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Abstract

Trade-offs are crucial for species divergence and reproductive isolation. Trade-offs
between investment in growth versus defense against herbivores are implicated in
tropical forest diversity. Empirically exploring the role of growth-defense trade-offs
in closely related species' reproductive isolation can clarify the eco-evolutionary
dynamics through which growth-defense trade-offs contribute to diversity. Costus
villosissimus and C. allenii are recently diverged, interfertile, and partially sympatric ne-
otropical understory plant species primarily isolated by divergent habitat adaptation.
This divergent adaptation involves differences in growth rate, which may constrain
investment in defense. Here, we investigate growth-defense trade-offs and how
they relate to the divergent habitat adaptation that isolates these species. We char-
acterize leaf toughness and chemistry, evaluate the feeding preferences of primary
beetle herbivores in controlled trials and field-based experiments, and investigate
natural herbivory patterns. We find clear trade-offs between growth and defense:
slower-growing C. allenii has tougher leaves and higher defensive chemical concentra-
tions than faster-growing C. villosissimus. Costus villosissimus has rapid growth-based
drought avoidance, enabling growth in drier habitats with few specialist herbivores.
Therefore, growth-defense trade-offs mediate synergistic biotic and abiotic selec-
tion, causing the divergent habitat adaptation that prevents most interspecific mating
between C. villosissimus and C. allenii. Our findings advance understanding of ecologi-
cal speciation by highlighting the interplay of biotic and abiotic selection that dictates
the outcome of trade-offs.

KEYWORDS
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Resumen

Los compromisos son cruciales para la divergencia de especies y el aislamiento re-
productivo. El compromiso entre crecimiento y defensa contra los herbivoros juega
un papel central en la diversidad de los bosques tropicales. Explorar empiricamente
el papel de las compromisos entre crecimiento y defensa en el aislamiento reproduc-
tivo de especies recientemente divergentes puede aclarar la dindmica ecoevolutiva a
través de la cual los compromisos entre crecimiento y defensa contribuyen a la diver-
sidad. Costus villosissimus y C.allenii son dos especies de plantas de sotobosque neo-
tropical que divergieron recientemente, son interfértiles y parcialmente simpatricas,
aisladas principalmente por adaptacién a habitates divergentes. Esta adaptacién di-
vergente implica diferencias en la tasa de crecimiento, lo que puede limitar la inversién
en defensas. Aqui investigamos las compensaciones entre crecimiento y defensa y
cémo se relacionan con la adaptacion divergente del habitat que aisla a estas especies.
Caracterizamos la dureza y la quimica de las hojas, evaluamos las preferencias alimen-
ticia de los escarabajos herbivoros en ensayos controlados y experimentos de campo,
e investigamos los patrones de herbivoria natural. Encontramos compromisos entre
crecimiento y defensa: C. allenii, es de crecimiento lento, tiene hojas mas duras y con-
centraciones de defensas quimicas mas altas que en C.villosissimus, que presenta un
crecimiento rapido. Costus villosissimus evita la sequia usando una estrategia basada
en crecimiento rapido que permite el crecimiento en habitats mas secos y con pocos
herbivoros especializados. Por lo tanto, las compromisos entre crecimiento y defensa
median presiones de seleccion bidticas y abidticas sinérgicas que causan la adaptacion
divergente del habitat que previene la mayoria de entrecruzamientos interespecificos
entre C.villosissimus y C.allenii. Nuestros hallazgos avanzan en la comprensién de la
especiacion ecolégica al resaltar la interaccion de la seleccion biética y abidtica que

dicta el resultado de las compromisos.

Growth-defense trade-offs are thought to promote the remark-

Trade-offs in resource allocation and life history shape and con-
strain the phenotypes of organisms and can influence species
formation and maintenance (Antonovics, 1976). Plants face trade-
offs between allocating resources to growth and reproduction
versus structural and chemical defenses against enemies (Coley
et al., 1985; Endara & Coley, 2011; Kursar & Coley, 2003). Plants
that grow quickly are often poorly defended, whereas slow-
growing plants generally make tough, well-defended leaves (Coley
et al., 1985; Herms & Mattson, 1992; Simms & Rausher, 1987).
Pest pressure, resource availability, and phylogenetic constraints
determine a plant species' position along a spectrum of invest-
ment in growth versus defense (Coley et al., 1985; Wink, 2003).
These growth-defense trade-offs have been invoked to help
explain diverse ecological and evolutionary phenomena, such as
species turnover across environmental clines, large and small-
scale patterns of habitat specialization, and ecological specia-
tion (Becerra, 2007; Coley et al., 1985; Endara & Coley, 2011;
Vleminckx et al., 2018).

able diversification of tropical plants, but potential mechanisms
for a role in reproductive isolation remain unclear. Most studies on
growth-defense trade-offs and tropical plant diversity do not ad-
dress how species diverged; instead, they focus on fully diverged spe-
cies that are likely no longer interfertile. For example, co-occurring
tropical plant species, regardless of relatedness, have greater diver-
gence in defense investment than expected for randomly assembled
communities, implicating differences in growth-defense strategies
in species reproductive isolation (Becerra, 2007; Coley et al., 2018;
Daly et al., 2022; Kursar et al., 2009; Salazar et al., 2016; Sedio
et al., 2017; Vleminckx et al., 2018). Several phylogenetic studies of
chemical defenses in tropical genera also find no phylogenetic sig-
nal, reflecting that closely related species are often more different in
chemical defense composition than predicted by phylogenetic relat-
edness alone (Becerra, 1997; Coley et al., 2018; Endara et al., 2017,
Kursar et al., 2009; Salazar et al., 2016). However, these phyloge-
netic studies do not test potential mechanisms through which differ-
ences in growth and defense investment can facilitate reproductive
isolation and speciation.
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Growth-defense trade-offs may promote reproductive isolation
by preventing one species from simultaneously optimizing both a
growth- and a defense-oriented strategy in an environment contain-
ing relatively discrete niches. Discrete niches can cause divergent
adaptation that reduces mating frequency or confers lower hybrid
fitness, contributing to pre- and postzygotic reproductive isolation
(Marquis et al., 2016; Sobel et al., 2010). Plant taxa may initially di-
verge across a geographic gradient to conditions that select more
strongly for either growth or defense, as has been observed in stud-
ies of ecotype formation within species (Fine et al., 2013; Lowry
et al., 2019). This ecotypic divergence may lead to distinct growth-
defense strategies in congeners adapted to different habitats (e.g.
Fine et al.,, 2004, 2006). However, to link ecotypic divergence in
growth-defense strategies to species diversification, we must un-
derstand whether and how growth-defense trade-offs can promote
reproductive isolation. Sympatric, interfertile species provide an op-
portunity to study how growth-defense trade-offs may contribute
to reproductive isolation.

