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IntroductIon

Herbivores exert selection pressure on plants to either 
minimize herbivore damage (resistance) or to maintain 
high fitness despite herbivore damage (tolerance) (Stamp 
2003). Resistance, in turn, has often been divided into 
traits that minimize feeding damage by herbivores that 
already interact with the plants (defense) and traits that 
cause a plant to not co- occur in either time or space 
with the herbivore (avoidance). Of these categories, plant 
defenses have received the most attention. However, 
recent studies suggest that strategies of avoidance and 
tolerance may play an even larger role than defense in 
the maintenance of plant fitness in the face of herbivores. 
For example, in an experimental evolution study, the 
long- term removal of herbivores from evening primrose 
populations resulted in differences in flowering time of 
plants, a trait that may allow plants to avoid herbivores 
(Agrawal et al. 2012).

Recent studies have suggested that there is predictable 
covariation between aspects of herbivore resistance in 
plants resulting in syndromes of defensive traits (Agrawal 

and Fishbein 2006). Syndromes imply that some traits 
tend to co- occur in individual plants (are positively cor-
related) while others tend not to co- occur (are negatively 
correlated). For example, several putative defensive 
traits in Oenothera species exhibit strong negative cor-
relations (Johnson et al. 2014). Other studies have 
demonstrated, however, that such defensive tradeoffs 
may be the exception rather than the rule (Koricheva 
2002, Agrawal and Fishbein 2006). Tradeoffs between 
particular defenses appear to be rare even when consid-
ering broad categories of defense such as between direct 
defenses, traits that directly reduce herbivory, and indi-
rect defenses, traits that reduce herbivory via a third 
party (Kessler and Heil 2011).

Tradeoffs between defense and other life history char-
acteristics have received greater support than tradeoffs 
between individual defenses. Plant resistance traits cor-
relate with aspects of a plant’s life history, such as growth 
(Herms and Mattson 1992) or fecundity (Bergelson and 
Purrington 1996, Schiestl et al. 2014), and some of these 
tradeoffs appear to be fairly general. Avoidance and tol-
erance strategies may be a way to consider how life- 
history tradeoffs impact plant- herbivore interactions. 
For example, plants with an early maturation time may 
avoid herbivores that only arrive late in the season (Chew 
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and Courtney 1991), and plant phenology affects numer-
ous other aspects of plant development. Investment into 
below- ground vegetative growth may take resources away 
from above- ground defenses, but may also store resources 
for regrowth, conferring tolerance (Schwachtje et al. 
2006, Erb et al. 2009).

California tarweed populations comprise individuals 
that vary in life- history characteristics that may directly 
affect their interactions with herbivores (Krimmel and 
Pearse 2014). Several tarweed  species have both 
 fall- flowering (late) glandular  phenotypes and spring- 
flowering (early) eglandular phenotypes within a pop-
ulation (Baldwin 2003). Because this trend occurs 
within several tarweed  species, evolutionary transitions 
between glandularity phenotypes appear to have hap-
pened numerous times (Baldwin and Markos 1998 for 
Calycadenia). M.  elegans glandularity falls along a 
 continuum, but there is little overlap in the degree of 
glandularity between early and late- season plants, so 
we refer to the extremes of this trait as glandular/eglan-
dular phenotypes. Eglandular plants complete their 
development rapidly (ca. 5 months) before senescing. 
Glandular plants germinate at the same time as eglan-
dular  individuals but delay bolting such that flower 
and fruit maturation occur late- season, ca. 8 months 
(Morse 1990), so fruits and flowers of early and late- 
season plants are present for roughly the same amount 
of time. The key herbivores for many tarweeds are 
heliothine moths (Noctuidae: Heliothinae), which tend 
to colonize tarweeds fairly late in the season. For exam-
ple, Heliothodes diminutiva, the heliothine herbivore of 
Madia elegans, lays its eggs starting in June (Krimmel 
and Pearse 2013), after the senescence of the early- 
season, eglandular M. elegans individuals, but during 
the peak reproductive period of late- season, glandular 
M.  elegans individuals. These caterpillars feed on buds, 
flowers, and apical meristem, and can completely 
 sterilize their host plants (Krimmel and Pearse 2013). 
Indirect defense based on glandular trichomes is an 
important component of plant- arthropod interactions 
on Madia elegans. Glandular trichomes entrap small 
insects that incidentally land on the plant, but not 
the key herbivores of the plant. This carrion provi-
sions scavenging predators that reduce caterpillar 
damage (Krimmel and Pearse 2013). This interaction 
only occurs in the late season when plants are sticky 
enough to entrap insect passers- by, and the predators 
and herbivores involved in the indirect defense are 
active.

