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Plant secondary metabolites (PSMs) are a key mechanism by which plants defend
themselves against potential threats, and changes in the abiotic environment can alter
the diversity and abundance of PSMs. While the number of studies investigating the
effects of abiotic factors on PSM production is growing, we currently have a limited
understanding of how combinations of factors may influence PSM production. The
objective of this study was to determine how warming influences PSM production
and how the addition of other factors may modulate this effect. We used untargeted
metabolomics to evaluate how PSM production in five different woody plant species
in northern Minnesota, United States are influenced by varying combinations of
temperature, moisture, and light in both experimental and natural conditions. We
also analyzed changes to the abundances of two compounds from two different
species – two resin acids in Abies balsamea and catechin and a terpene acid in
Betula papyrifera. We used permutational MANOVA to compare PSM profiles and
phytochemical turnover across treatments and non-metric multidimensional scaling
to visualize treatment-specific changes in PSM profiles. We used linear mixed-effects
models to examine changes in phytochemical richness and changes in the abundances
of our example compounds. Under closed-canopy, experimental warming led to distinct
PSM profiles and induced phytochemical turnover in B. papyrifera. In open-canopy sites,
warming had no influence on PSM production. In samples collected across northeastern
Minnesota, regional temperature differences had no influence on PSM profiles or
phytochemical richness but did induce phytochemical turnover in B. papyrifera and
Populus tremuloides. However, warmer temperatures combined with open canopy
resulted in distinct PSM profiles for all species and induced phytochemical turnover
in all but Corylus cornuta. Although neither example compound in A. balsamea was
influenced by any of the abiotic conditions, both compounds in B. papyrifera exhibited
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significant changes in response to warming and canopy. Our results demonstrate
that the metabolic response of woody plants to combinations of abiotic factors
cannot be extrapolated from that of a single factor and will differ by species. This
heterogeneous phytochemical response directly affects interactions between plants and
other organisms and may yield unexpected results as plant communities adapt to novel
environmental conditions.

Keywords: phytochemical turnover, PSM diversity, untargeted metabolomics, balsam fir, beaked hazel, paper
birch, red maple, trembling aspen

INTRODUCTION

Plant secondary metabolites (PSMs) are one of the primary
ways in which plants respond to environmental variability, and
regulation of PSM production is strongly influenced by the local
environment (Wink, 1988; Bennett and Wallsgrove, 1994; Bray
et al., 2000; Hirt and Shinozaki, 2003). Many interactions between
plants and other organisms are mediated by PSMs (Farmer, 2001;
Karban et al., 2006; Karban, 2008), and thus, the biochemical
mechanisms that influence these interactions are modulated, at
least in part, by the presence, absence, or magnitude of various
environmental factors (DeLucia et al., 2012; Jamieson et al.,
2012). For instance, changes in the amount and seasonality of
precipitation have been shown to influence concentrations of
cyanogenic glycosides (Gleadow and Woodrow, 2002; Vandegeer
et al., 2013), and elevated concentrations of atmospheric CO2
often result in increased concentrations of condensed tannins
(Lindroth, 2012). Evidence is mounting that recent warming may
also influence the production of PSMs (Kuokkanen et al., 2001).

Studies investigating the influence of warming on PSM
production suggest that temperature-induced changes to PSMs
may be species, compound, or even context dependent. For
example, warming has been shown to have no effect on levels
of phenolics in red maple (Acer rubrum, Williams et al., 2003),
Norway spruce (Picea abies, Sallas et al., 2003), and Scots pine
(Pinus sylvestris, Sallas et al., 2003) but resulted in decreased levels
of phenolics in dark-leaved willow (Salix myrsinifolia, Veteli
et al., 2006) and silver birch (Betula pendula, Kuokkanen et al.,
2001). Additionally, warming has been shown to increase levels of
terpene-based compounds in Norway spruce (Sallas et al., 2003),
Ponderosa pine (Pinus ponderosa, Constable et al., 1999), and
Scots pine (Sallas et al., 2003) but has been shown to both increase
(Constable et al., 1999) and decrease (Snow et al., 2003) levels of
monoterpenes in Douglas fir (Pinus menziesii). While evidence of
warming-induced changes to phytochemistry is important to our
understanding of how plants will respond to future climates, in
natural settings, elevated temperature often combines with other
abiotic conditions to influence PSM production and potentially
modulate any changes to phytochemistry that might otherwise be
induced by warming alone.

As temperatures continue to rise, global precipitation patterns
are expected to shift (Hurrell, 1995; Alexander et al., 2006; IPCC,
2014) and light availability to understory plants will likely be
altered due to changes in the frequency and intensity of forest
disturbance patterns (Canham et al., 1990; Dale et al., 2001).
While variability in each of these environmental factors has

been shown to influence production of PSMs on their own
(Bryant et al., 1983; Dudt and Shure, 1994; Pavarini et al., 2012),
combinations of factors can have a distinct effect (Rizhsky et al.,
2002, 2004; Mittler, 2006; Zandalinas et al., 2018). Moreover,
plant responses to combinations of abiotic factors can be either
synergistic or antagonistic (Bonham-Smith et al., 1987; Mittler,
2006; Zandalinas et al., 2018). For example, drought has been
shown to enhance cold tolerance (Cloutier and Andrews, 1984),
but also exacerbate a plant’s intolerance of high temperatures
(Rizhsky et al., 2002). Further, different combinations of salinity
and high temperatures have been shown to have both positive and
negative influences on the metabolism of reactive oxygen species
and stomatal response (Zandalinas et al., 2018). Regardless,
the vast majority of current research remains focused on the
influences of individual conditions rather than considering
potential interactions among them.

Until recently, the majority of studies investigating the
potential influence of different abiotic factors largely considered
the effects of these factors on individual compounds or small
groups of compounds. However, individual metabolites rarely,
if ever, function in isolation (Gershenzon et al., 2012). Rather,
the influence of any one compound is dependent on conditions
within the local environment, as well as the relative abundance
of numerous other metabolites within a plant’s array of chemical
constituents (Dyer et al., 2003; Richards et al., 2010; Gershenzon
et al., 2012; Jamieson et al., 2015). Thus, understanding how
changes in the abiotic environment will influence a plant’s
metabolic profile is important for interpreting how these changes
will influence the abundance and biological role of individual
compounds as well.

Phytochemical diversity influences how effective plants are
when defending against a range of threats (Gershenzon et al.,
2012; Frye et al., 2013; Richards et al., 2015). Compounds may
act synergistically, thereby forming mixtures that can provide
enhanced protection against potential hazards (Gershenzon,
1984; Harborne, 1987; Gershenzon et al., 2012). Indeed, recent
evidence suggests that the number of individual compounds
comprising a plant’s phytochemical profile can even influence
local biological diversity via the influence of changes in toxicity
on rates of herbivory (Richards et al., 2015). Increased diversity
of secondary metabolites may also allow for more precise
communication between plants, thereby allowing for more robust
protection against a range of conditions (Iason et al., 2005;
Poelman et al., 2008; Gershenzon et al., 2012; Frye et al.,
2013). Two metrics that are useful for assessing changes in
phytochemical diversity are “phytochemical richness” (i.e., the
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absolute number of compounds produced) and “phytochemical
turnover” (i.e., the degree of overlap among the compounds
produced), as both measures provide different insights into the
metabolic response of plants to a range of abiotic conditions.

Variability in phytochemistry, even within the same species,
may influence ecosystem structure and function through an
array of chemically driven ecological effects (Bukovinszky et al.,
2008; Gillespie et al., 2012; Sedio et al., 2017). The growth-
differentiation balance hypothesis (GDBH) suggests that as
the local environment becomes increasingly stressful, growth
processes will become limited and the production of PSMs will
increase until the point that PSM production also becomes
limited by resource acquisition/availability (Lerdau et al., 1994).
While phytochemical diversity has not been explicitly tested in
light of the GDBH, studies have shown that herbivore-induced
secondary chemistry can be completely suppressed in some
woody species under a range of abiotic conditions (Lewinsohn
et al., 1993), rendering them vulnerable to further invasion by
pests and pathogens. While the number of studies investigating
the effects of warming and other abiotic conditions on PSM
production is rapidly growing, we currently have a limited
understanding of how different abiotic factors may interact
to influence phytochemical diversity (Bidart-Bouzat and Imeh-
Nathaniel, 2008; Jamieson et al., 2012, 2015). The objective of this
study was to determine how elevated temperatures may influence
the production of PSMs and to evaluate how the addition of other
abiotic factors may modulate this effect.

While a targeted approach uses standard model compounds
to identify and observe changes in specific compounds selected
a priori, an untargeted (i.e., global) approach makes no
assumptions regarding specific metabolites, and therefore, allows
one to observe global changes across the entire metabolic profile.
Thus, the strength of an untargeted approach lies in the potential
to discover unanticipated changes in metabolic profiles as a result
of environmental perturbations (Crews et al., 2009). Although
untargeted metabolomics have been used in medicine for clinical
diagnosis of various diseases, including numerous forms of
cancer (Sreekumar et al., 2009; Jain et al., 2015), this study is
among the first to apply this method to an ecological setting.

We used an untargeted metabolomics approach to evaluate
how the phytochemical profiles of five different woody plant
species are influenced by temperature, soil moisture, and light.
Specifically, we tested the hypothesis that elevated temperatures
alter the production of PSMs by leading to phytochemical profiles
that are distinct from those found at ambient temperature
(H1) and that warming will change phytochemical diversity
via reductions in phytochemical richness or a high degree
of turnover (H2). We also tested the hypothesis that the
addition of other abiotic factors, specifically high light and
drought, will either magnify or nullify temperature-induced
changes in phytochemical profiles and PSM diversity (H3).
Finally, because individual compounds may vary greatly in
response to heterogeneity in the abiotic environment, we
identified two ‘example compounds’ from balsam fir (Abies
balsamea – two unspecified di-terpene resin acids) and paper
birch (Betula papyrifera – catechin and another unspecified di-
terpene resin acid) and analyzed the effects of different sets of

abiotic factors (high-temperature, light, and drought) on their
relative abundance. Specifically, we tested the hypothesis that
individual compounds will respond to different conditions and
combinations of conditions by either increasing or decreasing
in relative abundance, potentially in a non-uniform and
unpredictable manner (H4).