Here, we investigate growth-defense trade-offs in co-occurring,
interfertile, recently diverged species to assess empirically whether
divergent growth-defense trade-offs facilitate reproductive iso-
lation. Our focal species of Neotropical spiral ginger, Costus villo-
sissimus (Maas) and C.allenii (Jacg.), co-occur in parts of Central
America and diverged recently enough that they can still hybridize
in nature (Figure 1a; Chen, 2011; Vargas et al., 2020). In fact, most

American Costus species can form viable hybrid offspring (Kay &

(a) Range map

o C. allenii

o C villosissimus
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Schemske, 2008), and this lack of intrinsic isolation makes prezygotic
barriers critical for young species' maintenance. The prezygotic bar-
rier responsible for the majority isolation between C. villosissimus and
C.allenii is divergent habitat adaptation, as shown in reciprocal trans-
plant studies (Chen, 2011; Chen & Schemske, 2015). Although the
species co-occur in Central America, C.allenii grows in low light, pe-
rennially wet forest understory, whereas C. villosissimus grows along
high light, seasonally dry forest edges (Chen & Schemske, 2015).
Costus villosissimus survives seasonal drought by losing leaves to pre-
vent water loss as the dry season progresses, then rapidly regrowing
at the onset of the wet season (Harencar et al., 2022). Conversely,
C.allenii grows more slowly, given its darker environment. Based on
the theoretical and empirical work on growth-defense tradeoffs
in other plants described above, we predict that the differences in
growth strategies between these species are accompanied by differ-
ences in defense allocation.

We first evaluate whether these focal species exhibit growth-
defense trade-offs, predicting lower defenses in the faster-growing
species. To test this prediction, we characterized differences in
chemical defenses and leaf toughness. We then evaluated the con-
sequences of these defenses for herbivory. We used controlled
feeding trials with the species' primary herbivore to test for herbi-
vore preference. We also evaluated herbivory in experimental and
natural conditions in the wild. We placed potted pairs of both spe-
cies in an intermediate habitat near a third, beetle-occupied species

and quantified herbivory. We also quantified natural herbivory on

(b) Climatic niche PCA
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FIGURE 1 Range map and climate niches of the focal species and close relatives. (a) Costus allenii's range falls entirely within that of
C.villosissimus in Central America. Mapped occurrences of C.allenii are shown in pink, and C. villosissimus in yellow. (b) Costus villosissimus is
generally found in a warmer, drier, and more seasonal climate niche than close relatives, including C. allenii, as shown by principal component
analysis of climate from occurrence data. Principal component axes summarize four climate variables: mean annual temperature, mean
annual precipitation, temperature seasonality, and precipitation seasonality. Climate axis 1 (PC1) explains 45.5% of the data variance while
climate axis 2 (PC2) explains 27.1% of the variance. All climate data were projected and resampled to a 1km? grid cell size, and the realized
niche position of each species was estimated by circumscribing each species' niche relative to all occupied niche space across Neotropical
Costus. Occurrence data and modified mapping and PCA code originate from Vargas et al. (2020); see their publication data repository for

further details on climate data standardization and occurrence data.
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wild plants in their respective habitats. The combination of these
methods allows us to separate the impact of intrinsic plant defenses
versus local habitat on herbivory rates, providing insights into the
eco-evolutionary dynamics governing the impact of growth-de-
fense trade-offs on reproductive isolation.

2 | MATERIALS AND METHODS

2.1 | Studysystem

2.1.1 | Neotropical spiral gingers

Neotropical spiral gingers (Costus L.; Costaceae) are large, peren-
nial understory monocots that rapidly diversified in Central and
South American tropical forests within the last roughly 3million
years (Vargas et al., 2020). Costus villosissimus and C.allenii di-
verged between approximately 0.4 and 1.4 million years ago (Vargas
et al., 2020), and C.allenii's range is entirely within that of C.villo-
sissimus (Figure 1a). They are part of a small clade of four species,
three of which occupy wet, aseasonal niches (Vargas et al., 2020). In
contrast, C. villosissimus occupies a warmer, drier, and more seasonal
niche (Figure 1b). These large-scale patterns translate to local habi-
tat differentiation where the species co-occur (Chen, 2011; Chen &
Schemske, 2015). In central Panama, C.allenii grows in perennially
wet, dark forest understory, whereas C. villosissimus grows in periodi-
cally dry, high-light forest edges (Chen & Schemske, 2015). Divergent
adaptation to these different habitats results in strong reproduc-
tive isolation between these species, as demonstrated by recipro-
cal transplant experiments (Chen, 2011; Chen & Schemske, 2015).
When reciprocally transplanted, C.villosissimus has extremely low
survival in C. allenii habitat, and C. allenii cannot survive in C. villosissi-
mus habitat (Chen & Schemske, 2015). Costus villosissimus is drought-
adapted and takes advantage of its higher light environment with
rapid growth, having 50% faster growth than C.allenii in a growth
chamber common garden (Harencar et al., 2022).

