. 2010). Rapid arrival of large num-
bers of beetles kills the tree, thereby allowing reproduction
to proceed (Raffa et al. 2008). After mating, females con-
struct ovipositional galleries, and if colonization is success-
ful, larvae hatch and consume phloem and symbiotic fungi
(Bleiker and Six 2007). Following pupation and a teneral
adult stage, beetles emerge, disperse and locate new hosts.
Successful colonization is facilitated by additional symbiotic
microorganisms that assist the beetles in overcoming tree
defenses (DiGuistini et al. 2011, Hammerbacher et al. 2013,
Wang et al. 2013).

At low concentrations, monoterpenes provide vola-
tile cues that beetles exploit in host location and recogni-
tion (Wallin and Raffa 2000, Franklin and Grégoire 2001),
and in biosynthesis and synergism of aggregation phero-
mones (Blomquist et al. 2010). At high doses, monoter-
penes are repellent and inhibit pheromone communication
(Erbilgin et al. 2003), and are toxic to beetle adults (Raffa and
Smalley 1995, Reid et al. 2017), eggs (Raffa and Berryman
1983a) and symbionts (Cobb et al. 1968, Klepzig et al.
1996, Adams et al. 2011, Boone et al. 2013, Mason et al.
2015). Individual monoterpenes vary in toxicity (Raffa et al.
2005), but total concentrations exert stronger effects and are
more closely related to tree survival in nature (Boone et al.
2011, Chiu et al. 2017, Reid et al. 2017). Induction also
increases diterpenes that are highly fungicidal (but to date
have not shown toxicity to bark beetles) (Kopper et al. 2005,
Boone et al. 2011, Mason et al. 2015), and to a lesser extent
phenolics (Mason et al. 2017, Raffa et al. 2017), some of
which are fungicidal (Hammerbacher et al. 2013) or repel-
lent (Faccoli and Schlyter 2007).

Experimental overview

We queried three tiers of datasets (Supplementary material
Appendix 1 Table A1), a common garden study, forest trees
with individual-level data, and forest trees with mean-popu-
lation level data, across six levels of biological organization.
The experimental structure is illustrated in Fig. 1. Each of
these datasets was generated using common methodologies of
induction and analysis. To evaluate potential tradeoffs from a
plant allocation perspective we used the metric of inducibil-
ity (induced — constitutive) recommended by Morris et al.
(20006). To evaluate the plant conditions actually encoun-
tered by the herbivore we also directly related induced to
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Figure 1. Experimental design for quantifying relationships between induced versus constitutive monoterpenes at six biological scales. Text
on left provides experimental design and replication. Diagrams in center depict design of the common gardens and locations of populations.
Species codes correspond to: PIAB = Picea abies; PIAL = Pinus albicaulis; PIBA = Pinus banksiana; P1ICO = Pinus contorta; PIEC = Pinus echi-
nata; P1PO = Pinus panderom; PIRE = Pinus resinosa; PISY = Pinus :}//vestris; and PITA = Pinus taeda. Mock regressions on right depict experi-
mental units at each level. Actual regressions are in Supplementary material Appendix 2 Fig. A2. Note the first two levels represent different

approaches to analyzing the same dataset from common gardens.

constitutive concentrations. Because monoterpene concentra-
tions undergo strong localized rather than systemic changes to
fungal inoculation in this system (Keefover-Ring et al. 2016,
Burke et al. 2017, Mason et al. 2017), individual trees can be
tested for both constitutive and induced levels without loss of
independence by systemic responses, so Monte Carlo simula-
tions are not required (Morris et al. 2006). Our cross-scalar
design poses certain limitations. Specifically, the common
garden study (levels 1, 2) can partition genetic and environ-
mental sources of variation but these sources are necessarily
confounded in natural populations (levels 3-6). Further, at
the other end of our continuum the genetic contribution is
by definition higher for the across-species study (level 6) than
within-species analyses at the population and regional levels

(levels 4-5).
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All included studies involved: 1) mature trees, i.e. at least
20 years old to conform with these beetles’ realized niche
(Maclauchlan et al. 2015) and avoid potential ontogenetic
disparities (Boege and Marquis 2005, Barton and Koricheva
2010, Erbilgin and Colgan 2012); 2) standardized induc-
tion by inoculating the predominant bark beetle — vectored
fungal symbiont from each system combined with a small
mechanical wound to simulate beetle entry, in order to focus
on host coevolved responses (Burke et al. 2017); 3) reported
data of total monoterpene concentrations before and after
inoculation; 4) assaying the same trees for both constitu-
tive (intact phloem at the time of inoculation) and locally
induced monoterpene concentrations sampled approxi-
mately two weeks after treatment; and 5) no more than seven
fungal inoculations per tree, to omit studies whose purpose



was to deplete inducible defenses by simulating mass attack
(Raffa and Berryman 1983b). All chemical analyses were per-
formed on phloem tissues within visible reaction zones by gas
chromatography using closely similar standardized methods
(Keefover-Ring et al. 2016, Mason et al. 2017, Raffa et al.
2017). Total monoterpenes include all identified compounds;
we did not include unidentified peaks because we cannot be
certain they are monoterpenes or that they have biological
activities against bark beetles or their symbionts.