MATERIALS AND METHODS

Experimental Design
The Boreal Forest Warming at an Ecotone in Danger
(B4WarmED) project is an ecosystem experiment that simulates
both above- and below-ground warming in a boreal forest
community. The experiment was conducted at Cloquet Forestry
Center (CFC; Cloquet, MN, United States) and was initiated
in 2008. The experimental design consists of a 2 (overstory –
open and closed) × 3 (warming – ambient, ambient +1.7◦C,
and ambient +3.4◦C) × 2 (precipitation – ambient and ambient
−40%) factorial design with six replicates (two per block) per
treatment combination, for a total of 72 – 7.1 m2 plots (Rich et al.,
2015). Within each plot, 121 seedlings of 11 tree species were
planted into the remaining herbaceous vegetation in a gridded
design (Rich et al., 2015). Above-ground biomass was warmed
using a Temperature Free-Air-Controlled Enhancement System
(T-FACE) and below-ground biomass was warmed via buried
resistance-type heating cables (Rich et al., 2015). Above- and
below-ground temperatures have been monitored and logged
at 15-min intervals since spring 2008. In 2012, event-based rain
exclosures were installed on nine plots in the open overstory
replicates of the warming experiment, which allowed for safe and
reliable removal of rainfall. Mean annual rainfall exclusion from
June to September ranges from 42 to 45%.

We collected plant samples from the B4WarmED project
during two different time periods. On July 14, 2013, we collected
samples of balsam fir and paper birch that were grown under
closed overstory and three warming treatments, and on July 15,
2014, we collected samples of balsam fir, paper birch, trembling
aspen (Populus tremuloides), and red maple (Acer rubrum) grown
under open overstory in the three warming treatments and two
precipitation treatments. Where possible, we collected recent-
growth foliar tissue from two plants per species within each
replicate plot. However, some replicates contained either one
or no plants with enough leaf tissue to sample. Samples sizes
were particularly small during 2014, so we were forced to group
individual warming treatments (ambient,+1.7◦C,+3.4◦C) into a
binary response (ambient temperature vs. elevated temperature).
All plant samples were collected within a 2-h time period.
Upon collection, samples were flash frozen with dry ice, and
subsequently stored in a −80◦C freezer to minimize chemical
degradation. We broadly refer to samples collected from the
B4WArmED project as our “experimental” samples.

To investigate how temperature and light conditions may
interact to influence phytochemical production in a natural
forest environment, we collected samples of balsam fir, paper
birch, trembling aspen, and beaked hazel (Corylus cornuta)
from open and closed canopy environments across two regions
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in northeastern Minnesota (Figure 1). These regions exhibit
differences in mean-maximum summer temperature (maximum
daily temperature averaged across June, July, and August) of
approximately 5.5◦C (Supplementary Table S1). On July 14,
2015, we collected a minimum of 3 biological replicates from each
species within each set of abiotic conditions. The sampling design
consists of a 2 (overstory – open and closed) × 2 (temperature –
warm and cool) design with three plot replicates per treatment
combination, for a total of 12 – 400 m2 plots. Open-canopy plots
allowed us to evaluate high-light conditions on production of
PSMs and were located in areas that were clear-cut in 2006 (i.e.,
open overstory), while closed-canopy plots were located in areas
that experienced no known overstory disturbance since at least
1985 (i.e., closed overstory). Thus, light conditions for all plots
were based on whether the overstory was open (i.e., high light)
or closed (i.e., low light). Temperature logger data collected for a
parallel study from similar plot types suggest that average high
temperatures from May 1, 2015 to July 14, 2015 ranged from
30.4◦C in low-light plots in the cool region to 36.6◦C in high-light
plots in the warm region. All field samples were collected on the
same day, within an 8-h period. Upon collection, samples were
flash frozen with dry ice, and subsequently stored in a −80◦C

freezer. For brevity, we occasionally refer to samples collected
throughout northeast Minnesota as “observational” samples.

Study organisms
Balsam fir is a mid- to large-sized species of conifer, growing
to 26 m in height, with shallow roots (Smith, 2008). It is highly
vulnerable to drought, fire, and spruce budworm (Choristoneuro
fumiferana) infestations (Engelmark, 1999), and modest climate
warming has been shown to decrease net photosynthesis and
growth by as much as 25% (Reich et al., 2015). Paper birch
can grow to 28 m in height (Smith, 2008) and is drought
and shade intolerant (Iverson and Prasad, 1998; Iverson et al.,
2008). While it can grow rapidly and live to be 250 years
of age, seedlings need significant light to prosper (Kneeshaw
et al., 2006). Elevated temperatures have been shown to influence
foliar nitrogen, lignin, and condensed tannins in both paper
birch and trembling aspen with the specific response varying
as a function of species and climate (Jamieson et al., 2015).
Trembling aspen is one of the most widespread tree species in
North America and occurs on a wide-range of soil types and
in various climatic conditions (Smith, 2008). It is sensitive to
both drought and shade (Iverson and Prasad, 1998; Iverson et al.,

FIGURE 1 | Location of observational sites and the B4WarmED Project at the University of Minnesota’s Cloquet Forestry Center. The number of replicate plots for
each set of abiotic conditions is n = 3, and where only two can be seen for a given combination of abiotic factors (i.e., temperature + light conditions), locations are
close enough in proximity that they appear to overlap when viewed at a broad scale. Inset map identifies the approximate location of the study area within the state
of Minnesota and the boreal-temperate transition zone (Brandt, 2009).
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2008) and may become increasingly vulnerable to other potential
stressors under conditions of drought and high temperatures
(Worrall et al., 2008). Red maple is a moderately large tree,
growing to 29 m in height and is known to be tolerant to a
wide-range of precipitation conditions, from drought to seasonal
flooding (Smith, 2008). While this species is expected to prosper
under future climate scenarios (Iverson and Prasad, 1998; Iverson
et al., 2008) and performed well under experimental warming
(Reich et al., 2015), both prolonged flooding and severe drought
have been shown to result in senescence and decreased growth,
respectively (Nash and Graves, 1993). Beaked hazel, a shade-
tolerant shrub that can grow to 4 m tall, is a common understory
species in both conifer and deciduous forests and occurs almost
exclusively in fire prone habitats (Smith, 2008). Beaked hazel
is highly sensitive to fire and previous work suggests that
growth may be limited by soil moisture (Johnston and Woodard,
1985).

Metabolite Analysis
Tissue samples were lyophilized for 72 h and then homogenized
and extracted using 25 mg (+/−2.5 mg) of each sample.
Homogenization and extraction were performed for 5 min at a
frequency of 1500 Hz with 1 ml of 70% isopropyl alcohol at –
20◦C using a bead mill and 2.8 mm tungsten carbide beads (Sped
Sample Prep GenoGrinder 2010, Metuchen, NJ, United States).
Samples were then subjected to centrifugation at 16,000 × g
for 5 min. The supernatant was then removed and subjected to
an additional centrifugation step, 16,000 × g for an additional
5 min, and the supernatant was collected for subsequent analysis.
Finally, 20 µL of each supernatant sample was removed and
pooled to use as a control. All samples were then stored at –
80◦C.

We analyzed samples with liquid chromatography mass
spectrometry (LC-MS) using an Ultimate 3000 UHPLC (ultra-
high-performance liquid chromatography) system coupled to a
Q Enactive hybrid quadrupole-Orbitrap mass spectrometer with
a heated electrospray ionization (HESI) source (Thermo Fisher
Scientific, Bremen, Germany). We injected 1 µL of each sample
per analysis onto an ACQUITY UPLC HSS T3 column, 100 Å,
1.8 µm, 2.1 mm× 100 mm (Waters, Milford, MA, United States)
using a gradient composed of solvents A: 0.1% formic acid
and B: acetonitrile. Specifically, 0–2 min, 2% B; 6 min, 24% B;
9 min, 33% B; 12 min, 65% B; 16 min, 80% B; 20 min 93% B;
21 min 98% B; 22 min 98% B; 23 min 2% B; 23–25 min 2%
B. Samples were analyzed in a randomized order to minimize
systematic bias from instrument variability and carryover. Full-
scan analysis was performed using positive/negative ion polarity
switching, a 115–1500 m/z scan range, a resolution of 70,000 (at
m/z 200), maximum fill times of 100 ms, and target automatic
gain control (AGC) of 1 × 106 charges. Ion fragmentation was
performed using a higher-energy collision dissociation (HCD)
cell and resulting MS/MS data were collected using a resolution
of 17,500, maximum fill times of 100 ms, and an AGC target of
2 × 105 charges. Normalized collision energies (NCE) ranged
from 10 to 45 in increments of 5. All data were collected
using Xcalibur version 2.2 (Thermo Fisher Scientific, Bremen,
Germany).