2.1.2 | Specialist herbivores

The young rolled leaves at the shoot tips of Costus and other species
of the order Zingibrales are the preferred habitat and food source of
numerous species of rolled-leaf beetles (Cephaloleia; Chrysomelidae).
These beetles' diet breadth ranges from specialists that feed on a
single species of Zingiberales to generalists that feed on multiple
plant species from the same or multiple families of Zingiberales
(Garcia-Robledo, Kuprewicz, et al., 2013). Rolled-leaf beetles associ-
ated with Costus are Costaceae family specialists (Garcia-Robledo
et al., 2017). Previous studies show that different rolled-leaf beetle
species vary in feeding and oviposition preferences among species
of Costaceae (Garcia-Robledo & Horvitz, 2012). Different rolled-
leaf beetle species show differences in larval survival, adult longev-
ity, fecundity, and fitness when feeding on different species in the

spiral ginger family (Costaceae; Garcia-Robledo & Horvitz, 2011).
However, rolled-leaf beetle feeding has not yet been studied for
C.villosissimus and C.allenii.

The damage caused by rolled-leaf beetles has a characteristic
pattern of roughly 1 mm wide tracks (Figure S1). Beetles eat exten-
sively, and multiple beetles might feed on one plant. Furthermore,
Costus leaves will often fall off after extensive rolled leaf beetle dam-
age (Garcia-Robledo, personal observation). We rarely encountered
signs of damage from other herbivores on C.villosissimus and C.al-
lenii, whereas rolled-leaf beetle damage was common and extensive
in some areas. This suggests that the primary form of selection via
herbivory is through the strong and relatively constant effects of
specialist rolled-leaf beetles.

To identify the species of rolled-leaf beetles attacking C. villo-
sissimus and C. allenii, we collected beetles from both species and
several additional species of Costus in central Panama. Cryptic
species complexes are common in Cephaloleia rolled-leaf bee-
tles (Garcia-Robledo, Kuprewicz, et al., 2013). For this reason, in
addition to morphological identifications, we used the DNA bar-
code Cytochrome c oxidase subunit | (COI) to identify potential
cryptic species (Hebert et al., 2004). We collected nine beetles in
95% (v/v) ET-OH. We followed the protocols described by Garcia-
Robledo, Erickson, et al. (2013) and Garcia-Robledo, Kuprewicz,
et al. (2013), removing one leg for DNA extraction and species de-
limitation. We compared DNA sequences with the Cephaloleia DNA
barcode library (published in GenBank, accession nos. KU357054-
KU358485). All DNA sequences are in GenBank (accession num-
bers PP85181-PP851824). Beetle collections are deposited in the
Biodiversity Research Collections of the Department of Ecology
and Evolutionary Biology, University of Connecticut. We collected
two species of Cephaloleia, but one was a rare, small, uniden-
tified species. We focused our beetle experiments on the other
species, Cephaloleia dorsalis, which was very abundant. Although
Cephaloleia includes cryptic species, at our study site C.dorsalis
represents a single, easily identifiable species that feeds on both
C.villosissimus and C. allenii.

2.1.3 | Study sites

All fieldwork was conducted in a region of sympatry in the Colén
Province of Central Panama. Wild plants of each species from which
we collected herbivory, toughness, and chemistry data were lo-
cated at two sites: along Pipeline Road in Soberania National Park
(about 10km northeast of Gamboa) and on the Barro Colorado
Island Nature Monument. Both species occur at both sites, segre-
gated by microhabitat as described above. We assessed rolled-leaf
beetle damage on both species in 2019, a dry year, and again in
2022, a wet year. In the dry season (Dec-Apr) preceding sampling,
Gamboa received 4 mm of precipitation in 2019 and 137 mm in 2022
(the sum for both years does not include 12/05-12/13 due to miss-
ing data; Panama Canal Authority). Similarly, during the dry season
preceding sampling on Barro Colorado Island, there was 173 mm
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of precipitation in 2019 and 634 mm over the same period in 2022
(Physical Monitoring Program of the Smithsonian Tropical Research
Institute). We collected beetles for beetle feeding trials in both 2019
and 2022 from creeks transecting Pipeline Road.

2.2 | Areleaf structural defenses lower for the
fast-growing species?

We measured leaf toughness as a proxy for structural defense. We
measured leaf toughness on mature leaves of 18 C.allenii and 20
C.villosissimus in the field, and on rolled or barely unrolled young
leaves of 8 C.allenii and 9 C.villosissimus grown in greenhouses at
the University of California, Santa Cruz. We measured toughness
with a Medio-Line 40,300, 300g max penetrometer (Pesola AG,
Switzerland), which measures the force (g) required to puncture
a 1mm diameter hole in the leaf. For plants in the field, we meas-
ured the fourth leaf from the top of the stem, or the third leaf if the
fourth was missing or too damaged for measurements. To ensure
the pattern observed in mature leaves of wild plants was the same
for young leaves, we measured toughness on leaves that were either
still rolled or just barely unrolled, representing the age of leaf most
commonly attacked by rolled leaf beetles. We placed each leaf be-
tween two sheets of plexiglass with a 5mm hole through both and
centered the penetrometer rod in the hole, maintaining the leaf at a
constant tension. We took the average of toughness measures col-
lected at three points transecting the middle of the leaf: one ca. 1cm
from the leaf edge, one ca. 1cm from the midrib, and one centered
between the other two points.

To determine whether leaf toughness differs between C.allenii
and C.villosissimus, we first assessed normality for toughness values
of each species separately with normal Q-Q plots and Shapiro-Wilk
normality tests, finding that the data for mature leaves of both spe-
cies best fit a lognormal distribution. We conducted an unpaired
Welch's two-sample t-test on log-transformed data. Since the log-
transformed data still did not perfectly fit a normal distribution, we
additionally ran a nonparametric Wilcoxon rank-sum test on un-
transformed data to validate the t-test results. Both the parametric
and nonparametric tests had the same significance level, so we only
report the t-test results here. For young leaf toughness, we had very
low sample sizes and thus ran a nonparametric Wilcoxon rank-sum
test on untransformed data. We used R v4.2.0 for all analyses (R
Core Team, 2022).

2.3 | Does chemical investment differ between the
slow- and fast-growing species?