Levels at which relationships between constitutive
and induced defenses were tested

1. Relationships across half-siblings

A common garden experiment with P contorta was pet-
formed in central British Columbia, Canada, at two sites
originally established by the B.C. Forest Service Research
Branch (Supplementary material Appendix 1 Table A1A).
The trees were planted in 1986 as two randomized complete
blocks at two sites, Moffat Creek and Bowron Lake (near
Prince George, BC) each with eight blocks, four-tree row
plots, with 45 unique open-pollinated half-sib families. After
thinning and mortality, 8—16 trees (16-26 trees total across
the two sites) per family remained. Sampled trees averaged
5.8-16.7 cm in diameter at breast height (DBH). Trees were
inoculated in 2006 with Grosmannia clavigera, the primary
fungal symbiont of Dendroctonus ponderosae. Phloem was
sampled at the time of inoculation (control) and 12 days
post inoculation (induced). Control phloem removal distant
from the inoculation site does not elicit stem-wide induc-
tion, so does not affect induction measures, in this system
(Keefover-Ring et al. 2016, Burke et al. 2017, Mason et al.
2017). Mean estimates for total constitutive and inducibil-
ity of monoterpenes were calculated for each site by family
combination (blocks were combined, as the effect of block
was not significant; p-value > 0.20) and used in subsequent
models. The total number of families included in analyses
was 90 (45 families/site).

2. Relationships among individuals in a common garden

The common garden experiment described in the previous
section was also used to examine relationships across indi-
vidual trees. Sites were combined for analysis as the interac-
tion of site and constitutive monoterpenes was not significant
(p-value=0.86). In total, 763 trees were included in the anal-
ysis (418 at Moffat Creek, 345 at Bowron Lake).

3. Relationships among individuals in forest populations
Relationships among individual trees within forest popula-
tions were examined by compiling data from previous pub-
lished papers by our group that provided concentrations of
monoterpenes on a per tree basis (Supplementary material
Appendix 1 Table A1B). Populations of the five species used
in this analysis ranged from southern Wisconsin, USA to
central British Columbia, Canada. Analyses were conducted
on all the populations compiled together (n=436).

4. Relationships across populations of P. contorta

Data for monoterpene concentrations of P contorta from the
literature were compiled based on those published studies
that met the criteria listed above and mean total monoterpene
concentrations from the individuals in the common garden
experiment and among forest populations (Supplementary
material Appendix 1 Table A1A-C; each population had
one mean value). Tree level data from Boone et al. 2011 and
Ott et al. 2011 were split into two and six separate popula-
tions. Populations ranged from western Wyoming, USA to
central British Columbia. Mean constitutive and induced
concentrations were compared across all 22 contorta popula-
tions (n=13). Across population comparisons in other spe-
cies were not considered because of insufficient availability of
studies to serve as replicates.

5. Relationships across populations of multiple tree species
Data from the literature were compiled based on those pub-
lished studies that met the criteria listed above (out of 130
published studies considered; Web of Science) and mean
total monoterpene concentrations from the individuals in
the common garden experiment and among forest popula-
tions (Supplementary material Appendix 1 Table A1A-C;
each population had one mean value). Tree level data from
Boone et al. 2011 and Ot et al. 2011 were split into two
and six separate populations respectively. Populations ranged
from North Carolina, USA to British Columbia in North
America, and from Italy to Sweden in Europe. Mean consti-
tutive and induced concentrations were compared across all
populations. Collectively, these studies represented 29 popu-
lations and 9 species.

6. Relationships across multiple tree species
Across species comparisons were performed by summa-
rizing the mean monoterpene response over each spe-
cies (Supplementary material Appendix 1 Table A1A-C).
Collectively, these studies represented nine species. This anal-
ysis used the same data sources as 5) above.

