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Abstract

Climate change is a mounting global issue, but its consequences will be variable
across regions. Tropical species are hypothesized to have reduced climatic adaptabil-
ity and plasticity. Yet, relative to temperate species, less is understood about how
they will respond to climate change. Rising temperature and atmospheric CO, could
impact plant-herbivore systems directly by altering species traits or abundances, or
the effects could be indirect by altering the strength and direction of the relation-
ships that govern organismal strategies and interactions. Using open-top chambers
in a Neotropical wet forest, we applied a full-factorial combination of active warming
and CO, fertilization to investigate the above-ground, short-term effects of climate
change on plant-herbivore interactions in a common Neotropical shrub, Piper gener-
alense. We aimed to answer two main questions: (1) Could climate change alter plant-
herbivore systems through direct effects on plant growth rate, chemical defense,
and/or insect herbivore damage rate? and (2) Could climate change affect plant-
herbivore systems indirectly by altering (a) the strength of plant resource allocation
trade-offs between growth and defense or (b) the effectiveness of plant chemical
defense against herbivory? None of the microclimate treatments had direct effects
on plant growth, chemical defense, or herbivore damage. However, we did observe a
positive relationship between growth and chemical defense in treatments mimicking
climate-change conditions, which partially supports the growth-differentiation bal-
ance hypothesis. We did not detect any effects of treatments on the effectiveness
of plant chemical defense against herbivory. It appears that, in this system, increased
CO, concentration and temperature may cause indirect, cascading consequences,
even where direct effects are not observable. We recommend more climate-change
experiments addressing multi-trophic interactions that focus not only on the direct
responses of organisms but also on the ways in which climate change can restructure
the relationships that govern complex biotic systems.
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1 | INTRODUCTION

Tropical forests are powerhouses of biodiversity and carbon seques-
tration, making them exceptionally valuable in mitigating the effects
of climate change (Beer et al., 2010; Hubau et al., 2020; Watson
etal., 2018). Shifts in the ecological relationships that structure trop-
ical forests could have global consequences, so understanding the
responses of tropical communities to climate change is critical for
forecasting altered ecosystem functions. Current evidence suggests
climate change may alter a myriad of essential traits and interactions
within plant communities, including shifts in plant growth (Rustad
et al., 2001), chemistry (Gairola et al., 2010; Holopainen et al., 2018;
Jamieson et al., 2017), and multi-trophic interactions, such as plant-
herbivore (Burt et al., 2014; Lemoine et al., 2013), plant-herbivore-
natural enemy (Boullis et al., 2015), plant-pollinator (Mu et al., 2015),
and plant-microorganism interactions (Compant et al., 2010). Yet,
most studies have been conducted in temperate regions and without
active microclimate manipulation, which has left much to be learned
about the mechanistic impacts of climate change in other climate
zones.

Climate change has been shown to directly impact plant-
herbivore interactions by altering the traits or abundances of
the organisms involved, both above and below ground (Van der
Putten, 2012; Wood et al., 2012). Above ground, elevated tempera-
ture or elevated CO, concentration, alone or in combination, gener-
ally lead to an increase in plant growth (Bezemer & Jones, 1998; De
Graaff etal., 2006; Rustad et al., 2001) in both temperate and tropical
regions (Cheesman & Winter, 2013; Dieleman et al., 2012; Granados
& Korner, 2002; Wirth et al., 1998). Yet, these patterns are more
variable for tropical species, as lowland tropical forests have exhib-
ited slower growth under elevated temperatures (Wood et al., 2012),
especially when exposed to nighttime warming (Wood et al., 2019).
Furthermore, elevated temperature and CO, concentration can
have complex effects on plant chemistry and plant-herbivore in-
teractions. The elevated temperature has variable effects on plant
chemistry, but generally, concentrations of alkaloids and terpenes
increase while concentrations of total phenolics decrease (Yang
et al., 2018; Zvereva & Kozlov, 2006). Elevated temperature can also
increase herbivore performance, abundance, and/or plant consump-
tion, a pattern seen in temperate (Lemoine et al., 2013) and tropi-
cal (Bachelot et al., 2020) systems. Elevated CO, concentration can
increase defensive carbon-based phytochemicals (e.g., phenolics
and terpenoids), decrease nutritious foliar nitrogen concentration
(Hartley et al., 2000; Moreno-Delafuente et al., 2021), and decrease
herbivore preference and performance (Bezemer & Jones, 1998;
Holopainen et al., 2018; Moreno-Delafuente et al., 2021). However,
the often-suppressive effects of elevated CO, on plants and her-
bivores can be mitigated by elevated temperature. For example,