To assess potential differences in leaf chemical investment be-
tween C.allenii and C.villosissimus, we investigated three chemi-
cal compound classes with high concentrations across the Costus
genus: steroidal saponins (aka steroidal glycosides), phenolics, and
flavonoids (Graham & Farnsworth, 2010). Steroidal saponins and

Ecology and Evolution 50f 14
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phenolics are mainly quantitative defense chemicals, meaning that
their deterrence of herbivores increases with increasing chemical
compound concentrations. Steroidal saponins are relatively un-
common and found chiefly in monocots. They exhibit various bio-
logical activities and play essential roles in plant defense (Hussain
et al., 2019; Osbourn et al., 1998). Phenolics are common general-
ist defense chemicals that reduce plant palatability across various
herbivores (Levin, 1971, p. 197; Rehman et al., 2012). Flavonoids
are a subclass of phenolics that play a major role in protection
from abiotic stressors, including UV radiation, temperature, and
water stress (Agati et al., 2020; Di Ferdinando et al., 2012). We
analyzed the total investment in these three compound classes
for both species to understand potential differences in resource
allocation to chemical defenses between our focal species. We
also quantified the oxidative capacity of extractable metabolites,
a proxy for the functional capacity of defensive metabolites. We
collected one young and one mature leaf from seven individuals
of each species along Pipeline Road in Soberania National Park
in Gamboa, Panama, wiped them clean (including removal of any
epiphytes), and dried the tissue in silica gel. Unfortunately, we did
not have sufficient dry mass from these collections to analyze
young and mature leaves independently, and we combined young
and mature leaf tissue for chemical analysis. We believe this still
represents the relative difference in defensive chemistry between
species and encompasses what is experienced by beetles given
that beetles do occasionally feed on mature leaves.

We assessed foliar steroidal saponin content after preliminary
results using HPLC-DAD and derivatized GC-MS analysis revealed
the presence of steroidal saponins in both Costus species. Most no-
tably, both taxa show relatively high concentrations of dioscin and
its aglycone diosgenin. Therefore, we estimated the foliar saponin
content in our samples using a modification of the vanillin-sulfuric
acid method (Le et al., 2018). Here, 35mg of each sample was ex-
tracted with 1.5mL of 100% ethanol (dried with a molecular sieve) in
a bead mill for 6min at 6 m/s using three ceramic beads. We centri-
fuged samples for 5min at 31,000 g and combined a 100 pL superna-
tant aliquot with 100 uL of 8% vanillin (in 100% dry ethanol; source:
Tokio Chemical Company, JP.) and 200 uL of 72% sulfuric acid. After
mixing the reaction, we incubated it in a drybath for 10 min at 60°C.
We then quenched the reaction in ice for 10min and transferred it
to glass cuvettes to be measured in a spectrophotometer at 455nm
(Thermo Scientific Genesis 30). We calculated equivalents of dioscin
(mg/g) using a 7-point dioscin calibration curve (1.00, 0.50, 0.25,
0.125, 0.0625, 0.031, 0.0156 mg/mL; Source: Apexbio Technology
LLC, USA).

To estimate the foliar phenolic content of our two focal species,
we used a modified version of the Folin-Ciocalteu spectrophoto-
metric method (Ainsworth & Gillespie, 2007). This approach quan-
tifies the extractable phenolic compounds in terms of the gallic acid
equivalents (GAE) in milligrams per gram of dry leaf material. We
extracted 25mg of freeze-dried foliar tissue for each sample with
1.25mL of 70% methanol for 15min in a bead mill using three ce-
ramic beads (speed: 6m/s). We centrifuged extracts for 5min at
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21,000rpm, then added aliquots of 20puL of supernatant to 200puL
of 10% v/v Folin-Ciocalteu reagent (source: Sigma Aldrich Fine
Chemicals, USA) and 1.25mL of sodium carbonate (0.35M). We vor-
texed samples for 1 min and incubated them in a dry bath for 15 min
at 35°C. We then transferred samples to microcuvettes to measure
absorbance at 765 nm. We conducted three analytical replicates for
each sample and averaged the values to give the final value of each
sample. We used gallic acid as a positive control and 70% methanol
as a negative control. Data were transformed to mg/g using a 7-point
gallic acid calibration curve (0.25, 0.125, 0.062, 0.0312, 0.0156,
0.0078, 0.0039 mg/mL; source: Sigma Aldrich Fine Chemicals, USA).
Because extractable flavonoids will also react positively to the
Folin-Ciocalteu reagent, our foliar phenolic estimate will include
foliar flavonoid content. Thus, to approximate relative differences
between the two speices in the non-flavonoid phenolic content, we
subtracted our flavonoid content estimations from the final phenolic
estimation.

To estimate flavonoid foliar content, we modified the aluminum
complex spectrophotometric method. Initially proposed by Christ
and Miller (1960), this approach relies on forming a complex be-
tween the aluminum ion and the carbonyl and hydroxyl groups of
the flavonoid. Like the phenolic quantification, this approach esti-
mates flavonoid content with standard equivalent units; here, we
report flavonoid content as quercetin equivalent units in mg/g. We
used 100pL aliquots of the previous extraction (phenolics) for our
samples. Each aliquot was combined with 1 mL of aluminum chloride
(1% m/v), vortexed for 5min, and incubated in a drybath for 15 min at
35°C. We then transferred samples to microcuvettes to measure ab-
sorbance at 415nm. All samples had three analytical replicates that
we averaged to yield sample values. We used quercetin as a positive
control and 70% methanol as a negative control. Data were trans-
formed to mg/g using a 7-point quercetin calibration curve (0.25,
0.125,0.062,0.0312,0.0156, 0.0078, and 0.0039 mg/mL).

We also used a 100pL aliquot of the leaf tissue extractions to
quantify the oxidative capacity of the metabolites extracted with a
modified version of the 2,2-diphenyl-1-picrylhydrazylradical (DPPH)
radical scavenging activity (Blois, 1958). We combined aliquots with
500pL of methanol and 500uL of DPPH (0.195mg/mL; Source:
Sigma Aldrich Fine Chemicals, USA). We incubated samples in the
dark at room temperature for 60min. Samples were then transferred
to microcuvettes and measured at 515 nm. All samples had three an-
alytical replicates. We used ascorbic acid in methanol as a positive
control and 100% methanol as a negative control. We transformed
data to mg/g of ascorbic acid equivalents using a 7-point curve (1.00,
0.50, 0.25, 0.125, 0.0625, 0.031, and 0.0156 mg/mL). While the re-
lationship of oxidative capacity to insect herbivore deterrence has
not been studied for Costus and rolled-leaf beetles, the oxidative
capacity of specialized metabolites has been shown to indicate in-
sect herbivore deterrence in other systems (Appel, 1993; Bhonwong
et al., 2009; Salminen & Karonen, 2011). The most cited mechanism
for these negative effects on herbivores is the damage caused to gut
membranes by the oxidation byproducts of phenolics at high pH,
which is likely to impact rolled-leaf beetles.