Statistical analyses

All data were analyzed in R Studio ver. 1.1.453 running R
ver. 3.6.0 (<www.r-project.org>). To facilitate comparisons
across scales, all data were z-score standardized by subtracting
the mean from each individual data point and dividing those
points by the standard deviation. Level 3 data were trans-
formed by 0.01 (based on plotting) to include trees with no
quantifiable constitutive monoterpenes (included in Raffa
and Smalley 1995) and were z-score standardized within
cach study and species combination. Population estimates
were collectively z-score standardized and used for levels 4-6.
z-score standardizations were checked by plotting to ensure
that standardizations did not alter the shape of the data.

For all six levels of biological organization, linear mod-
els were used to compare inducibility versus constitutive
monoterpenes with a response variable of In(inducibility)
and a fixed effect of In(constitutive), where In(inducibility)
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represents In(induced-constitutive), where constitutive and
induced represent total phloem monoterpenes (mgg™) at
the time of inoculation and post-inoculation, respectively.
Data were centered on 0 and as a result, no intercepts were
included in models. A mixed effects model (Bates et al. 2015)
was used to analyze relationships among individuals in com-
mon gardens (level 2). Fixed and random effects (DBH and
site nested within block respectively) were included in the
model based on backward elimination with likelihood ratio
tests (Kuznetsova et al. 2017). Site was excluded from the
model because neither site (p-value=0.91) nor the interac-
tion of site and constitutive monoterpenes (p-value=0.86)
were significant. Analyses across tree species did not employ
phylogenetic least squares as a correction for possible phylo-
genetic non-independence due to the low number of species
and lack of even replication across species.

All models exploring relationships between absolute
induced monoterpenes and constitutive monoterpenes were
fit with the same terms as those testing inducibility versus con-
stitutive monoterpenes for ease of comparison. Regressions
and model details are provided in Supplementary material
Appendix 2 Fig. A2. All assumptions for linear mixed effects
models were checked by plotting Pearson residuals for mixed
effects models and plotting residuals of corresponding lin-
ear models (for both mixed effects models and simple linear
regressions).

Comparisons among families in the common garden
experiment (level 1) were developed based on the predicted
values of inducibility for each family from a mixed effects
model that included family and the interaction of constitu-
tive concentrations and family as fixed effects. All observa-
tions used to develop predictions had a fixed value for DBH
(10.81, the overall mean).

Chemical richness was determined by counting the num-
ber of monoterpenes that had concentrations > 1mgg™
phloem. Chemical diversity was computed using the
Shannon—Weaver diversity index on the proportions of each
monoterpene in each tree. Regressions between constitutive
and induced total concentrations of monoterpenes and rich-
ness/diversity were performed on a per tree basis, i.e. each
point represents the In(constitutive) or In(inducible) concen-
trations versus either the diversity index for the proportions
of monoterpenes, or the richness of monoterpenes for a given
tree. Data and code are available at (github).

Results

Relationships between constitutive concentrations and
inducibility of total monoterpenes

Half-sibling families of Pinus contorta showed an overall
inverse relationship between mean constitutive monoterpenes
and mean inducibility (slope =—0.34, p-value < 0.001; Fig. 2;
Supplementary material Appendix 2 Fig. A2), consistent with
a tradeofl. There was high variability among families, with
increases from constitutive to induced monoterpenes ranging
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from 60 to 310%. There was also substantial variation in the
relationship between inducibility and constitutive concentra-
tions, with nine half-siblings exhibiting a positive relationship
and 36 exhibiting a negative relationship (Supplementary
material Appendix 2 Fig. A2, panel B).

Trees in the common garden experiment underwent an
average 160% increase in total monoterpenes during induc-
tion. The relationship between inducibility versus constitu-
tive concentrations was significantly negative (slope=—0.11;
p-value =0.002; Supplementary material Appendix 2 Fig. A2).
There was a positive covariate of tree diameter (slope=0.13;
p-value < 0.001), indicating larger trees had higher induc-
ible defenses than smaller trees of the same age. Tree size did
not influence the relationship of inducibility versus consti-
tutive monoterpenes. Likewise, spatial variability affected
inducibility, but not the relationship between inducibility
and constitutive monoterpenes, as the best fit mixed effects
model included a random intercept of block nested within
site (likelihood ratio test; 25.52; p-value < 0.001). Neither
site (p-value=0.91 nor the site X constitutive interaction was
significant (p-value=0.86), so these were dropped from the
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Figure 2. Relationship of inducibility (induced-constitutive) of
conifer monoterpenes to total constitutive monoterpene concentra-
tions at six levels of biological scale. Data show fitted slope estimates
(# SE) from linear models relating In(inducibility) to In(constitutive).
Asterisks denote slopes significantly different from zero (* p-values
< 0.05; ** p-value 0.01-0.001; *** p-values < 0.001). Note: the
degree to which genotypic and phenotypic sources of variation nec-
essarily vary at different levels of scale. Genetic sources are best par-
titioned in the common garden experiment with P contorta and the
multispecies comparison, while phenotypic sources are best parti-
tioned among all individuals in common gardens and among indi-
viduals in forest populations.



model. There was high variation among individuals even after
accounting for block effects (conditional R?=0.03; adjusted
R? from linear model with block as a fixed effect=0.08).