We hypothesize that early season tarweeds that 
avoid herbivores will neither defend against herbivores 
nor tolerate herbivore damage (Fig. 1A), and that a 
simple mechanism might govern this relationship 
between tolerance, defense, and avoidance (Fig. 1B). 
Plants that complete their lives early in the season 
avoid key herbivores, but invest in immediate 

reproduction as opposed to resource storage in below- 
ground tissue (Fig. 1B). The lack of  investment in 
storage results in a lack of  tolerance to herbivores 
(Fig. 1B). We test the hypothesized relationship 
between tolerance, defense, and avoidance, as well as 
the hypothesized mechanism leading to an apparent 
tradeoff  between tolerance and defense using three 
lines of  evidence. We made observations of  plant phe-
nology, herbivore abundance, glandularity, and fitness 
consequences of  experimental damage in two tarweed 
species over a season to establish whether there were 
negative relationships between avoidance and toler-
ance or defense respectively. Second, we grew late and 
early- season individuals of  M. elegans in a common 
greenhouse environment and conducted a damage 
experiment to observe whether early season plants 
lacked tolerance to herbivores and invested less in 
storage compared to late- season plants. Finally, we 
compared the tolerance of  late- season M. elegans indi-
viduals that were forced to bolt early with late- season 
M. elegans individuals with a normal phenology to 
see whether the phenology of  these plants directly 
affects their tolerance of  herbivory.

FIg. 1. (A) Hypothesized relationships between aspects of 
tarweed–herbivore relationships. Due to of variation in plant 
phenology, early plants avoid herbivores. These plants do not 
invest in a key indirect defense and are less tolerant than later- 
season plants causing clear relationships between tolerance, 
indirect defense, and avoidance. (B) A hypothesized mechanism 
linking avoidance due to early phenology (bolting time) with 
tolerance.
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methodS

Natural history and observational surveys

The tarweeds (Asteraceae: Madiinae) comprise a 
diverse group of plants including the genera Madia, 
Hemizonia, Calycadenia and Holocarpha (Baldwin 2003). 
In several tarweed genera, early eglandular phenotypes 
apparently have evolved from late glandular phenotypes 
(Baldwin and Markos 1998 for Calycadenia); thus plants 
from eglandular and glandular populations in close prox-
imity are probably more closely related to each other 
than to more distant populations of phenotypically sim-
ilar plants. During the spring and summer of 2013, we 
surveyed naturally occurring glandular and eglandular 
Madia elegans (Stebbins Cold Canyon Reserve, Davis, 
California, USA) and Hemizonia congesta (Santa Rosa, 
California, USA) populations. We used a single site for 
each species, surveying from approximately March 
through July. In each survey we measured 25 individual 
plants along a transect. We recorded plant size, stickiness 
(using a rank- order from 0–5 based on natural variation, 
e.g., Krimmel and Pearse 2013), herbivore damage, live 
arthropods, and entrapped insect carrion.