Example Compounds
To determine which chemical features varied consistently and
significantly among each treatment and species group, we
aligned, smoothed, background subtracted, and analyzed all
chromatographic data using analysis of variance (α = 0.001)
via Genedata 7.1 (Genedata, Basel, Switzerland). We assigned
putative metabolite identities only to the features found to
be significantly abundant (ANOVA, α = 0.001) with an exact
mass and higher-energy collisional dissociation (HCD) MS/MS
fragmentation spectra. We determined molecular formulae by
using exact mass to calculate the most probable elemental
composition for each feature (Supplementary Table S2).
We then manually interpreted HCD spectra collected at
numerous collision energies (Supplementary Figures S1–S3),
and compared these to the MassBank database using MetFusion
(Gerlich and Neumann, 2013). Where possible, we confirmed
the identity of individual compounds via comparison to an
authenticated standard (Sigma-Aldrich) and assigned other
putative identities by matching molecular formulae to those of
previously observed metabolites in Betula (Julkunen-Tiitto et al.,
1996) and Abies (Otto and Wilde, 2001). Specifically, we analyzed
changes in the relative abundance of catechin and an unspecified
terpene acid in paper birch and two unspecified diterpene resin
acids in balsam fir. The identification of catechin was confirmed
by comparison of accurate mass, LC-retention and MS/MS
fragmentation properties of commercially available standard
compounds for both catechin and its frequently associated isomer
epicatechin which were distinguishable by chromatographic
separation. There has been a great deal of work investigating the
biological and ecological activity of catechin and terpenoid-based
metabolites (Tahvanainen et al., 1985; Gershenzon and Croteau,
1992; Berg, 2003; Stolter et al., 2005); and as a result, we expect
our results regarding these compounds to be broadly relevant.

Data Processing and Statistical Analysis
Data processing and statistical analyses were conducted using
R 3.5.0 (R Core Team, 2017). To initiate data processing,
we used the xcmsRaw function in the xcms package (Smith
et al., 2006; Tautenhahn et al., 2008; Benton et al., 2010) to
read our raw mzML files into R. After separating our data
by polarity using the split function in the base package, we
used the findPeaks.centwave function for peak detection, which
we parameterized as follows: ppm = 2, peakwidth = c(5,20),
prefilter = c(1,15000000), mzCenterFun = “apex,” integrate = 1,
mzdiff = −0.001, fitgauss = F, snthresh = 10. Once peak detection
was complete, we trimmed the resulting polarity-specific data
frames based on retention time and retained only those peaks
detected between 1 and 21 min.

A major shortfall of employing LC-MS to perform “untargeted
profile analysis,” as we did here, is the production of two
independent but partially overlapping datasets resulting from
ion polarity switching. While polarity switching is useful for
detection of features that can only be detected via either positive
or negative ionization, some features are detectable under both
ionization modes, therefore resulting in two independent data
sets containing a small subset of common features. Moreover,
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interpretation of statistical results is challenging due to the
presence of parallel sets of analyses with common features
contributing to both. To alleviate these issues, we combined
positive and negative polarities using the find.matches function in
the Hmisc package (Harrell and Dupont, 2018). The find.matches
function allows one to identify which rows in a data matrix align
with those in a separate, identically formatted matrix by allowing
the user to define a tolerance level for the numerical columns
in each matrix. Thus, to determine our common features in the
positive and negative ionization datasets that result from LC-
MS, we created two matrices for positive and negative polarity,
containing three separate columns – the mass of each detected
peak, an assigned name for each peak, and retention time. To
ensure that corresponding features from each ionization mode
were capable of alignment, we subtracted 2.1046, roughly the
mass of two protons, from all masses in the positive polarity
dataset. For those features identified as common among both
ionization modes, we retained peak data from the polarity
exhibiting greatest mean intensity across all samples. We then
assigned new peak names to identify which peaks were present
in either positive or negative polarity vs. those that were found
in both. All output created using the find.matches function was
manually checked to ensure that all peaks identified as having a
match in one polarity, had their mate identified as a match in the
other.

We used permutational MANOVA (perMANOVA, Anderson,
2001) to compare PSM profiles between abiotic conditions.
When analyzing PSM profiles, differences were estimated using
Canberra dissimilarity matrices (Dixon et al., 2009). Analysis was
performed with the adonis function (from the vegan package,
Oksanen et al., 2015), which allowed us to account for our
blocked sampling design via the strata argument. Both differences
in the centroids among conditions or differences in multivariate
dispersion can lead to statistically significant results when
using perMANOVA. To determine whether differences among
centroids were contributing to perMANOVA results, we created
mean dissimilarity matrices using the meandist function and we
used the betadisper function to assess multivariate homogeneity
of variance (i.e., dispersion, Oksanen et al., 2015). We used
non-metric multidimensional scaling (NMDS, Kruskal, 1964) to
visualize differences in PSM profiles among conditions, which
we performed using the metaMDS function in the vegan package
(Oksanen et al., 2015). We set our dimensionality parameter (k)
to 2 and projected condition-specific effects onto NMDS plots
using the ordiellipse function to plot 95% confidence ellipses
based on standard error (Oksanen et al., 2015).

To evaluate treatment-induced changes to PSM diversity, we
calculated phytochemical richness based on the presence and
absence of individual compounds, then tested the main effect
of treatment on richness with block (experimental samples)
or site ID (observational samples) as our random effect using
linear mixed-effects models (lme function within the nlme
package, Pinheiro et al., 2015). To analyze phytochemical
turnover (i.e., the degree of overlap between the phytochemical
profiles of individual plants across and between conditions),
we created dissimilarity matrices based on binary datasets
representing the presence or absence of each feature using

Jaccard’s Index. We evaluated condition-specific differences in
phytochemical turnover using perMANOVA via the adonis
function, and evaluated the influence of multivariate centroids
and homogeneity of variance on perMANOVA results as detailed
above (Anderson, 2001; Oksanen et al., 2015).

Weather data from CFC shows that ambient air temperature,
cumulative precipitation from 1 January to collection date, and
leaf surface temperature were not statistically different between
2012 and 2013 or between specific sample sets (2013 – closed
overstory, 2014 – open overstory). However, soil moisture and
soil temperature vary strongly between years and sample sets, and
differences between experimental and observational samples are
likely to be even greater. Thus, samples collected during different
years were analyzed independently of one another as individual
data sets.

For analytical and visualization purposes, the condition or set
of conditions assumed to impart the least amount of metabolic
change during each year was labeled as our reference group, to
which all other conditions were compared for that sample year.
For Year 1 (2013), we designated “ambient” as our reference
category, while samples grown under ambient temperature and
ambient precipitation were designated as our reference category
for Year 2 (2014). We designated samples collected from cold
region, low-light conditions as our reference category for Year
3 (2015). To help visualize how different abiotic conditions may
influence PSM production in different species, we calculated
the number of chemical features that increased and decreased
by ≥ 75%, relative to our reference category and created scaled
Venn Diagrams representing these relationships.

Finally, we used linear mixed-effects models to test the main
effect of abiotic condition on the relative abundance of our
example compounds, with sample block as our random effect
for experimental samples and plot ID as our random effect for
observational samples (lme function within the nlme package,
Pinheiro et al., 2015). These models tested whether combinations
of abiotic factors influence the abundance of our known example
compounds.

RESULTS

Temperature
The influence of temperature was both species and context
dependent. In closed overstory (Year 1), when compared
to ambient, warming-induced changes to the phytochemical
profile of balsam fir were not statistically significant, whereas
paper birch exhibited warming-induced shifts to phytochemical
profiles, thereby leading to distinct PSM profiles for the
warming treatment. Analysis of multivariate dispersion and
mean-dissimilarity matrices both suggest that differences in
paper birch were due to temperature-induced changes in the
centroid rather than dispersion (Table 1). NMDS plots reveal
minor overlap between temperature conditions in paper birch,
and balsam fir grown under moderate and high-temperatures
show strong overlap with plants grown in ambient temperatures
but minor overlap with each other (Figure 2). Warming had
no effect on phytochemical richness in either species but did
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) plots detailing the influence of moderate and high-temperature on PSM profiles of (A) balsam fir and (B)
paper birch in closed overstory. Ellipses represent 95% confidence intervals, based on standard error. In balsam fir, both warming treatments exhibit less overlap with
each other than with ambient. In paper birch, different temperatures lead to distinct profiles when compared to each other and ambient.

influence phytochemical turnover in paper birch (Table 1). In
open overstory (Year 2), warming had no influence on PSM
profiles or PSM diversity (i.e., richness or turnover), regardless
of species (Table 1). NMDS plots support these findings in that
there is no discernible relationship between temperature and
PSM profiles, regardless of species (Figure 3). In observational
samples collected throughout northeast Minnesota (Year 3),
temperature on its own had no influence on plant PSM profiles
or phytochemical richness values. However, phytochemical
turnover was significantly different in plants from different
temperature regions in paper birch (perMANOVA, F = 5.912,
r2 = 0.179, P = 0.0003) and trembling aspen (perMANOVA,
F = 3.322, r2 = 0.156, P = 0.0012). NMDS plots suggest that each
species responds differently to combinations of temperature and
light (i.e., canopy; Figure 4). Balsam fir produces distinct PSM
profiles as a function of ambient light conditions (i.e., open vs.
closed canopy), but only within the cool region, while paper birch
and trembling aspen appear to have distinct PSM profiles for each
combination of conditions. Conversely, beaked hazel exhibits no
discernible pattern across different conditions.

Venn diagrams created to help visualize the influence of
different abiotic conditions for Year 1 samples suggest that
the high-temperature (+3.4◦C) treatment induced a greater
response from both balsam fir and paper birch than the
moderate-temperature (+1.7◦C) treatment. Specifically, the
high-temperature treatment led to more features that either
increased or decreased in relative abundance by 75% or more
when compared to ambient or moderate-temperature treatments
(Table 2 and Supplementary Figures S4–S6).