Mature pine trees in forest populations increased total
monoterpenes by 300-10 000% (median 4800%) follow-
ing simulated bark beetle attack. The relationship of induc-
ibility to constitutive monoterpenes was significantly positive
(slope=0.24; p-value < 0.001; Fig. 2). That is, trees with high
constitutive monoterpene concentrations likewise underwent
high induction. However, there was substantial variation, of
which the best fit model explained only 5% (adjusted R?).
The relationship between inducibility and constitutive mono-
terpenes was positive among all five species but was only sig-
nificant in P contorta and P albicaulis (p-values=0.0001 and
0.02 respectively). This may be an artifact of sample size rather
than between — species differences (Supplementary material
Appendix 1 Table Al). Large differences in mean inducibility
and mean constitutive concentrations at this level necessitated
z-score standardization as the best fit mixed effects models on
non-standardized data included random intercepts and slopes
attributable to species, but no fixed effects.

Across populations of P contorta (others lacked sufficient
replication for this level; Supplementary material Appendix

10.0 1

7.5

Inducibility of Monoterpenes
In(mg/q)

1 Table Al), there was a 110% increase from constitutive
to induced monoterpenes. The relationship between con-
stitutive monoterpenes and inducibility was strongly posi-
tive (Fig. 2; slope=0.80; p-value < 0.001) and 78% of the
variability was explained by the linear regression (Adjusted
R?). Hence a population of P contorta with high constitutive
monoterpene concentrations is very likely to also undergo
high induction. Populations did not appear to exhibit any
strong geographically directional patterns in these relation-
ships (Fig. 3).

Across various populations of all species studied
(Supplementary material Appendix 1 Table Al), there was a
220% increase from constitutive to induced monoterpenes.
There was a strong positive relationship between constitutive
and inducibility of total monoterpene concentrations (Fig. 2;
slope=0.78; p-value < 0.001). The best fit model explained
60% of the variability (adjusted R?). There were no apparent
geographically directional patterns among populations (Fig. 3).

Across the nine North American and European species
studied (Supplementary material Appendix 1 Table Al),
induced responses yielded a mean 220% increase in total
monoterpene concentrations. There was a strong positive
relationship (Fig. 2; slope=0.80; p-value=0.006) between

<& Picea abies

@ Pinus albicaulis

@ Pinus contorta

& Pinus echinata

4 8

< Pinus resinosa

< Pinus sylvestris

& Pinus banksiana <> Pinus ponderosa € Pinus taeda

Figure 3. Relationship of inducibility to constitutive total monoterpene concentrations among populations of nine conifer species and the
spatial extent of populations assayed. Population labels correspond to Supplementary material Appendix 1 Table Al. Black line represents

best-fit linear regression fits.

1099



constitutive monoterpene concentration and inducibility.
Where multiple populations of single species were available,
the range of inducibilities within one species commonly
overlapped those of other species. The across species model
explained 60% of the variability present (adjusted R?).

Relationships between constitutive and induced
absolute concentrations of total monoterpenes

Across half-siblings in the common gardens, there was no sig-
nificant relationship between mean induced and constitutive
monoterpenes (slope=0.17; p-value=0.1; Fig. 4). Overall the
model explained little of the total variation present (adjusted
R?=0.02).

Among P contorta individuals in the common gardens,
there was a positive relationship between induced and con-
stitutive total monoterpenes (slope=0.25; p-value < 0.001;
Fig. 4). There was a positive covariate of tree diameter (slope
component=0.13; p-value < 0.001), suggesting that larger
trees had higher inducible defenses than smaller trees of the
same age. The among tree mixed effects model explained
little of the variability (conditional R?=0.10) but adding
spatial context to the model (adding site, block and their
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Figure 4. Relationship of induced to constitutive total monoterpene
concentrations at six levels of biological scale. Data show fitted slope
estimates (+ SE) from linear models relating In(induced) to
In(constitutive) for the relationship between In(induced) and
In(constitutive). Asterisks denote slopes significantly different from
zero (p-values < 0.001 ***). Note: the degree to which genotypic and
phenotypic sources of variation necessarily vary at different levels of
scale. Genetic sources are best partitioned in the common garden
experiment with P contorta and the multispecies comparison, while
phenotypic sources are best partitioned among all individuals in com-
mon gardens and among individuals in forest populations.
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interaction as fixed effects) doubled the adjusted R? (0.20).
Unlike inducibility, site (p-value < 0.001), block (p-value
< 0.001), site X block interaction (p-value=0.01) and con-
stitutive X site X block interaction (p-value=0.02) were all
significant. This suggests that mean induced monoterpenes
were significantly different between sites and among blocks,
and that site and block significantly altered the relationship
between induced and constitutive monoterpenes.

