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Abstract
Associational effects— in which the vulnerability of a plant to herbivores is influenced 
by its neighbors— have been widely implicated in mediating plant– herbivore interac-
tions. Studies of associational effects typically focus on interspecific interactions or 
pest– crop dynamics. However, associational effects may also be important for species 
with intraspecific variation in defensive traits. In this study, we observed hundreds 
of Datura wrightii— which exhibits dimorphism in its trichome phenotype— from over 
30 dimorphic populations across California. Our aim was to determine whether a re-
lationship existed between the trichome phenotype of neighboring conspecifics and 
the likelihood of being damaged by four species of herbivorous insects. We visited 
plants at three timepoints to assess how these effects vary both within and between 
growing seasons. We hypothesized that the pattern of associational effects would 
provide rare morphs (i.e., focal plants that are a different morph than their neigh-
bors) with an advantage in the form of reduced herbivory, thereby contributing to 
the negative frequency- dependent selection previously documented in this system. 
We found the best predictor of herbivory/herbivore presence on focal plants was the 
phenotype of the focal plant. However, we also found some important neighborhood 
effects. The total number of plants near a focal individual predicted the likelihood 
and/or magnitude of herbivory by Tupiochoris notatus, Lema daturaphila, and Manduca 
sexta. We also found that velvety focal plants with primarily sticky neighbors are 
more susceptible to infestation by Tupiochoris notatus and Lema daturaphila. This does 
not align with the hypothesis that associational effects at the near- neighbor scale 
contribute to a rare- morph advantage in this system. Overall, the results of our study 
show that the number and trichome- morph composition of neighboring conspecifics 
impact interactions between D. wrightii and insect herbivores.
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1  | INTRODUC TION

Plant– plant interactions have attracted the attention of plant sci-
entists since the first suggestion that plants can communicate with 
one another nearly 40 years ago (Baldwin et al., 2006; Baldwin & 
Schultz, 1983). Both positive and negative direct interactions be-
tween plants, occurring through mechanisms such as allelopathy 
or volatile- mediated communication, have been described (Kalske 
et al., 2019; Latif et al., 2017). Indirect interactions between neigh-
boring plants can also occur (Barbosa et al., 2009) and may be 
mediated by third parties in the environment such as herbivores, 
parasites, or natural enemies of herbivores (Barbosa et al., 2009). 
Associational effects are a category of plant– plant interactions that 
has received much attention from plant biologists in recent years 
(Barbosa et al., 2009; Underwood et al., 2014). Associational effects 
encompass all interactions in which neighboring plants alter the like-
lihood that a focal plant will be attacked by an herbivore and include 
effects that can be positive (associational resistance) or negative 
(associational susceptibility) from the perspective of a focal plant. 
Although associational effects are often studied in multispecies 
community contexts (Hambäck et al., 2014; Hay, 1986), they can also 
occur between conspecifics within polymorphic populations (Sato & 
Kudoh, 2016).

While multiple factors can contribute to the strength and direc-
tion of associational effects in plant populations and communities, 
herbivore population dynamics are particularly influential. When 
herbivore populations outgrow the supply of their preferred host 
plants, “spillover” onto less preferred hosts can occur, producing as-
sociational susceptibility (White & Whitham, 2000). Plant apparency 
has also been shown to drive associational effects, as smaller plants 
hidden among larger neighbors have been shown to experience as-
sociational resistance (Castagneyrol et al., 2013). Associational resis-
tance can also occur when plants induce the production of volatile 
compounds, which can deter herbivores from ovipositing on the in-
duced plant and its neighbors (Zakir et al. 2013). In addition to these 
biotic mechanisms, abiotic factors such as microclimate variation 
caused by neighbors can also drive associational effects (Barbosa 
et al., 2009).

Datura wrightii (Solanaceae) is a system that allows for the study 
of interactions between conspecifics in populations that are dimor-
phic with respect to trichome type. This roadside weed is common 
in California, where two distinct trichome morphs— glandular/sticky 
and nonglandular/velvety— coexist in many populations (Hare & 
Elle, 2001). These two morphs are easy to categorize by sight and 
touch in the field. Previous research using a statewide sample of pop-
ulations has shown that this dimorphism is maintained by negative 
frequency- dependent selection linked to two herbivorous insects 
(Goldberg et al., 2020). These two morphs do not produce signifi-
cantly different herbivore- induced volatile blends (Hare, 2007), but 
these blends do vary based upon the herbivore species (Hare & 
Sun, 2011). Here, we focus on intrapopulation plant– herbivore dy-
namics in this system. Experimental evidence from a study of dimor-
phic Arabidopsis halleri revealed that associational effects occurred 

between glabrous and hairy individuals (Sato & Kudoh, 2016). In 
this system, glabrous plants lacking trichomes were more palat-
able to herbivores (Sato et al., 2014) and hairy plants experienced 
associational resistance when surrounded by glabrous ones (Sato & 
Kudoh, 2016). We therefore hypothesize that associational effects 
may exist in dimorphic populations of D. wrightii.

In this paper, we present the results of an observational study 
of natural D. wrightii plants across central and southern California. 
Our goal was to assess the degree to which the number and tri-
chome phenotype of neighboring conspecifics alters the likelihood 
of herbivory on dimorphic D. wrightii. Based upon prior work, we hy-
pothesized that we would observe associational susceptibility (neg-
ative interactions from the perspective of a focal plant) occurring 
between neighboring plants with the same trichome phenotype and 
associational resistance (positive interactions) between neighbors 
with different trichome phenotypes. A scenario such as this could 
underlie the fitness cost associated with becoming common that 
occurs under negative frequency- dependent selection as it would 
provide locally rare morphs (e.g., those that are different from their 
surrounding neighbors) a fitness advantage in the form of reduced 
herbivory compared to the locally common morph (e.g., those that 
are the same morph as their neighbors).

To test this hypothesis, we measured herbivory on California 
D. wrightii and counted the number and phenotype of neighboring 
plants to look for correlations between herbivory and neighborhood 
size/composition (local morph frequency). We conducted field mea-
surements three times across two years (July/August 2017; April/
May 2018; July/August 2018) so that in addition to testing for the 
presence of associational effects, we could also assess the degree to 
which it varied between and within growing seasons.

2  | METHODS

2.1 | Study system

Datura wrightii is a Solanaceous perennial shrub native to the 
American Southwest and Northwest Mexico. In California, these 
plants are dimorphic with respect to trichome type: Some plants 
possess nonglandular trichomes, whereas others possess glandu-
lar trichomes and feel sticky (Hare & Elle, 2001); we will refer to 
these as velvety and sticky, respectively. These phenotypes coexist 
within populations across the coastal regions of the state and dif-
fer with respect to their associated arthropod communities (Hare 
& Elle, 2002). Sticky plants have compromised indirect defenses 
(Gassmann & Hare, 2005), with the glandular phenotype conferring 
resistance to flea beetles (Epitrix sp.), vulnerability to mirid suckflies 
(Tupiochoris notatus), and proving less attractive to predatory arthro-
pods. The trichome dimorphism is known to be governed by a single 
locus with classical Mendelian inheritance and is ontogenically ex-
pressed: All seedlings have glandular trichomes with the adult phe-
notypes exhibited following the emergence of the 5th true leaf (van 
Dam et al., 1999). Vegetative tissues senesce at the conclusion of 
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the growing season and re- emerge as their adult phenotype in each 
following year (Elle et al., 1999).