Interactive Effects of Different Abiotic
Conditions
In our Year 2 samples, the combination of drought and elevated
temperature had no influence on PSM profiles or any aspect of
phytochemical diversity, regardless of species (Table 1). These
results were supported by NMDS plots (Figure 3). Additionally,
Venn diagrams suggest large-magnitude increases or decreases in

relative abundance of PSMs did not follow an obvious pattern that
could be attributed to different conditions. There appears to be
a high degree of overlap across conditions in those compounds
that exhibit increases in relative abundance of ≥ 75%, while less
overlap occurs among compounds exhibiting large declines in
relative abundance. Furthermore, the influence of drought on
the decline of relative abundance by ≥ 75% appears to be more
distinct than that of either warming or warming and drought
together (Table 2 and Supplementary Figures S4–S6).

In observational samples from throughout northeast
Minnesota (Year 3), when evaluating the effects of high
temperature and light combined, balsam fir appears to create
unique PSM profiles in response to different light conditions
(i.e., open vs. closed canopy), but only within the cool region,
while paper birch and trembling aspen appear to have distinct
PSM profiles for each condition. Beaked hazel exhibits no
discernible pattern (Figure 4). Phytochemical richness did not
vary as a function of light conditions or temperature region.
However, phytochemical turnover in balsam fir was significantly
influenced by conditions of high light (i.e., open canopy; Table 3).
When analyzing the interactive effects of light conditions and
temperature region, all species exhibited significant differences
in their PSM profile (Table 3), with only trembling aspen
exhibiting significant differences in multivariate dispersion as a
function of the combination of light condition and temperature
region (Table 3). Although phytochemical richness was not
influenced by the combined effects of temperature region and
light conditions, phytochemical turnover was influenced in paper
birch and trembling aspen and a marginal, non-significant trend
was present in beaked hazel (Table 3).

Patterns in Venn diagrams detailing the influences of different
conditions during Year 2 are difficult to discern, as different plant
species appeared to respond to varying conditions in different
ways (Table 2 and Supplementary Figure S5). Drought led to
more features increasing by ≥ 75% in balsam fir and paper
birch, while elevated temperature led to the large-magnitude
increase of more features in trembling aspen (Table 2 and
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FIGURE 3 | Non-metric multidimensional scaling (NMDS) plots detailing the influence of elevated temperature and drought on PSM profiles of (A) balsam fir, (B) red
maple, (C) paper birch, and (D) trembling aspen in open overstory. Ellipses represent 95% confidence intervals, based on standard error. There appears to be no
discernible pattern between sets of abiotic factors and PSM profiles, regardless of species.

Supplementary Figure S5). In red maple, the combination of
drought and elevated temperature had the greatest influence
on large-magnitude increases in relative abundance (Table 2
and Supplementary Figure S5). The combination of drought
and warming led to more large-magnitude declines in relative
abundance in balsam fir and paper birch, while drought had
a greater impact on red maple and trembling aspen (Table 2
and Supplementary Figure S5). In observational samples (Year
3), the combination of high-light conditions and warmer
temperatures led to more large-magnitude shifts in relative
abundance (i.e., increasing and decreasing by 75% or more),
regardless of species (Table 2 and Supplementary Figure S6).

Example Compounds
In closed-overstory conditions (Year 1), warming resulted
in significant declines in both catechin and terpene acid in

paper birch but had no influence on either compound in
balsam fir (Figure 5 and Supplementary Table S3). In high-
light conditions (Year 2), neither of the compounds in either
species exhibited a significant, condition-specific change in
relative abundance. However, terpene acid in paper birch was
completely absent from all samples collected from high-light
plots (Figure 6 and Supplementary Table S3). In observational
samples from throughout northeast Minnesota (Year 3),
neither compound in balsam fir exhibited significant changes
in relative abundance due to light conditions, temperature
region, or their interaction. In paper birch, however, the
interactive effects of high-light conditions and warmer-
temperatures resulted in a more than 250% increase in the
relative abundance of catechin, while terpene acid exhibited no
response, regardless of treatment (Figure 7 and Supplementary
Table S3).
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FIGURE 4 | Non-metric multidimensional scaling (NMDS) plots detailing the influence of varying light and temperature conditions on PSM profiles of (A) balsam fir,
(B) paper birch, (C) beaked hazel, and (D) trembling aspen. Ellipses represent 95% confidence intervals, based on standard error. Each species appears to respond
to different abiotic conditions in a unique manner. Balsam fir appears to create unique PSM profiles in high-light conditions when compared to our reference group
(closed canopy, low temperature), while paper birch and trembling aspen appear to have distinct PSM profiles for each set of conditions. Beaked hazel exhibits no
discernible pattern.

DISCUSSION

Our study is among the first to explicitly show that combinations
of abiotic drivers (often potential stressors) in forest plants can
lead to broad phytochemical responses that are distinct from
those that result from single abiotic factors and that different
species of woody plants respond to complex sets of conditions
in variable ways. In our experimental samples, warming under
closed canopy led to distinct PSM profiles in paper birch but not
balsam fir, with paper birch exhibiting increased phytochemical
turnover. Warming under open canopy had no influence on
PSM profiles or any aspect of phytochemical diversity. In our
observational samples collected across northeast Minnesota,
warmer temperatures had no influence on PSM profiles but did
lead to significant phytochemical turnover in paper birch and
trembling aspen. When elevated temperature was combined with

drought in Year 2 of our experimental samples, we found no
influence on PSM profiles or phytochemical diversity. However,
temperature variation combined with high-light conditions in
our observational samples resulted in condition-specific profiles
for all species and led to significant phytochemical turnover in
all but beaked hazel. In general, our results indicate that the
phytochemical response of plants to varying combinations of
abiotic factors cannot be directly extrapolated from the response
of plants to individual factors. Perhaps more importantly,
our results provide evidence that heterogeneity in the abiotic
environment influences secondary metabolism in woody plants
via a range of complex and highly variable responses.

Few studies to date have explicitly studied the influences
of heterogeneity in the abiotic environment on phytochemical
diversity, and specifically, phytochemical turnover. However,
it has been hypothesized that variability in which compounds
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TABLE 2 | Number of chemical features that increase and decrease in relative abundance by ≥ 75% as a function the dominant stress condition.

Year Species Increase by ≥ 75% Decrease by ≥ 75%

Stress condition Number affected Stress condition Number affected

2013 Balsam fir High Temperature 6 High Temperature 21

Paper birch High Temperature 28 High Temperature 38

2014 Balsam fir Drought 43 Temperature + Drought 35

Paper birch Drought 98 Temperature + Drought 31

Red maple Temperature + Drought 36 Drought 66

Trembling aspen Temperature 79 Drought 37

2015 Balsam fir Temperature + Light 26 Light 111

Beaked hazel Temperature + Light 155 Temperature + Light 56

Paper birch Temperature + Light 126 Light 278

Trembling aspen Temperature + Light 280 Light 162

In most scenarios, the stress condition that led to large-scale increases in relative abundance was different than that which led to large-scale decreases. “Number
affected” displays the number of chemical features that either increased or decreased by ≥ 75% for the given species and stress condition.

are either present or absent may be an adaptation for variable
environments, thereby decreasing vulnerability of plants to
a range of potential stress conditions, including herbivory
(Laitinen et al., 2000; Cheng et al., 2011). Here, we found that
in some plants species, different combinations of abiotic factors
can affect which compounds are either present or absent, thus
leading to phytochemical turnover. For example, compounds that
are absent in one set of conditions may become present within
a slightly different set of conditions, or vice versa. The potential
for this to occur was apparent when our example terpene acid
decreased in paper birch plants subjected to experimentally
elevated temperature in closed canopy but went completely
undetected in plants subjected to experimental warming and
drought in open canopy and exhibited no change at all in our
observational samples from throughout northeast Minnesota.
Suppression of individual compounds due to varying stress
conditions has been observed in other studies as well. For
instance, proline, which is thought to play an important role
in protection from drought, is severely suppressed when plants
are simultaneously subjected to drought and high temperatures
(Rizhsky et al., 2004). While individual compounds can play an
important role in the survival of plants subjected to a range
of biotic and abiotic conditions, a plant’s phytochemical profile
imparts a metabolic framework that can determine the biological
role and strength of individual compounds (Dyer et al., 2003;
Richards et al., 2010; Gershenzon et al., 2012; Jamieson et al.,
2015). Here, we show that individual compounds as well as the
phytochemical context within which they operate can both be
altered by variations in the abiotic environment.

Plants produce thousands of individual compounds, and
variations in the relative abundance of many of these compounds
can have a wide-range of effects on the biotic interactions
plants have with other organisms. Catechin, which is a phenol-
based precursor to proanthocyanidins (i.e., condensed tannins),
is widely considered an antiherbivore defensive compound
(Tahvanainen et al., 1985; Berg, 2003; Stolter et al., 2005) and
can have a significant, negative impact on the development of
forest pests (Roitto et al., 2009). Catechin also has antimicrobial

and allelopathic effects, and plants with decreased catechin
production may be at a competitive disadvantage for nutrients
within the soil as it can inhibit the growth and germination
of neighboring plants (Veluri et al., 2004; Inderjit et al., 2008).
Terpene acids, including diterpene resin acids, are considered
strong antifeedants (Ikeda et al., 1977), and the ingestion of
forage with elevated concentrations of diterpenoids can result
in slower development times and significantly higher mortality
in herbivorous larvae (Larsson et al., 1986). Here, we show that
different compounds have individualized responses based on the
micro-environmental conditions that are present.

In balsam fir, warming alone led to consistent, albeit non-
significant declines in the mean relative abundances of both resin
acids. When high temperatures were combined with other abiotic
factors (i.e., drought and light), resin acid 1 exhibited consistent
but non-significant increases, while resin acid 2 was more
variable, exhibiting no consistent trend. In paper birch, both
example compounds exhibited significant changes in relative
abundance as a function of different factors. While elevated
temperature alone led to significant declines in catechin, the
combination of elevated temperature and high light led to a more
than 250% increase in relative abundance. Our example terpene
acid declined with warming and was undetectable when we tried
to assess the effects of drought. This particular scenario provides
an example of how individual compounds may “wink in or out”
due to variation in the abiotic environment.