when temperature and CO, treatments are applied in combination,
plant chemistry may not be altered (Zvereva & Kozlov, 2006). Some
responses have only emerged when both treatments are applied in
combination; therefore, applying both warming and CO,, treatments
is important to achieve realistic circumstances and make general-
izable conclusions about the effects of global change on plant-
herbivore interactions (Zvereva & Kozlov, 2006).

In addition to its direct effects on plants and herbivores, climate
change may indirectly influence plant-herbivore interactions by
changing the strength and/or direction of relationships among differ-
ent variables that govern plant-herbivore systems. One example of
a relationship that could be reshaped by climate change is the trade-
off between plant defense and growth. The growth-differentiation
balance hypothesis (GDB) posits that plant growth and defense are
positively correlated when resources (i.e., light, water, and minerals)
are limited, but they are negatively correlated when resources are
abundant (Herms & Mattson, 1992). This is because growth is often
more curtailed than photosynthesis by limited resources, leaving
plants with excess carbon that can be invested in defense. Findings
from Massad et al. (2012) supported the GDB in a tropical tree spe-
cies, Pentaclethra macroloba (Fabaceae, Caesalpinioideae), as growth
and defense were positively correlated in shady environments, but
negatively correlated in sunny environments. The GDB predicts
variable responses to elevated concentration of CO,, dependent
upon whether the change in environment stimulates both growth
and photosynthesis (creating surplus carbon and thus a positive cor-
relation) or if it stimulates growth but not photosynthesis (creating a
trade-off and thus a negative correlation; Herms & Mattson, 1992).
Using Betula spp. (Betulaceae), Mattson et al. (2005) found sup-
port for this hypothesis, as elevated CO, concentration stimulated
growth and photosynthesis, creating surplus carbon for more allo-
cation to secondary metabolism, and thus leading to a positive re-
lationship between growth and defense. Other factors that could
limit growth more than photosynthesis, including low temperature
or drought, can increase the carbon available for chemical defense
allocation without a trade-off with growth, yielding a positive re-
lationship between growth and defense (Herms & Mattson, 1992).
The increased temperature could cause drought, imposing plant
stress and water loss, which may also yield a positive relationship.
In sum, increased CO, concentration and temperature could have
complex and potentially conflicting consequences for plant growth
and defense with considerable ramifications for the ecology and
evolution of plant-herbivore interactions (Huot et al., 2014). Thus,
manipulating these two variables, individually and in concert, is criti-
cal for understanding the consequences of future climate change for
plant-herbivore interactions.

Another relationship within a plant-herbivore system that
could be indirectly affected by climate change is the efficacy of
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plant chemical defense against herbivore damage. During the long
ecological relationship between plants and herbivores (Ehrlich &
Raven, 1964), plants have evolved numerous chemical defenses that
negatively affect herbivores through decreased herbivore prefer-
ence and/or performance. Still, this relationship can vary consider-
ably. The foliar concentration of total phenolics is often inversely
related to herbivore damage, so phenolic compounds are thought
to play a role in direct antiherbivore defense (Hoffland et al., 2010).
Yet, climate change could affect the extent to which phenolic content
predicts damage through a variety of mechanisms. For example, it
could induce changes in a plant's primary and secondary metabolite
profile. Elevated CO, concentration can reduce plant nitrogen con-
centration, including key amino acids for insects (Moreno-Delafuente
et al., 2021), thereby reducing the resources herbivores have avail-
able to invest in detoxification and increasing the effectiveness of
phenolics as a defense. Other possibilities for shifts in the effec-
tiveness of chemical defense include the altered efficiency of insect
detoxification enzymes or shifted compound metabolism or translo-
cation, as seen with reduced pesticide efficacy under elevated tem-
perature and CO, conditions (Matzrafi, 2019). Overall, understanding
the impacts of climate change on the relationship between chemical
defense and herbivore damage may be equally as important as under-
standing the direct effects on defense production.