Our study focused on interactions between D. wrightii (Figure 1a) 
and five different species of herbivorous insect: Manduca sexta, Lema 
daturaphila, Tupiochorus notatus, Epitrix sp., and Tricobaris compacta. 
All these herbivores except Epitrix are shown in Figure 1 (panels b– 
i). Manduca sexta (Lepidoptera: Sphingidae) adults are not herbivo-
rous but will oviposit on their solanaceous host plants— including D. 
wrightii. Their larvae are voracious eaters and are capable of defoliat-
ing entire plants as the caterpillars grow from less than 1 cm to over 
10 cm over the course of 2– 3 weeks (Reinecke et al., 1980). Lema 
daturaphila (Coleoptera: Chrysomelidae) is herbivorous during both 
larval and adult stages and oviposit on their host plants (Kogan & 
Goeden, 1970). Both M. sexta and L. daturaphila are chewing insects 
that completely remove vegetative tissues; however, M. sexta defoli-
ates in a regular pattern consuming all parts of the leaf; L. daturaph-
ila on the other hand leaves irregularly shaped damage and avoids 
eating veins (Hare & Elle, 2002). Epitrix flea beetles (Coleoptera; 
Chrysomelidae) are herbivorous as both adults and larvae; how-
ever, the eggs are laid in the soil at the base of host plants and the 
larvae feed on root tissue (Westdal & Romanow, 1972). As such, 
we only assessed damage by adults, which leave numerous small 
puncture wounds in leaves (Hare & Elle, 2002). Tupiochorus notatus 
(Hemiptera: Miridae) are small piercing- sucking herbivores (as both 

nymphs and adults), the damage of which manifests as a distinctive 
yellow discoloration of leaves (Hare & Elle, 2002). Trichobaris com-
pacta (Coleoptera: Curculionidae) adults leave small holes that are 
notably larger than those left by flea beetles. The larvae of this spe-
cies are pith dwellers (Lee et al., 2016); thus, we did not determine 
their presence as it would require damaging plants and significantly 
disturbing their arthropod communities. Adults of all herbivore spe-
cies are capable of dispersing via flight, whereas nymphs/larvae are 
flightless (J Goldberg, personal observation). The striking differ-
ences between the damage patterns of each herbivore allowed us to 
determine how much leaf area was damaged by each species individ-
ually for all focal plants included in this study. Detailed descriptions 
of these patterns of damage have been previously published (Elle & 
Hare, 2000).

2.2 | Data collection

California Datura wrightii populations (N = 25; Figure 2a) were vis-
ited between 13 July and 5 August 2017. For a random sample of 
36 plants within each population (Ntotal = 767; nine populations with 
less than 36 plants, range from 9 to 35 individuals), we noted the 
arthropods present on each plant, leaf area damaged by herbivores, 
and the phenotype and number of neighbors (conspecifics within 

F I G U R E  1   Photographs taken by JKG of study subjects in situ: Datura wrightii (a), Tupiochoris notatus (b nymphs; c adult), Lema daturaphila 
(d egg cluster; e larva; f adult), Manduca sexta (g early instar; h late instar), Trichobaris compacta (i adult), and Green Lynx Spider (Peucetia 
viridans; j). Other study species not shown are Epitrix sp. (flea beetles), predatory hemipterans (Geocoris sp., Berytidae), and uncommon 
spiders (Salticidae, Thomisidae, and Araneidae)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i) (j)
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1m of focal individual). The neighbor cutoff of 1m was selected as 
this distance should be sufficient for arthropods to recognize plant 
clusters as separate plants (i.e., plants less than 1m apart will not be 
recognized as individual plants; Joo et al., 2017). Only one person 
(JKG) measured herbivory via direct observation to avoid interob-
server bias/variation. For populations with fewer than 36 plants, all 
plants present were sampled. The population- wide averages of these 
measurements were used in a prior study (Goldberg et al., 2020), but 
analyses of variation between individual plants in this dataset have 
not been previously presented.

In 2018, we visited D. wrightii populations (N = 35; Figure 2b) 
twice: once in the spring (30 April– 08 May; Nplants = 772) and again 
in the summer (31 July– 15 August; Nplants = 927). Two populations 
(Sequoia National Forest and Tollhouse Grade) had no plants during 
the spring visitation and one was absent during the summer visita-
tion due to road work (Trimmer Springs Rd.). In the spring, we quan-
tified the leaf area damaged by four major herbivores (T. notatus, L. 
daturaphila, M. sexta, and Epitrix sp.), and in the summer, we quanti-
fied herbivore damage and noted the presence/absence of various 
arthropod species (herbivores and predators). Trichobaris compacta 

F I G U R E  2   Maps showing the Datura 
wrightii populations visited in 2017 (left; 
N = 25) and 2018 (right; N = 35). All 
populations were initially visited by Hare 
and Elle (2001) and were located using 
their published directions. Axes represent 
latitude and longitude

TA B L E  1   The results of hurdle models comparing the likelihood and magnitude of herbivory with the total number of neighbors  
plants had. Statistically significant coefficients (p < 0.05) are in bold, and nearly significant ones (0.05 < p < 0.10) are shown in italics

Observation 
Period Nobs Npop df

Binary GLM (zeroes versus. positives; “hurdle”) Truncated Negative Binomial GLM (zeroes excluded)

Variance explained 
by population ± SD

β focal plant phenotype β number of neighbors β interaction term
Variance explained by 
population ± SD

β focal plant phenotype β number of neighbors β interaction term

Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value

Summer 2017 767 25 756 2.056 ± 1.434 −0.015 ± 0.432 0.972 0.0506 ± 0.213 0.812 0.0796 ± 0.252 0.752 0.157 ± 0.396 −0.640 ± 0.074 <2E−16 0.0465 ± 0.0316 0.141 −0.0493 ± 0.0443 0.265

Spring 2018 808 33 797 1.432 ± 1.197 0.215 ± 0.265 0.418 0.0380 ± 0.0863 0.66 −0.0294 ± 0.0976 0.763 0.118 ± 0.344 −0.259 ± 0.0795 0.00105 0.0751 ± 0.0241 0.00187 −0.130 ± 0.0316 4.39E−05

Summer 2018 927 35 916 0.891 ± 0.944 0.314 ± 0.285 0.270 −0.0488 ± 0.117 0.677 0.0828 ± 0.137 0.547 0.149 ± 0.385 −0.611 ± 0.0786 7.83E−15 0.0205 ± 0.0274 0.455 −0.00782 ± 0.0361 0.828