Field tolerance experiment

We selected 46 plants in the spring and 49 plants in 
the summer at a natural site at Stebbins Cold Canyon 
UC Reserve. In order to keep plant developmental 
stage consistent, we only used plants that had a single 
flower open and no fruits or spent flowers. We applied 
3 treatments randomly to the plants in each population: 
(1) no damage, (2) absolute damage: up to 3 buds/flowers 
cut off with scissors (fewer than 3 were removed in 
cases where plants had fewer than 3 flowers), and 
(3) proportional damage: half of the buds/flowers cut 
off with scissors. We then monitored the plants through 
the season until they senesced, recording new growth 
and plant fitness. We continuously surveyed plant stick-
iness using a rank- order from 0–5 (Krimmel and Pearse 
2013).

Greenhouse tolerance experiment

We collected bulk seeds from the early and late tarweed 
plants at the Cold Canyon site in June and August 2013, 
respectively. These seeds were germinated on wet paper 
towels on March 10, 2014 and planted into low- clay, high- 
sand soil mix in 10 cm square pots at the Illinois Natural 
History Survey greenhouse on March 25. On May 5, 2014, 
early- season plants (n = 20) were randomly assigned to 
damaged or undamaged treatments. On the same day, 
late season plants (n = 60) were assigned to one of four 
treatments (damaged – natural daylength; undamaged – 
natural daylength; damaged – 24- h light; undamaged – 
24- h light). From May 5–27, all plants were moved to 
Percival Growth Chambers (Percival Scientific, Perry, 

Iowa, USA) with full- spectrum light bulbs. Plants in the 
24- h light treatment were exposed to light at all times for 
this period. All other plants were maintained at a light/
dark schedule that matched a natural cycle for that time 
of year. Because we lacked the capacity to replicate 
growth chambers for each light treatment, we switched 
chambers and light/dark programs every 3 d during this 
period in order to minimize the possibility of chamber- 
effects mimicking light regimes. On May 27, all plants 
were returned to the greenhouse, and damage treatments 
were initiated by removing two randomly chosen buds or 
flowers from each damage treatment plant. This treatment 
is analogous to the “absolute” damage treatment in the 
field study. Watering was conducted every other day from 
germination until May 15; every 3 d from May  
16–June 30, and then weekly thereafter. Tapered watering 
mimics natural conditions in California’s Mediterranean 
climate. Beginning with the first visible flowers in early 
June, we hand pollinated all flowers every 3–4 d using an 
excised bumblebee abdomen to transfer pollen haphaz-
ardly between individuals.

Starting on June 13, we monitored the production of 
fruits and flowers weekly on all plants. At each census, 
we recorded an estimate of plant stickiness (glandularity) 
and mortality of individuals. We collected all mature 
fruits from plants and quantified the total fruit set of 
each plant. At the time of mortality of each plant, we 
collected the above-  and below- ground material of the 
plant. Below- ground material was washed on a 3 mm sieve 
to remove soil debris. Above-  and below- ground material 
was then dried at 45° C for 1 week and weighed in order 
to determine above and below- ground biomass.

Statistical analysis

We compared lifetime fitness (capsule production) of 
damaged versus undamaged individuals using generalized 
linear models. Residuals from models approached nor-
mality after square- root transformation of seed set in a 
greenhouse setting but were over- dispersed in a field set-
ting. Therefore for field comparisons, a quasi- Poisson (QP) 
error distribution was used. We compared herbivory, 
predator abundance, and plant traits between early and 
late populations of M. elegans and H. congesta using 
1- way ANOVA. In the case of H. congesta, we also 
assayed these characteristics at an intermediate time period 
and made post- hoc comparison of the three time periods 
using Tukey tests. All statistics were calculated in R v 
3.1.0, and multiple comparisons used package multcomp 
(Hothorn et al. 2008, R Core Development Team 2012).

reSultS

Observational surveys

M. elegans plants growing in the early season were 
smaller, less sticky, entrapped less carrion, had fewer 
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herbivores on them, and suffered less herbivore damage 
compared with late- season plants (Table 1). In M.  elegans, 
we observed a positive correlation between stickiness and 
herbivore damage (r = 0.39, P = 0.034), but this was 
driven entirely by the late season plants being stickier 
and also being present at a time of year when the herbi-
vores are active. After correcting for the effect of season 
on damage, there was no correlation between damage 
(residuals) and stickiness (r = 0.12, P = 0.531). We found 
a nearly identical pattern of plant traits and damage 
between H. congesta plants growing in the early and late 
season (Table 2).