We compared oxidative capacity and chemical concentrations
for each compound class between species. We assessed normal-
ity within species for oxidative capacity and each chemical com-
pound class and found that the data were approximately normal.
We conducted Welch's two-sample t-tests to compare the oxidative
capacity and compound concentrations between species for each
compound class (steroidal saponins, flavonoids, and non-flavonoid
phenolics). We used a false discovery rate p-value adjustment for

multiple tests (Benjamini & Hochberg, 1995).

2.4 | Do beetles prefer the fast-growing species in
controlled feeding trials?

We conducted feeding trials in a controlled environment to under-
stand beetle feeding preferences independent of the environment.
In June 2019 and again in May and June 2022, we collected wild
rolled-leaf beetles (Cephaloleia dorsalis) from various species of
Costus growing along creeks in the areas surrounding Pipeline Road.
To ensure trial beetles were not biased towards one of our focal spe-
cies, we did not collect beetles from either C.villosissimus or C. allenii
and recorded the source plant species for inclusion as a random vari-
able in our model. We transported beetles and conducted feeding
trials following the methods of Garcia-Robledo and Horvitz (2012).
We placed beetles in plastic ramekins with wet paper (201b white
bond) lining the bottom and small holes in the lids. Beetles did not
have access to leaves for 12h before the feeding trials. We placed
beetles in ramekins with one 1.5cm? leaf square each of C.villosis-
simus and C.allenii. After 12h, we quantified the leaf area eaten of
each species. We released beetles after each feeding trial, so each
trial involved a fresh beetle. We conducted 13 successful feeding
choice trials in 2019 and 27 in 2022. A successful trial was one in
which the beetle ate anything; a trial was considered unsuccessful
and removed if the beetle did not eat from either leaf square. To
quantify herbivory, we laid a transparency printed with an mm? grid
over the leaf squares and counted mm? of herbivore damage.

To evaluate the outcome of beetle feeding choice trials, we first
standardized for individual beetle behavioral differences by sub-
tracting the amount eaten of C.allenii from the amount eaten of
C.villosissimus and dividing by the total amount eaten by the beetle.
This calculation created a “preference” value ranging from -1 to 1,
where negative values indicate a preference for C.allenii, positive
values indicate a preference for C.villosissimus, and O indicates no
preference. We then transformed these data to fit a beta distribu-
tion of values ranging from O to 1:

transformed preference =(preference - minimum)/(maximum -
minimum)=(preference +1)/2

The response variable data in a beta regression in R cannot in-
clude zeros or ones, so we added and subtracted 0.00001 to zeros
and ones, respectively. This data modification is a conservative ap-
proach, as it makes the extreme values (0 or 1) less extreme. We
performed a beta regression, with the transformed preference value
as the response and trial date as a random effect. When we included
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beetle source plant species as a random variable, it did not describe
any variability in the data or qualitatively change the results, so we

removed it from the analysis.

2.5 | Do beetles prefer the fast-growing species in
a natural environment with abundant beetles?

Beetle behavior in controlled feeding trials may not translate to
natural environments where beetles experience complex ecologi-
cal interactions and must expend energy and risk predation to fly
between plants. To conduct feeding preference trials in the wild, we
exposed greenhouse-grown plants to a high beetle abundance natu-
ral habitat. We selected sites in a region where both focal species
occur by finding beetle-occupied individuals of a third Costus spe-
cies, C.scaber along a stream. Costus scaber is common in streamside
habitat and is frequently colonized by rolled-leaf beetles. In 2022,
we placed potted pairs of C.allenii and C.villosissimus about a meter
from one another and a meter from a wild C. scaber exhibiting rolled-
leaf beetle damage. We paired plants to maximize similarity in size
and number of stems, which corresponds to the number of young
leaves on which beetles feed, with plants never differing by more
than one stem. We recorded the presence or absence of rolled-leaf
beetle herbivory once a week and removed pairs that had experi-
enced herbivory after 3weeks to quantify herbivore damage. We
replaced the removed pairs with new plant pairs and either moved or
replaced pairs that did not experience any herbivory during their first
3weeks in the field. We conducted three pair placement and evalu-
ation rounds, with 11 pairs in the field per round. We moved (rather
than replacing) two pairs between the first and second rounds and
one (different) pair between the second and third rounds.

We used rolled-leaf beetle herbivory presence/absence after
3weeks to evaluate potential beetle preference for either species
when presented with both in favorable habitat. First, we evaluated
the impact of the specific locations where we placed potted pairs by
fitting a binomial regression model with species as a fixed effect and
local microsite as a random effect. Microsite, the locations where
pairs of pots were placed, explained zero variability in the data, so
we conducted a Pearson's Chi-squared test with Yates' continuity
correction.

We estimated the amount of rolled-leaf beetle damage using
the same method as feeding trials (overlaying an mm? transparency
grid and counting squares with herbivory). However, we could not
obtain precise values for all plants due to post-herbivory damage
on some leaves (e.g., tearing and rotting). We analyzed data from
the subset of plants from which we could get reasonable estimates.
We fit a generalized linear mixed model with log-transformed area
of herbivore damage as the response, species as a fixed effect, and
microsite as a random effect. We compared this to a model with no
random effects with AIC values and a log-likelihood ratio test, which
both supported the simpler model. Therefore, we assessed whether
herbivory varied between species with a paired Welch's two-sample
t-test. The difference in herbivory between species in each pair was
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not normal, but nonparametric Wilcoxon rank-sum test results did

not differ from the t-test, so we report only t-test results here.

2.6 | Does the fast-growing species experience
more or less herbivory in its natural habitat?