Summer 2017 767 25 756 5.014 ± 2.239 5.364 ± 0.547 <2E−16 −0.168 ± 0.241 0.486 −0.0243 ± 0.278 0.93 0.174 ± 0.417 −0.621 ± 0.175 0.000403 0.0487 ± 0.0340 0.153 −0.198 ± 0.109 0.0709

Spring 2018 808 33 797 1.861 ± 1.364 3.242 ± 0.410 2.53E−15 −0.0747 ± 0.0916 0.415 0.333 ± 0.171 0.0516 0.123 ± 0.350 −0.411 ± 0.270 0.127 0.0736 ± 0.0317 0.0204 −0.0868 ± 0.170 0.61

Summer 2018 927 35 916 1.172 ± 1.083 3.323 ± 0.318 <2E−16 −0.0399 ± 0.101 0.691 −0.0552 ± 0.140 0.692 0.121 ± 0.347 −0.911 ± 0.301 0.00252 0.0513 ± 0.0373 0.169 −0.0606 ± 0.151 0.687

Summer 2017 767 25 756 2.100 ± 1.449 −1.439 ± 0.281 2.94E−07 0.000938 ± 0.135 0.994 0.0394 ± 0.168 0.815 0.176 ± 0.420 0.491 ± 0.132 0.000193 0.0363 ± 0.0736 0.622 0.00922 ± 0.0813 0.91

Spring 2018 808 33 797 1.57 ± 1.253 −0.411 ± 0.259 0.112 0.261 ± 0.0977 0.00759 −0.330 ± 0.109 0.00253 0.171 ± 0.4136 0.134 ± 0.089 0.133 −0.0292 ± 0.0451 0.517 −0.0165 ± 0.0487 0.734

Summer 2018 927 35 916 0.900 ± 0.949 −0.660 ± 0.241 0.00615 0.0605 ± 0.101 0.551 0.0418 ± 0.119 0.725 0.191 ± 0.437 −0.0156 ± 0.126 0.901 −0.0987 ± 0.0644 0.126 0.153 ± 0.073 0.0358

Summer 2017 767 25 756 2.723 ± 1.650 −3.338 ± 0.833 6.12E−05 −0.300 ± 0.395 0.447 0.423 ± 0.411 0.303 0.0215 ± 0.147 0.343 ± 0.476 0.472 0.0441 ± 0.195 0.821 −0.0807 ± 0.205 0.694

Spring 2018 808 33 797 6.518 ± 2.553 −2.604 ± 1.370 0.0573 0.426 ± 0.842 0.613 −0.259 ± 0.851 0.7612 Model did not converge 
(low occurrence)

Summer 2018 927 35 916 2.864 ± 1.692 −2.552 ± 0.486 1.51E−07 −0.230 ± 0.188 0.219 0.0618 ± 0.203 0.761 0.0777 ± 0.279 0.205 ± 0.270 0.447 −0.0632 ± 0.118 0.592 0.104 ± 0.121 0.392

Summer 2017 767 25 756 1.698 ± 1.303 0.306 ± 0.319 0.337 −0.0456 ± 0.164 0.781 0.104 ± 0.197 0.597 0.0657 ± 0.256 −0.332 ± 0.148 0.0247 −0.408 ± 0.130 0.00175 0.440 ± 0.139 0.00151

Spring 2018 808 33 797 125.6 ± 11.21 −0.169 ± 1.510 0.911 0.0145 ± 0.413 0.972 1.970 ± 1.231 0.109 Model did not converge 
(low occurrence)

Summer 2018 927 35 916 0.554 ± 0.744 0.0332 ± 0.307 0.914 0.387 ± 0.168 0.0213 −0.0816 ± 0.206 0.693 6.003E−09 ± 7.748E−05 −0.169 ± 0.181 0.35 −0.128 ± 0.130 0.326 0.106 ± 0.158 0.503

Summer 2018 927 35 916 4.361 ± 2.088 −1.193 ± 0.355 0.000776 −0.0296 ± 0.149 0.843 0.0273 ± 0.170 0.873 0.109 ± 0.329 0.323 ± 0.132 0.014 0.0487 ± 0.0517 0.346 −0.0567 ± 0.0627 0.366
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was only present in large enough numbers to be studied in summer 
2018.

2.3 | Statistical analysis

Our raw herbivory data contained many zeroes; therefore, we used 
a hurdle model approach to address the factors influencing the like-
lihood of herbivory being present and the intensity of herbivory on 
focal plants. Hurdle models are two- part generalized linear models in 
which the first part (the hurdle) analyzes the data using a logistic re-
gression (positive values are collapsed to 1) and the second part uses 
a truncated (zeroes excluded) negative binomial regression to look at 
variation in the positive values only (Rose et al., 2006). For herbivore 
presence data (which was collected as binary), we used a binomial 
generalized linear mixed effect model approach. All statistics were 
conducted in R (R Core Team). Hurdle models were conducted using 
the glmmTMB() function in the glmmTMB package so that popula-
tion could be included as a random variable. Population was included 
as a random factor in each model to account for spatial covariation. 
Each dependent variable (herbivore/herbivory measures) tested 
was used in two models: (a) one in which the number of neighbors 
was included as an explanatory variable; and (b) one in which the 
frequency of sticky neighbors was included as an explanatory vari-
able (for this analysis, singletons— plants with no neighbors— were 
excluded). Focal plant phenotype (velvety vs. sticky) was included in 

each model along with the interaction between it and the continu-
ous explanatory variables. Sticky was always used as the baseline 
phenotype in our statistical models. In some hurdle models, dam-
age occurrence was too low for variation in the positive values to 
be analyzed and some GLMMs were unable to converge with the 
interaction term; thus, this coefficient was excluded for analysis to 
proceed (noted in Tables 1– 4).

3  | RESULTS

Results of all models are summarized in Tables 1– 4. Table 1 shows 
the results of hurdle models examining the relationship between 
herbivore damage and the total number of neighboring plants (se-
lected results are visualized in Figures 3 and 4). Table 2 shows the re-
sults of hurdle models looking at the relationship between herbivory 
and the frequency of sticky plants in the immediate neighborhood 
(selected results shown in Figure 5). Table 3 shows the results from 
GLMMs looking at the relationship between arthropod occurrence 
and total number of neighboring plants, and Table 4 shows results of 
models examining the relationship between arthropod occurrence 
and the sticky neighbor frequency (selected results from both tables 
are shown in Figure 6).