Numerous studies have reported that high-temperature and
drought interact to alter PSM production in plants (Craufurd
and Peacock, 1993; Savin and Nicolas, 1996; Jiang and Huang,
2001; Rizhsky et al., 2002, 2004). Thus, we were surprised
to find no interaction between drought and warming in our
study. It is important to note, however, that the extremes of
those treatments employed by other studies are typically greater
than what we test here, sometimes increasing temperature to
more than 40◦C (Rizhsky et al., 2002) and withholding water
altogether for extended periods (Jiang and Huang, 2001). In
our study, mean soil moisture was lower during 2014 than
2013, with mean soil temperatures being higher (unpublished
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FIGURE 5 | Relative change in abundance (%) for specific PSM compounds when compared to our reference treatment for Year 1 (ambient temperature) for (A)
balsam fir and (B) paper birch in closed overstory. Neither resin acid in balsam fir was influenced by warming. In paper birch, both catechin and terpene acid
declined with warming relative to ambient. Error bars represent the 95% boot-strapped confidence intervals and relative abundances significantly different than those
found in the baseline treatment are identified by an asterisk (∗).

FIGURE 6 | Relative change in abundance (%) for specific PSM compounds when compared to our baseline treatment for Year 2 (ambient temperature, ambient
precipitation) for (A) balsam fir and (B) paper birch in open overstory. Neither resin acid in balsam fir was influenced by warming. In paper birch, relative abundance
of catechin was not influenced by temperature; however, terpene acid was undetected. Error bars represent the 95% boot-strapped confidence intervals.

data). Surprisingly, air temperature and leaf-tissue surface
temperature during late spring/early summer (May 1 to July
15) were indistinguishable between samples years and plot types
(2013 closed canopy vs. 2014 open canopy), and cumulative
precipitation during the first half of each year (January 1
to July 15) was also indistinguishable (unpublished results).
Combinations of abiotic factors can have one dominant factor
that defines the phytochemical response of affected plants,
and drought, when present, may dominate the influence of
combinations of abiotic factors. Considering this, our inability
to identify any treatment-specific influence on PSM profiles
or phytochemical diversity may be due to low soil moisture
during 2014. If plants from which samples were collected from

in 2014 were experiencing some level of drought stress due
to low soil moisture, this signal may have preempted any
potential phytochemical response that might have occurred due
to treatment.

When considering the influence of abiotic conditions on large-
scale shifts in relative abundance (increases or decreases ≥ 75%
relative to our reference group), greater increases in temperature
(+3.4◦C) appeared to have a greater influence than moderate
increases (+1.7◦C). When present, drought, either alone or
in combination with elevated temperature, dominated all but
one of the large-scale shifts we assessed (Year 2), and in
our observational samples, high-light conditions, either alone
or in combination with elevated temperature, dominated all
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FIGURE 7 | Relative change in abundance (%) for specific PSM compounds when compared to our baseline treatment for Year 3 (cold region, closed overstory) for
(A) balsam fir and (B) paper birch. Neither resin acid in balsam fir was influenced by warming. In paper birch, relative abundance of catechin was only influenced by
the combination of light and high temperatures, increasing by more than 250%. Terpene acid was unaffected, regardless of stress condition. Error bars represent the
95% boot-strapped confidence intervals and relative abundances significantly different than those found in the reference condition are identified by an asterisk (∗).

of the large-scale shifts we assessed in which it was present
(Year 3). As noted above, numerous studies have reported
that drought has a defining impact on plants’ phytochemical
profiles, even when in combination with other abiotic drivers,
such as elevated temperature and high light. Moreover, in
our Year 1 samples, elevated temperature led to both large-
scale increases and large-scale decreases in relative abundance.
However, the number of compounds exhibiting these shifts
was substantially smaller when compared to the number of
compounds influenced by the abiotic conditions evaluated in
either Year 2 of our experimental samples or our observational
samples (Year 3). Outside of Year 1, during which we
tested only the effects of elevated temperature, it was rare
when the same abiotic condition simultaneously dominated
both large-scale increases and large-scale decreases in relative
abundance, suggesting that different combinations of abiotic
factors may influence upregulation and downregulation of
different compounds.

Changes in the abundance and diversity of secondary
metabolites within a plant’s phytochemical profile may alter
biotic interactions, potentially leading to broad-scale ecological
change. For example, while some herbivores respond negatively
to forage with a higher diversity of PSMs, others appear to
target these plants in an effort to alleviate costs associated with
external stressors via their pharmacological benefits (Forbey and
Hunter, 2012). Additionally, numerous studies have reported that
phytochemical diversity within a plant community is positively
correlated with community diversity across multiple trophic
levels (Jones and Lawton, 1991; Richards et al., 2015), influencing
invertebrate predators and parasitoids, and potentially extending
to vertebrate predators as well (Dicke et al., 2012).

While the consequences of different abiotic conditions
on phytochemical diversity remain unpredictable, our results

demonstrate that the phytochemical response of plants to
combinations of abiotic factors cannot be extrapolated from
that of individual factors. For instance, while warming alone
may have a very specific influence on some compounds,
when in combination with additional abiotic factors such as
drought and light, warming may lead to highly variable and
unpredictable response (Mittler, 2006), making it increasingly
difficult to predict the performance of woody plants in a
changing environment. Regardless, previous research suggests
that changes in phytochemical production induced by variability
in abiotic conditions can influence both tree resistance and pest
performance traits (Jamieson et al., 2015), potentially altering
the frequency and intensity of insect outbreaks (Schwartzberg
et al., 2014). Elevated temperatures by themselves have been
shown to reduce the competitive abilities of more southern
boreal tree species when compared to co-occurring species
adapted to warmer climates (Reich et al., 2015). Climate-induced
changes to phytochemistry may lead to shifts in the competitive
landscapes for cold-adapted trees and shrubs, potentially altering
their ability to compete for resources and defend against
pests and pathogens in novel climatic conditions. However,
because individual compounds and the metabolic profiles of
which they are a part are differentially influenced by abiotic
factors and combinations of these factors, predicting how forest
plants will respond to novel environmental conditions will be
challenging.

The majority of biotic interactions between plants and
other organisms are chemically mediated, and recent climate
change has challenged our understanding of the mechanisms
underlying these interactions. The primary objective of
this study was to determine how warming influences plant
production of secondary metabolites and how combinations
of additional abiotic factors may modulate this effect.
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Here, we show that heterogeneity in a range of abiotic factors
broadly influence secondary chemistry in plants thereby leading
to condition-specific phytochemical profiles. If our results
are typical of plant responses, abiotically induced changes to
secondary chemistry in woody plants could influence their
rate of range expansion or contraction under novel climate
scenarios. Additionally, our results contribute to current efforts
to understand how continued warming will influence plants and
the biotic interactions that serve as the foundation for a wide
range of ecosystem processes. In the future, studies monitoring
physiological changes in conjunction with global shifts in PSM
profiles would provide insights into mechanisms underlying
biotic interactions mediated by the local environment. As spatial
and temporal patterns in the global abiotic environment continue
to shift, it is imperative that we continue to learn as much as
we can about the phytochemical response of plants to these
changes.

AUTHOR CONTRIBUTIONS

JB, SB, AH, RaM, ReM, and JF formulated the study idea and
developed the study methods while PR and ReM established
the experimental study sites critical for the execution of this
study. JB performed all the sample collection, while JB and
SB performed the analytical chemistry and pre-statistical data
processing. JB, RaM, and JF statistically analyzed the data. JB
and SB wrote the initial draft of manuscript. All the authors
contributed to the manuscript revisions and approved the final
manuscript.

FUNDING

This work was supported by the Office of Science (BER),
United States Department of Energy (385 Grant No. DEFG02-
07ER64456), the NSF Plant Genome Research Program (Grant
Nos. IOS-0923960 and IOS-1238812), the United States
Environmental Protection Agency, Science to Achieve
Results Graduate Fellowship (Grant No. F13B20220), the
Minnesota Environment and Natural Resources Trust Fund
(Grant No. M.L. 2014, Chap. 226, Sec. 2, Subd. 05l), the
Institute on the Environment at the University of Minnesota,
and the Minnesota Agricultural Experiment Station Projects
MIN-42-030, MIN-42-060 and MIN-41-020.

ACKNOWLEDGMENTS

We would like to thank the Minnesota Supercomputing Institute
(UMN MSI) at the University of Minnesota for software and
computational support. Suggestions by L. Frelich, D. Fox, and
G. DelGiudice significantly improved this study. This work
would not have been possible without the logistical and technical
support of K. Rice, A. Stefanski, and M. Wethington.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.01257/
full#supplementary-material

REFERENCES
Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., Klein Tank,

A. M. G., et al. (2006). Global observed changes in daily climate extremes
of temperature and precipitation. J. Geophys. Res. 111:D05109. doi: 10.1029/
2005JD006290

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of
variance. Austral Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

Bennett, R. N., and Wallsgrove, R. M. (1994). Secondary metabolites in plant
defence mechanisms. New Phytol. 127, 617–633. doi: 10.1111/j.1469-8137.1994.
tb02968.x

Benton, H. P., Want, E. J., and Ebbels, T. M. (2010). Correction of mass
calibration gaps in liquid chromatography–mass spectrometry metabolomics
data. Bioinformatics 26, 2488–2489. doi: 10.1093/bioinformatics/btq441

Berg, T. B. (2003). Catechin content and consumption ratio of the collared
lemming. Oecologia 135, 242–249. doi: 10.1007/s00442-002-1176-1

Bidart-Bouzat, M. G., and Imeh-Nathaniel, A. (2008). Global change effects on
plant chemical defenses against insect herbivores. J. Integr. Plant Biol. 50,
1339–1354. doi: 10.1111/j.1744-7909.2008.00751.x

Bonham-Smith, P. C., Kapoor, M., and Bewley, J. D. (1987). Establishment of
thermotolerance in maize by exposure to stresses other than a heat shock
does not require heat shock protein synthesis. Plant Physiol. 85, 575–580.
doi: 10.1104/pp.85.2.575

Brandt, J. P. (2009). The extent of the North American boreal zone. Environ. Rev.
17, 101–161.