In this study, we experimentally raised temperature and/or CO,
concentration in open-top chambers in the understory of a tropical
wet forest to investigate possible short-term, above-ground effects
of climate change on a common Neotropical shrub, Piper generalense
Trel. (Piperaceae). Employing the experimental design introduced
in Bader et al. (2022), this is, to the best of our knowledge, the
first study to measure the responses of tropical understory plants
to active warming and CO, fertilization. Along with the direct im-
pacts, we explored the indirect consequences of climate change
on plant-herbivore interactions that could occur through changes
in relationships among variables in the system (Figure 1). Our study
aimed to answer two main questions: (1) Could climate change alter
plant-herbivore systems through direct effects on plant growth
rate, chemical defense, and/or insect herbivore damage rate? and (2)
Could climate change affect plant-herbivore systems indirectly by
altering (a) the strength of plant resource allocation trade-offs be-
tween growth and defense or (b) the effectiveness of plant chemical
defense against herbivory?

Ecology and Evolution 3of11
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2 | MATERIALS AND METHODS

2.1 | Study site and system

Our study was conducted in the lowland rainforest of La Selva
Biological Station (hereafter La Selva), Heredia Province, Costa Rica.
The station is managed by the Organization for Tropical Studies
(OTS) and comprises approximately 1600ha of tropical wet forest.
Piper (Piperaceae) is one of the largest genera of flowering plants.
The greatest diversity of the genus is found in the Neotropics and
lowland tropical forests (Gentry, 1990), including La Selva, which
hosts over 60 species of Piper (OTS, 2022). P. generalense Trel. (syno-
nyms: Piper arieianum, Piper arielanum, and Piper trigonum) was cho-
sen for our study because it is a common understory shrub at La
Selva (Greig, 2004). P. generalense has a similar phenolic concentra-
tion relative to its congeners, which average 3%-6% total phenolics
(tannic acid equivalents per gram dry weight of leaf material; Baldwin
& Schultz, 1988). P. generalense leaves persist on the plant for an av-
erage of 1.5-2years (Marquis, 1990). Piper plants host many insect
herbivores, including Piper specialists, such as Eois (Geometridae)
caterpillars, Memphis (Nymphalidae) caterpillars, Curculionidae,
and Chrysomelidae, as well as generalists, such as Orthoptera and
Erebidae (Dyer et al., 2010; Massad et al., 2022). P. generalense
plants experience damage throughout the year by a variety of in-
sect herbivores, including Coleoptera, Diptera, Hymenoptera,
Lepidoptera, and Orthoptera, as well as leafcutter ants (Atta cepha-
lotes; Marquis, 1987, 1990).

2.2 | Datacollection

2.2.1 | Microclimate-manipulation experiment

The experimental design used a full-factorial combination of ac-
tive warming and CO, fertilization in open-top chambers (1.6 m
tall and ca. 1.2m in diameter). Five treatments were created with
five replications each: (1) ambient control (no chamber), (2) control
chamber, (3) elevated temperature (+3°C), (4) elevated CO, concen-
tration (+300ppm), and (5) elevated temperature and CO, concen-
tration (+3°C and +300ppm). CO, fertilization was fixed and only
during the day; temperature increase was regulated with a feedback

Climate change
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T
s )

Plant b4 Chemical ¥ Herbivore
growth Growth-defense defense Effectiveness of damage

resource allocation

chemical defense
against herbivory

FIGURE 1 Schematic representation of how climate change may affect a plant-herbivore system. It could have direct impacts (solid black
lines) on variables that were measured. It could also have indirect impacts (dashed lines) on the relationship between the variables (solid gray

lines).
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system and continuous (day and night). The magnitudes of increase
were chosen based on the projected increase in global average land
temperature by 2100 (IPCC, 2013). The setup successfully heated
the air during the study period (April-September 2018) by 2.4°C on
average (range of chamber means = 1.4-4.0°C, standard deviation
between chamber means = 0.9°C, overall standard deviation among
chambers and through time = 1.6°C), and increased CO, concen-
tration by about 250 ppm (range of chamber means: +131-402ppm,
with higher increases in non-heated chambers). In treatments with
increased temperature, relative humidity decreased compared to
ambient control treatments. Chamber assembly and treatment ma-
nipulation are further detailed in Bader et al. (2022).