Overall, focal plant phenotype was better at predicting the pres-
ence or absence of herbivore damage than was variation in neigh-
borhood density or composition (15 out of 32 βfocal plant phenotype 

TA B L E  1   The results of hurdle models comparing the likelihood and magnitude of herbivory with the total number of neighbors  
plants had. Statistically significant coefficients (p < 0.05) are in bold, and nearly significant ones (0.05 < p < 0.10) are shown in italics
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Binary GLM (zeroes versus. positives; “hurdle”) Truncated Negative Binomial GLM (zeroes excluded)

Variance explained 
by population ± SD

β focal plant phenotype β number of neighbors β interaction term
Variance explained by 
population ± SD

β focal plant phenotype β number of neighbors β interaction term

Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value
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Spring 2018 808 33 797 1.432 ± 1.197 0.215 ± 0.265 0.418 0.0380 ± 0.0863 0.66 −0.0294 ± 0.0976 0.763 0.118 ± 0.344 −0.259 ± 0.0795 0.00105 0.0751 ± 0.0241 0.00187 −0.130 ± 0.0316 4.39E−05

Summer 2018 927 35 916 0.891 ± 0.944 0.314 ± 0.285 0.270 −0.0488 ± 0.117 0.677 0.0828 ± 0.137 0.547 0.149 ± 0.385 −0.611 ± 0.0786 7.83E−15 0.0205 ± 0.0274 0.455 −0.00782 ± 0.0361 0.828

Summer 2017 767 25 756 5.014 ± 2.239 5.364 ± 0.547 <2E−16 −0.168 ± 0.241 0.486 −0.0243 ± 0.278 0.93 0.174 ± 0.417 −0.621 ± 0.175 0.000403 0.0487 ± 0.0340 0.153 −0.198 ± 0.109 0.0709
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Summer 2017 767 25 756 2.100 ± 1.449 −1.439 ± 0.281 2.94E−07 0.000938 ± 0.135 0.994 0.0394 ± 0.168 0.815 0.176 ± 0.420 0.491 ± 0.132 0.000193 0.0363 ± 0.0736 0.622 0.00922 ± 0.0813 0.91
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Summer 2018 927 35 916 2.864 ± 1.692 −2.552 ± 0.486 1.51E−07 −0.230 ± 0.188 0.219 0.0618 ± 0.203 0.761 0.0777 ± 0.279 0.205 ± 0.270 0.447 −0.0632 ± 0.118 0.592 0.104 ± 0.121 0.392

Summer 2017 767 25 756 1.698 ± 1.303 0.306 ± 0.319 0.337 −0.0456 ± 0.164 0.781 0.104 ± 0.197 0.597 0.0657 ± 0.256 −0.332 ± 0.148 0.0247 −0.408 ± 0.130 0.00175 0.440 ± 0.139 0.00151

Spring 2018 808 33 797 125.6 ± 11.21 −0.169 ± 1.510 0.911 0.0145 ± 0.413 0.972 1.970 ± 1.231 0.109 Model did not converge 
(low occurrence)

Summer 2018 927 35 916 0.554 ± 0.744 0.0332 ± 0.307 0.914 0.387 ± 0.168 0.0213 −0.0816 ± 0.206 0.693 6.003E−09 ± 7.748E−05 −0.169 ± 0.181 0.35 −0.128 ± 0.130 0.326 0.106 ± 0.158 0.503

Summer 2018 927 35 916 4.361 ± 2.088 −1.193 ± 0.355 0.000776 −0.0296 ± 0.149 0.843 0.0273 ± 0.170 0.873 0.109 ± 0.329 0.323 ± 0.132 0.014 0.0487 ± 0.0517 0.346 −0.0567 ± 0.0627 0.366
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coefficients were significant vs. only 2 βneighbors/sticky frequency and 3 
βinteraction; Tables 1 and 2). This was also the case for truncated GLMs 
predicting the magnitude of herbivory (16 out of 32 βfocal plant phenotype 
coefficients were significant vs. only 3 βneighbors/sticky frequency and 4 
βinteraction; Tables 1 and 2). Focal phenotype was able to predict the 
likelihood or magnitude of herbivory in at least one timepoint for all 
herbivores included in our study (Tables 1 and 2).

We considered significant (p <0.05) βneighbors/sticky frequency or 
βinteraction evidence of associational effects occurring at that time-
point. Consistent associational effects (occurring at all timepoints) 
were not observed for any herbivore, but they were observed 
in at least one timepoint for each herbivore except flea beetles 
(Epitrix sp.). In both summer 2017 and 2018, only the focal phe-
notype was able to predict the likelihood of L. daturaphila dam-
age with velvety plants being more likely to be damaged (summer 
2017: βfocal plant phenotype = −1.439, p < 0.0001, Figure 3a, Table 1; 
summer 2018: βfocal plant phenotype = −0.660, p = 0.00615, Figure 3c, 
Table 1). In spring 2018, we observed that sticky D. wrightii plants 
were less likely to be damaged by L. daturaphila when they had 
a larger number of neighbors (βneighbors = 0.261, p = 0.00759; 
Figure 3b, Table 1), but that this was not the case for velvety 
plants (βinteraction = −0.330, p = 0.00253; Figure 3b, Table 1). In 
summer 2018, we observed that plants with more neighbors were 
less likely to be damaged by M. sexta (βneighbors = 0.387, p = 0.0213; 

Figure 3f, Table 1) and that this relationship was the same for both 
D. wrightii phenotypes (βfocal plant phenotype = 0.0332, p = 0.914; 
βinteraction = −0.0816, p = 0.693; Figure 3f, Table 1).

The number of neighboring plants was found to influence the mag-
nitude of herbivory by multiple insect species at different timepoints 
(Table 1; Figure 4). When all forms of herbivory were combined, we 
found that in the spring of 2018, sticky plants received more dam-
age than velvety plants (βfocal plant phenotype = −0.259, p = 0.00105**; 
Figure 4b) and that the damage they received increased with the 
number of neighbors (βneighbors = 0.0751, p = 0.00187**; Figure 4b). 
Furthermore, velvety plants received less damage when they had 
more neighbors (βinteraction = −0.130, p < 0.0001; Figure 4b). When 
we considered each herbivore separately, we found that the number 
of neighboring plants had a significant effect for three species of 
herbivore at three different times: Tupiochoris notatus (spring 2018; 
Figure 4e), Lema daturaphila (summer 2018; Figure 4i), and Manduca 
sexta (summer 2017; Figure 4j). T. notatus was positively correlated 
with the number of neighbors in spring 2018, indicating that plants 
in more numerous clusters received more damage than singletons 
without any (βneighbors = 0.0736, p = 0.02*; Figure 4e). The absence 
of a significant interaction term (βinteraction = −0.130. p = 0.610) sug-
gests that this relationship applies to both trichome phenotypes, 
although this does not visually appear to be the case (Figure 4e). 
In both summer 2017 and 2018, T. notatus damaged more leaf area 

TA B L E  2   The results of hurdle models comparing the likelihood and magnitude of herbivory with the frequency of sticky plants in the 
immediate neighborhood. Statistically significant coefficients (p < 0.05) are in bold, and nearly significant ones (0.05 < p < 0.10) are shown 
in italics