Relationships between constitutive and induced mono-
terpene concentrations were positive among individual trees
in forest populations (slope=0.37; p-value < 0.001; Fig. 4).
However, there was high variability (adjusted R?=0.15).
There was a positive relationship between constitutive and
induced monoterpenes for all species, but this was only sig-
nificant for P cortorta (slope=0.34; p-value < 0.001) and P
albicaulis (slope=0.59; p-value < 0.001). As with inducibil-
ity versus constitutive analyses, the lack of significant trends
for other species may reflect smaller sample sizes.

Across populations of 2 contorta (Supplementary material
Appendix 1 Table Al), relationships between induced ver-
sus constitutive concentrations were positive (slope=0.88;
p-value < 0.001; Fig. 4). That is those populations with high
constitutive concentrations of monoterpenes likewise had
high induced concentrations. The model explained 86% of
the variability.

Across all populations of all species, the relationship of
induced versus constitutive monoterpene concentrations was
significantly positive (slope=0.87; p-value < 0.001; Fig. 4).
The model explained 74% of the variability.

Across species, the relationship of induced versus consti-
tutive concentrations was significantly positive (slope=0.87;
p-value=0.001). The model explained 73% of the variability.

Relationships between monoterpene concentrations
and changes in composition

All tree species underwent some compositional changes dur-
ing induction. There were multiple cases of compounds pres-
ent in only trace amounts increasing to appreciable quantities
(> 1 mgg™) in induced tissue, and multiple cases of indi-
vidual compounds increasing or decreasing in their relative
proportion of the total monoterpene fraction, but no cases
of new monoterpenes appearing in induced tissues. In the
common gardens experiment, the number of compounds
that increased from trace levels to at least 1 mgg™ was posi-
tively related to total concentrations of both constitutive and
induced monoterpenes (p-value=0.002), and these relation-
ships varied by half-sibling family (p-value < 0.001). The
increase in the number of such compounds was negatively
related to total constitutive concentrations (p-value < 0.001),
positively related to total induced (p-value < 0.001) concen-
trations, and positively related to inducibility (slope=0.34;
p-value < 0.001).

In forest trees, the number of compounds with concentra-
tions of at least 1 mgg™" was positively related to both con-
stitutive and induced total concentrations (p-value < 0.001),
and varied among species (ANOVA: p-value < 0.001).



The change in the number of compounds with concentra-
tions of at least 1 mgg™ was negatively related (p-value <
0.001) to total constitutive and induced monoterpenes, but
not to inducibility (p-value > 0.05).

Induction altered phloem monoterpene diversity indices
in all tree species (Table 1). These included both increases
and decreases in Shannon—Wiener index values. Overall,
there were no consistent relationships between monoter-
pene diversity and total constitutive monoterpenes, induced
monoterpenes, or inducibility. Likewise, there were no con-
sistent relationships between induced changes in monoter-
pene diversity and total constitutive monoterpenes, induced
monoterpenes, or inducibility. The exception was B con-
torta forest populations, where trees with the highest total
monoterpenes had less diverse compositions (slope=—0.02,
p-value=0.02), and inducibility and changes in diversity
were positively related.

Discussion

These results indicate that biological scale can influence both
the incidence and direction of relationships between consti-
tutive and induced plant defenses. Negative relationships, i.e.
tradeoffs, that appear when genotype and location are con-
trolled do not necessarily extend to phenotypes growing in
natural communities across heterogeneous landscapes. For
example, there were overall negative relationships between
constitutive and inducible monoterpenes among half-siblings
and individuals in common gardens. Yet trees within forest

populations showed positive relationships between consti-
tutive and inducible monoterpenes and there were likewise
strong positive relationships across intraspecific populations,
interspecific populations and across conifer species. The over-
lapping inducibilities among host species is particularly rel-
evant for nonspecialist herbivores that can behaviorally select
the least well-defended individuals among various sympatric
species.

