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Abstract. The biotic interactions hypothesis posits that biotic interactions are more impor-
tant drivers of adaptation closer to the equator, evidenced by “stronger” contemporary interac-
tions (e.g., greater interaction rates) and/or patterns of trait evolution consistent with a history
of stronger interactions. Support for the hypothesis is mixed, but few studies span tropical and
temperate regions while experimentally controlling for evolutionary history. Here, we integrate
field observations and common garden experiments to quantify the relative importance of pol-
lination and herbivory in a pair of tropical-temperate congeneric perennial herbs. Phytolacca
rivinoides and P. americana are pioneer species native to the Neotropics and the eastern United
States, respectively. We compared plant–pollinator and plant–herbivore interactions between
three tropical populations of P. rivinoides from Costa Rica and three temperate populations of
P. americana from its northern range edge in Michigan and Ohio. For some metrics of interac-
tion importance, we also included three subtropical populations of P. americana from its
southern range edge in Florida. This approach confounds species and region but allows us,
uniquely, to measure complementary proxies of interaction importance across a tropical-
temperate range in one system. To test the prediction that lower-latitude plants are more reli-
ant on insect pollinators, we quantified floral display and reward, insect visitation rates, and
self-pollination ability (autogamy). To test the prediction that lower-latitude plants experience
more herbivore pressure, we quantified herbivory rates, herbivore abundance, and leaf palata-
bility. We found evidence supporting the biotic interactions hypothesis for most comparisons
between P. rivinoides and north-temperate P. americana (floral display, insect visitation, auto-
gamy, herbivory, herbivore abundance, and young-leaf palatability). Results for subtropical
P. americana populations, however, were typically not intermediate between P. rivinoides and
north-temperate P. americana, as would be predicted by a linear latitudinal gradient in interac-
tion importance. Subtropical young-leaf palatability was intermediate, but subtropical mature
leaves were the least palatable, and pollination-related traits did not differ between temperate
and subtropical regions. These nonlinear patterns of interaction importance suggest future
work to link interaction importance to climatic or biotic thresholds. In sum, we found that the
biotic interactions hypothesis was more consistently supported at the larger spatial scale of our
study.
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INTRODUCTION

The biotic interactions hypothesis states that biotic

interactions are more important drivers of adaptation in

tropical than temperate regions and contribute to high

tropical biodiversity (Dobzhansky 1950, Fischer 1960,

Pianka 1966, Schemske 2009, Schemske et al. 2009).

Following Schemske (2009), interaction importance is

defined as the proportion of variation in fitness in a pop-

ulation caused by a biotic interaction, so that the abiotic

environment causes increasingly more variation in fit-

ness as latitude increases, and biotic interactions cause

increasingly more variation in fitness as latitude

decreases. Quantifying the relative contribution of all

potential components of the abiotic and biotic environ-

ments to variation in fitness is hardly feasible in even
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one population. Thus, biotic interaction importance is

typically approximated in one of three ways (Schemske

et al. 2009): latitudinal comparisons of interaction

“strength” (e.g., caterpillar predation rate; Roslin et al.

2017), interaction prevalence (e.g., proportion of plants

with endophytic fungi; Arnold and Lutzoni 2007), or

phenotypic traits involved in interactions (e.g., shell

defense of marine mollusks; Palmer 1979). Many plant

mutualisms have been shown to be more prevalent in

tropical communities, such as animal pollination (Regal

1982, Rech et al. 2016), animal seed dispersal (Moles

et al. 2007), ant–plant interactions involving extrafloral

nectaries and domatia (Coley and Aide 1991, Davidson

and McKey 1993), mycorrhizal fungi (Delavaux et al.

2019), and endophytic fungi (Arnold and Lutzoni 2007).

Measuring prevalence of an interaction in a community

is relatively straightforward, but comparisons of interac-

tion strength or traits related to interactions are more

challenging, and thus the approaches and conclusions

have been more controversial (Schemske et al. 2009,

Anstett et al. 2016, Dyer and Forister 2019). In particu-

lar, latitudinal patterns in herbivore pressure, plant

defense, and pollination specialization have been con-

tested, with no clear resolution (Moles et al. 2011a,

Ollerton 2012, Moles 2013, Moles and Ollerton 2016).

Here, we address some of the long-standing limitations

and gaps in previous work on insect pollination and her-

bivory, important plant–animal interactions that are still

poorly understood with respect to latitudinal patterns.

In addition to testing the biotic interactions hypothesis,

studying the causes and consequences of geographic

variation in biotic interactions contributes to our general

understanding of context-dependency of biotic interac-

tions (Thompson 2005, Bronstein 2015, Weber et al.

2017).

Comparisons of latitudinal trends in biotic interaction

importance are generally conducted at one of three

scales, each with advantages and disadvantages: (1)

among populations of a wide-ranging species, (2) among

species of a wide-ranging genus, or (3) across communi-

ties at multiple latitudes that differ in species composi-

tion. Focusing on a wide-ranging species allows for

quantifying detailed metrics of interaction importance,

e.g., by quantifying secondary metabolites with known

defensive function or by measuring herbivory rates in

the field. This approach is commonly used to study

plant–herbivore interactions (Pennings and Silliman

2005, Salgado and Pennings 2005, Anstett et al. 2014,

2015, Baskett and Schemske 2018), but has found mixed

support for the biotic interactions hypothesis (Moles

et al. 2011a). One of its major limitations is that species’

ranges are limited (usually to one biome) relative to the

scale of the biotic interactions hypothesis, and most

studies have focused on the temperate zone, typically

spanning 15° (Anstett et al. 2016). This range may be

problematic because the biotic interactions hypothesis is

a comparison of temperate and tropical communities

(Dobzhansky 1950), and it remains unclear whether

interaction importance should scale linearly with lati-

tude, or change abruptly at climatic thresholds that may

only be captured by large-scale studies (Moles et al.

2007, 2011a, Kozlov et al. 2015a, Anstett et al. 2016,

Baskett and Schemske 2018). For example, a meta-ana-

lysis found that the latitudinal diversity gradient is stron-

ger in studies that cover a wider latitudinal range,

although latitudinal midpoint did not affect the strength

of the gradient (Kinlock et al. 2018). Furthermore,

wide-ranging species are a nonrandom subset of all spe-

cies, and attributes associated with large ranges could

impact biotic interactions and our interpretations of

studies of the biotic interactions hypothesis. For exam-

ple, the biotic interactions hypothesis would predict

more reliance on animal pollinators at lower latitudes,

so selfing rate would be predicted to positively correlate

with latitude in a plant with mixed mating. However,

self-pollination was associated with larger ranges in a

sister species comparison (Grossenbacher et al. 2015),

so a latitudinal pattern in selfing rate in wide-ranging

species could be swamped by selection for a high selfing

rate across the range.

Studies of wide-ranging genera can address some of

the limitations of one-species studies by spanning a

wider geographic range than any one species and includ-

ing species with different range sizes. Their shared evolu-

tionary history allows for comparisons of shared traits

such as secondary metabolites with known defensive

function (Rasmann and Agrawal 2011, Pearse and Hipp

2012, Anstett et al. 2018). However, measuring interac-

tion importance across a genus trades breadth for detail,

as measuring interactions in the field across many spe-

cies is infeasible. This is unfortunate, as traits and eco-

logical interactions in the field contextualize each other;

for example, one might find that different levels of

defense are needed to reduce herbivory to similar levels

in different populations, or that populations with similar

defenses experience very different levels of herbivory.

Quantifying herbivory tolerance would provide further

context to interpreting patterns of herbivory and defense

(Stowe et al. 2000), but studies of latitudinal patterns in

herbivory tolerance are rare and limited to single-species

studies (Wieski and Pennings 2014, Lehndal and �Agren

2015b). Furthermore, using species mean trait values for

within-genus comparisons may obscure signals of latitu-

dinal patterns within species. For example, observed

trends across Asclepias of more toxic, diverse, and indu-

cible cardenolides at low latitudes (Rasmann and Agra-

wal 2011) contrasts with greater herbivore resistance

observed in higher-latitude populations of Asclepias syr-

iaca (Woods et al. 2012). The opposite pattern is seen in

Oenothera, with stronger chemical defenses at higher lat-

itudes across the genus (Anstett et al. 2018), but at lower

latitudes within O. biennis (Anstett et al. 2015). In both

of these systems, the conflicting results at different scales

are complicated by the breadth–depth trade-off, as the

single-species studies used herbivory in common out-

door gardens to quantify resistance and identify
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important defensive traits, while the genus-level studies

compared secondary metabolites that are typically

defensive in the genus, without the context of herbivore

pressure, other defensive traits that could be important

in each species, or herbivory tolerance. Although the

biotic interactions hypothesis does not specify a taxo-

nomic scale, presumably it should apply both within and

across species (Anstett et al. 2016). If discrepancies are

common, further research is needed to discover whether

the causes are methodological or biological.

In contrast to studies within species or genera, com-

munity surveys can span wide geographic scales and

encompass a diversity of abiotic environments and taxo-

nomic groups, so biases of focusing on temperate biomes

and/or wide-ranging taxa can be avoided (Adams et al.

2009, Moles et al. 2011b, Kozlov et al. 2015b, Lim et al.

2015, Moeller et al. 2017). However, community sam-

pling has drawbacks; for example, we lack “common

currencies” of traits to compare plant defenses between

unrelated species (Agrawal and Weber 2015), and species

can arrive at similar outcomes in interactions using

rather different traits (Agrawal and Fishbein 2006).

Recent advances in metabolomics may allow large-scale

community comparisons of chemical defense (Sedio

et al. 2018), though defensive function remains difficult

to demonstrate across many species. Additionally, com-

munities sampled at large geographic scales will have

mostly separate evolutionary histories. For example,

Moles et al. (2011b) compared various putatively defen-

sive traits in ~300 species of herbs, grasses, trees, lichens,

and vines across 85 plant families, with a median of one

species per family. Furthermore, the most diverse terres-

trial communities, wet lowland tropical forests, are often

poorly represented in community-level studies (Olesen

and Jordano 2002, Moles et al. 2011b, Kozlov et al.