Bray, E. A., Bailey-Serres, J., and Weretilnyk, E. (2000). Responses to abiotic
stresses. Biochem. Mol. Biol. Plants 1158:e1203.

Bryant, J. P., Chapin, F. S., and Klein, D. R. (1983). Carbon/nutrient balance
of boreal plants in relation to vertebrate herbivory. Oikos 40, 357–368.
doi: 10.2307/3544308

Bukovinszky, T., van Veen, F. F., Jongema, Y., and Dicke, M. (2008). Direct and
indirect effects of resource quality on food web structure. Science 319, 804–807.
doi: 10.1126/science.1148310

Canham, C. D., Denslow, J. S., Platt, W. J., Runkle, J. R., Spies, T. A., and White, P. S.
(1990). Light regimes beneath closed canopies and tree-fall gaps in temperate
and tropical forests. Can. J. For. Res. 20, 620–631. doi: 10.1139/x90-084

Cheng, D., Vrieling, K., and Klinkhamer, P. G. (2011). The effect of hybridization
on secondary metabolites and herbivore resistance: implications for the
evolution of chemical diversity in plants. Phytochem. Rev. 10, 107–117.
doi: 10.1007/s11101-010-9194-9

Cloutier, Y., and Andrews, C. J. (1984). Efficiency of cold hardiness induction
by desiccation stress in four winter cereals. Plant Physiol. 76, 595–598.
doi: 10.1104/pp.76.3.595

Constable, J., Litvak, M. E., Greenberg, J. P., and Monson, R. K. (1999).
Monoterpene emission from coniferous trees in response to elevated
CO2 concentration and climate warming. Glob. Change Biol. 5, 252–267.
doi: 10.1046/j.1365-2486.1999.00212.x

Craufurd, P. Q., and Peacock, J. M. (1993). Effect of heat and drought stress on
sorghum (Sorghum bicolor). II. Grain yield. Exp. Agric. 29, 77–86. doi: 10.1017/
S0014479700020421

Crews, B., Wikoff, W. R., Patti, G. J., Woo, H.-K., Kalisiak, E., Heideker, J., et al.
(2009). Variability analysis of human plasma and cerebral spinal fluid reveals
statistical significance of changes in mass spectrometry-based metabolomics
data. Anal. Chem. 81, 8538–8544. doi: 10.1021/ac9014947

Dale, V. H., Joyce, L. A., McNulty, S., Neilson, R. P., Ayres, M. P., Flannigan, M. D.,
et al. (2001). Climate change and forest disturbances. Bioscience 51, 723–734.
doi: 10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2

DeLucia, E. H., Nabity, P. D., Zavala, J. A., and Berenbaum, M. R. (2012). Climate
change: resetting plant-insect interactions. Plant Physiol. 160, 1677–1685.
doi: 10.1104/pp.112.204750

Frontiers in Plant Science | www.frontiersin.org 15 August 2018 | Volume 9 | Article 1257

https://www.frontiersin.org/articles/10.3389/fpls.2018.01257/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.01257/full#supplementary-material
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1093/bioinformatics/btq441
https://doi.org/10.1007/s00442-002-1176-1
https://doi.org/10.1111/j.1744-7909.2008.00751.x
https://doi.org/10.1104/pp.85.2.575
https://doi.org/10.2307/3544308
https://doi.org/10.1126/science.1148310
https://doi.org/10.1139/x90-084
https://doi.org/10.1007/s11101-010-9194-9
https://doi.org/10.1104/pp.76.3.595
https://doi.org/10.1046/j.1365-2486.1999.00212.x
https://doi.org/10.1017/S0014479700020421
https://doi.org/10.1017/S0014479700020421
https://doi.org/10.1021/ac9014947
https://doi.org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2
https://doi.org/10.1104/pp.112.204750
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01257 August 23, 2018 Time: 19:45 # 16

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

1721

1722

1723

1724

1725

1726

1727

1728

1729

1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

1767

1768

1769

1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

1781

1782

1783

1784

1785

1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

1799

1800

1801

1802

1803

1804

1805

1806

1807

1808

1809

1810

1811

1812

1813

1814

1815

1816

1817

1818

1819

1820

1821

1822

1823

1824

Berini et al. Abiotic Conditions Differentially Alter PSMs

Dicke, M., Gols, R., and Poelman, E. H. (2012). “Dynamics of plant secondary
metabolites and consequences for food chains and community dynamics”, in
The Ecology of Plant Secondary Metabolites: From Genes to Global Processes, eds
G. R. Iason, M. Dicke, and S. E. Hartley (Cambridge: Cambridge University
Press), 308–328.

Dixon, P. M., Wu, L., Widrlechner, M. P., and Wurtele, E. S. (2009).
Weighted Distance Measures for Metabolomic Data. Ames, IA: Iowa State
University.

Dudt, J. F., and Shure, D. J. (1994). The influence of light and nutrients on foliar
phenolics and insect herbivory. Ecology 75, 86–98. doi: 10.2307/1939385

Dyer, L. A., Dodson, C. D., Stireman Iii, J. O., Tobler, M. A., Smilanich, A. M.,
Fincher, R. M., et al. (2003). Synergistic effects of three piper amides on
generalist and specialist herbivores. J. Chem. Ecol. 29, 2499–2514. doi: 10.1023/
A:1026310001958

Engelmark, O. (1999). “Boreal forest disturbances,” in Ecosystems of the World
– Ecosystems of Disturbed Ground, ed. L. R. Walker (New York, Elsevier),
161–186.

Farmer, E. E. (2001). Surface-to-air signals. Nature 411, 854–856. doi: 10.1038/
35081189

Forbey, J., and Hunter, M. D. (2012). “The herbivore’s prescription: a pharm-
ecological perspective on host-plant use by vertebrate and invertebrate
herbivores,” in The Ecology of Plant Secondary Metabolites: From Genes to Global
Processes, ed. M. Dicke (Cambridge: Cambridge University Press).

Frye, G. G., Connelly, J. W., Musil, D. D., and Forbey, J. S. (2013). Phytochemistry
predicts habitat selection by an avian herbivore at multiple spatial scales.
Ecology 94, 308–314. doi: 10.1890/12-1313.1

Gerlich, M., and Neumann, S. (2013). MetFusion: integration of compound
identification strategies. J. Mass Spectrom. 48, 291–298. doi: 10.1002/jms.
3123

Gershenzon, J. (1984). “Changes in the levels of plant secondary metabolites under
water and nutrient stress,” in Phytochemical Adaptations to Stress, ed. A. Loewus
(Berlin: Springer), 273–320.

Gershenzon, J., and Croteau, R. (1992). “Terpenoids,” in Herbivores: Their
Interactions with Secondary Plant Metabolites, 2nd Edn, Vol. 1, ed. M.
Berenbaum (Cambridge, MA: Academic Press), 165–219.

Gershenzon, J., Fontana, A., Burow, M., Wittstock, U. T. E., and Degenhardt, J.
(2012). Mixtures of Plant Secondary Metabolites: Metabolic Origins and
Ecological Benefits. The Ecology of Plant Secondary Metabolites: from Genes to
Global Processes. Cambridge: Cambridge University Press, 56–77. doi: 10.1017/
CBO9780511675751.005

Gillespie, D. R., Nasreen, A., Moffat, C. E., Clarke, P., and Roitberg, B. D. (2012).
Effects of simulated heat waves on an experimental community of pepper
plants, green peach aphids and two parasitoid species. Oikos 121, 149–159.
doi: 10.1111/j.1600-0706.2011.19512.x

Gleadow, R. M., and Woodrow, I. E. (2002). Defense chemistry of cyanogenic
Eucalyptus cladocalyx seedlings is affected by water supply. Tree Physiol. 22,
939–945. doi: 10.1093/treephys/22.13.939

Harborne, J. B. (1987). Chemical signals in the ecosystem. Ann. Bot. 60, 39–57.
doi: 10.1093/oxfordjournals.aob.a087517

Harrell, F. E., and Dupont, C. D. (2018). Hmisc: Harrell Miscellaneous. Available at:
https://CRAN.R-project.org/package=Hmisc [Accessed March 9, 2018].

Hirt, H., and Shinozaki, K. (2003). Plant Responses to Abiotic Stress. Berlin: Springer
Science & Business Media.

Hurrell, J. W. (1995). Decadal trends in the north atlantic oscillation: regional
temperatures and precipitation. Science 269, 676–679. doi: 10.1126/science.269.
5224.676

Iason, G. R., Lennon, J. J., Pakeman, R. J., Thoss, V., Beaton, J. K., Sim, D. A., et al.
(2005). Does chemical composition of individual Scots pine trees determine
the biodiversity of their associated ground vegetation? Ecol. Lett. 8, 364–369.
doi: 10.1111/j.1461-0248.2005.00732.x

Ikeda, T., Matsumura, F., and Benjamin, D. M. (1977). Mechanism of feeding
discrimination between matured and juvenile foliage by two species of pine
sawflies. J. Chem. Ecol. 3, 677–694. doi: 10.1007/BF00988067

Inderjit, J. L. P., Callaway, R. M., and Holben, W. (2008). Phytotoxic effects of
(±)-catechin in vitro, in soil, and in the field. PLoS One 3:e2536. doi: 10.1371/
journal.pone.0002536

IPCC. (2014). Climate Change 2014–Impacts, Adaptation and Vulnerability:
Regional Aspects. Cambridge: Cambridge University Press.