2.2.2 | Plant metrics

Twenty-five P. generalense saplings were collected from the sur-
rounding forest and transplanted into individual 4.5-liter pots with
soil collected from around each excavation. One potted plant was
placed inside each of the 20 chambers and five control plots. The
experiment ran for 6months (April-September 2018). At the end
of the experiment, three metrics were collected from each plant
(Figure Al): (1) proportional change in height (i.e., plant growth), (2)
foliar total phenolics (i.e., chemical defense), and (3) proportion of
leaf removed (i.e., herbivore damage/herbivory). Plant height was
measured from the soil to the top of the plant at the beginning and
the end of the experiment. To calculate the proportional change in
height, the height increment was divided by the initial plant height.
Next, four fully expanded leaves were collected from each plant
(100 leaves total), including two mature (proximal) and two young
(distal) leaves. Expanding leaves were collected but not included
in our analyses because none of the still-expanding leaves had any
herbivore damage or sufficient mass for total phenolics extraction
and quantification. Herbivore damage was assessed for all leaves
collected and was measured using a leaf area meter (LI-3100C Area
Meter, LI-COR Inc.). To calculate the proportional damage, the real
leaf area was subtracted from the total leaf area and the difference
divided by the total leaf area. To analyze total phenolic concentra-
tion, the two leaves from each plant and the same age class were
combined to achieve an adequate starting weight for extraction.
Total phenolics were estimated using the Folin-Ciocalteu assay with
modified protocols from Salazar et al. (2018) and Ainsworth and
Gillespie (2007). Total phenolics concentration was calculated as the
proportion of dry weight in gallic acid equivalents (GAE). The genus
Piper has a broad range of specialized metabolites in the leaves
(Dyer et al., 2004; Richards et al., 2015). We chose to examine total
phenolics only and to use their concentration as a proxy for chemi-
cal defense. Limited amounts of plant material for extraction and
analysis were one important factor considered in this decision. Even
though phenolics have a broad range of functions within a plant,
they play a key role in plant defense (Barton & Koricheva, 2010) and
are common indicators of the capacity of chemical defense (Gong &
Zhang, 2014).

2.2.3 | Statistical analysis

All analyses were performed in Rv4.0.4 (R Core Team, 2021). Welch's
t-tests were performed using base R; beta-regressions were per-
formed in the package betareg (Cribari-Neto & Zeileis, 2010); gener-
alized linear mixed models (GLMMs) were performed in the package
glmmTMB (Brooks et al., 2017); hypothesis testing was performed
using package car (Fox & Weisberg, 2019); estimated marginal means
were performed using package emmeans (Lenth et al., 2019); plots
were created using package ggplot2 (Wickham, 2019).

To determine whether there was a significant chamber effect on
plant growth, foliar chemical defense, and herbivory, we performed
Welch's t-tests comparing plants in ambient control treatments ver-
sus chamber control treatments. To determine the effect of leaf age
on foliar chemical defense and herbivory, we performed Welch's t-
tests comparing young leaves versus mature leaves, using one value
(total phenolics concentration of the two-leaf sample or mean herbi-
vore damage of the two replicate leaves) per age class per plant, that
is, N = 25. We found no significant chamber effects (results below);
thus, we excluded the ambient control (no chamber) from all subse-
quent analyses. We found that leaf age had a significant effect on
foliar chemical defense and herbivory (results below). Due to this
effect of leaf age, we split all subsequent analyses of phenolics and
herbivory by leaf age.

To determine whether elevated temperature and/or CO, con-
centration had direct effects on plant growth, chemical defense, or
herbivore damage rates, we fitted five univariate models with plant
growth, foliar chemical defense of young and old leaves, and herbiv-
ory of young and old leaves as response variables. Treatment was al-
ways the predictor variable. Because all plant metrics were reported
as proportions, we used beta-regressions. For herbivory, we used a
GLMM with a beta error distribution, and plant ID was the random
effect to account for repeated measures on individual plants. We
performed Type Il Wald's chi-square tests to assess statistical sup-
port for the effect of microclimate treatments on individual plant
metrics.