2015b). Since the biotic interactions hypothesis is

focused on explaining the astonishingly high biodiversity

of tropical ecosystems, under-sampling these ecosystems

may be missing unique tropical phenomena. Similar to

genus-level studies, collecting detailed interaction data is

infeasible at large geographic and taxonomic scales. For

example, estimating herbivory from leaf litter is a high-

throughput approach to randomly sample forest com-

munities (Adams et al. 2009), but cannot capture com-

plete leaf consumption, which can be a substantial

fraction of herbivory (Lowman 1984, Baskett and

Schemske 2018). While latitudinal patterns in herbivory

and plant defense have been studied using approaches at

multiple scales (Anstett et al. 2016), most latitudinal

comparisons of plant–pollinator interactions thus far

have been at the community level (Rech et al. 2016,

Moeller et al. 2017).

Here, we bridge gaps (in both advantages and limita-

tions) between the detailed single-species studies limited

to smaller latitudinal ranges, and multi-species surveys

that can cover large latitudinal ranges but cannot thor-

oughly quantify multiple, interdependent components of

biotic interaction importance. We combine species- and

genus-level sampling by quantifying species interactions

in depth in tropical and temperate regions, using a pair

of closely related, ecologically similar species. Unlike a

typical genus-level comparison, we focus on only two

species, which confounds species identity and region.

However, limiting our study to a small number of species

allows for great detail, and we quantify several ecological

and evolutionary proxies of the importance of herbivory

and pollination, including rarely measured factors such

as leaf age. Our study spans 32° latitude, comparing the

Neotropical Phytolacca rivinoides (Phytolaccaceae) in

Costa Rica to its congener P. americana at its southern

and northern range edges in the USA. For both her-

bivory and pollination, we pair in situ field studies evalu-

ating interaction strength over multiple seasons with

phenotypic trait measurements in a common garden.

Few studies have examined latitudinal patterns for mul-

tiple biotic interactions in a single system, so this study

allows us to compare results for a mutualistic and an

antagonistic interaction.

According to the biotic interactions hypothesis, we

predict that pollination and herbivory rates will be

greater and that traits will show signatures of stronger

selection by herbivores and pollinators at lower latitudes.

These predictions assume that pollination and herbivory

have fitness consequences related to interaction strength,

and that trait differences between populations are driven

by natural selection. Specifically, we predict that (1)

P. rivinoides has more attractive and rewarding flowers,

receives more visits from insects, and has evolved a

reduced ability to self-pollinate compared to P. ameri-

cana, and (2) that P. rivinoides experiences greater herbi-

vore pressure (higher herbivory rate and greater

herbivore abundance) and has evolved to be better

defended than P. americana. We predict that these vari-

ous measures of interaction importance are intermediate

for P. americana at its subtropical southern range edge

compared to its northern range edge and to P. rivinoides,

assuming that interaction importance decreases with lat-

itude.

METHODS

Study system and sites

Phytolacca rivinoides Kunth & C.D. Bouch�e and

P. americana L. are well-suited for a test of the biotic

interactions hypothesis comparing tropical and temper-

ate regions (Fig. 1). Phytolacca rivinoides is native

throughout the Neotropics, from 16° S to 20°N (Murray

1988), and P. americana is native from subtropical to

north-temperate eastern United States (27–44° N; Sauer

1952). Both species are bird-dispersed, short-lived,

perennial herbs that rely on long-lived seed banks to col-

onize disturbed areas, where they are abundant and

easily found (Sauer 1952, Murray 1988, Veldman et al.

2007). One ecological difference between the species that

could potentially mediate fitness effects of pollination
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and herbivory is that P. rivinoides is semelparous, with a

life span of about two years (Murray 1988), while

P. americana is an iteroparous perennial, reemerging

each spring from a large taproot. We found no reports of

a mean or maximum life span, but it can live at least 4 yr

(Sauer 1952). The genus Phytolacca is monophyletic and

contains 20 species, mostly in the New World tropics;

relationships within the genus are poorly resolved, but it

Temperate

Subtropical

Tropical

c

f

a

d

b

e

e
 (

° 
N

)

e (° W)

FIG. 1. Study species and sites. (a) Populations used for in situ studies of pollination and herbivory and/or sources of seeds for
common gardens planted at Michigan State University. Populations are grouped throughout the paper into three consistently
color-coded “regions”: (b–d) temperate and subtropical Phytolacca americana and (e, f) tropical P. rivinoides. Letters in (a) corre-
spond to Appendix S1: Table S1. Temperate populations G–I were used in common garden studies, while I–Kwere used for in situ
studies. Labels for A and B would overlap, so we separated for clarity. (c, f) Example screenshots of video recordings used to esti-
mate floral visitation rate (see also Video S1). (d) Camera positioning for video recording.
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is unlikely that our focal species are each other’s closest

relative (Ali et al. 2015). Phytolacca americana is the

only member of the genus in most of its range (Sauer

1952). However, some authors have considered P. ameri-

cana in Florida and the coastal southeastern United

States to be a distinct subspecies (Sauer 1952) or even

species (P. rigida Small) based on phenotypic differ-

ences: erect racemes during fruiting and shorter pedicels

in Florida (Small 1905, Hardin 1964). Without further

evidence of reproductive isolation and genetic differenti-

ation, we treat subtropical populations as P. americana.

We evaluated species interaction importance using

multiple field and common garden studies in three

regions, which we refer to as tropical, subtropical, and

temperate (Fig. 1a, Table 1; Appendix S1: Table S1):

P. rivinoides in Costa Rica (8.7°–10.4° N), P. americana

in Florida (26.5°–28.6° N), and P. americana in Michi-

gan and Ohio (39.5°–42.7° N). All measurements of

interaction importance were quantified in three popula-

tions in each region (Fig. 1a, Table 1; Appendix S1:

Table S1). Some measurements were performed in all

three regions, and others only in tropical and temperate

regions. Note that two temperate populations differ

between common garden and in situ studies (G-I and I-

K from Fig. 1a, respectively). All populations were abut-

ting or surrounded by natural vegetation in rural land-

scapes and had varying disturbance histories

(Appendix S1: Table S1).

Prior to our studies, the pollination biology of these

Phytolacca was unknown. Both species have racemes

with many white flowers (6 mm diameter). Nectaries are

tucked at the base of a green pistil. Anthers are dehiscent

when flowers open, and tend to fall off the second day of

flowering, but the period of stigma receptivity is

unknown. Typically, P. americana has 5 tepals and 10

stamens and carpels (Hardin 1964), and P. rivinoides has

5 tepals and 16 stamens and carpels (Fassett and Sauer

1950).

In contrast to pollination, there is previous work on

herbivory in P. americana, comparing herbivory rates,

herbivore abundance, and plant defense (palatability) in

multiple populations along a latitudinal gradient

(Baskett and Schemske 2018). The purpose of that study

was to describe the shape of latitudinal patterns, so pop-

ulations between the temperate and subtropical regions

of the present study were included. We found greater

herbivore pressure and stronger defense at lower lati-

tudes, with threshold patterns. Data from the palatabil-

ity experiment in Baskett and Schemske (2018) are re-

analyzed in the present study in the context of including

tropical populations and breaking palatability down into

survival and growth components. Field herbivory and

herbivore abundance data were collected specifically for

the present study.

Baskett and Schemske (2018) determined that lepi-

dopterans are the primary herbivores of P. americana,

and identified five consumers along a gradient from

Michigan to Florida: Disclisioprocta stellata Guen�ee

(Geometridae), Spodoptera eridania Stoll (Noctuidae),

and three species that shelter in and consume young

leaves: Psara obscuralis Lederer (Crambidae), Asciodes

gordialis Guen�ee (Crambidae), and Argyrotaenia veluti-

nana Walker (Tortricidae). Spodoptera eridania and

A. velutinana are highly polyphagous (Summerland and

Hamilton 1955, Robinson et al. 2010), while the other

species have more restricted diets in host families closely

related to Phytolaccaceae (Allyson 1984, Cuenoud et al.

2002, Robinson et al. 2010).

Statistical analyses common across studies

For simplicity, we present analysis details with the

methods for each study. The following details of analysis

are common to all mixed-effects models in the present

study unless specified otherwise. We used the lme func-

tion in the nlme package in Rversion 3.3.3 (RCore Team

2014, Pinheiro et al. 2017) and parameters were estimated

using restricted maximum likelihood. Variance was rarely

homogeneous between populations, so we often estimated

variance separately for each population (specified in each

analysis). Models fit assumptions of normally distributed

residuals. Where there was a significant fixed effect of

region for analyses with three regions, we used Tukey’s

HSD test to compare regional means (a = 0.05).

TABLE 1. Prediction and study design for each metric of the importance of pollination and herbivory.

Interaction or trait
Prediction: low-latitude

plants have. . . Regions compared Place measured

Floral display and reward larger display, more nectar tropical P. riv., subtropical P. am.,
temperate P. am.

common garden

Floral visitation rate higher visitation rate tropical P. riv., temperate P. am. in situ

Self-pollination (autogamy) lower autogamy rate tropical P. riv., subtropical P. am.,
temperate P. am.

common garden

Herbivory rates higher herbivory rate tropical P. riv., temperate P. am. in situ

Herbivore abundance higher herbivore abundance tropical P. riv., temperate P. am. in situ

Plant defense (palatability) less palatable leaves tropical P. riv., subtropical P. am.,
temperate P. am.

common garden

Notes: P. riv.: Phytolacca rivinoides, native to the Neotropics; P. am.: P. americana, native to the eastern USA. Populations corre-
spond to regions in Fig. 1a and Appendix S1: Table S1.
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Plant–pollinator interactions

We predicted that plants at lower latitudes invest in

larger floral displays and rewards, either because lower-

latitude plants require greater pollination rates to

achieve an equivalent level of fruit set to higher-latitude

plants, or because greater pollination competition at

lower latitudes requires more attractive displays to

achieve an equivalent pollination rate. To compare floral

displays and reward, in 2016 we planted a cohort of 81

plants in a greenhouse common garden at Michigan

State University. The experiment consisted of three pop-

ulations each from tropical, subtropical, and temperate

regions (Table 1), with three maternal lines per popula-

tion (seeds collected from one individual in the field)

and three individuals per maternal line. For one popula-

tion (Finca Bellavista), one maternal line had two plants

and there was a fourth line with one plant. These plants

were grown simultaneously and with the same methods

as the common garden in Baskett and Schemske (2018),

but it is not the same cohort.