Type of damage 
observed

Observation 
Period Nobs Npop df

Binary GLM (zeroes vs. positives; "hurdle") Truncated Negative Binomial GLM (zeroes excluded)

Variance 
explained by 
population ± SD

β focal phenotype β phenotype frequency β interaction term
Variance explained by 
population ± SD

β focal phenotype β neighborhood β interaction term

Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value

Any Summer 2017 378 23 367 2.533 ± 1.591 1.391 ± 0.677 0.0397 0.690 ± 0.780 0.377 −2.672 ± 1.113 0.0164 0.126 ± 0.355 −0.672 ± 0.106 2.11E−10 0.142 ± 0.102 0.165 −0.265 ± 0.165 0.109

Spring 2018 464 32 453 1.536 ± 1.239 0.223 ± 0.392 0.569 0.242 ± 0.516 0.639 −0.111 ± 0.650 0.864 0.0618 ± 0.249 −0.727 ± 0.106 7.84E−12 −0.140 ± 0.130 0.281 0.252 ± 0.201 0.21

Summer 2018 516 30 505 1.18 ± 1.086 0.425 ± 0.501 0.396 −0.262 ± 0.589 0.656 0.749 ± 0.705 0.287 0.143 ± 0.377 −0.509 ± 0.118 1.39E−05 0.236 ± 0.131 0.0715 −0.0925 ± 0.178 0.603

mirid suckfly 
(Tupiochoris 
notatus)

Summer 2017 378 23 367 5.587 ± 2.364 6.241 ± 1.015 7.94E−10 1.032 ± 0.858 0.229 −1.944 ± 1.020 0.0567 0.150 ± 0.388 −1.075 ± 0.194 3.24E−08 0.192 ± 0.107 0.0733 0.232 ± 0.285 0.416

Spring 2018 464 32 453 2.004 ± 1.416 4.986 ± 0.715 3.13E−12 0.868 ± 0.537 0.106 −3.285 ± 1.024 0.00134 0.266 ± 0.516 −0.704 ± 0.357 0.0483 −0.280 ± 0.173 0.106 0.0127 ± 0.551 0.982

Summer 2018 516 30 505 0.976 ± 0.988 3.145 ± 0.460 8.25E−12 −0.786 ± 0.475 0.0981 −0.0532 ± 0.690 0.939 0.107 ± 0.327 −0.860 ± 0.321 0.00747 0.0140 ± 0.168 0.934 −0.294 ± 0.572 0.607

leaf beetles 
(Lema 
daturaphila)

Summer 2017 378 23 367 3.284 ± 1.812 −1.081 ± 0.437 0.0133 0.523 ± 0.487 0.283 −0.326 ± 0.653 0.618 0.0973 ± 0.312 0.478 ± 0.195 0.0143 −0.214 ± 0.237 0.367 −0.132 ± 0.285 0.642

Spring 2018 464 32 453 1.662 ± 1.289 −0.836 ± 0.367 0.0229 0.7696 ± 0.5224 0.141 −0.355 ± 0.651 0.586 0.0650 ± 0.255 0.0702 ± 0.141 0.617 0.289 ± 0.183 0.114 −0.305 ± 0.234 0.193

Summer 2018 516 30 505 1.037 ± 1.018 −0.406 ± 0.395 0.304 0.267 ± 0.472 0.571 −0.308 ± 0.580 0.596 0.290 ± 0.539 0.313 ± 0.194 0.106 0.289 ± 0.252 0.252 0.0175 ± 0.275 0.949

flea beetles 
(Epitrix sp.)

Summer 2017 378 23 367 4.22 ± 2.054 −2.326 ± 1.316 0.0772 −0.589 ± 1.702 0.729 −1.179 ± 1.754 0.502 3.213E−10 ± 1.792E−05 −1.425 ± 1.875 0.447 −2.710 ± 3.163 0.392 2.337 ± 3.169 0.461

Spring 2018 464 32 453 Model did not converge (very low occurrence)

Summer 2018 516 30 505 3.956 ± 1.989 −2.398 ± 0.701 0.000618 0.512 ± 1.038 0.622 0.262 ± 1.130 0.816 0.120 ± 0.347 0.842 ± 0.454 0.0639 0.688 ± 0.724 0.342 −0.888 ± 0.770 0.249

tobacco 
hornworm 
(Manduca 
sexta)

Summer 2017 378 23 367 1.168 ± 1.081 −0.238 ± 0.535 0.657 −1.213 ± 0.621 0.0507 1.371 ± 0.826 0.0971 0.0563 ± 0.237 0.735 ± 0.367 0.0452 0.261 ± 0.436 0.549 −0.521 ± 0.548 0.342

Spring 2018 464 32 453 Model did not converge (very low occurrence)

Summer 2018 516 30 505 0.979 ± 0.989 −1.331 ± 0.934 0.154 −1.679 ± 1.003 0.094 1.814 ± 1.155 0.116 1.93E−09 ± 4.393E−05 −0.557 ± 0.369 0.131 −0.631 ± 0.396 0.111 0.376 ± 0.521 0.471

stem- boring 
weevils 
(Trichobaris 
sp.)

Summer 2018 516 30 505 5.117 ± 2.262 −0.966 ± 0.559 0.0839 0.521 ± 0.714 0.464 0.0836 ± 0.837 0.92 0.0663 ± 0.258 −0.128 ± 0.204 0.529 −0.146 ± 0.212 0.492 0.673 ± 0.274 0.014



     |  5553GOLDBERG Et aL.

on sticky plants than velvety ones (summer 2017: βfocal plant pheno-

type = −0.621, p = 0.00040***, Figure 4d; summer 2018: βfocal plant phe-

notype = −0.911, p = 0.00252**, Figure 4f), but damage was not 
associated with the number of neighboring plants (Table 1). Lema 
daturaphila damaged more leaf area on velvety plants than sticky 
ones in summer 2017 (βfocal plant phenotype = 0.491, p = 0.00019***; 
Figure 4g), but this was not the case during any measurement in 2018 
(spring: βfocal plant phenotype = −0.621, p = 0.133, Figure 4h; summer: βfo-

cal plant phenotype = −0.0156, p = 0.901, Figure 4i). In summer 2018, we 
found a significant interaction term (βinteraction = 0.153, p = 0.0358*; 
Figure 4i) suggesting that there is a negative relationship with the 
number of neighbors for velvety plants, but not for sticky ones 
(βneighbors = −0.0987, p = 0.126). In summer 2017, we found that all 
three coefficients were significant for Manduca sexta (βfocal plant phe-

notype = −0.332, p = 0.0247*; βneighbors = −0.408 p = 0.00175**; βin-

teraction = 0.440, p = 0.00151**, Figure 4j). This suggests that sticky 
singletons (plants with no neighbors) had more leaf area damaged 
than velvety singletons, that sticky plants with more neighbors re-
ceived less damage from M. sexta, and that the number of neighbors 
was not related to the damage received by velvety plants. In summer 
2018, we found that neither focal plant phenotype nor the number 
of neighboring plants was able to predict the leaf area damaged by 
M. sexta (βfocal plant phenotype = −0.169, p = 0.350; βneighbors = −0.128, 
p = 0.326; βinteraction = 0.106, p = 0.503, Figure 4k).