To determine whether elevated temperature and/or CO, concen-
tration altered the relationship between plant growth and defense,
we used a beta-regression. Total phenolics (proportion dry weight
in GAE) were the response variable. Treatment, plant growth (pro-
portional change in height), and their interaction were the predic-
tor variables. Based on a significant interaction between treatment
and plant growth, we performed Type Ill Wald's chi-square tests to
assess statistical support for the effects of the predictor variables
on the response variable. We then analyzed the data separately for
each treatment, using only growth as the predictor variable in the
beta-regression models.

To determine whether elevated temperature and/or CO, con-
centration modified the influence of foliar chemical defense on her-
bivory, we fit the data to a GLMM with a beta error distribution.
Herbivory (proportional foliar damage) was the response variable.
Treatment, foliar chemical defense (total phenolics concentration),
and their interaction were the fixed effects. Plant ID was included
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as a random effect to account for repeated measures on individuals.
Because the interaction was not significant, we performed Type Il
Wald's chi-square tests to assess statistical support for the effects
of the predictor variables.

3 | RESULTS

We found no significant chamber effect (i.e., no difference be-
tween ambient control and control chamber) on growth (t = -1.24,
p = .27), foliar chemical defense (t = -1.22, p = .24), or foliar her-
bivory (t = -1.09, p = .29). Because we found no significant cham-
ber effects, we excluded the ambient control from all subsequent
analyses. We determined that leaf age had a significant effect on
both foliar chemical defense (t = -4.80, p <.001) and foliar herbivory
(t = 3.25, p = .002). The concentration of total phenolics was, on
average, 38% higher in young leaves (Figure 2a; Table A1). Mature
leaves suffered, on average, over four times more herbivory than
young leaves (Figure 2b; Table A2). All further analyses were there-
fore completed for young and old leaves separately.

When examining the direct effects of microclimate manipula-
tions on the measured variables of plant growth, chemical defense,
and herbivory, we found that variation within treatments was high
and treatment was never a significant predictor. Treatments did not
have a significant effect on plant growth (proportional change in
height; ;(2 = 1.04, p = .79; Figure 3a; Table A3), the concentration
of total phenolics in young leaves (;(2 = 1.99, p = .57; Table A4) or
mature leaves (;(2 = 1.41, p = .70; Figure 3b; Table A4), or herbiv-
ory of young leaves (42 = 0.37, p = .95; Table A5) or mature leaves
(4% = 2.08, p = .56; Figure 3c; Table A5).

When examining the effects of microclimate manipulations on the
patterns of plant resource allocation, we found that, in both leaf age
classes, the interaction of treatment and plant growth was a significant
predictor of foliar chemical defense (mature Ieaves:;(2 =8.78,p=.03;
young Ieaves:;(2 =8.31, p = .04). We observed significant, positive re-
lationships between growth and defense in three cases: mature leaves
in elevated temperature (z = 3.44, p<.001), young leaves in elevated
temperature (z = 3.60, p<.001), and young leaves in the combination
treatment (increased temperature and CO, concentration; z = 5.18,
p<.001). Specifically, with every 1% increase in plant growth, mature
leaves experienced a 2% increase in total phenolics in warmed envi-
ronments (Figure 4a). Similarly, young leaves experienced a 0.5% and
0.9% increase in total phenolics in warmed and combination environ-
ments, respectively (Figure 4b). No other treatments had significant
effects on the relationships in mature or young leaves (Table Aé). Plant
growth alone was not a significant predictor of total phenolics concen-
tration in mature or young leaves (y? = 0.22, p = .64; y* = 0.14, p = .70;
respectively). When accounting for the effect of growth as well as
its interaction with treatment, treatment was a significant predictor
of total phenolics in both leaf ages (mature ;(2 = 8.82, p = .03; young
;(2 = 10.46, p = .02). Yet, when estimated marginal means were com-
puted, there was no significant difference in phenolics concentration
across microclimate treatments (Figure 3, Table A4).
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FIGURE 2 Young leaves were more chemically defended and
experienced less herbivory than mature leaves. Young leaves (a)
had an average of 38% higher concentrations of total phenolics
relative to mature leaves. Mature leaves (b) experienced an average
of over four times more herbivory relative to young leaves. Black
box margins indicate the 25th and 75th percentiles, whiskers

the 5th and 95th percentiles, and solid lines within the boxes the
median. Points are (a) individual observations of total phenolics
concentration (proportion dry weight in gallic acid equivalents)
from leaves of Piper generalense and (b) individual observations of
foliar herbivory (proportional leaf damage) from leaves of Piper
generalense, color-coded by treatment.