Floral display size was quantified by counting open

flowers per inflorescence (with tepals, without swollen

pistil) on three inflorescences per plant (one plant was

missing measurements from two inflorescences), which

may or may not have been measured on the same day.

Measurements were made between late July and Novem-

ber (median August 23); tropical plants flowered later.

Flower counts were analyzed using a mixed-effects

model with the fixed effect of region and the random

effect of individual nested in maternal line nested in pop-

ulation. Variance was estimated separately for each pop-

ulation.

Nectar was measured on a combined 10 flowers per

plant (from ~3 inflorescences) using a 1-lL microcapil-

lary tube. To access nectaries, the pistil was removed

with forceps. Measurements were made between 09:30

and 12:00 on up to three separate mornings per plant

between late July and November (median September

20). We were able to measure nectar for 80 of the 81

plants. For analysis, we averaged nectar volume per

flower across up to three replicate measurements per

individual, because only 60% of individuals had three

replicates. Nectar volume was analyzed using a mixed

model with a fixed effect of region and a random effect

of maternal line nested in population.

To estimate pollination rates, we used videos of insect

visitation to flowers over multiple seasons in native habi-

tats. We quantified field visitation in three tropical popu-

lations of P. rivinoides and three north-temperate

populations of P. americana (Table 1, Fig. 1a), as we

were logistically constrained to conduct repeated moni-

toring in only two regions. Tropical populations are the

same as those used for the common garden, but two of

the temperate populations are not (Fig. 1a). Visits were

recorded with GoPro cameras (HERO3+ and HERO4;

GoPro, San Mateo, California, USA), positioned 30–

50 cm away from inflorescences (examples in Fig. 1;

Video S1). In the tropics, videos were recorded during

three observation blocks, spaced six weeks apart: dry

season, dry-wet transition, and wet season (April 11–

July 24, 2016). In the temperate region, we recorded in

three observation blocks, spaced three to four weeks

apart during the flowering season (5 July–24 August

2017). During each observation block, two to four cam-

eras were deployed for 1–3 d in each population. Cam-

eras were rotated among flowering individuals each day,

and in each observation block the median number of

videos per plant was one, although some plants were

observed up to four times (never the same inflorescence

on the same day). The unit of replication is a video of a

particular inflorescence on a particular day. Video dura-

tion ranged from 20 to 160 min (median = 62), and we

recorded between 7:30 and 16:30. Overall, we recorded

177 usable hours of video from 97 plants, resulting in

104 estimates of visitation rate (115 h) in tropical popu-

lations and 62 estimates (62 h) in temperate populations.

For identification purposes, 23 P. americana visitors

were collected in southeast Michigan and 32 P. rivi-

noides visitors were collected in Costa Rica. Pollen loads

were examined by T. Wood and compared to a reference

library.

To estimate visitation rates, we recorded the number

of flowers visited in each video (contact with anthers or

stigma). All visitors were insects. We excluded ants and

lepidopteran larvae, which were judged not to be legiti-

mate pollinators based on their morphology and forag-

ing behavior. Rainy or windy videos were excluded

because these conditions reduce insect activity and

recording visibility. In the field, we counted total number

of open flowers on each inflorescence to use display as a

covariate and test whether per-flower visitation increases

nonlinearly with display size. Flowers were counted

before and after each video (in case any opened during

filming), and the mean of these two counts was used for

analysis. We used the response variable of visits per

flower per hour (total visits were divided by the number

of open flowers and video duration). The response was

loge(x + 1)-transformed to meet assumptions of nor-

mally distributed residuals and analyzed using a mixed

model with fixed effects of region, open flowers, and

their interaction. The effect of display size tests whether

a larger display increases visits per flower, not per inflo-

rescence, as the response is standardized by flower num-

ber. The interaction effect tests whether such an effect of

display size differs by region. The model included the

random effect of individual nested within population,

and variance was estimated separately for each popula-

tion. We also asked whether there was seasonal variation

in floral visitation; regions were analyzed separately

because their seasons are not comparable. Floral visita-

tion was analyzed as a function of season with random

effects of individual nested in population and separate

estimates of variance for each population.

We evaluated self-pollination ability in the absence of

pollinators (autogamy rate) for tropical, subtropical,
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and temperate plants in another greenhouse common

garden at Michigan State University (Table 1). This was

a separate cohort from the floral traits study, but they

were grown at the same time with the same methods.

Seeds were germinated in summer 2016 and autogamy

was estimated from January to August 2017. For each

population, we attempted to grow three plants from each

of three maternal lines, resulting in a total of 74 plants

(22–27 per region). We sampled up to three mature

infructescences per individual and counted the number

of total flowers and filled fruits (>50% swollen). Auto-

gamy rate was calculated as the ratio of filled fruits vs.

flowers. Autogamy rate (individual means) was analyzed

with a mixed-effects model as a function of region, with

maternal line nested in population as a random effect.

Variance was estimated separately for each population.

Plant–herbivore interactions

To compare herbivore pressure from chewing insects

between tropical and temperate Phytolacca, we surveyed

herbivory rates in tropical and temperate regions

(Table 1). Young and mature leaves were marked and re-

measured in order to capture complete consumption

and standardize over time to compare to other studies

(Coley 1983, Coley and Barone 1996, Anstett et al.

2016, Baskett and Schemske 2018). Herbivory rate was

measured over three intervals in the tropics between 4

March and 23 July 2016; each interval was 38–47 d (me-

dian = 43), and the three intervals covered the end of

the dry season, the dry-wet transition, and the beginning

of the wet season (Appendix S1: Table S2). Herbivory

rate was measured over two intervals in the temperate

zone, due to its shorter growing season, between 5 July

and 29 September 2017. Each interval was 40–43 d (me-

dian = 41), and the two intervals covered mid and late

summer, after the rapid early summer growth

(Appendix S1: Table S2).

Herbivory rate (chewing damage) was measured fol-

lowing protocols of Baskett and Schemske (2018), a sep-

arate study of herbivory rates along a latitudinal

gradient in P. americana. In short, at the start of each

interval, five mature and five young leaves were marked

per plant for 20–30 plants per population, using colored

bird bands and permanent marker. Initial percent dam-

age was measured on mature leaves ([consumed area/to-

tal leaf area] 9 100) using a transparent plastic grid

with 6.35 9 6.35 mm squares. Young leaves were

marked when buds were bursting. All young leaves began

with zero initial herbivory. An average of 203 and 300

leaves per population per season were marked in tropical

and temperate regions, respectively, for a total of 3,625

marked leaves. Final percent consumption was measured

approximately six weeks later, after most young leaves

had expanded. Due to plant mortality, at the end of each

interval we were able to measure on average 18 plants in

tropical and 29 plants in temperate regions per popula-

tion per season.

To test whether herbivore pressure varies with region,

we analyzed mean per-plant herbivory using a mixed

model with fixed effects of region, leaf age, and their

interaction, and random effects of individual nested in

population, due to repeated measures over multiple sea-

sons. Variance was estimated separately for each leaf age

in each population. For clarity, we present results for

final minus initial consumption, expressed as a percent-

age, because the interval over which we measured was

similar for all populations (39–44 d; Appendix S1:

Table S2). Analyzing herbivory as a daily rate does not

qualitatively change results. To check for seasonal varia-

tion, herbivory was analyzed separately for each region

as a function of season, leaf age, and their interaction;

individual nested in population was a random effect.

Concurrent with herbivory surveys, we collected lepi-

dopteran larvae in each population to estimate herbivore

abundance. There were four censuses in each region: at

the first leaf-marking and last leaf-measurement, and

two in between (three to six week intervals). At each cen-

sus, we searched the top and bottom surfaces of 3,000

leaves of all sizes per population, divided among the

individuals surveyed for herbivory. Larvae were counted

as morphospecies, and we attempted to rear representa-

tive specimens to adulthood on a Phytolacca diet for

identification.

Herbivore abundance was loge(x + 1)-transformed for

analysis to meet assumptions of normally distributed

residuals. We removed singletons (morphospecies that

were only collected once out of 36,000 leaves checked in

each region), assuming they are not important con-

sumers, which did not qualitatively change results. Total

abundance from 3,000 leaves in each population at each

census was analyzed using a mixed-effects model with

census as a random effect to account for repeated mea-

sures of populations. Variance was estimated separately

for each region. We asked whether herbivory correlates

with herbivore abundance with a Pearson correlation of

mean herbivory and mean herbivore loge(abundance)

per site. Abundance was measured without regard to leaf

age, so leaf age was not included in analysis.

To compare latitudinal patterns in evolution of plant

defense, we performed a bioassay using performance of

Spodoptera exigua larvae (Lepidoptera, Noctuidae) as a

metric of strength of plant defense. We chose this species

because it has a highly generalized diet, but does not

consume Phytolacca in nature, so there is no risk of local

adaptation to certain populations, particularly since

there is no generalist species that spans the entire latitu-

dinal gradient studied. In our experience, S. exigua tol-

erates a Phytolacca diet better than other commercially

available caterpillars. We used palatability data from

Baskett and Schemske (2018) for subtropical and tem-

perate P. americana and here include new data on three

tropical populations of P. rivinoides from the same

experiment. Detailed experimental methods are

described in Baskett and Schemske (2018). In brief, neo-

nate larvae were fed a no-choice diet of young or mature
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leaves of P. americana or P. rivinoides from a greenhouse

common garden. Larvae were reared in cups (the experi-

mental unit); each cup received leaves from multiple

plants in one maternal line. For the mature-leaf treat-

ment, cups began with five individuals, the experiment

ran for 8 d, and there were four replicate cups per mater-

nal line. Young-leaf material was more limited, so cups

began with three individuals and ran for 9 d, with three

replicate cups per maternal line. Larvae were not food

limited, and they began the experiment as tiny neonates,

so we assumed there were no effects of starting larval

density despite its confounding with leaf age treatment.