Field tolerance experiment

Proportional damage to early season M. elegans plants 
resulted in an 80% lower fruit production than undam-
aged plants (Fig. 2; Tukey Test, GLMquasipoisson(QP); 
P = 0.018). Absolute damage to early season M. elegans 
plants resulted in an 85% lower fruit production than 
undamaged plants (Fig. 2; Tukey Test, GLMQP; 
P = 0.018). Buds and flowers lost due to damage were 
not replaced. In contrast, damage to late season 
M.  elegans plants did not affect fruit production, whether 
bud damage was an absolute amount (Fig. 2; GLMQP; 
P = 0.951) or proportional to the total number of buds 
(Fig. 2; GLMQP; P = 0.283). In the late season, buds 
were replaced. On average, proportional damage 
decreased fruit production to a greater degree than abso-
lute damage, but this trend was not significant in either 
the early season (Fig. 2; Tukey Test, GLMQP; P = 1.000,) 
or late season (Tukey Test, GLMQP; P = 0.462), 

suggesting that greater plant size was not the only factor 
causing late season plants to be more tolerant to bud 
damage.

Greenhouse tolerance experiment

Damage to early season M. elegans plants in a common 
greenhouse environment resulted in a 42% reduction in 
fruit production compared to undamaged plants (Fig. 3; 
GLMGaussian; F1,16 = 8.2; P = 0.011). Damage to late season 
M. elegans plants in the greenhouse did not affect fruit 
production (Fig. 3; GLMGaussian; F1,22 = 0.2; P = 0.69); 
however, when late season individuals were forced to 
bolt early based on a 24 h light cue, subsequent damage 
reduced their fitness by 28% (Fig. 3; GLMGaussian; 
F1,28 = 4.5; P = 0.042).

Early and late season plants differed in root to shoot 
(R:S) ratio, which could affect their ability to tolerate 
damage. Late season plants had a 51% greater root to 
shoot (R:S) ratio than early season plants (GLMGaussian; 
F1,38 = 4.5; P = 0.042). R:S allocation was not affected by 
damage (GLMGaussian; F1,38 = 0.26, P = 0.62). In contrast 
to the field observations, early and late season plants did 
not differ in size (above- ground biomass) in the green-
house experiment (GLMGaussian; F1,37 = 0.07; P = 0.791).

dIScuSSIon

Phenological overlap with herbivores, tolerance to her-
bivory and indirect resistance to herbivory are positively 
correlated for M. elegans (Fig. 1). Specifically, our results 
support the hypothesis that avoidance and tolerance show 
an apparent tradeoff; plants that avoided herbivores in time 
could not regrow tissues lost to simulated herbivory.

taBle 1. A comparison of  plant traits and arthropod com-
munities (mean ± SE) associated with M. elegans plants that 
flower early and late in the season. Sampling was conducted 
at roughly the same developmental stage on plants that set 
flower at different times in the season.

Early Late

Sampling date 30- April 9- July
N individuals 20 16
Avoidance
Total herbivore 

 abundance (N/plant)
0.200 ± 0.137 0.857 ± 0.323*

Damaged buds (N/plant) 0.05 ± 0.05 0.800 ± 0.254*
Defense (indirect)
Stickiness (0–5 scale) 0.67 ± 0.16 2.20 ± 0.32*
Carrion (N/plant) 0.20 ± 0.13 3.00 ± 0.82*
Predator and omnivore 

abundance (N/plant)
0 ± 0 0.357 ± 0.232*

Tolerance
Tolerance (capsules 

produced in damaged 
plants – undamaged 
plants)

−0.646 ± 0.157 −0.326 ± 1.148*

Note: *Mean values for “late” individuals differ significantly 
(α < 0.05) from early individuals.

taBle 2. A comparison of  plant traits and arthropod com-
munities (mean ± SE) associated with H. congesta plants 
that flower early, medium, and late in the season. Sampling 
was conducted at roughly the same developmental stage on 
plants that set flower at different times in the season.