When examining the effects of climate change on herbivore
damage or the effectiveness of plant chemical defense against her-
bivory, we found that chemical defense was the only significant
predictor of herbivory in mature leaves (;(2 =3.97, p =.047). On av-
erage, mature leaves experienced 20% less herbivory with every 1%
increase in total phenolics, but variation was very large (Figure 5).
Neither treatment nor the interaction between treatment and
chemical defense was significant predictors of herbivory of mature
leaves (y? = 3.31, p = .35; * = 1.01, p = .80, respectively). In young
leaves, total phenolics, treatment, nor their interaction were a clear
predictor of herbivore damage (;(2 =0.24,p= .63;;{2 =0.53,p=.91;
;(2 = 1.04, p = .79, respectively). Thus, there were similar levels of
herbivory among treatments and the efficacy of chemical defense

against herbivory did not change among treatments in young leaves.

4 | DISCUSSION

In this study, we explored the above-ground, short-term effects
of elevated temperature and CO, concentration on a Neotropical
rainforest plant-herbivore system. Our study demonstrates the
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FIGURE 3 Microclimate treatments did not have clear

effects on individual responses of Piper generalense, including

(a) growth (proportional change in height), (b) foliar chemical
defense (concentration of total phenolics as the proportion of

the dry weight in gallic acid equivalents), and (c) foliar herbivory
(proportional leaf damage). In growth (a), individual diamonds
represent individual plants. Bold black diamonds and whiskers are
means and standard errors for each treatment. In chemical defense
and foliar herbivory (b and c), data are separated by leaf age:
Young (triangle) and mature (circle). Black triangles and circles with
whiskers are the means and standard errors for young and mature
leaves, respectively.

importance of active microclimate manipulation in a tropical system
using a new experimental approach from Bader et al. (2022). We did
not detect any effects of our microclimate treatments on measured
variables in P. generalense, including plant growth, chemical defense,
and herbivore damage. Tropical species are hypothesized to have
reduced climatic adaptability and plasticity, but the documented re-
sponses in climate change experiments have been variable.

We did observe significant indirect microclimate treatment ef-
fects on the relationship between growth and defense. We observed
a positive relationship between growth and defense in mature leaves
in elevated-temperature treatments and a positive relationship in
young leaves in elevated-temperature and combination (elevated
temperature plus elevated CO,) treatments. The GDB predicts that
low-temperature, low-moisture environments may limit growth

more than photosynthesis, leaving excess carbon for defense al-
location and therefore leading to a positive relationship between
growth and defense (Herms & Mattson, 1992). Plants in our treat-
ments with increased temperature, which also decreased relative
humidity, experienced a positive relationship between growth and
defense; thus, they may have been responding to the decreased rel-
ative humidity and potential water stress, similar to Piper glabrescens
(Carter et al., 2020). Evidence suggests that plants exposed to in-
creased CO, concentration may have greater protection against the
negative effects of water stress (Chaves & Pereira, 1992; Lloyd &
Farquhar, 2008; Van der Sleen et al., 2015); thus, there could be im-
portant synergistic consequences of the two treatments in combi-
nation. Overall, there was considerable variation within and across
treatments (Figure 4, Table A6). Additional data, such as photosyn-
thetic parameters, may be required to disentangle the mechanisms
driving our results. Studies that simultaneously manipulate CO, con-
centration and temperature in a tropical system are lacking (Cavaleri
et al., 2015), but they are a critical tool in understanding the mech-
anistic effects of climate change and unraveling the interconnected
relationships of these complex systems.