In addition, density changed throughout the experiment

due to larval mortality. We measured total larval bio-

mass of survivors per cup at the end, counting non-sur-

vivors as zero biomass to integrate survival and growth

in one response, which we call “palatability” to distin-

guish from growth alone.

For analysis of palatability, larval biomass per cup

was loge(x + 1)-transformed to linearize exponential

growth. After transformation, biomass was standardized

by the number of starting caterpillars and the duration

of the trial to compare leaf age treatments (5 individu-

als 9 8 d for mature, 3 individuals 9 9 d for young

leaves). We analyzed palatability as a function of region,

leaf age, and their interaction, with a random effect of

maternal line nested in population. Variance was esti-

mated separately for each leaf age in each population.

Additionally, survival and growth were analyzed sepa-

rately to decompose palatability into its component

parts. Unlike all other mixed models here (see Statistical

analyses common across studies), proportion surviving

per cup (specifying initial caterpillar count) was ana-

lyzed with the glmer function in the lme4 package in R,

using the binomial family. Fixed effects were region, age,

and their interaction, and we included a random effect

of maternal line nested in population. It is not possible

to estimate denominator degrees of freedom with this

function; we obtained P values for fixed effects with like-

lihood ratio tests. Growth is mean biomass of surviving

caterpillars per cup, loge(x + 1)-transformed to linearize

exponential growth. Cups with no survivors were

excluded (41 cups; note that they and all other dead

caterpillars are included in the palatability analysis

above as zero biomass). Growth was analyzed as a func-

tion of region, age, and their interaction, with random

effects of maternal line nested in population. Variance

was estimated separately for each population.

RESULTS

Plant–pollinator interactions

The tropical Phytolacca rivinoides had a 2.5-fold larger

floral display than P. americana in a common garden, as

measured by open flowers per inflorescence (Fig. 2).

There was no difference in display size between temper-

ate and subtropical P. americana (Fig. 2). Nectar

volume was similar across regions, though subtropical

plants produced marginally more microliter nectar per

flower (least-square means � SE, tropical 0.049 � 0.004,

subtropical 0.065 � 0.004, temperate 0.049 � 0.004;

F2,6 = 4.73, P = 0.0586).

Measured from field videos, tropical P. rivinoides

flowers were visited 2.8 times per hour on average, a

13-fold higher rate than temperate P. americana flowers

(least-square mean of log-transformed visitation was

8-fold higher; F1,4 = 35.72, P = 0.0039, Fig. 3). There

was no significant effect of floral display size (number of

open flowers) on visits per flower (F1,67 = 3.25,

P = 0.0761); that is, a flower in a larger display receives

the same number of visits as a flower in a smaller display

after accounting for effects of region. Nor was there a

significant display–region interaction (F1,67 = 1.72,

P = 0.1941). During the last temperate observation

block, one population was no longer flowering and

another had only one inflorescence, but there was no sig-

nificant seasonal variation in floral visitation rates in

either the tropics (F2,59 = 0.88, P = 0.4212) or temperate

zone (F2,6 = 4.51, P = 0.0638).

Visitors to P. americana and P. rivinoides included

small bees (especially Lasioglossum, but also Augochlora,

Augochlorella, Ceratina, and Trigona), Vespidae (Paran-

cistrocerus, Stenodynerus), Diptera (Syrphidae, Tephriti-

dae), and Coleoptera (Curculionidae, Chrysomelidae;

Appendix S1: Tables S3, S4). Out of the visitors we col-

lected for identification purposes, bees were the only visi-

tors with Phytolacca pollen on their bodies (5 of 10

temperate bees, 13 of 27 tropical bees; Appendix S1:
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Table S3). The low resolution of pollinator videos did

not permit us to match visitors to specimens. Instead,

when possible we assigned morphospecies to order, and

within Hymenoptera, to bees (Apoidea). Bees consti-

tuted 49% of P. americana visitors and 88% of P. rivi-

noides visitors (Appendix S1: Table S4).

Phytolacca americana populations from both subtrop-

ical and temperate regions had a high autogamy rate in

the greenhouse, with 91% of possible fruit set. This was

2.6-fold higher than the 36% autogamy rate of P. rivi-

noides (Fig. 4). In April, we observed a small number of

wasps (unidentified Vespidae) in the greenhouse, sug-

gesting that pollinator exclusion was not completely

effective. Thus, for both species, rates may be overesti-

mated because of incomplete pollinator exclusion; esti-

mated autogamy was 84% in preliminary studies of the

same populations of P. americana with complete exclu-

sion, and usually when we grow P. rivinoides in the

greenhouse, we observe almost no fruit set (C. Baskett,

personal observation).

Plant–herbivore interactions

Herbivory in the field depended on both region and

leaf age (Fig. 5a; region F1,4 = 11.88, P = 0.0261; leaf

age F1, 507 = 39.76, P < 0.0001; interaction F1, 507 = 23.20,

P < 0.0001). Young tropical leaves were consumed at 4.8

times the rate of young temperate leaves. An even larger

effect was observed for mature leaves, which were con-

sumed at a 11-fold higher rate in the tropics vs. temper-

ate populations, where consumption was essentially

zero. Within both regions, herbivory was greater on

young than mature leaves: a 2.3-fold difference in the

tropics and a 5.4-fold difference in the temperate region.

Tropical populations experienced a 79% increase in her-

bivory from dry to wet season on young leaves, but no

seasonal herbivory changes for mature leaves (Fig. 5b;

season F2, 244 = 0.28, P = 0.7559; leaf age F1, 244 = 6.56,

P = 0.0110; interaction F2, 244 = 3.84, P = 0.0229).

There was no seasonal effect on herbivory in temperate

populations (season F1, 257 = 3.54, P = 0.0611; leaf age

F1, 257 = 17.80, P < 0.0001; interaction F1, 257 = 0.44,

P = 0.5056). Daily herbivory rates for each population

at each interval are provided in Appendix S1: Table S2.

Lepidopteran larval abundance (per 3,000 leaves) was

13.8 in tropical populations, which is 41-fold higher than

temperate populations (least-square mean of log-trans-

formed abundance was 10-fold higher; F1,6 = 27.43,

P = 0.0019, Fig. 6). Seven morphospecies of 165 indi-

viduals were observed in the tropics. The most common

(61% of observed larvae) was a Crambidae species found

consuming and sheltering in young leaves (possibly

Maracayia), and the second-most common (19%) was

Disclisioprocta stellata Guen�ee (Geometridae). Two spe-

cies, each at 6–7% abundance, never survived to adult-

hood; one is likely either Crambidae or Tortricidae, and

the other is unknown. Two Tortricid moths and a Noc-

tuid (possibly Tiracola grandirena Herrich-Sch€affer and/

or Spodoptera eridania Stoll) were each found at 1–4%

relative abundance. The four families collected on P. rivi-

noides were the same as those observed consuming

P. americana in the eastern United States, at roughly

similar relative abundances (Baskett and Schemske

2018). In the temperate zone in the present study, we
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only found four individuals of two morphospecies after

surveying 36,000 total leaves in three populations. None

survived to adulthood. This is a lower abundance than

in 2015, when we observed seven individuals of Argyro-

taenia velutinana upon surveying 6,000 leaves in one of

the temperate populations used in the present study

(Baskett and Schemske 2018). Even if the 2015

north-temperate abundance is extrapolated, tropical

populations still had 4-fold the number of larvae. Lepi-

dopteran loge(abundance) is strongly positively corre-

lated with mean herbivory in each population (Pearson’s

r = 0.98, t4 = 10.08, P = 0.0005).

Palatability, assayed by S. exigua caterpillars,

depended on the interaction of region and leaf

age (Fig. 7a; region F2,6 = 27.00, P = 0.0010; leaf age

F1, 239 = 262.02, P < 0.0001; interaction F2, 239 = 13.15,

P < 0.0001). Recall that palatability integrates survival

and growth by counting non-survivors as zero biomass.

The effect of leaf age within region was consistent:

mature leaves were always more palatable than young

leaves, with the largest difference in the tropics. Within

the young leaves, the tropical diet caused the poorest lar-

val performance, the temperate diet had the highest

palatability, and subtropical was intermediate. Caterpil-

lars consuming a tropical young-leaf diet attained 17% of

the loge(biomass) compared to the subtropical young-

leaf diet. In turn, larvae eating subtropical young leaves

had only 9% of the loge(biomass) of those eating temper-

ate young leaves. In contrast, regional patterns for

mature leaves differed from young leaves. There was no

significant difference between palatability of tropical and

temperate mature leaves. The subtropical mature-leaf
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diet reduced larval loge(biomass) to 61% of that on a

tropical or temperate mature-leaf diet.

Patterns of palatability were mostly driven by caterpil-

lar growth, though survival also played a role for the

two diets with lowest palatability (tropical and subtropi-

cal young leaves). Survival rate depended on the interac-

tion of region and leaf age (Fig. 7b; region F2 = 9.23,

P = 0.0003; leaf age F1 = 99.23, P < 0.0001; interaction

F2 = 25.18, P < 0.0001; denominator df could not be

calculated). Nearly 80% of larvae survived in most treat-

ments. However, larvae consuming tropical young leaves

had the lowest survival, only 9%. Compared to the tropi-

cal young leaves, survival was 4-fold higher in the sub-

tropical young-leaf treatment and 9-fold higher in the

four other treatments. Growth of surviving caterpillars

also depended on the interaction of region and leaf age

(Fig. 7c; region F2,6 = 12.0, P = 0.0080; leaf age

F1, 198 = 280.4, P < 0.0001; interaction F2, 198 = 4.6,

P = 0.0108). Comparisons of growth among treatments

showed very similar results to palatability, except that

there was no significant difference in size of caterpillars

that survived on a tropical and subtropical diet; their dif-

ference in palatability was driven by survival (Fig. 7).