The role of scale has important implications to our under-
standing of plant defense systems, how herbivores interact
with plant defenses in nature, and how these related processes
do not necessarily operate in concert (Mithéfer and Boland
2012). From a plant physiology perspective, various life his-
tory strategies may generate internal tradeoffs between allo-
cation to constitutive and induced defenses (Kempel et al.
2011, Moreira et al. 2014, Villari et al. 2014). Yet from the
herbivore perspective, encountering a host plant in the field
with weak constitutive defenses can be a reliable predictor that
it also has weak induced defenses, at least in some systems.
In conifers, straightforward relationships between constitu-
tive and induced phloem monoterpenes were always posi-
tive. Positive correlations between constitutive and induced
defenses may be particularly informative for herbivore species
that actively search for stressed individuals distributed across
heterogeneous landscapes.

Host spatial context strongly affected both mean consti-
tutive and mean induced monoterpenes, but not necessar-
ily their relationship. For example, in common gardens, the
effect of family was less than that of microsite. There was
likewise substantial variability in the mean constitutive and

Table 1. Compositional changes in monoterpenes in conifer phloem during induced response to simulated bark beetle attack, and their
relationships to total concentrations at three levels of biological scale. (A) Changes in the richness', relative proportions and diversity* of
compounds during induction; (B) relationship of changes in monoterpene diversity to total concentrations during induction. Values repre-
sent means (+ SEM). H denotes diversity index values for constitutive, induced; AH denotes change in diversity index; brackets denote
concentrations; C represents constitutive diversity (H_) or concentration ([C]); | represents induced; and I-C represents inducibility. Asterisks
denote significant changes in diversity (1-sample T-test) and slopes significantly different from zero below 0.05 (*), 0.01 (**) and 0.001 (***);

n.s. denotes non-significant slopes.

Common garden

Among trees in forest populations

Phloem tissue Pinus contorta P. contorta P. albicaulis P. ponderosa P. resinosa
(A) Changes in phloem monoterpene composition during induction
Monoterpene richness
Constitutive 3.45 (0.05) 4.67 (0.15) 6.7 (0.34) 1.58 (0.39) 0 (0)
Induced 5.58 (0.06) 5.18 (0.17) 9.9 (0.26) 7.8(0.31) 8.5 (0.35)
% of compounds with a higher proportion in constitutive or induced tissue
Constitutive 3 5 2 9 1
Induced 2 7 4 5 0
Monoterpene diversity
Constitutive 1.2 (0.01) 1.25(0.02) 1.55 (0.02) (0.03) 1.01 (0.03
Induced 1.28 (0)*** 1.19 (0.02)*** 1.61 (0.02)*** .53 (0.04)*** 1.13 (0.03)
(B) Relationships between total monoterpene concentration and diversity of monoterpenes
H versus [C] n.s. —0.02* n.s. n.s n.s
H, versus [l] n.s. —0.03** n.s. n.s n.s
H, versus [I-C] n.s. —0.02* n.s. n.s n.s
AH versus [C] n.s. n.s. n.s. n.s n.s
AH versus [l] n.s. n.s. n.s. n.s n.s
AH versus [I-C] n.s. 0.02* n.s. n.s n.s

* Quantity > 1 mgg~' phloem.
# Shannon-Wiener diversity index.
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mean inducibility of monoterpenes among forest populations
(Fig. 3). The variability observed among even closely situated
tree populations (Fig. 3; Supplementary material Appendix 1
Table A1) suggest important fine-scale drivers, but the extent
to which these are genetic or environmental is unknown. Site
factors such as elevation (Rasmann et al. 2014), ectomycor-
rhizal fungi (Kanekar et al. 2018) and nutrient availability
(Sampedro et al. 2011, Mason et al. 2019) are known to
affect defense expression in conifers.

The positive relationships between constitutive and
induced total monoterpenes in forest trees raises the ques-
tion of where key tradeoffs may lie, as plants possess finite
resources to support various defense modalities and other
functions (Coley et al. 1985). Tradeoffs could conceivably
occur between monoterpene quantity and quality, or between
conifers’ major metabolic defense pools. However, we did not
observe evidence for the former, and relationships between
terpenes and phenolics are either nonsignificant or positive
in P contorta, P albicaulis and P resinosa (Mason et al. 2017,
Raffa et al. 2017). Tradeoffs could likewise occur between
chemical and anatomical defenses, but there were no signifi-
cant relationships between resin duct metrics and either terpe-
noids or phenolics in P contorta and P albicaulis (Mason et al.
2019). Tradeoffs can occur between defense traits and growth
(Herms and Mattson 1992), but the evidence in this system
is mixed and scale-dependent. In a common garden study,
mortality was higher in slower-growing P ponderosa prior
to a D. ponderosae outbreak but higher in fast-growing trees
during the outbreak (de la Mata et al. 2017). However, the
authors cautioned that without tree defense data this does
not unambiguously demonstrate a growth—defense tradeoff.
Moreover, resin ducts and resin flow were positively related to
P, ponderosa growth rate in their sites (Hood and Sala 2015).
Resin ducts were likewise positively related to P ponderosa
growth rate in a separate study (Kane and Kolb 2010). In
even-aged P contorta stands, constitutive and induced mono-
terpenes, and resin flow, were all positively related to tree size,
and chemical and anatomical defenses were likewise positively
related to size in P albicaulis (Mason et al. 2019). In nature,
trees with slow or declining growth are typically the most
likely to be killed by bark beetles (Raffa and Berryman 1982,
Waring and Pitman 1985, Bleiker et al. 2005, Knapp et al.
2013, Williams et al. 2018). This is partly because higher-
scale drivers such as drought impair both defenses against
bark beetles and growth (Huang et al. 2019).