The differences in abiotic conditions between C.allenii and C. villosis-
simus habitat may impact the prevalence of rolled leaf beetles. To
assess whether herbivory in the field was greater for faster-growing
C.villosissimus, we compared the presence and quantity of rolled-
leaf beetle herbivory between species in May and June for a dry
(2019) and wet (2022) year. In 2019, we surveyed 52 C.allenii and
41 C.villosissimus for the characteristic patterns of rolled-leaf beetle
herbivory (Figure S1). In 2022, we surveyed another 97 C.allenii and
61 C.villosissimus for rolled-leaf beetle herbivory.

In addition to recording the presence/absence of herbivory, we
calculated the percent leaf area damaged by Costus specialist herbi-
vores for a random subset of 10 individuals per species per year. We
calculated the average leaf herbivory percentage from each stem's
top four leaves. To measure leaf and herbivory area, we used ImageJ
on photos of the leaves against a white background with a scale bar
(ImageJ v1.53; Rasband, 1997; Schneider et al., 2012).

We used a binomial regression to assess whether species or year
were significant predictors of rolled-leaf beetle herbivory presence/
absence. We evaluated the overall model fit and tested for under- or
overdispersion of our model with the “DHARMa” package in R, find-
ing none (Hartig & Lohse, 2022).

The average percent herbivory data were not normally distrib-
uted, so we evaluated whether species or year were significant pre-
dictors of herbivory with two nonparametric Wilcoxon rank-sum
tests, one testing for differences between years and the other be-

tween species.

3 | RESULTS

3.1 | Leaf structural and chemical defenses are
lower in the faster-growing species

The slower-growing, wet, shade-adapted species, C.allenii, invests
more in toughness and specialized chemical compounds that con-
tribute to defense in other systems (hereafter called “defense-
associated chemicals”; see below) than the faster-growing,
seasonally dry forest edge-adapted species, C.villosissimus. Mature
leaf toughness was about 31% greater on average for C.allenii than
C.villosissimus (averages: C.allenii=139g, C.villosissimus=106g;
t(33.24)=3.624, p<.001), and this difference was even more pro-
nounced in young leaves. Young C.allenii leaves were about 56%
tougher on average than C.villosissimus leaves (averages: C.alle-
nii=127g, C.villosissimus=71g; W=71.5, p<.001). This aligns with
previous findings of C.allenii having thicker (greater leaf mass per
area) leaves (Harencar et al., 2022).
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The overall chemical composition of C.villosissimus and C. allenii is
similar. Still, they differ greatly in resource investment across the pri-
mary defense-associated chemical compound classes (non-flavonoid
phenolics and steroidal saponins). On average, C.allenii has about
274% higher concentrations of non-flavonoid phenolics (Figure 2a;
t(6.471)=5.025, adjusted p=.003), about 59% higher concentrations
of steroidal saponins (Figure 2c; t(11.886)=5.594, adjusted p=.0005),
and about 17% higher oxidative capacity (Figure 2b; t(6.869)=4.595,
adjusted p=.003). The faster-growing species, C.villosissimus, has
greater investment in flavonoids. Although this diverse group of spe-
cialized metabolites can both deter and attract herbivores (Mierziak
et al., 2014; Rosenthal & Berenbaum, 2012), they are better known
for their potential role in the tolerance of abiotic stressors such as
UV radiation and water stress (Agati et al., 2020; Di Ferdinando
et al., 2012). Costus villosissimus has about 27% higher concen-
trations of flavonoids than C.allenii (Figure S2; t(7.708)=-3.966,
adjusted p=.004). This result is in keeping with previous findings
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showing that C.villosissimus grows in forest edge habitat with higher
light availability (mean light availability as % photosynthetically
active radiation [PAR] of full sun for each habitat with 95% CI:
C.villosissimus=26.1%+4.9%, C.allenii=11.3%+5.9%; Chen &
Schemske, 2015), and periodic drought, necessitating drought ad-
aptation (Harencar et al., 2022). In summary, slow-growing C. allenii
invests more in defense-associated chemicals, whereas fast-growing,
drought-adapted C.villosissimus invests in chemical compounds that,
in addition to potentially signaling or deterring herbivores, are likely
to help the plant overcome abiotic stresses.

3.2 | Beetles prefer the faster-growing, less
well-defended species in controlled feeding trials

Beetles preferred C.villosissimus over C.allenii in controlled feeding
choice trials. After controlling for date and differences in individual
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FIGURE 2 Leaf chemistry differences between C.allenii and C.villosissimus, and beetle preferences from controlled feeding trials.

(a) Non-flavonoid phenolics are common generalist defense chemicals. Units=GAEs in mg/g of dry leaf material. (b) Oxidative capacity
represents the direct negative impact of non-flavonoid phenolics on insects. Units=ascorbic acid equivalents in mg/g of dry leaf material.
(c) Steroidal saponins include potent defense chemicals primarily found in monocots. Units=diocin equivalents in mg/g of dry leaf material.
(d) Beetle preference from controlled feeding choice trials conducted in 2019 and 2022. Preference equals the difference between the
amount eaten of 1.5cm? leaf squares of C.allenii and C.villosissimus divided by the total amount eaten by the beetle. Yellow dots above O
indicate preference for C.villosissimus, and pink dots below O indicate preference for C.allenii. The gray-shaded violin plot displays the kernel
probability density, i.e. the width represents the proportion of data at that y value.
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beetle behavior by calculating a standardized individual preference
value for each beetle, we found that on average, individual beetles
ate more C.villosissimus than C.allenii (average preference=0.155,
on a scale from -1 to +1, where a positive value indicated prefer-
ence for C.villosissimus; Figure 2d; f+SE=-1.268+0.510, p=.013).

3.3 | Both species are attacked at similar
rates when placed in a natural environment with
abundant beetles

In contrast to the slight preference for C.villosissimus in controlled
feeding trials, potted individuals of C. allenii and C. villosissimus placed
in habitat with high beetle prevalence experienced similar frequency
and amount of rolled-leaf beetle damage. The Chi-squared test on
frequency (presence/absence) of herbivory did not show a signifi-
cant difference, with a total of two C.allenii and six C.villosissimus
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out of 26 not experiencing herbivory (y2=1.330, p=.249). The es-
timated area of herbivory also did not differ significantly between
species (Figure 3c; t(23)=0.778, p=.445).