Surviving caterpillars consuming tropical or subtropical

young leaves attained 10% of the loge(biomass) of those

consuming temperate young leaves. Surviving caterpil-

lars consuming subtropical mature leaves obtained 66%

of the loge(biomass) of caterpillars consuming tropical

or temperate mature leaves.

DISCUSSION

A latitudinal trend in the strength of species interac-

tions has been long hypothesized to drive biodiversity

patterns, since Dobzhansky speculated that “the chal-

lenges of tropical environments stem chiefly from the

intricate mutual relationships among the inhabitants”

(1950). In plants, pollination and herbivory are impor-

tant and well-studied biotic interactions generally, and

there may be more latitudinal comparisons of these bio-

tic interactions than any others (Schemske et al. 2009).

Despite the relatively high attention paid to these inter-

actions, there are still significant gaps in the approaches

taken thus far, which could explain a lack of consensus

regarding support for the biotic interactions hypothesis

(Anstett et al. 2016, Moles and Ollerton 2016). For

example, latitudinal patterns in pollination have only

been evaluated using community-level approaches, and

few studies have provided in-depth comparisons of the

importance of herbivory across a temperate-tropical

range. Here, we quantified multiple proxies of interac-

tion importance across a broad latitudinal range using

the temperate herb Phytolacca americana and its tropical

congener P. rivinoides. Consistent with the biotic inter-

actions hypothesis, nearly all measures of pollination

and herbivory showed evidence of greater importance of

biotic interactions in the tropical P. rivinoides than

north-temperate P. americana: floral display size,
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pollination, autogamy, herbivory rate on young and

mature leaves, herbivore abundance, and palatability of

young leaves (see Table 2 for summary and respective

figure references). Within P. americana, there is evidence

for greater herbivore pressure and defense at lower lati-

tudes (Baskett and Schemske 2018). However, results for

pollination within P. americana did not support the bio-

tic interactions hypothesis, as temperate and subtropical

populations did not differ for floral display, nectar, or

autogamy. In contrast, agreement among several metrics

of mutualistic and antagonistic interactions bolsters our

conclusion that tropical P. rivinoides experiences greater

contemporary interaction strength and has evolved

traits consistent with a history of stronger interactions

compared to its temperate congener.

We hypothesized that importance of herbivory and

pollination would be greatest in the tropics, intermediate

in the subtropics, and least in the temperate regions

studied. Indeed, at the largest scale of our study, com-

paring tropical P. rivinoides (10° N) to temperate

P. americana (41° N), all but two metrics of the impor-

tance of herbivory and pollination supported the biotic

interactions hypothesis (Table 2; nectar volume and

mature-leaf palatability were equivalent between the two

regions). However, the data from subtropical P. ameri-

cana (~28° N), although less complete (e.g., no pollina-

tion in the field), demonstrated a variety of geographic

patterns (Table 2), in contrast to our hypothesis that

interaction importance would always be intermediate

those of the other two regions. Subtropical young-leaf

palatability was indeed intermediate, while mature sub-

tropical leaves were better defended compared to both

temperate and tropical regions, and autogamy and floral

display were similar between subtropical and temperate

populations (Table 2). A lack of the hypothesized latitu-

dinal pattern in a trait within a species could be due to

strong, consistent selection pressure across the species’

range swamping any potential effects of latitude on

selection, and/or due to high gene flow among popula-

tions countering small geographic differences in

selection. A lack of the hypothesized latitudinal pattern

between species could be mediated by a myriad of inter-

specific differences that mediate fitness impacts of biotic

interactions, e.g., in life history, phenology, or herbivory

tolerance. More studies spanning tropical and subtropi-

cal regions are needed to clarify latitudinal patterns at

the edge of the tropics and identify putative mechanisms

underlying geographic variation in interactions. We sug-

gest that single-species studies are useful for this pur-

pose, in that they provide stronger experimental control

of history and ecology than is possible with congeners.

To our knowledge, there are no single-species, fine-scale,

latitudinal gradients that have been sampled in the sub-

tropical-tropical range for herbivory. There is one exam-

ple at a course scale: in a comparison of herbivory in

three sites in the mangrove Rhizophora mangle, higher

folivory was observed in Florida than Belize (27° vs. 17°

N), and Panama (9° N) did not significantly differ from

either site (Feller et al. 2013).

The variation in results for the subtropical region sug-

gests that latitudinal patterns in interaction importance

are not simply linear, although we lack intermediate sites

that would clarify the shape. With three sites, we can

only speculate that harsh winters impose constraints on

P. americana or interacting insects that limit biotic inter-

action importance in the temperate zone compared to

the tropics, and that subtropical winters with less fre-

quent freezing affect biotic interactions in idiosyncratic

ways. To give a rough sense of how the extratropical win-

ters compare, average winter minimum temperature is

10°C in Florida and �9°C in Michigan (Arguez et al.

2010). Linear latitudinal patterns seem to be an implicit

assumption in tests of the biotic interactions hypothesis

(including this one), but perhaps this assumption is

worth re-visiting in light of evidence of nonlinear pat-

terns. For example, the proportion of mycorrhizal plant

species decreases with latitude more rapidly outside than

inside the tropics (Delavaux et al. 2019). Our previous

study also found evidence of nonlinearity in species

interactions: when we compared herbivory and defense

TABLE 2. Summary of predictions from the biotic interactions hypothesis, results of this study, and whether results provide
support (support indicated by daggers) for predictions for tropical Phytolacca rivinoides versus temperate and subtropical
P. americana

Interaction or trait
Prediction: low-latitude

plants have. . . Results Figure

Floral display larger display tropical >
† subtropical = temperate 2

Floral reward more nectar tropical = subtropical = temperate n/a

Floral visitation rate higher visitation rate tropical >
† temperate 3

Self-pollination (autogamy) lower autogamy rate tropical <
† subtropical = temperate 4

Herbivory rate: young leaves higher herbivory rate tropical >
† temperate 5a

Herbivory rate: mature leaves higher herbivory rate tropical >
† temperate 5a

Herbivore abundance higher herbivore abundance tropical >
† temperate 6

Palatability: young leaves less palatable leaves tropical <
† subtropical <

† temperate 7a

Palatability: mature leaves less palatable leaves tropical > subtropical <
† temperate 7a

Notes: Direction of significant differences is indicated by < or >, while = indicates no significant difference. Results for subtropi-
cal P. americana populations are not shown for some metrics because they were not measured in all studies (Table 1).
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of 10 P. americana populations in order to describe the

shape of latitudinal patterns, we found a threshold in

herbivory at 35° N and a threshold in palatability at 30°

N (Baskett and Schemske 2018). Such thresholds in bio-

tic interactions could be caused by discreet adaptations

to continuous climatic gradients (e.g., number of life

cycles insects can complete depends on growing season

length; Scriber et al. 2014). It is unclear whether nonlin-

ear latitudinal patterns in biotic interactions are unu-

sual, as studies typically do not look for them (Moles

et al. 2011a). But such patterns point out that latitude is

a problematic predictor variable because it is con-

founded with several climatic factors and with biogeo-

graphic history, and does not include significant climatic

variation due to elevation. Thus, there is a need to refine

tests of the biotic interactions hypothesis by quantifying

climate instead of using latitude as a proxy, in order to

generate and test hypotheses for causal mechanisms

driving geographic variation in biotic interactions

(Schemske et al. 2009, Pearse and Hipp 2012, Anstett

et al. 2016). Clearer relationships with climate could

help clarify not only causes of variation in biotic interac-

tion importance, but also its consequences for species

richness, which has been found in some cases to be non-

linearly related with abiotic (Currie 1991, Tittensor et al.

2010) and biotic (LaManna et al. 2017) components of

the environment. Such research is challenging because

studies would need larger sample sizes to test relation-

ships with multiple climatic variables compared to sim-

ply testing relationships with latitude. However, an

exciting potential benefit of focusing on climate is inte-

gration of the biotic interactions hypothesis with related

frameworks. For example, the plant defense literature

has had some success relating defense to climate by test-

ing the biotic interactions hypothesis, the “resource

availability hypothesis,” or both (Pearse and Hipp 2012,

Moreira et al. 2015, 2018, Hahn and Maron 2016, Hahn

et al. 2019).

Most latitudinal comparisons of plant–pollinator

interactions thus far have been at the community level,

so it is difficult to contextualize our contrasting results

for the interspecific and intraspecific comparisons. The

prevalence of animal pollination increases toward the

tropics (Regal 1982, Rech et al. 2016), as does reliance

of vertebrate-pollinated plants on their pollinators

(Ratto et al. 2018). For animal-pollinated plants,

outcrossing rate increases toward the equator, but this

pattern is driven by latitudinal variation in life histories

because there are more herbaceous taxa at higher lati-

tudes and these tend to have higher selfing rates (Lloyd

1980, Moeller et al. 2017). Pollen limitation is greatest in

species-rich communities, which is thought to be a signa-

ture of greater competition for pollinators (Vamosi et al.

2006). Interaction specialization has also sometimes

been considered an index of interaction importance, but

latitudinal patterns of specialization in plant–pollinator

interactions remain unresolved (Olesen and Jordano

2002, Kay and Schemske 2004, Dalsgaard et al. 2011,

Ollerton 2012, Pauw and Stanway 2015). We only know

of one other study of latitudinal patterns in pollination

importance within a species, the herb Halenia elliptica

(Gentianaceae). Yang et al. (2018) found that outcross-

ing rates negatively correlate with latitude over 11° in

the temperate zone, consistent with the biotic interac-

tions hypothesis. Additionally, Arabis alpina (Brassi-

caceae) shifts from self-incompatible in southern Europe

to highly selfing in northern Europe, although the study

was not framed as a latitudinal analysis (Laenen et al.