Rather than indicating an absence of tradeoffs, our results
illustrate the value of distinguishing between plants’ alloca-
tion strategies and the overall resources their environment
provides, i.e. between budgeting and gross income. For exam-
ple, monoterpenes in Pinus are directly related to availability
of phloem carbohydrates, N and Ca (Goodsman et al. 2013,
Cook et al. 2015, Raffa et al. 2017, Roth et al. 2018), and
diterpenes are only inversely related to growth under condi-
tions of low K (Sampedro et al. 2011). Thus, trees located
in microsites that provide more light, nutrients and mois-
ture can grow faster, produce more constitutive and induced
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defense chemicals and construct more anatomical defenses
than trees in deficient sites. As in human economies, the rich
can allot more to every function and still get richer. We pro-
pose that tradeoffs between chemical classes, defense modali-
ties and other processes, while important intra-organismal
processes, may not necessarily be manifested in or scale up to
ecosystem-level patterns due to high spatial variability of key
resources. A major need, therefore, is to better integrate plant
allocation processes with environmental heterogeneity, and
to better understand how their interactions drive herbivore
abundance and plant performance across landscapes.

Changes in the relative proportions of monoterpenes
during induction appear to complement rather than sub-
stitute for increased total quantities. All tree species showed
some proportionate alterations and increases in the number
of abundant defense compounds, but which compounds
underwent which transformations and the overall changes in
diversity varied with species. This array of permutations is
consistent with the ‘moving target’ hypothesis by which com-
plexity and variability of bioactive compounds in itself con-
fers added defense (Zangerl and Berenbaum 1993, Karban
2019, Lépez-Goldar et al. 2019). Variable relationships
between concentration and composition can have important
ecological ramifications. In the conifer-bark beetle example,
monoterpene toxicity to the herbivore and its symbionts is
largely determined by total concentration (Chiu et al. 2017,
Reid et al. 2017), whereas behaviors such as attraction, repel-
lency and pheromone signaling show strong compound-spe-
cific responses (Wood 1982, Zhang 2001, Burke and Carroll
2016).

The extent to which biological scale influences tradeoffs
between constitutive and induced defenses in various systems
likely varies with specific features of each plant—herbivore
interaction. We propose a conceptual model (Fig. 5) to inte-
grate this diversity into a more manageable framework, help
reconcile the highly variable results in the literature, and sug-
gest future lines of research. This model suggests that lower
scale processes, such as biosynthesis costs and relative herita-
bility of defense traits drive the extent to which genetically
programmed constitutive — induced allocations are selected
for and phenotypically expressed. Higher scale processes such
as ecosystem heterogeneity and plant tolerance to common
ranges of the herbivore’s population density, affect the slope
of these relationships. At the organismal level, tradeoffs are
stronger where biosynthetic and maintenance costs of defense
traits are high, and trait efficacy is strongly quantitative
(Orrock et al. 2015). For example, monoterpenes are highly
dose-dependent (Raffa et al. 2005) and costly to synthesize
and store (Gershenzon 1994). Multdifunctionality, such as
protection from UV radiation and drought, (Neilson et al.
2013), or complementary activities of constitutive and
induced defense traits (Raffa et al. 2017) reduce costs.
Tradeoffs will likely be lower in systems where resource quality
strongly affects defense compared to systems showing strong
genetic control. For example, conifer monoterpene concen-
trations are strongly influenced by overall resource quality
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Figure 5. Conceptual framework for integrating biological scale
into relationships between constitutive and induced plant defenses.
Organismal-level processes («) such as biochemical costs, distinc-
tions between constitutive and induced defense traits, and relative
heritability of defense traits, predominantly affect each plant—herbi-
vore system’s y-intercept. These can pull the y-intercept downward,
generating greater tradeoffs. Ecosystem-scale processes () such as
the relative heterogeneity of the landscape in which the plant and
herbivore interact, and the tolerable time lag before herbivore feed-
ing reduces host fitness, more strongly affect the slope. In the exam-
ple indicated for conifer—bark beetle interactions, uneven availability
of resources allow some plants to be superior in multiple traits, and
the brief period after initial herbivore contact that determines host
survival versus death favors complementarity between defense
modalities. In other systems there may be no (slope=0 along y=0),
or relatively consistent (slope=0 along —y) tradeoffs. Note: the
regression line does not rotate about any point (i.e. the entire line
can rise or lower in addition to changing slope), nor need it be lin-
ear (as drawn here for simplicity).