Iverson, L. R., and Prasad, A. M. (1998). Predicting abundance of 80 tree species
following climate change in the eastern United States. Ecol. Monogr. 68,
465–485. doi: 10.1890/0012-9615(1998)068[0465:PAOTSF]2.0.CO;2

Iverson, L. R., Prasad, A. M., Matthews, S. N., and Peters, M. (2008).
Estimating potential habitat for 134 eastern US tree species under six
climate scenarios. For. Ecol. Manage. 254, 390–406. doi: 10.1016/j.foreco.2007.
07.023

Jain, N. S., Dürr, U. H., and Ramamoorthy, A. (2015). Bioanalytical methods
for metabolomic profiling: detection of head and neck cancer, including
oral cancer. Chin. Chem. Lett. 26, 407–415. doi: 10.1016/j.cclet.2015.
03.001

Jamieson, M. A., Schwartzberg, E. G., Raffa, K. F., Reich, P. B., and Lindroth, R. L.
(2015). Experimental climate warming alters aspen and birch phytochemistry
and performance traits for an outbreak insect herbivore. Glob. Change Biol. 24,
2698–2710. doi: 10.1111/gcb.12842

Jamieson, M. A., Trowbridge, A. M., Raffa, K. F., and Lindroth, R. L. (2012).
Consequences of climate warming and altered precipitation patterns for
plant-insect and multitrophic interactions. Plant Physiol. 160, 1719–1727.
doi: 10.1104/pp.112.206524

Jiang, Y., and Huang, B. (2001). Drought and heat stress injury to two cool-season
turfgrasses in relation to antioxidant metabolism and lipid peroxidation. Crop
Sci. 41, 436–442. doi: 10.2135/cropsci2001.412436x

Johnston, M., and Woodard, P. (1985). The effect of fire severity level on postfire
recovery of hazel and raspberry in east-central Alberta. Can. J. Bot. 63, 672–677.
doi: 10.1139/b85-085

Jones, C. G., and Lawton, J. H. (1991). “Plant chemistry and insect species richness
of British umbellifers,” in The Journal of Animal Ecology, ed. N. Sanders
(Hoboken, NJ: Wiley-Blackwell), 767–777.

Julkunen-Tiitto, R., Rousi, M., Bryant, J., Sorsa, S., Keinänen, M., and Sikanen, H.
(1996). Chemical diversity of several Betulaceae species: comparison of
phenolics and terpenoids in northern birch stems. Trees 11, 16–22. doi: 10.1007/
s004680050053

Karban, R. (2008). Plant behaviour and communication. Ecol. Lett. 11, 727–739.
doi: 10.1111/j.1461-0248.2008.01183.x

Karban, R., Shiojiri, K., Huntzinger, M., and McCall, A. C. (2006). Damage-
induced resistance in sagebrush: volatiles are key to intra-and interplant
communication. Ecology 87, 922–930. doi: 10.1890/0012-9658(2006)87[922:
DRISVA]2.0.CO;2

Kneeshaw, D. D., Kobe, R. K., Coates, K. D., and Messier, C. (2006). Sapling size
influences shade tolerance ranking among southern boreal tree species. J. Ecol.
94, 471–480. doi: 10.1111/j.1365-2745.2005.01070.x

Kruskal, J. B. (1964). Multidimensional scaling by optimizing goodness of fit to a
nonmetric hypothesis. Psychometrika 29, 1–27. doi: 10.1007/BF02289565

Kuokkanen, K., Julkunen-Tiitto, R., Keinänen, M., Niemelä, P., and Tahvanainen, J.
(2001). The effect of elevated CO2 and temperature on the secondary chemistry
of Betula pendula seedlings. Trees 15, 378–384. doi: 10.1007/s004680100108

Laitinen, M.-L., Julkunen-Tiitto, R., and Rousi, M. (2000). Variation in phenolic
compounds within a birch (Betula pendula) population. J. Chem. Ecol. 26,
1609–1622. doi: 10.3389/fpls.2017.01074

Larsson, S., Björkman, C., and Gref, R. (1986). Responses of Neodiprion sertifer
(Hym., Diprionidae) larvae to variation in needle resin acid concentration in
Scots pine. Oecologia 70, 77–84. doi: 10.1007/BF00377113

Lerdau, M., Litvak, M., and Monson, R. (1994). Plant chemical defense:
monoterpenes and the growth-differentiation balance hypothesis. Trends Ecol.
Evol. 9, 58–61. doi: 10.1016/0169-5347(94)90269-0

Lewinsohn, E., Gijzen, M., Muzika, R. M., Barton, K., and Croteau, R.
(1993). Oleoresinosis in Grand Fir (Abies grandis) saplings and mature trees
(modulation of this wound response by light and water stresses). Plant Physiol.
101, 1021–1028. doi: 10.1104/pp.101.3.1021

Lindroth, R. L. (2012). “Atmospheric change, plant secondary metabolites and
ecological interactions,” in The Ecology of Plant Secondary Metabolites: from
Genes to Global Processes, ed. M. Dicke (Cambridge: Cambridge University
Press), 120–153. doi: 10.1017/CBO9780511675751.008

Mittler, R. (2006). Abiotic stress, the field environment and stress combination.
Trends Plant Sci. 11, 15–19. doi: 10.1016/j.tplants.2005.11.002

Nash, L. J., and Graves, W. R. (1993). Drought and flood stress effects on plant
development and leaf water relations of five taxa of trees native to bottomland
habitats. J. Am. Soc. Hortic. Sci. 118, 845–850.

Frontiers in Plant Science | www.frontiersin.org 16 August 2018 | Volume 9 | Article 1257

https://doi.org/10.2307/1939385
https://doi.org/10.1023/A:1026310001958
https://doi.org/10.1023/A:1026310001958
https://doi.org/10.1038/35081189
https://doi.org/10.1038/35081189
https://doi.org/10.1890/12-1313.1
https://doi.org/10.1002/jms.3123
https://doi.org/10.1002/jms.3123
https://doi.org/10.1017/CBO9780511675751.005
https://doi.org/10.1017/CBO9780511675751.005
https://doi.org/10.1111/j.1600-0706.2011.19512.x
https://doi.org/10.1093/treephys/22.13.939
https://doi.org/10.1093/oxfordjournals.aob.a087517
https://CRAN.R-project.org/package=Hmisc
https://doi.org/10.1126/science.269.5224.676
https://doi.org/10.1126/science.269.5224.676
https://doi.org/10.1111/j.1461-0248.2005.00732.x
https://doi.org/10.1007/BF00988067
https://doi.org/10.1371/journal.pone.0002536
https://doi.org/10.1371/journal.pone.0002536
https://doi.org/10.1890/0012-9615(1998)068[0465:PAOTSF]2.0.CO;2
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.cclet.2015.03.001
https://doi.org/10.1016/j.cclet.2015.03.001
https://doi.org/10.1111/gcb.12842
https://doi.org/10.1104/pp.112.206524
https://doi.org/10.2135/cropsci2001.412436x
https://doi.org/10.1139/b85-085
https://doi.org/10.1007/s004680050053
https://doi.org/10.1007/s004680050053
https://doi.org/10.1111/j.1461-0248.2008.01183.x
https://doi.org/10.1890/0012-9658(2006)87[922:DRISVA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[922:DRISVA]2.0.CO;2
https://doi.org/10.1111/j.1365-2745.2005.01070.x
https://doi.org/10.1007/BF02289565
https://doi.org/10.1007/s004680100108
https://doi.org/10.3389/fpls.2017.01074
https://doi.org/10.1007/BF00377113
https://doi.org/10.1016/0169-5347(94)90269-0
https://doi.org/10.1104/pp.101.3.1021
https://doi.org/10.1017/CBO9780511675751.008
https://doi.org/10.1016/j.tplants.2005.11.002
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01257 August 23, 2018 Time: 19:45 # 17

1825

1826

1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848

1849

1850

1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

1898

1899

1900

1901

1902

1903

1904

1905

1906

1907

1908

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

Berini et al. Abiotic Conditions Differentially Alter PSMs

Oksanen, J., Blanchet, G., Kindt, R., Legendre, P., Minchin, P. R., Simpson, G. L.,
et al. (2015). Vegan: Community Ecology Package. Available at: http://CRAN.R-
project.org/package=vegan

Otto, A., and Wilde, V. (2001). Sesqui- di- and triterpenoids as chemosystematic
markers in extant conifers—a review. Bot. Rev. 67, 141–238. doi: 10.1007/
BF02858076

Pavarini, D. P., Pavarini, S. P., Niehues, M., and Lopes, N. P. (2012). Exogenous
influences on plant secondary metabolite levels. Anim. Feed Sci. Technol. 176,
5–16. doi: 10.1016/j.anifeedsci.2012.07.002

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and R Core Team. (2015). Nlme:
Linear and Nonlinear Mixed-Effects Models. Available at: http://CRAN.R-
project.org/package=nlme

Poelman, E. H., van Loon, J. J., and Dicke, M. (2008). Consequences of variation
in plant defense for biodiversity at higher trophic levels. Trends Plant Sci. 13,
534–541. doi: 10.1016/j.tplants.2008.08.003

PRISM Climate Group (2017).Q1 PRISM Climate Group. Available at:
http://prism.oregonstate.edu

R Core Team. (2017). R: A Language and Environment for Statistical Computing.
Available at: http://www.R-project.org

Reich, P. B., Sendall, K. M., Rice, K., Rich, R. L., Stefanski, A., Hobbie, S. E.,
et al. (2015). Geographic Range Predicts Photosynthetic and Growth Response
to Warming in Co-occurring Tree Species. Nature Climate Change. Available
at: http://www.nature.com/nclimate/journal/vaop/ncurrent/full/nclimate2497.
html [Accessed May 13, 2015].