The lack of detectable direct effects of temperature and CO, on
herbivory and defense was unexpected and adds to a growing liter-
ature that suggests climate effects are highly variable and species-
specific. We found no effect of elevated temperature and/or CO,
concentration on foliar chemical defense, measured as total phenolic
concentration. Our treatments could have affected other specialized
metabolites found in species of Piper, such as alkaloids or terpenoids.
Nevertheless, the lack of changes in herbivore damage across exper-
imental treatments suggests that, even if other chemical defenses
were affected, these effects were not large enough to significantly
influence plant-herbivore interactions. The lack of effect of elevated
temperature and/or CO, concentration on herbivory is in contrast
to general patterns reported in climate-change literature, which in-
clude an increase in herbivory in elevated temperature, a decrease
in herbivory in elevated CO, concentration, and no overall effects
of the two in combination (Zvereva & Kozlov, 2006). Overall her-
bivory was low in our study. Foliar damage of mature leaves ranged
from 0% to 27% (averaging 5%) and young leaves from 0% to 25%
(averaging 1%), which is lower than previously reported P. general-
ense values (ranging 0%-50% and averaging 16%; Marquis, 1987).
However, even low rates of herbivory can have severe ecological
consequences. In P. generalense, just 10% of foliar damage can have
long-term impacts on plant fitness, including decreases in growth,
seed production, and seed viability (Marquis, 1984). Over two de-
cades ago, Coley (1998) predicted that herbivory in the tropics
would increase by 200%-400% given the projected increases in at-
mospheric CO, and drought. Still, little research has been conducted
on tropical plant-herbivore interactions (Sheldon, 2019), but recent
evidence supports the predictions that above-ground herbivore
damage and richness will increase in environments with increased
drought and temperature (Bachelot et al., 2020).

Other common patterns of defensive allocation in our Piper
plants did not deviate from expectations. Firstly, younger leaves
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FIGURE 4 Leaves of plants in elevated temperature and combination microclimate treatments experienced significant, positive
relationships between growth and defense. Mature leaves (a) of plants in elevated temperature (green line) and young leaves (b) of

plants in elevated temperature (green line) and combined elevated temperature and CO, concentration (blue line) experienced increased
concentrations of total phenolics with increased growth. Points are individual observations of total phenolics concentration (proportion dry
weight in gallic acid equivalents) in Piper generalense leaves. Lines are linear fits of the data, grouped and color-coded by treatment. The solid
lines indicate statistically significant relationships, and dashed lines represent statistically insignificant relationships.
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FIGURE 5 Mature leaves experienced 20% less herbivory

with every 1% increase in total phenolics. Points are individual
observations of herbivore damage from mature leaves of Piper
generalense, color-coded by treatment. The line is the linear fit of
the data with the gray band indicating the 95% confidence interval.

were more chemically defended than mature leaves (Figure 2a;
Table A1), which is consistent with general allocation patterns across
plant ontogeny (Barton & Koricheva, 2010). Secondly, in mature
leaves, more chemically-defended leaves experienced less herbiv-
ory (Figure 5), so we did not see a shift in the general efficacy of
foliar chemical defense against leaf herbivores. Yet, this negative ef-
fect of defense on herbivory was observed only for mature leaves.
Young leaves generally had very little herbivore damage (Figure 2b;
Table A2), which may be because young leaves have not had the
time yet to accumulate enough damage or because phenolics con-
centration may have been high enough to deter these herbivores
even in the least-defended leaves. Early life herbivory appears to
be generally low in this species because we observed zero herbi-
vore damage on the collected expanding leaves, which contrasts
with previous work reporting that the majority of herbivore damage

occurs on expanding and young leaves (Coley & Barone, 1996). An
additional or alternative reason that no effect of phenolics on her-
bivory in young leaves was detected might be that phenolic com-
pounds found in Piper are better deterrents of herbivore species that
attack mature leaves. Specialized herbivores (e.g., Geometridae and
Chrysomelidae) often consume younger leaves of Piper, and these
herbivores may be better adapted to overcome these chemical de-
fenses of Piper. Nevertheless, characteristic damage patterns of spe-
cialists, such as the skeletonizing of the leaves by Eois caterpillars,
were not observed in our experimental plants. Abiotic factors, such
as nutrients, water, and space, could also have significant effects on
plant chemistry.