2018). Here, we found that the tropical P. rivinoides

invested in larger floral displays, was visited at higher

rates by insects in nature, and had poorer self-pollina-

tion ability than temperate P. americana. Taken together,

these results suggest that P. rivinoides requires greater

pollination rates than P. americana to achieve an equiva-

lent level of fruit set. There is no effect of display size on

visitation per flower after accounting for region, so fur-

ther research would be needed to determine whether the

interspecific variation in display size causes the inter-

specific differences in visitation rate. As with any inter-

specific comparison, these results must be interpreted

with caution because they may be driven by differences

other than latitude. However, the only major known dif-

ference in the species’ ecology is life history: P. ameri-

cana is iteroparous, while P. rivinoides is semelparous

and shorter-lived. But benefits of selfing are predicted to

decrease with species’ life span (Morgan et al. 1997),

which would predict higher selfing for P. rivinoides. The

pronounced interspecific differences contrast with our

findings of no evidence for regional differentiation in

plant–pollinator interactions of P. americana popula-

tions at the northern and southern edge of the range.

Perhaps this lack of differentiation is explained by the

fact that P. americana was capable of high autogamy

rates in both regions, consistent with a weedy, gap-spe-

cialized ecology (Sauer 1952, Lloyd 1980, Pannell et al.

2015). Future studies should clarify the importance of

pollinators to subtropical populations by measuring

in situ visitation, pollen limitation, and outcrossing rates

between regions. We also caution that measuring floral

traits in a common environment is challenging for such

a large plant that is likely space and resource limited in a

greenhouse, especially because higher-latitude plants

flower earlier. Here we have presented the best available

data out of multiple attempts at common garden mea-

surements of floral traits. While the display size differ-

ences here were consistent between our studies, in two

smaller studies we found that tropical and/or subtropical

plants produced significantly more nectar than temper-

ate plants (Baskett 2018; C. Baskett, unpublished data).

In contrast to pollination, latitudinal patterns in her-

bivory and plant defense have been studied extensively

using both community- and species-level approaches.

However, evidence for the biotic interactions hypothesis

is mixed (Moles et al. 2011a), possibly due to inconsis-

tencies and biases in commonly used methods (Anstett

et al. 2016), such as a lack of damage estimates on young

February 2020 BIOTIC INTERACTIONS VARY LATITUDINALLY Article e01397; page 13



leaves (but see Baskett and Schemske 2018). We found

evidence of stronger contemporary herbivore pressure

(herbivory rate and herbivore abundance) in tropical vs.

temperate plants, consistent with the biotic interactions

hypothesis. Consistent with previous comparisons of

herbivory on leaves of different ages, we found that

young leaves experienced significantly greater herbivory

(Coley 1983, Lowman 1984, Filip et al. 1995, Baskett

and Schemske 2018), likely due to their reduced tough-

ness and greater nitrogen content compared to mature

leaves (Baskett 2018). In addition, we confirmed previ-

ous findings that wet-season herbivory is greater than

dry-season herbivory in the tropics (Coley 1983, Aide

1993, Coley and Barone 1996). In fact, herbivory on

P. rivinoides was remarkably similar to that measured

across 20 other gap-specialized plants in 1979 in Panama

by Coley (1983), except that we saw higher mature-leaf

herbivory in the dry season (Table 3). The present study

did not quantify field herbivory for subtropical P. ameri-

cana, but previously we observed approximately twofold

higher herbivory rates on both young and mature leaves

of P. americana in late summer in the southern United

States (Florida and Georgia) compared to wet-season

Costa Rican P. rivinoides in the present study (Baskett

and Schemske 2018). Further work is needed to under-

stand whether this observation is inconsistent with the

biotic interactions hypothesis, as we lack sufficient data

across entire growing seasons to estimate annual her-

bivory rates in either region, and we lack data on fitness

effects of herbivory and herbivory tolerance in Phyto-

lacca (Lehndal and �Agren 2015a, Anstett et al. 2016).

Plant defense, a metric of how plants have evolved in

response to their history of herbivore pressure, provides

important evolutionary context for interpreting latitudi-

nal patterns in contemporary herbivory (Salgado and

Pennings 2005, Woods et al. 2012, Kim 2014, Anstett

et al. 2015, Lehndal and �Agren 2015b, Moreira et al.

2018, Hahn et al. 2019). This is because three possible

patterns of herbivory and defense would support the

biotic interactions hypothesis: stronger tropical defense

required to reduce herbivory to similar levels; similar

defense but greater damage in the tropics; or both

greater herbivore pressure and greater defense in the

tropics. Our results are consistent with the latter, and

suggest that Phytolacca herbivores causing damage in

the field are not deterred by the defensive traits that neg-

atively impact the na€ıve generalist in the bioassay experi-

ment. We found that mature leaves were more palatable

to the generalist S. exigua than young leaves in all popu-

lations, similar to a study of Verbascum (Alba et al.

2014), likely due to chemical defenses in young leaves

that are unpalatable to generalists (Baskett 2018). We

found that young P. rivinoides leaves were highly

unpalatable, more than any other diet. Despite uncer-

tainty about how annual herbivory rates compare

between tropical and subtropical regions, the difference

in palatability between these two regions is consistent

with the hypothesis that herbivore pressure on young

leaves in Phytolacca has indeed been strong in the trop-

ics. Compared to temperate P. americana, mature P. rivi-

noides leaves were equally palatable but consumed at

higher rates in the field, which is consistent with greater

herbivore pressure in the tropics. But curiously, com-

pared to subtropical P. americana, mature P. rivinoides

leaves were more palatable. It is unclear why mature

leaves show different latitudinal patterns than young

leaves; performing palatability trials with other species

could clarify the generality of plant defense patterns for

both leaf ages. Furthermore, latitudinal patterns in both

herbivory and defense must be mediated by the fitness

effects of herbivory, which could be affected by differ-

ences in seasonality, in life history (P. americana is

longer lived), or in herbivory tolerance, which we did

not measure (Stowe et al. 2000, Anstett et al. 2016).

To our knowledge, previous work on latitudinal pat-

terns in biotic interactions has not integrated studies of

antagonistic and mutualistic interactions in the same

system. The biotic interactions hypothesis does not

make distinct predictions for different types of interac-

tions. Mutualistic and antagonistic coevolution may

have different outcomes for diversification, but this idea

is just beginning to be explored (Hembry et al. 2014,

Baskett and Schemske 2015); future refinements of the

biotic interactions hypothesis may need to distinguish

among interaction types. We found similar patterns for

herbivory and pollination importance for the temperate-

tropical comparison, but the evidence is less clear for the

subtropical populations without more data on pollina-

tion. Future work could investigate how herbivory

affects pollination; for example, we have observed Phyto-

lacca herbivores consuming flower buds, and fitness

impacts of herbivory could manifest through reduced

resources available for flowers and fruits.

Although a strength of our study is the analysis of

multiple in-depth metrics of plant–insect interactions, a

drawback of this design is that it is limited to two spe-

cies, due to substantial logistical challenges in repeatedly

visiting multiple populations across a broad latitudinal

range. Because two-species comparisons suffer from a

lack of statistical power to form strong conclusions

about adaptation (Garland and Adolph 1994), a natural

follow up would be to replicate our approach across

TABLE 3. Mean proportion of leaf area consumed per day by
leaf age in dry and wet seasons in Central America.

Season Leaf age Gap spp. 1979 P. riv. 2016

Dry young 0.46 0.44

Dry mature 0.13 0.29

Wet young 0.89 0.85

Wet mature 0.28 0.27

Notes: Gap spp. means of 20 gap specialists, not including
P. rivinoides, measured in Panama by Coley in 1979, from
Table 1 in Coley (1983). P. riv., Phytolacca rivinoides in three
populations in Costa Rica in 2016 (this study).
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several other congeneric species pairs that span tropical

and temperate regions to test for generality of the results.

Potential New World herbaceous genera for such a study

include Asclepias, Cuphea, Desmodium, Ipomoea, Mir-

abilis, Nicotiana, Oxalis, Passiflora, Physalis, Ruellia,

Sida, and Solanum. Despite this limitation, we provide

the most comprehensive study to date, addressing sev-

eral weaknesses of commonly used approaches and rec-

ommendations for best practices identified by reviews in

the last decade (Schemske et al. 2009, Moles et al.

2011a, Anstett et al. 2016), and our results encourage

the continued testing of the biotic interactions hypothe-

sis, particularly at large spatial scales.

ACKNOWLEDGMENTS

Assistance with identification of floral visitor specimens and

their pollen loads was kindly provided by Thomas Wood

(Michigan State University). We thank C. V. Covell, Jr. (Univer-

sity of Florida, Gainesville) for assistance with identification of

herbivore species. We thank Olbert and Susana Mesen, Juan

Manuel Ley at Tirimbina Biological Reserve, Erica Andrews

and Matt Hogan at Finca Bellavista, and the Grieb family for

allowing data and seed collection on their properties. Betsey

Boughton (MacArthur Agroecology Ranch), Vince Morris

(Withlacoochee State Forest), and the McPhee family helped

with seed collections of P. americana. We thank Reinaldo Agui-

lar, Reyder Mesen, Emma Clark, Carolyn Graham, Keegan

Mackin, Glenda Mesen, Abby Sulesky, Alyssa Tretheway, and

Andie Veach for substantial assistance with data collection. Eric

LoPresti, Michael Foisy, and Luke Zehr helped identify floral

visitors from videos. Jen Lau, Gary Mittelbach, Jeff Conner,

and the Weber and Wetzel labs provided invaluable feedback on

analyses and drafts. Feedback from two anonymous reviewers

and the Editor, Nora Underwood, greatly improved the quality

of the manuscript. Research funding was provided by an Orga-

nization for Tropical Studies Research Fellowship (Emily Foster

Fellowship) and support from the Michigan State University

Distinguished Fellowship, National Science Foundation DEB

grant 1456615, and the European Union’s Horizon 2020

research and innovation program under the Marie Skłodowska-

Curie Grant Agreement No. 754411. Author contributions: C.