Rich, R. L., Stefanski, A., Montgomery, R. A., Hobbie, S. E., Kimball, B. A., and
Reich, P. B. (2015). Design and Performance of Combined Infrared Canopy
and Belowground Warming in the B4WarmED (Boreal Forest Warming at
an Ecotone in Danger) Experiment. Global Change Biology. Available at: http:
//onlinelibrary.wiley.com/doi/10.1111/gcb.12855/abstract [Accessed May 13,
2015].

Richards, L. A., Dyer, L. A., Forister, M. L., Smilanich, A. M., Dodson,
C. D., Leonard, M. D., et al. (2015). Phytochemical diversity drives plant–
insect community diversity. Proc. Natl. Acad. Sci. U.S.A. 112, 10973–10978.
doi: 10.1073/pnas.1504977112

Richards, L. A., Dyer, L. A., Smilanich, A. M., and Dodson, C. D. (2010). Synergistic
effects of amides from two Piper species on generalist and specialist herbivores.
J. Chem. Ecol. 36, 1105–1113. doi: 10.1007/s10886-010-9852-9

Rizhsky, L., Liang, H., and Mittler, R. (2002). The combined effect of drought stress
and heat shock on gene expression in tobacco. Plant Physiol. 130, 1143–1151.
doi: 10.1104/pp.006858

Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S., and Mittler, R. (2004).
When defense pathways collide. The response of Arabidopsis to a combination
of drought and heat stress. Plant Physiol. 134, 1683–1696. doi: 10.1104/pp.103.
033431

Roitto, M., Rautio, P., Markkola, A., Julkunen-Tiitto, R., Varama, M., Saravesi, K.,
et al. (2009). Induced accumulation of phenolics and sawfly performance in
Scots pine in response to previous defoliation. Tree Physiol. 29, 207–216.
doi: 10.1093/treephys/tpn017

Sallas, L., Luomala, E.-M., Utriainen, J., Kainulainen, P., and Holopainen, J. K.
(2003). Contrasting effects of elevated carbon dioxide concentration and
temperature on Rubisco activity, chlorophyll fluorescence, needle ultrastructure
and secondary metabolites in conifer seedlings. Tree Physiol. 23, 97–108.
doi: 10.1093/treephys/23.2.97

Savin, R., and Nicolas, M. E. (1996). Effects of short periods of drought and high
temperature on grain growth and starch accumulation of two malting barley
cultivars. Funct. Plant Biol. 23, 201–210. doi: 10.1071/PP9960201

Schwartzberg, E. G., Jamieson, M. A., Raffa, K. F., Reich, P. B., Montgomery,
R. A., and Lindroth, R. L. (2014). Simulated climate warming alters phenological
synchrony between an outbreak insect herbivore and host trees. Oecologia 175,
1041–1049. doi: 10.1007/s00442-014-2960-4

Sedio, B. E., Rojas Echeverri, J. C., Boya, P., Cristopher, A., and Wright, S. J.
(2017). Sources of variation in foliar secondary chemistry in a tropical forest
tree community. Ecology 98, 616–623. doi: 10.1002/ecy.1689

Smith, C. A., Want, E. J., O’Maille, G., Abagyan, R., and Siuzdak, G. (2006). XCMS:
processing mass spectrometry data for metabolite profiling using nonlinear
peak alignment, matching, and identification. Anal. Chem. 78, 779–787.
doi: 10.1021/ac051437y

Smith, W. R. (2008). Trees and Shrubs of Minnesota. Minneapolis, MN: University
of Minnesota Press.

Snow, M. D., Bard, R. R., Olszyk, D. M., Minster, L. M., Hager, A. N., and Tingey,
D. T. (2003). Monoterpene levels in needles of douglas fir exposed to elevated
CO2 and temperature. Physiol. Plant. 117, 352–358. doi: 10.1034/j.1399-3054.
2003.00035.x

Sreekumar, A., Poisson, L. M., Rajendiran, T. M., Khan, A. P., Cao, Q., Yu, J.,
et al. (2009). Metabolomic profiles delineate potential role for sarcosine
in prostate cancer progression. Nature 457, 910–914. doi: 10.1038/nature
07762

Stolter, C., Ball, J. P., Julkunen-Tiitto, R., Lieberei, R., and Ganzhorn, J. U. (2005).
Winter browsing of moose on two different willow species: food selection
in relation to plant chemistry and plant response. Can. J. Zool. 83, 807–819.
doi: 10.1139/z05-077

Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R., Daykin, C. A., et al.
(2007). Proposed minimum reporting standards for chemical analysis Chemical
Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI).
Metabolomics 3, 211–221. doi: 10.1007/s11306-007-0082-2

Tahvanainen, J., Helle, E., Julkunen-Tiitto, R., and Lavola, A. (1985). Phenolic
compounds of willow bark as deterrents against feeding by mountain hare.
Oecologia 65, 319–323. doi: 10.1007/BF00378905

Tautenhahn, R., Boettcher, C., and Neumann, S. (2008). Highly sensitive feature
detection for high resolution LC/MS. BMC Bioinformatics 9:504. doi: 10.1186/
1471-2105-9-504

Vandegeer, R., Miller, R. E., Bain, M., Gleadow, R. M., and Cavagnaro, T. R. (2013).
Drought adversely affects tuber development and nutritional quality of the
staple crop cassava (Manihot esculenta Crantz). Funct. Plant Biol. 40, 195–200.
doi: 10.1071/FP12179

Veluri, R., Weir, T. L., Bais, H. P., Stermitz, F. R., and Vivanco, J. M. (2004).
Phytotoxic and antimicrobial activities of catechin derivatives. J. Agric. Food
Chem. 52, 1077–1082. doi: 10.1021/jf030653

Veteli, T. O., Koricheva, J., Niemelä, P., and Kellomäki, S. (2006). Effects of forest
management on the abundance of insect pests on Scots pine. For. Ecol. Manage.
231, 214–217. doi: 10.1016/j.foreco.2006.05.048

Williams, R. S., Lincoln, D. E., and Norby, R. J. (2003). Development of gypsy
moth larvae feeding on red maple saplings at elevated CO2 and temperature.
Oecologia 137, 114–122. doi: 10.1007/s00442-003-1327-z

Wink, M. (1988). Plant breeding: importance of plant secondary metabolites for
protection against pathogens and herbivores. Theor. Appl. Genet. 75, 225–233.
doi: 10.1007/BF00303957

Worrall, J. J., Egeland, L., Eager, T., Mask, R. A., Johnson, E. W., Kemp,
P. A., et al. (2008). Rapid mortality of Populus tremuloides in southwestern
Colorado. USA. For. Ecol. Manage. 255, 686–696. doi: 10.1016/j.foreco.2007
.09.071

Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., and Gómez-Cadenas, A.
(2018). Plant adaptations to the combination of drought and high temperatures.
Physiol. Plant. 162, 2–12. doi: 10.1111/ppl.12540

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Berini, Brockman, Hegeman, Reich, Muthukrishnan, Montgomery
and Forester. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 17 August 2018 | Volume 9 | Article 1257

http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
https://doi.org/10.1007/BF02858076
https://doi.org/10.1007/BF02858076
https://doi.org/10.1016/j.anifeedsci.2012.07.002
http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme
https://doi.org/10.1016/j.tplants.2008.08.003
http://prism.oregonstate.edu
http://www.R-project.org
http://www.nature.com/nclimate/journal/vaop/ncurrent/full/nclimate2497.html
http://www.nature.com/nclimate/journal/vaop/ncurrent/full/nclimate2497.html
http://onlinelibrary.wiley.com/doi/10.1111/gcb.12855/abstract
http://onlinelibrary.wiley.com/doi/10.1111/gcb.12855/abstract
https://doi.org/10.1073/pnas.1504977112
https://doi.org/10.1007/s10886-010-9852-9
https://doi.org/10.1104/pp.006858
https://doi.org/10.1104/pp.103.033431
https://doi.org/10.1104/pp.103.033431
https://doi.org/10.1093/treephys/tpn017
https://doi.org/10.1093/treephys/23.2.97
https://doi.org/10.1071/PP9960201
https://doi.org/10.1007/s00442-014-2960-4
https://doi.org/10.1002/ecy.1689
https://doi.org/10.1021/ac051437y
https://doi.org/10.1034/j.1399-3054.2003.00035.x
https://doi.org/10.1034/j.1399-3054.2003.00035.x
https://doi.org/10.1038/nature07762
https://doi.org/10.1038/nature07762
https://doi.org/10.1139/z05-077
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/BF00378905
https://doi.org/10.1186/1471-2105-9-504
https://doi.org/10.1186/1471-2105-9-504
https://doi.org/10.1071/FP12179
https://doi.org/10.1021/jf030653
https://doi.org/10.1016/j.foreco.2006.05.048
https://doi.org/10.1007/s00442-003-1327-z
https://doi.org/10.1007/BF00303957
https://doi.org/10.1016/j.foreco.2007.09.071
https://doi.org/10.1016/j.foreco.2007.09.071
https://doi.org/10.1111/ppl.12540
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Combinations of Abiotic Factors Differentially Alter Production of Plant Secondary Metabolites in Five Woody Plant Species in the Boreal-Temperate Transition Zone
	Introduction
	Materials and Methods
	Experimental Design
	Study organisms
	Metabolite Analysis
	Example Compounds
	Data Processing and Statistical Analysis

	Results
	Temperature
	Interactive Effects of Different Abiotic Conditions
	Example Compounds

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