Future studies could expand upon our approach in a few ways.
Firstly, we present a limited sample size (N = 5/treatment) over a rel-
atively short time period (6 months). Increasing the sample size would
be ideal, as extrapolating meaningful and ecologically relevant pat-
terns from small sample sizes can be challenging. Plants should ideally
experience microclimate treatments along the full leaf life cycle. For
P. generalense, this would imply a rather long study duration of up to
2years. Our study took place during April-September, so it captured
the rainy season at La Selva (May-December) but mostly excluded
the dry season (January-April). Active microclimate manipulations
are resource intensive and not always feasible at a large scale for
extended periods of time, but collaboration within an existing proj-
ect may be an option. Secondly, Piper species can interact with up to
four trophic levels (Letourneau, 2004). Future projects should con-
sider incorporating additional response metrics, such as other antag-
onistic relationships (e.g., plant competition and herbivore-natural
enemy interactions) and mutualistic relationships (e.g., pollination
and seed dispersal). Furthermore, it would be interesting to examine
a broader range of target compounds and/or chemical diversity be-
cause shifts in chemical composition could alter the efficacy of plant
chemistry in species interactions, as seen in other Piper species (Dyer
et al., 2003; Whitehead & Bowers, 2014). Other critical processes,
such as photosynthesis, respiration, and below-ground interactions
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could be considered in future projects. Lastly, we used P. generalense
as a model system, but studying only one plant species yields obvi-
ous limitations in understanding broad patterns. Future projects may
consider including multiple plant species or genera.

Our results contribute to an improved understanding of the ef-
fects of climate change on a Neotropical plant-herbivore system. In
particular, the observed patterns suggest that warming and higher
atmospheric CO, may have complex consequences on the param-
eters that govern ecological systems, such as the relationships be-
tween plant growth and herbivore defense, even when there are
no direct effects on individual system components. Although the
consequences of climate change are global, tropical systems are un-
derrepresented in the climate change literature (Feeley et al., 2017;
Sheldon, 2019), and just 3% (six of 182) of those tropical climate-
change studies discuss species interactions (Sheldon, 2019). Thus,
future studies in the tropics that further explore the complex system-
level responses of warming, increased CO,, and other stressors are
essential to better predict and prepare for a changing climate.
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APPENDIX A
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FIGURE A1 Schematic summarizing measurements taken
from each plant, including (a) growth, (b) chemical defense, and (c)
herbivory.

TABLE A1 Average estimated concentration of total phenolics
(proportion dry weight in gallic acid equivalents) in different leaf
ages of Piper generalense

Leaf age Mean SE N
Mature 0.050 0.003 20
Young 0.069 0.003 20

TABLE A2 Average estimated herbivory (proportion foliar
damage) in different leaf ages of Piper generalense

Leaf age Mean SE N
Mature 0.053 0.011 40
Young 0.010 0.007 40

TABLE A3 Average plant growth (proportional change in height)
of Piper generalense plants across microclimate treatments

Treatment Mean SE N
Control 0.244 0.007 5
co, 0.318 0.005 5
Temperature 0.275 0.004 5
CO,+Temp 0.311 0.003 5

TABLE A4 Average foliar total phenolics (proportion dry weight
in gallic acid equivalents) of Piper generalense between leaf ages and
across microclimate treatments

Treatment Mean SE N
Mature leaves
Control 0.049 0.005 5
co, 0.053 0.007 5
Temperature 0.046 0.007 5
CO,+Temp 0.051 0.003 5
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TABLE A4 (continued)

Treatment Mean SE N

Young leaves

Control 0.067 0.006 5
co, 0.076 0.009 5
Temperature 0.065 0.002 5
CO,+Temp 0.067 0.005 5

TABLE A5 Average foliar herbivory (proportion of leaf removed)
of Piper generalense between leaf ages and across microclimate
treatments

Treatment Mean SE N

Mature leaves

Control 0.035 0.014 10
co, 0.062 0.026 10
Temperature 0.030 0.013 10
CO,+Temp 0.084 0.031 10
Young leaves
Control 0.013 0.008 10
co, 0.003 0.002 10
Temperature 0.001 0.001 10
CO,+Temp 0.025 0.025 10

TABLE A6 Model outputs for individual beta-regressions

to determine whether elevated temperature and/or CO,
concentration altered the relationship between plant growth and
defense in Piper generalense. Models were separated by leaf age and
microclimate treatment. Asterisks indicate statistical significance

Treatment Estimate SE Z-score p-value
Mature leaves
Control -0.22 0.51 0.44 .66
co, -0.50 0.92 -0.54 .50
Temperature 2.02 0.59 3.44 <.001***
CO,+Temp 0.00 0.33 0.00 .99
Young leaves
Control 0.13 0.41 0.33 .75
co, -0.96 0.79 -1.22 .22
Temperature 0.48 0.13 3.60 <.001***
CO,+Temp 0.86 0.17 5.18 <.001***
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