A. Baskett, M. G. Weber, and D. W. Schemske contributed to

study design, obtaining funding, and editing. C. A. Baskett and

L. Schroeder collected data. C. A. Baskett analyzed data and

wrote the article.

LITERATURE CITED

Adams, J. M., Y. J. Zhang, M. Basri, and N. Shukor. 2009. Do

tropical forest leaves suffer more insect herbivory? A compar-

ison of tropical versus temperate herbivory, estimated from

leaf litter. Ecological Research 24:1381–1392.

Agrawal, A. A., and M. Fishbein. 2006. Plant defense syn-

dromes. Ecology 87:S132–S149.

Agrawal, A. A., and M. G. Weber. 2015. On the study of plant

defence and herbivory using comparative approaches: How

important are secondary plant compounds. Ecology Letters

18:985–991.

Aide, T. M. 1993. Patterns of leaf development and herbivory in

a tropical understory community. Ecology 74:455–466.

Alba, C., M. D. Bowers, D. Blumenthal, and R. A. Hufbauer.

2014. Chemical and mechanical defenses vary among

maternal lines and leaf ages in Verbascum thapsus L.

(Scrophulariaceae) and reduce palatability to a generalist

insect. PLoS ONE 9:e104889.

Ali, M. A., J. Lee, S.-Y. Kim, S.-H. Park, and F. M. A. Al-

Hemaid. 2015. Molecular phylogenetic analyses of internal

transcribed spacer (ITS) sequences of nuclear ribosomal

DNA indicate monophyly of the genus Phytolacca L. (Phyto-

laccaceae). Bangladesh Journal of Plant Taxonomy 22:1–8.

Allyson, S. 1984. Description of last-instar larvae of 22 species

of North American Spilomelini (Lepidoptera, Pyralidae,

Pyraustinae) with a key to species. Canadian Entomologist

116:1301–1334.

Anstett, D. N., J. R. Ahern, J. Glinos, N. Nawar, J.-P. Salminen,

and M. T. J. Johnson. 2015. Can genetically based clines in

plant defence explain greater herbivory at higher latitudes?

Ecology Letters 18:1376–1386.

Anstett, D. N., J. R. Ahern, M. T. J. Johnson, and J.-P. Salmi-

nen. 2018. Testing for latitudinal gradients in defense at the

macroevolutionary scale. Evolution 72:2129–2143.

Anstett, D. N., I. Naujokaitis-Lewis, and M. T. J. Johnson.

2014. Latitudinal gradients in herbivory on Oenothera biennis

vary according to herbivore guild and specialization. Ecology

95:2915–2923.

Anstett, D. N., K. A. Nunes, C. A. Baskett, and P. M. Kotanen.

2016. Sources of controversy surrounding latitudinal patterns

in herbivory and defense. Trends in Ecology & Evolution

31:789–802.

Arguez, A., I. Durre, S. Applequist, M. Squires, R. Vose, X.

Yin, and R. Bilotta. 2010. NOAA’s U.S. Climate Normals

(1981–2010). NOAA National Centers for Environmental

Information. https://doi.org/10.7289/v5pn93jp

Arnold, A. E., and F. Lutzoni. 2007. Diversity and host range

of foliar fungal endophytes: Are tropical leaves biodiversity

hotspots? Ecology 88:541–549.

Baskett, C. A. 2018. Testing hypothesized latitudinal patterns in

plant-insect interactions from tropical to north-temperate

regions. Dissertation. Michigan State University, East Lans-

ing, Michigan, USA.

Baskett, C. A., and D. W. Schemske. 2015. Evolution and genet-

ics of mutualism. Pages 77–92 in J. L. Bronstein, editor.

Mutualism. Oxford University Press, Oxford, UK.

Baskett, C. A., and D. W. Schemske. 2018. Latitudinal patterns

of herbivore pressure in a temperate herb support the biotic

interactions hypothesis. Ecology Letters 21:578–587.

Bronstein, J. L., editor. 2015. Mutualism. Oxford University

Press, Oxford, UK.

Coley, P. D. 1983. Herbivory and defensive characteristics of

tree species in a lowland tropical forest. Ecological Mono-

graphs 53:209–233.

Coley, P. D., and T. M. Aide. 1991. Comparison of herbivory

and plant defenses in temperate and tropical broad-leaved

forests. Pages 25–49 in P. W. Price, T. M. Lewinsohn, G. W.

Fernandes, and W. W. Benson, editors. Plant-animal interac-

tions: evolutionary ecology in tropical and temperate regions.

John Wiley and Sons, New York, New York, USA.

Coley, P. D., and J. A. Barone. 1996. Herbivory and plant

defenses in tropical forests. Annual Review of Ecology and

Systematics 27:305–335.

Cuenoud, P., V. Savolainen, L. W. Chatrou, M. Powell, R. J.

Grayer, and M. W. Chase. 2002. Molecular phylogenetics of

Caryophyllales based on nuclear 18S rDNA and plastid rbcL,

atpB, and matK DNA sequences. American Journal of Bot-

any 89:132–144.

Currie, D. J. 1991. Energy and large-scale patterns of animal-

and plant-species richness. American Naturalist 137:27–49.

Dalsgaard, B., et al. 2011. Specialization in plant-hummingbird

networks is associated with species richness, contemporary

February 2020 BIOTIC INTERACTIONS VARY LATITUDINALLY Article e01397; page 15

https://doi.org/10.7289/v5pn93jp


precipitation and quaternary climate-change velocity. PLoS

ONE 6:7.

Davidson, D. W., and D. McKey. 1993. The evolutionary ecol-

ogy of symbiotic ant-plant relationships. Journal of Hyme-

noptera Research 2:13–83.

Delavaux, C. S., et al. 2019. Mycorrhizal fungi influence global

plant biogeography. Nature Ecology & Evolution 3:424–429.

Dobzhansky, T. 1950. Evolution in the tropics. American Scien-

tist 38:209–221.

Dyer, L. A., and M. L. Forister. 2019. Challenges and advances

in the study of latitudinal gradients in multitrophic interac-

tions, with a focus on consumer specialization. Current Opin-

ion in Insect Science 32:68–76.

Fassett, N. C., and J. D. Sauer. 1950. Studies of variation in the

weed genus Phytolacca. 1. Hybridizing species in northeast-

ern Colombia. Evolution 4:332–339.

Feller, I. C., A. H. Chamberlain, C. Piou, S. Chapman, and C.

E. Lovelock. 2013. Latitudinal patterns of herbivory in man-

grove forests: consequences of nutrient over-enrichment.

Ecosystems 16:1203–1215.

Filip, V., R. Dirzo, J. M. Maass, and J. Sarukhan. 1995. Within-

year and among-year variation in the levels of herbivory on

the foliage of trees from a Mexican tropical deciduous forest.

Biotropica 27:78–86.

Fischer, A. G. 1960. Latitudinal variation in organic diversity.

Evolution 14:64–81.

Garland, T., and S. C. Adolph. 1994. Why not to do two-species

comparative studies: limitations on inferring adaptation.

Physiological Zoology 67:797–828.

Grossenbacher, D., R. B. Runquist, E. E. Goldberg, and Y.

Brandvain. 2015. Geographic range size is predicted by plant

mating system. Ecology Letters 18:706–713.

Hahn, P. G., A. A. Agrawal, K. I. Sussman, and J. L. Maron.

2019. Population variation, environmental gradients, and the

evolutionary ecology of plant defense against herbivory.

American Naturalist 193:20–34.

Hahn, P. G., and J. L. Maron. 2016. A framework for predicting

intraspecific variation in plant defense. Trends in Ecology &

Evolution 31:646–656.

Hardin, J. W. 1964. A comparison of Phytolacca americana and

P. rigida. Castanea 29:155–164.

Hembry, D. H., J. B. Yoder, and K. R. Goodman. 2014. Coevo-

lution and the diversification of life. American Naturalist

184:425–438.

Kay, K. M., and D. W. Schemske. 2004. Geographic patterns in

plant-pollinator mutualistic networks: comment. Ecology

85:875–878.

Kim, T. N. 2014. Plant damage and herbivore performance

change with latitude for two old-field plant species, but rarely

as predicted. Oikos 123:886–896.

Kinlock, N. L., L. Prowant, E. M. Herstoff, C. M. Foley, M.

Akin-Fajiye, N. Bender, M. Umarani, H. Y. Ryu, B. S�en, and

J. Gurevitch. 2018. Explaining global variation in the latitudi-

nal diversity gradient: meta-analysis confirms known patterns

and uncovers new ones. Global Ecology and Biogeography

27:125–141.

Kozlov, M. V., B. Y. Filippov, N. A. Zubrij, and V. Zverev.

2015a. Abrupt changes in invertebrate herbivory on woody

plants at the forest-tundra ecotone. Polar Biology 38:967–

974.

Kozlov, M. V., V. Lanta, V. Zverev, and E. L. Zvereva. 2015b.

Global patterns in background losses of woody plant foliage

to insects. Global Ecology and Biogeography 24:1126–1135.

Laenen, B., et al. 2018. Demography and mating system shape

the genome-wide impact of purifying selection in Arabis

alpina. Proceedings of the National Academy of Sciences

USA 115:816–821.

LaManna, J. A., et al. 2017. Plant diversity increases with the

strength of negative density dependence at the global scale.

Science 356:1389–1392.

Lehndal, L., and J. �Agren. 2015a. Herbivory differentially

affects plant fitness in three populations of the perennial herb

Lythrum salicaria along a latitudinal gradient. PLoS ONE 10:

e0135939.

Lehndal, L., and J. �Agren. 2015b. Latitudinal variation in resis-

tance and tolerance to herbivory in the perennial herb

Lythrum salicaria is related to intensity of herbivory and

plant phenology. Journal of Evolutionary Biology 28:576–

589.