When we excluded singletons to examine the effect of neighbor-
hood composition (i.e., the frequency of the sticky phenotype within 
1m of the focal plant; Table 2), we found only two cases where it was 
able to predict the likelihood of herbivore on focal plants: for the 
presence of any damage in summer 2017 (Figure 5a) and the like-
lihood of T. notatus damage in spring 2018 (Figure 5e). In summer 
2017, we found that sticky plants with all- velvety neighbors were 
more likely to be damaged by any herbivore than velvety plants 
with all- velvety neighbors (βfocal plant phenotype = 1.391, p = 0.0397*; 
Figure 5a) and that the likelihood of any herbivory being present 
on velvety plants increased with the sticky frequency in the local 
neighborhood (βinteraction = −2.672, p = 0.0164*; Figure 5a), but that 
the frequency of sticky neighbors did influence the likelihood of her-
bivory on sticky focal plants (βneighbors = 0.069, p = 0.377; Figure 5a). 
In spring 2018, we found that the likelihood of T. notatus herbiv-
ory being present on velvety plants increased with the frequency 
of neighboring sticky plants (βinteraction = −3.328, p = 0.00134*; 
Figure 5e), but that this relationship was not significant for sticky 
plants (βneighbors = 0.868, p = 0.106; Figure 5e). Sticky focal plants 
were always more likely than velvety ones to be damaged by T. nota-
tus (summer 2017: βneighbors = 6.241, p < 0.001***; Figure 5d; spring 
2018: βneighbors = 4.986, p < 0.001***; Figure 5e; βneighbors = 3.145, 
p < 0.001***; Figure 5f). The frequency of sticky neighbors was 
only able to predict the magnitude of herbivory by one herbivore: 

TA B L E  2   The results of hurdle models comparing the likelihood and magnitude of herbivory with the frequency of sticky plants in the 
immediate neighborhood. Statistically significant coefficients (p < 0.05) are in bold, and nearly significant ones (0.05 < p < 0.10) are shown 
in italics

Type of damage 
observed

Observation 
Period Nobs Npop df

Binary GLM (zeroes vs. positives; "hurdle") Truncated Negative Binomial GLM (zeroes excluded)

Variance 
explained by 
population ± SD

β focal phenotype β phenotype frequency β interaction term
Variance explained by 
population ± SD

β focal phenotype β neighborhood β interaction term

Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value Estimate ± SE p- value

Any Summer 2017 378 23 367 2.533 ± 1.591 1.391 ± 0.677 0.0397 0.690 ± 0.780 0.377 −2.672 ± 1.113 0.0164 0.126 ± 0.355 −0.672 ± 0.106 2.11E−10 0.142 ± 0.102 0.165 −0.265 ± 0.165 0.109

Spring 2018 464 32 453 1.536 ± 1.239 0.223 ± 0.392 0.569 0.242 ± 0.516 0.639 −0.111 ± 0.650 0.864 0.0618 ± 0.249 −0.727 ± 0.106 7.84E−12 −0.140 ± 0.130 0.281 0.252 ± 0.201 0.21

Summer 2018 516 30 505 1.18 ± 1.086 0.425 ± 0.501 0.396 −0.262 ± 0.589 0.656 0.749 ± 0.705 0.287 0.143 ± 0.377 −0.509 ± 0.118 1.39E−05 0.236 ± 0.131 0.0715 −0.0925 ± 0.178 0.603

mirid suckfly 
(Tupiochoris 
notatus)

Summer 2017 378 23 367 5.587 ± 2.364 6.241 ± 1.015 7.94E−10 1.032 ± 0.858 0.229 −1.944 ± 1.020 0.0567 0.150 ± 0.388 −1.075 ± 0.194 3.24E−08 0.192 ± 0.107 0.0733 0.232 ± 0.285 0.416

Spring 2018 464 32 453 2.004 ± 1.416 4.986 ± 0.715 3.13E−12 0.868 ± 0.537 0.106 −3.285 ± 1.024 0.00134 0.266 ± 0.516 −0.704 ± 0.357 0.0483 −0.280 ± 0.173 0.106 0.0127 ± 0.551 0.982

Summer 2018 516 30 505 0.976 ± 0.988 3.145 ± 0.460 8.25E−12 −0.786 ± 0.475 0.0981 −0.0532 ± 0.690 0.939 0.107 ± 0.327 −0.860 ± 0.321 0.00747 0.0140 ± 0.168 0.934 −0.294 ± 0.572 0.607

leaf beetles 
(Lema 
daturaphila)

Summer 2017 378 23 367 3.284 ± 1.812 −1.081 ± 0.437 0.0133 0.523 ± 0.487 0.283 −0.326 ± 0.653 0.618 0.0973 ± 0.312 0.478 ± 0.195 0.0143 −0.214 ± 0.237 0.367 −0.132 ± 0.285 0.642

Spring 2018 464 32 453 1.662 ± 1.289 −0.836 ± 0.367 0.0229 0.7696 ± 0.5224 0.141 −0.355 ± 0.651 0.586 0.0650 ± 0.255 0.0702 ± 0.141 0.617 0.289 ± 0.183 0.114 −0.305 ± 0.234 0.193

Summer 2018 516 30 505 1.037 ± 1.018 −0.406 ± 0.395 0.304 0.267 ± 0.472 0.571 −0.308 ± 0.580 0.596 0.290 ± 0.539 0.313 ± 0.194 0.106 0.289 ± 0.252 0.252 0.0175 ± 0.275 0.949

flea beetles 
(Epitrix sp.)

Summer 2017 378 23 367 4.22 ± 2.054 −2.326 ± 1.316 0.0772 −0.589 ± 1.702 0.729 −1.179 ± 1.754 0.502 3.213E−10 ± 1.792E−05 −1.425 ± 1.875 0.447 −2.710 ± 3.163 0.392 2.337 ± 3.169 0.461

Spring 2018 464 32 453 Model did not converge (very low occurrence)

Summer 2018 516 30 505 3.956 ± 1.989 −2.398 ± 0.701 0.000618 0.512 ± 1.038 0.622 0.262 ± 1.130 0.816 0.120 ± 0.347 0.842 ± 0.454 0.0639 0.688 ± 0.724 0.342 −0.888 ± 0.770 0.249

tobacco 
hornworm 
(Manduca 
sexta)

Summer 2017 378 23 367 1.168 ± 1.081 −0.238 ± 0.535 0.657 −1.213 ± 0.621 0.0507 1.371 ± 0.826 0.0971 0.0563 ± 0.237 0.735 ± 0.367 0.0452 0.261 ± 0.436 0.549 −0.521 ± 0.548 0.342

Spring 2018 464 32 453 Model did not converge (very low occurrence)

Summer 2018 516 30 505 0.979 ± 0.989 −1.331 ± 0.934 0.154 −1.679 ± 1.003 0.094 1.814 ± 1.155 0.116 1.93E−09 ± 4.393E−05 −0.557 ± 0.369 0.131 −0.631 ± 0.396 0.111 0.376 ± 0.521 0.471

stem- boring 
weevils 
(Trichobaris 
sp.)