3.4 | There is less natural herbivory on the
faster-growing, less well-defended species in its drier,
higher-light habitat

Again contrasting with controlled feeding trials and predictions
based on differences in defense, the faster-growing, less well-
defended C. villosissimus has less natural herbivory. Both presence/
absence and percent herbivory data demonstrate that C.allenii
experiences more rolled-leaf beetle herbivory in the wild than
C.villosissimus. In the presence/absence surveys, none of the C.vil-
losissimus we visited had rolled-leaf beetle damage in 2019, and
few did in 2022, whereas most of the C.allenii did in both years

Natural herbivory

754

504

25+

p<<0.001

Species

I c. atienii

C. villosissimus

2019 2022

Typical C. allenii habitat: Perennially wet understory

FIGURE 3 Patterns of rolled-leaf beetle herbivory on C.allenii and C.villosissimus in (a) the experimental potted plants in beetle-
occupied habitat, and (b) in the wild, and (c) photographs of each species in representative habitat. (a) Estimated total amount of rolled-
leaf beetle damage on potted individuals of C.allenii and C.villosissimus set out beetle-favorable, intermediate habitat: one individual of
each species placed a meter from each other, and a meter from wild C.scaber occupied by at least one rolled-leaf beetle. Box plots display
median herbivory (black line) per species, interquartile range (box), and 1.5x interquartile range (whiskers). (b) Percentage of C. allenii

and C.villosissimus individuals with rolled-leaf beetle herbivore damage based on data from field surveys conducted in 2019 and 2022 in
central Panama. (c) Photos of wild C.villosissimus (left) and C. allenii (right) in typical habitat; drier, higher light, and more open habitat for
C.villosissimus, and wetter, lower light, and closed canopy habitat for C. allenii.
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(Figure 3a; p=-4.809, SE=0.541, z=-8.890, p<.001). In the wet-
ter year of 2022, while we still saw far more C. allenii with damage,
rolled-leaf beetle herbivory was more prevalent for both species
(Figure 3a; =2.2435,SE=0.493,z=4.550, p <.001). Furthermore,
the herbivory documented on C.villosissimus in 2022 was only
found in the wetter microsites along Pipeline Road and never on
plants along the roads further south where conditions are more
open and drier.

Average percent herbivory across the subset of 10 individuals
per species per year showed similar patterns. Average percent her-
bivory was 2.54% for C.allenii and 0% for C.villosissimus in 2019, and
3.06% for C.allenii and 0.19% for C.villosissimus in 2022. Percent
herbivory of C.allenii was about 30 times greater than C. villosissimus
(W=372, p<.001). Plants experienced about 28% more herbivory
in the wet year, but the difference between years was less apparent
than in presence/absence data (W=165, p=.3185), potentially due
to the low sample size and high variability (Figure S3).

4 | DISCUSSION

Growth-defense trade-offs play a role in the habitat isolation of
two closely related Neotropical spiral gingers. Rapid growth in
C.villosissimus trades-off with lower investment in leaf toughness
and defense-associated chemicals compared to C.allenii. Costus al-
lenii invests in tougher leaves and higher concentrations of defense-
associated chemicals but grows more slowly (Figure 2). Differences
in growth rate between the species align with differences in the
abiotic habitat, where C.villosissimus' rapid wet season growth is
part of its seasonal drought adaptation and is supported by higher
light availability (Harencar et al., 2022). The abiotic habitat differ-
ences also influence the biotic environment, with drier conditions
reducing the prevalence of specialist beetle herbivores in C. villosis-
simus habitat.

Habitat differences rather than the differences in leaf defensive
traits govern patterns of wild rolled-leaf beetle herbivory between
C.allenii and C.villosissimus. Costus villosissimus has lower investment
in defense and is readily colonized and eaten by rolled-leaf beetles
in environments with prevalent beetles. In controlled choice trials,
C.villosissimus experienced more herbivory than C.allenii (Figure 2d).
However, both species experienced similar amounts of herbivory
when placed together in wet, beetle-occupied microsites. The lack
of preference in these field-based experiments could be due to low
sample size relative to preference variability, but the results still
suggest that environmental factors are important to beetle feed-
ing behavior (Figure 3). The importance of environment becomes
even more evident when looking at natural patterns of herbivory.
Costus villosissimus rarely experiences rolled-leaf beetle herbivory
in its higher light, lower moisture habitat (Figure 3). Furthermore,
we observed no rolled-leaf beetle damage on C.villosissimus after a
pronounced dry season and greater frequency of damage on both
species after a wetter dry season (Figure 3). The few C. villosissimus
that experienced herbivory in the wetter year were those growing

in wetter microsites (sites closer to the wetter, northern end of
Pipeline road; JGH, personal observation). These results suggest
that beetle herbivore pressure is lower in drier, more open C.villo-
sissimus habitat.

Previous research supports our findings that drier habitat re-
duces herbivore pressure; rolled-leaf beetles, and other beetles in
the Cassidinae, do poorly or cannot survive without high humid-
ity and moisture (Auerbach & Strong, 1981; Linzmeier & Ribeiro-
Costa, 2013; McCoy, 1984; Santos & Benitez-Malvido, 2012;
Seifert, 1982; Strong, 1977a, 1977b). For example, where the
dry season is long and severe in the Pacific North of Costa Rica,
the rolled leaves of Heliconia latispatha are not occupied by any
of the rolled-leaf beetles (including species of Cephaloleia) that
frequently eat the same species in wetter parts of Costa Rica
(Strong, 1977a). In addition to dry environments harboring fewer
rolled-leaf beetles, low moisture can negatively impact feeding
in Cephaloleia, likely reducing the amount of rolled-leaf beetle
herbivory in dry microsites (Auerbach & Strong, 1981). Another
example of adaptation to drier habitat enabling escape from herbi-
vores comes from a neotropical shrub, Clidemia hirta. Clidemia hirta
survival in forest understory is increased 12% by spraying with
insecticide, but the treatment has no effect on survival in open
sites, indicating escape from insect herbivores in the open sites
(DeWalt et al., 2004). These findings align with our own results
showing lower herbivory on C.villosissimus in its relatively drier,
more open habitat.