Lim, J. Y., P. V. A. Fine, and G. G. Mittelbach. 2015. Assessing

the latitudinal gradient in herbivory. Global Ecology and Bio-

geography 24:1106–1112.

Lloyd, D. G. 1980. Demographic factors and mating patterns in

angiosperms. Pages 67–88 in O. T. Solbrig, editor. Demogra-

phy and evolution in plant populations. University of Califor-

nia Press, Berkeley, California, USA.

Lowman, M. D. 1984. An assessment of techniques for measur-

ing herbivory: Is rainforest defoliation more intense than we

thought? Biotropica 16:264–268.

Moeller, D. A., et al. 2017. Global biogeography of mating sys-

tem variation in seed plants. Ecology Letters 20:375–384.

Moles, A. T. 2013. Dogmatic is problematic: interpreting evi-

dence for latitudinal gradients in herbivory and defense. Ideas

in Ecology and Evolution 6:1–4.

Moles, A. T., D. D. Ackerly, J. C. Tweddle, J. B. Dickie, R.

Smith, M. R. Leishman, M. M. Mayfield, A. Pitman, J. T.

Wood, and M. Westoby. 2007. Global patterns in seed size.

Global Ecology and Biogeography 16:109–116.

Moles, A. T., and J. Ollerton. 2016. Is the notion that species

interactions are stronger and more specialized in the tropics a

zombie idea? Biotropica 48:141–145.

Moles, A. T., S. P. Bonser, A. G. B. Poore, I. R. Wallis, and W. J.

Foley. 2011a. Assessing the evidence for latitudinal gradients

in plant defence and herbivory. Functional Ecology 25:380–

388.

Moles, A. T., et al. 2011b. Putting plant resistance traits on the

map: a test of the idea that plants are better defended at lower

latitudes. New Phytologist 191:777–788.

Moreira, X., L. Abdala-Roberts, V. Parra-Tabla, and K. A.

Mooney. 2015. Latitudinal variation in herbivory: influences

of climatic drivers, herbivore identity and natural enemies.

Oikos 124:1444–1452.

Moreira, X., B. Castagneyrol, L. Abdala-Roberts, J. Teran, B.

G. H. Timmermans, H. H. Bruun, F. Covelo, G. Glauser, S.

Rasmann, and A. J. M. Tack. 2018. Latitudinal variation in

plant chemical defences drives latitudinal patterns of leaf her-

bivory. Ecography 41:1124–1134.

Morgan, M. T., D. J. Schoen, and T. M. Bataillon. 1997. The

evolution of self-fertilization in perennials. American Natu-

ralist 150:618–638.

Murray, K. G. 1988. Avian seed dispersal of three neotropi-

cal gap-dependent plants. Ecological Monographs 58:271–

298.

Olesen, J. M., and P. Jordano. 2002. Geographic patterns in

plant-pollinator mutualistic networks. Ecology 83:2416–2424.

Ollerton, J. 2012. Biogeography: Are tropical species less spe-

cialised? Current Biology 22:R914–R915.

Palmer, A. R. 1979. Fish predation and the evolution of gas-

tropod shell sculpture: experimental and geographic evidence.

Evolution 33:697–713.

Pannell, J. R., et al. 2015. The scope of Baker’s law. New Phy-

tologist 208:656–667.

Pauw, A., and R. Stanway. 2015. Unrivalled specialization in a

pollination network from South Africa reveals that

Article e01397; page 16 CARINA A. BASKETT ET AL. Ecological Monographs
Vol. 90, No. 1



specialization increases with latitude only in the Southern

Hemisphere. Journal of Biogeography 42:652–661.

Pearse, I. S., and A. L. Hipp. 2012. Global patterns of leaf

defenses in oak species. Evolution 66:2272–2286.

Pennings, S. C., and B. R. Silliman. 2005. Linking biogeography

and community ecology: latitudinal variation in plant-herbi-

vore interaction strength. Ecology 86:2310–2319.

Pianka, E. R. 1966. Latitudinal gradients in species diversity: a

review of concepts. American Naturalist 100:33–46.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R. C. Team.

2017. nlme: linear and nonlinear mixed effects models. R

package version 3.1-131. https://CRAN.R-project.org/packa

ge=nlme

RCore Team. 2014. R: a language and environment for statisti-

cal computing. R Foundation for Statistical Computing,

Vienna, Austria.

Rasmann, S., and A. A. Agrawal. 2011. Latitudinal patterns in

plant defense: evolution of cardenolides, their toxicity and

induction following herbivory. Ecology Letters 14:476–483.

Ratto, F., B. I. Simmons, R. Spake, V. Zamora-Gutierrez, M. A.

MacDonald, J. C. Merriman, C. J. Tremlett, G. M. Poppy, K.

S. H. Peh, and L. V. Dicks. 2018. Global importance of verte-

brate pollinators for plant reproductive success: a meta-analy-

sis. Frontiers in Ecology and the Environment 16:82–90.

Rech, A. R., B. Dalsgaard, B. Sandel, J. Sonne, J.-C. Svenning,

N. Holmes, and J. Ollerton. 2016. The macroecology of ani-

mal versus wind pollination: ecological factors are more

important than historical climate stability. Plant Ecology &

Diversity 9:253–262.

Regal, P. J. 1982. Pollination by wind and animals: ecology of

geographic patterns. Annual Review of Ecology and System-

atics 13:497–524.

Robinson, G. S., P. R. Ackery, I. J. Kitching, G. W. Beccaloni,

and L. M. Hernandez. 2010. HOSTS—A database of the

world’s lepidopteran hostplants. Natural History Museum,

London, UK. https://www.nhm.ac.uk/our-science/data/hos

tplants/

Roslin, T., et al. 2017. Higher predation risk for insect prey at

low latitudes and elevations. Science 356:742–744.

Salgado, C. S., and S. C. Pennings. 2005. Latitudinal variation

in palatability of salt-marsh plants: Are differences constitu-

tive? Ecology 86:1571–1579.

Sauer, J. D. 1952. A geography of pokeweed. Annals of the Mis-

souri Botanical Garden 39:113–125.

Schemske, D. W. 2009. Biotic interactions and speciation in the

tropics. Pages 219–239 in R. K. Butlin, J. R. Bridle, and D.

Schluter, editors. Speciation and patterns of diversity. Cam-

bridge University Press, Cambridge, UK.

Schemske, D. W., G. G. Mittelbach, H. V. Cornell, J. M. Sobel,

and K. Roy. 2009. Is there a latitudinal gradient in the impor-

tance of biotic interactions? Annual Review of Ecology Evo-

lution and Systematics 40:245–269.

Scriber, J. M., B. Elliott, E. Maher, M. McGuire, and M.

Niblack. 2014. Adaptations to “thermal time” constraints in

Papilio: latitudinal and local size clines differ in response to

regional climate change. Insects 5:199–226.

Sedio, B. E., J. D. Parker, S. M. McMahon, and S. J. Wright.

2018. Comparative foliar metabolomics of a tropical and a

temperate forest community. Ecology 99:2647–2653.

Small, J. K. 1905. Additions to the flora of subtropical Florida.

Bulletin of the New York Botanical Garden 3:419–440.

Stowe, K. A., R. J. Marquis, C. G. Hochwender, and E. L.

Simms. 2000. The evolutionary ecology of tolerance to con-

sumer damage. Annual Review of Ecology and Systematics

31:565–595.

Summerland, S. A., and D. W. Hamilton. 1955. Biology of the

red-banded leaf roller in southern Indiana. Journal of Eco-

nomic Entomology 48:51–53.

Thompson, J. N. 2005. The geographic mosaic of coevolution.

University of Chicago Press, Chicago, Illinois, USA.

Tittensor, D. P., C. Mora, W. Jetz, H. K. Lotze, D. Ricard, E.

Vanden Berghe, and B. Worm. 2010. Global patterns and pre-

dictors of marine biodiversity across taxa. Nature 466:1098-

U1107.

Vamosi, J. C., T. M. Knight, J. A. Steets, S. J. Mazer, M. Burd,

and T. L. Ashman. 2006. Pollination decays in biodiversity

hotspots. Proceedings of the National Academy of Sciences

USA 103:956–961.

Veldman, J. W., K. G. Murray, A. L. Hull, J. M. Garcia, W. S.

Mungall, G. B. Rotman, M. P. Plosz, and L. K. McNamara.

2007. Chemical defense and the persistence of pioneer plant

seeds in the soil of a tropical cloud forest. Biotropica 39:87–

93.

Weber, M. G., C. E. Wagner, R. J. Best, L. J. Harmon, and B.

Matthews. 2017. Evolution in a community context: on inte-

grating ecological interactions and macroevolution. Trends in

Ecology & Evolution 32:291–304.

Wieski, K., and S. Pennings. 2014. Latitudinal variation in resis-

tance and tolerance to herbivory of a salt marsh shrub. Ecog-

raphy 37:763–769.

Woods, E. C., A. P. Hastings, N. E. Turley, S. B. Heard, and A.

A. Agrawal. 2012. Adaptive geographical clines in the growth

and defense of a native plant. Ecological Monographs

82:149–168.

Yang, M. L., L. L. Wang, G. P. Zhang, L. H. Meng, Y. P.

Yang, and Y. W. Duan. 2018. Equipped for migrations

across high latitude regions? Reduced spur length and

outcrossing rate in a biennial Halenia elliptica (Gen-

tianaceae) with mixed mating system along a latitude gra-

dient Frontiers in Genetics 9:1–7.

SUPPORTING INFORMATION

Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecm.1397/full

DATA AVAILABILITY

Data available on Dryad, https://doi.org/10.5061/dryad.qrfj6q5b0

February 2020 BIOTIC INTERACTIONS VARY LATITUDINALLY Article e01397; page 17

https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://www.nhm.ac.uk/our-science/data/hostplants/
https://www.nhm.ac.uk/our-science/data/hostplants/
http://onlinelibrary.wiley.com/doi/10.1002/ecm.1397/full
https://doi.org/10.5061/dryad.qrfj6q5b0