Summer 2018 516 30 505 5.117 ± 2.262 −0.966 ± 0.559 0.0839 0.521 ± 0.714 0.464 0.0836 ± 0.837 0.92 0.0663 ± 0.258 −0.128 ± 0.204 0.529 −0.146 ± 0.212 0.492 0.673 ± 0.274 0.014
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Trichobaris compacta (Table 2; Figure 5g). This herbivore was only 
observed in the summer of 2018, and the leaf area damaged by this 
herbivore increased with the frequency of sticky plants neighboring 
velvety focal plants (βinteraction = 0.673, p = 0.0140*; Figure 5g), but 
not for sticky focal plants (βneighbors = −0.146, p = 0.492; Figure 5g).

When we looked at the ability of the number of neighboring 
plants to predict the likelihood of arthropod presence, we found 
only one significant relationship: for arthropod predators (he-
mipterans and spiders) in summer 2018 (Table 3; Figure 6a). For this 
model, we found a significant interaction term (βinteraction = −0.481, 
p = 0.0287*; Figure 6a) indicating that the relationship between the 
number of neighbors and the likelihood of an arthropod predator 
being present on a plant differs for sticky and velvety focal plants. 
The likelihood of predators being present on a sticky focal plant was 

not related to the number of neighboring plants (βneighbors = 0.183, 
p = 0.149; Figure 6a); thus, we interpret the significant interaction 
term as indicative of a negative relationship between the likelihood 
of predator presence and the number of neighboring plants for vel-
vety focal plants (Table 3; Figure 6a).

We found multiple cases of the frequency of sticky neighbor-
ing plants predicting the presence/absence of arthropods (Table 4; 
Figure 6b– g): T. notatus individuals (adults/nymphs; Figure 6b,c), 
L. daturaphila individuals (adults/all larval instars; Figure 6d,e), and 
L. daturaphila eggs (Figure 6f,g). In the summer of 2017, all vari-
ables were able to predict the likelihood of T. notatus being pres-
ent on a given focal plant (βfocal plant phenotype = −5.723, p < 0.001***; 
βneighbors = −1.531, p = 0.020*; βinteraction = 2.978, p = 0.00198**, 
Figure 6b). We interpret this as meaning that sticky focal plants are 

F I G U R E  3   Results of the “hurdle” portion of hurdle models that test the ability of focal plant phenotype, total number of neighboring 
conspecifics, and the interaction of them to predict the likelihood of herbivory being present on focal plants. The top row (panels a, b, and c) 
represents the results of models with the likelihood of Lema daturaphila damage as the response variable, while the bottom row (panels d, e, 
and f) shows the likelihood of Manduca sexta damage as the response variable. Significant coefficients in each model are noted along with * 
denoting the p- value (* 0.01 < p < 0.05; ** 0.001 < p < 0.01, *** p < 0.001). Exact p- values and tests statistics are located in Table 1
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a/b/c show all herbivore damage combined, panels D/E/F show Tupiochoris notatus damage, panels g/h/i show Lema daturaphila damage, and 
the bottom row (panels j/k) shows Manduca sexta damage. Significant coefficients in each model are noted along with * denoting the p- value 
(* 0.01 < p < 0.05; ** 0.001 < p < 0.01, *** p < 0.001). Exact p- values and tests statistics are located in Table 1
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more likely to have T. notatus on them than velvety focal plants, that 
sticky focal plants with a greater frequency of sticky neighbors are 
less likely to have T. notatus on them, and that velvety focal plants 
are more likely to have T. notatus individuals on them when they have 
a higher frequency of sticky neighboring plants (Figure 6b). In the 
summer of 2018, only the focal plant phenotype was able to predict 
the likelihood of T. notatus being present, with sticky focal plants 
having a far greater likelihood than velvety focal plants (βfocal plant phe-

notype = −5.297, p < 0.001***; Figure 6c, Table 4). For L. daturaphila 
individuals (both adult beetles and larvae of all instars), we found 
a significant interaction term in summer 2017 (βinteraction = 1.942, 
p = 0.0203*; Figure 6d), indicating that this herbivore is more likely 
to be present on velvety focal plants with sticky neighbors than vel-
vety focal plants surrounded by other velvety plants. For L. daturaph-
ila eggs, we found that both that the frequency of sticky neighbors 
influenced the likelihood of their presence on both sticky and vel-
vety focal plants (βneighbors = −1.413, p = 0.0207*; βinteraction = 2.360, 
p = 0.00165**, Figure 6f). This indicates that the likelihood of L. 

daturaphila eggs being present on a sticky focal plant decreased with 
the frequency of sticky neighbors, while increasing for the velvety 
focal plants. In summer 2018, we only observed a significant inter-
action term (βinteraction = 2.199, p = 0.0163*; Figure 6g) indicating that 
the frequency of sticky neighbors only predicted the likelihood of 
eggs being present on velvety focal plants at this time.

4  | DISCUSSION

Our results are, for the most part, consistent with previous studies of 
herbivore preferences for the D. wrightii morphs (Hare & Elle, 2002). 
Flea beetles only rarely were found to attack sticky plants, T. notatus 
was consistently more likely to damage the sticky morph (and the 
sticky morph received more damage than velvety morphs), and M. 
sexta was equally likely to feed on both morphs. We found that L. da-
turaphila was sometimes more likely to feed on velvety plants, which 
was not previously observed but also not unprecedented given that 

F I G U R E  5   Results of analysis 
comparing the likelihood of a plant 
being damaged by any herbivore (top 
row, panels a/b/c) or Tupiochorus 
notatus (second row, panels d/e/f) and 
the frequency of sticky Datura wrightii 
plants within 1 m of focal plants. We 
also show the relationship between the 
frequency of sticky neighbors and the leaf 
area damaged by Trichobaris compacta 
(panel g). Significant coefficients in each 
model are noted along with * denoting 
the p- value (* 0.01 < p < 0.05; ** 
0.001 < p < 0.01, *** p < 0.001). Exact p- 
values and tests statistics are in Table 2
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sticky plants have been shown to inhibit their grown rate (Hare & 
Elle, 2002). Our data further show that geographic heterogeneity in 
abundance and damage to plants is often strong for some herbivores 
(flea beetles, M. sexta, and T. notatus especially). We also found some 
signs of the local plant neighborhood as impacting the likelihood and 
magnitude of herbivory on our focal D. wrightii individuals.