(Raffa et al. 2005, Huang et al. 2019), whereas more con-
sistent tradeoffs between constitutive and induced defenses
were observed within (but not across) Asclepias species,
whose cardenolide defenses show high genotypic variation
(Rasmann and Agrawal 2011, Ziist et al. 2015, Hastings and
Agrawal 2019). The extent to which higher scales affect rela-
tionships may be further modified by the stochasticity versus
directionality of resource availability (Rasmann and Agrawal
2011, Moreira et al. 2014, Hahn and Maron 2016), fitness
costs exerted by herbivore populations (Orrock et al. 2015),
and degree of historical exposure (Clark et al. 2010, 2014,
Kempel et al. 2011, Burke et al. 2017, Raffa et al. 2017).
There are several limitations to our analyses. First, we do
not have genotypic data at the level of ‘trees in forest popula-
tions’, so we cannot partition genetic, environmental or gene
by environment effects on total monoterpenes or relationships
between constitutive and induced concentrations. Second, dif-
ferent tree species occupy different geographic ranges, so our
analyses could not control for environment while still assaying

the mature trees these herbivores utilize in nature. Third,
because we analyzed mature trees in situ we cannot account for
different degrees of relatedness among trees of different popu-
lations and species, which can influence between-group com-
parisons (Agrawal and Weber 2015, Lépez-Goldar et al. 2018).
Conifer populations arise by a diversity of means such as wind
dispersal, bird dispersal and human planting, yielding a range
of variabilities. Finally, our between-species analysis was not
designed to capture broad phylogenetic trends. Future stud-
ies that integrate advancing molecular methods for genetically
profiling trees in situ (Six et al. 2018), quantitation of traits
validated to contribute to defense (Celedon and Bohlmann
2019), and environmental measures proven to influence those
traits (Trowbridge et al. 2019) across multiple scales can help
address these limitations.

Implications of this work extend from our basic under-
standing of trophic interactions to resource management and
plant protection. For example, a cross-scalar framework can
help guide development and deployment of optimal com-
binations of defense traits via genetic and cultural means,
to improve the resistance and resilience of valuable ecosys-
tems. It can also improve the ability of population models
to predict pest outbreaks by identifying when and where it is
essential to assay both constitutive and induced defenses to
gauge susceptibility. These results also indicate how underly-
ing plant allocation strategies do not necessarily scale up to
the chemical environment with which herbivore populations
are actually confronted in nature, thereby refining our ability
to incorporate ecological feedbacks into evolutionary theory.

Conclusions

e Halfsiblings of lodgepole pine showed the most pro-
nounced tradeoffs between constitutive concentrations
and inducibility of monoterpenes among all scales.

¢ Among lodgepole pine individuals there was a tradeoff
between constitutive concentrations and inducibility of
monoterpenes. Microsite variability in the form of block
effects superseded half-sibling effects.

e Overall, among individuals from forest populations there
was a positive correlation between constitutive concentra-
tions and inducibility of monoterpenes. Multiple species
exhibited significant positive correlations. None showed
negative relationships.

e DPopulations of mature lodgepole pine trees in forests
showed positive correlations between constitutive concen-
trations and inducibility of monoterpenes.

e Conifer species showed positive correlations between their
constitutive concentrations and inducibility of monoter-
penes in forests. There were likewise positive correlations
between constitutive concentrations and inducibility of in
forest populations across all tree species.

e Relations between absolute constitutive and induced
monoterpenes were always positive, regardless of biologi-
cal level.
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e Induced responses of all conifer species included both
increases in total concentrations and changes in propor-
tionate composition of monoterpenes. There were no
tradeofls between these components of induction.

e The most parsimonious mechanism for the above patterns,
plus the positive relationships between monoterpene lev-
els and trees size, is that environmental heterogeneity can
supersede underlying physiological allocation processes
such that trees on the most superior sites can excel in mul-
tiple defense traits.
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