We did not see greater herbivory on the species with lower de-
fense investment, C.villosissimus, even in high herbivore pressure
habitat in our field-based experiment (Figure 3). This contrasts
with the classic predictions put forth by Coley et al. (1985) in their
original description of growth-defense trade-offs, and with the
patterns of greater herbivory on the species with lower defense
investment typically seen in tropical plants (Fine et al., 2006;
Kursar & Coley, 2003). Lower wild herbivory on C.villosissimus
in the field choice experiment also contrasts with the pattern of
slightly greater beetle preference for C. villosissimus (although bee-
tles often ate some of each species) observed in our controlled
feeding choice trials. These contrasting results may be due to dif-
ferences in the environment of each experimental setup: in con-
trolled feeding choice trials, beetles have both species available in
an area smaller than the size of a typical Costus leaf. In contrast,
the potted plants in the field were spaced a meter apart. The lack
of strong beetle preference in the field experiment aligns with op-
timal foraging theory (Emlen, 1966; MacArthur & Pianka, 1966),
whereby it may be more energetically efficient to stay on any
palatable plant they encounter than to continue flying between
plants searching for the least well-defended species. This pos-
sibility is further supported by mark-recapture studies showing
that rolled-leaf beetles tend to fly to the closest available host
plant rather than finding the most preferred plant (Johnson, 2004;
Johnson & Horvitz, 2005). In nature, Costus individuals of differ-
ent species are generally dispersed throughout the forest rather
than clustered together. Flying long distances between plants may
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be energetically costly and increase the risk of predation by in-
creasing the time spent outside the protection of rolled leaves.
These potential costs to beetles of moving between plants could
account for the lack of differential herbivory in our field-based ex-
periment, despite differences in the plant species' growth versus
defense investment.

Growth-defense trade-offs prevent plant species from investing
heavily in both defense and growth. Because of this, they promote
differentiation between species adapting to habitats that differ in
selection on growth and defense. Both abiotic and biotic habitat dif-
ferences appear to favor differentiation in growth-defense strategy
between C.allenii and C.villosissimus. Costus villosissimus' adaptation
to high-light, periodically dry environments is unusual in the Costus
genus (Vargas et al., 2020). Furthermore, C.villosissimus' three most
closely related species are shade-adapted, suggesting that it has
undergone a habitat shift relative to the other species in its clade,
adapting to higherlight and seasonal drought (Figure 1b). It has
achieved this adaptation in part through greater investment in flavo-
noids, which are associated with protection from UV radiation and
tolerance of water stress. Critically, C.villosissimus has also evolved
flexible drought deciduousness, in which it limits water loss during
drought through leaf drop, then takes advantage of high light during
the wet season to rapidly regrow (Harencar et al., 2022). Investment
in this rapid growth is favored over investment in herbivore defense
by both the abiotic light and drought conditions, and reduced biotic
herbivore pressure. The reduced herbivore pressure enables C. vil-
losissimus to trade investment in defense for rapid growth without
incurring a high cost for being poorly defended. In this way, abiotic
and biotic selection act synergistically to favor investment in growth
over defense in C.villosissimus and strengthen habitat isolation from
the darker, wetter, higher herbivory C. allenii habitat.

Habitat isolation is the primary reproductive isolating barrier
between C.allenii and C.villosissimus, which are interfertile and
share pollinators (Chen, 2011; Chen & Schemske, 2015). In recip-
rocal transplants, C.allenii mortality in C.villosissimus habitat mainly
occurred during the dry season, suggesting that C.allenii is ex-
cluded from C.villosissimus habitat by a lack of drought adaptation
(Chen & Schemske, 2015; Harencar et al., 2022). On the other hand,
C.villosissimus grows more slowly in C.allenii's darker habitat than
in its lighter home habitat, and its mortality was gradual (Chen &
Schemske, 2015). When growing in darker habitats, plants with
lower pest resistance may fail to produce new leaves fast enough to
compensate for losses to herbivory and have lower survival (Coley
et al., 1985). This mechanism likely contributes to the exclusion of
C.villosissimus from C.allenii habitat, although transplants manipu-
lating herbivore access are necessary to test this hypothesis defin-
itively. In summary, Costus allenii's slower growth is associated with
its lack of drought adaptation, and C.villosissimus' lower defense in-
vestment may contribute to its poor survival in C. allenii's higher bee-
tle abundance habitat. Therefore, local niche adaptation mediated
by growth-defense trade-offs promotes the reproductive isolation
of these recently diverged tropical plants, contributing to tropical
plant diversity.
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5 | CONCLUSIONS

Growth-defense trade-offs are often described as contributing to
the remarkable diversity of tropical plants, but little work has em-
pirically investigated how (Maron et al., 2019; Marquis et al., 2016;
Moreira et al.,, 2015; Salazar & Marquis, 2012; Schemske
et al., 2009). Our empirical findings link previous work on the role
of growth-defense trade-offs in ecotype formation with larger-
scale phylogenetic patterns of species diversity and plant defense
traits. Work on ecotypes shows that growth-defense trade-offs
can drive divergent plant adaptation to habitats varying in herbi-
vore pressure and resource availability (Fine et al.,, 2013; Lowry
et al., 2019). Phylogenetic research finds defense divergence be-
tween co-occurring species and congeners that are likely not inter-
fertile (Becerra, 2007; Coley et al., 2018; Daly et al., 2022; Kursar
et al., 2009; Salazar et al., 2016; Sedio et al., 2017; Vleminckx
et al., 2018). Our study provides an important bridge between
these previous studies by establishing the role of growth-defense
trade-offs in prezygotic reproductive isolation; we find that diver-
gent growth-defense strategies governed by trade-offs contribute
to habitat isolation that is strong enough to maintain isolation be-
tween sympatric close relatives. We describe how eco-evolutionary
dynamics dictate the outcomes of growth-defense trade-offs and
contribute to tropical plant diversification.
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