Perhaps the most striking pattern of associational effects that 
we observed is that velvety plants surrounded by sticky plants 
appear to be more susceptible to multiple forms of herbivory. 
Our data show a clear “spillover pattern” in which velvety plants 
in predominantly sticky patches are more likely to be attacked by 
T. notatus, an herbivore that primarily infests the sticky D. wrightii 
morph (Figures 5e and 6b). We also found that velvety D. wrightii sur-
rounded by the sticky morph are more susceptible to infestation by 
L. daturaphila (Figure 6d,f,g) and are more heavily damaged by T. com-
pacta weevils (Figure 5g). These findings— which clearly show that 
velvety plants do not receive a locally rare advantage— go against 
the hypothesis that associational effects would underlie NFDS on 
the D. wrightii trichome dimorphism. Indeed, these results are more 
consistent with the predictions of apparent competition, in which 
asymmetric effects of a shared natural enemy drive certain mem-
bers of an assemblage extinct while allowing others to persist (Holt 
& Bonsall, 2017). In other words, the apparent preference of L. da-
turaphila for velvety plants is causing positive frequency- dependent 
herbivory in favor of the sticky morph. Indeed, should the observed 
susceptibility to herbivores by rare velvety plants result in a fitness 
reduction, one would expect this morph to be extirpated from pre-
dominantly sticky populations (Bonsall & Hassel, 1997). This extirpa-
tion has not been observed. Instead over the past two decades, the 
two morphs have continued to coexist (Goldberg et al., 2020). Taken 
together, our studies suggest two possibilities for why NFDS oc-
curs over time among populations (i.e., the velvety morph increases 
when rare [Goldberg et al., 2020]), despite velvety plants receiving 
more damage when locally rare. The first is that the scale at which 
we measured herbivory in this study was too small to capture the 
full extent of herbivory on the two trichome morphs within pop-
ulations in our study system. This could be compounded by varia-
tion in the density of D. wrightii (see below). The second is that the 
negative effect of herbivory might vary with age, being greater in 
small, young individuals and less in established individuals such as 
the focal individuals used in this study. In other words, the increase 
in herbivory we observed on rare velvety plants may not be enough 
to drive a significant reduction in fitness. This is supported by pre-
vious studies showing that D. wrightii can be exceptionally tolerant 
to herbivory, withstanding large portions of vegetation tissue being 
damaged without a reduction in seed production (Elle et al., 1999; 
Hare & Elle, 2002).

The effect of neighboring plants on the susceptibility of the sticky 
trichome morph was more varied than the effect on velvety plants. 
Our data show that the total number of neighboring plants was usu-
ally a better predictor of herbivory/herbivore presence (Figures 3b,f 
and 4b,e,j) than the frequency of sticky neighbors (Figure 6b). Sticky 
plants with more neighbors (of any phenotype) were less likely to 

F I G U R E  6   Results of analysis using both neighborhood metrics 
(total number of numbers or frequency of sticky neighbors) to 
predict the presence/absence of various arthropods on dimorphic 
Datura wrightii plants. The top panel (a) shows the relationship 
between total number of neighbors and the likelihood of a 
predatory arthropod being present on focal plants (data shown 
in Table 3). The remaining panels show the relationship between 
frequency of sticky neighbors and the likelihood of Tupiochoris 
notatus individuals (panels b/c), Lema daturaphila individuals (panels 
d/e), or Lema daturaphila eggs (panels f/g) being present on focal 
plants. Test statistics and p- values for panels b– g are shown in 
Table 4. Significant coefficients in each model are noted along with 
* denoting the p- value (* 0.01 < p < 0.05; ** 0.001 < p < 0.01, *** 
p < 0.001)
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be damaged by L. daturaphila (Figure 3b) or M. sexta (Figure 3f). We 
interpret this as an effect of herbivores spreading out across large 
clusters of plants and avoiding lower quality hosts (which in our sys-
tem is the sticky phenotype, presumably due to noxious compounds 
in the exudate) in favor of higher quality host plants (velvety, in the 
D. wrightii system). This finding is further reinforced by the observa-
tion that M. sexta damages less leaf area on sticky plants with more 
neighbors (Figure 4j). This effect only appears to apply to the her-
bivores which infest both D. wrightii trichome morphs as T. notatus 
(which strongly favors the sticky morph) damaged more leaf area 
on plants in larger clusters (Figure 4e). Given that the predictive 
variable in these cases was the total number of neighbors of both 
trichome phenotypes, it is likely that this is a density- dependent 
process rather than a morph frequency- dependent process; how-
ever, because we did not strictly quantify the density of D. wrightii 
plants (neighborhood area in our study varies based upon the size of 
the focal plant), more carefully controlled observations/experimen-
tation are required to confirm the effect of population density on 
herbivory in this system.

We also found evidence that likelihood of arthropod predators 
being found on a plant was dependent on the number of neigh-
boring plants (Figure 6a). In this case, velvety plants were less 
likely to have predators on them when they had more neighbors. 
This finding is interesting because it suggests that the efficacy of 
plant indirect defenses may be density- dependent to some extent. 
Arthropod predators may avoid lower quality host plants in large 
clusters where higher quality options exist. Our own data show 
that predators are more likely to occur on sticky plants than vel-
vety ones (Table 4, rows 16/17; not shown in any figure) and there 
is further evidence for this preference in the literature for other 
tritrophic systems (Vasconellos- Neto et al., 2007). However, this 
finding contradicts prior research on the D. wrightii system which 
showed that the sticky morph has less effective indirect defenses 
than the velvety morph (Gassmann & Hare, 2005). These data high-
light the need for more detailed observations of the D. wrightii- 
associated predator community and how predator behavior may 
provide asymmetric benefits to the two Datura wrightii trichome 
morphs in nature.

In summary, we found evidence that associational effects be-
tween neighboring conspecifics can occur within dimorphic pop-
ulations of Datura wrightii. However, these effects did not match 
the predictions for negative frequency- dependent selection. While 
near- neighbor associational effects do not appear to underlie the 
maintenance of the D. wrightii trichome dimorphism, it is entirely 
possible for undetected effects to be at play. For example, herbi-
vore populations often vary over the growing season of their hosts, 
and our visitation times (late April/early May for the spring 2018 
visitation; late July/ early August for both summer measurements) 
may not correspond to the period in which these effects occur. It 
is also possible— given the degree to which herbivory varies from 
population to population (Goldberg et al., 2020)— that associational 
effects were occurring within some, but not all, of the populations 

we visited. In addition, the 1m scale at which we looked for associ-
ational effects may not match the scale upon which the processes 
underlying negative frequency- dependent selection are playing out 
and previous studies have noted the importance of scale when as-
sessing the roles of associational effects (Underwood et al., 2014). 
Nevertheless, we showed that near- neighbor associational effects 
occur in the D. wrightii system, laying the groundwork for future 
studies into the maintenance of the balanced trichome dimorphism 
in California populations of D. wrightii.
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