Early Mid Late

Sampling date 25- April 15- May 20- July
N individuals 26 25 17
Avoidance
Herbivore abundance  

(N/plant)
0.077 
± 0.053a

0.720 
± 0.196b

1.118 
± 0.189b

Damaged buds  
(N/plant)

0 ± 0a 0 ± 0a 3.353 ± 
0.762b

Defense (indirect)
Stickiness (0–5 scale) 0 ± 0a 1.180 

± 0.095b
3.294 
± 0.129c

Carrion (N/plant) 0.04  
± 0.04a

0 ± 0a 2.00 
± 0.36b

Predator and omnivore 
abundance (N/plant)

0.038 
± 0.038a

0 ± 0a 0.412 
± 0.192b

Note: Unique letters indicate significant differences (α < 0.05) 
in means.
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Apparent tradeoffs (negative correlations) between 
plant traits can occur for many reasons. Two potential 
drivers of apparent tradeoffs could be constraints in 
resources such that two life history traits are unlikely to 
co- occur in the same individual (Herms and Mattson 
1992) and redundancy of  traits (Rasmann and Agrawal 
2009), such that there is little adaptive advantage to 
invest in one trait in the presence of another. We suggest 
that early flowering might directly cause both a lack of 
herbivory (avoidance) and a lack of tolerance, because 
early flowering causes a divestment from root tissue, 
which could be a mechanism of tolerance to herbivory 
later in the season (Fig. 1B). Our study generally sup-
ports this hypothesis. When late- season plants were 
forced into an early- season phenology with a 24- h light 
cue, they became less tolerant of herbivory, suggesting 
that phenology is in part directly responsible for a lack 
of tolerance. Moreover, late season plants had a larger 
root to shoot ratio and were also more tolerant to 

herbivory than early season plants. Redundancy of traits 
may also cause relaxed selection for tolerance in early- 
season plants, which could lead to a lack of covariation 
between avoidance and tolerance. The present study 
cannot fully disentangle constraints from redundancy 
because we do not find either late- season, intolerant 
plants or early- season, tolerant plants in the field. Late 
and early tarweeds are fully crossable, so breeding exper-
iments could potentially create the phenotypes that are 
not observed in the wild in order to tell whether con-
straints or selective processes drive the observed negative 
correlation between tolerance and avoidance (Conner 
2012).

A key indirect defense, glandular trichomes that 
entrap carrion and attract predators (Krimmel and 
Pearse 2013, LoPresti et al. 2015), was present in the 
tolerant, late- season plants that commonly interact with 
key herbivores, but not in early season plants. An intrigu-
ing aspect of indirect defense is that it is leaky, and there 
may often be a lag between herbivore colonization and 
predator colonization (Kessler and Heil 2011). Moreover, 

FIg. 2. The lifetime fruit production of M. elegans 
individuals in the field receiving no artificial damage (Control), 
2 clipped buds per plant (Absolute Damage), or 1/2 of total bugs 
clipped (Proportional Damage). Damage treatments were 
established on early- season plants and late- season plants at the 
same site. Bud damage mimics natural herbivory in this system 
by the key herbivore (the lepidopteran, H. diminutiva). Bars are 
mean ± SE. Unique letters indicate significant differences 
(α < 0.05) in means within seasonality group.

FIg. 3. The lifetime fruit production of early and late season 
M. elegans individuals in a common greenhouse environment 
when those individuals have or have not been damaged (2 buds 
removed). In addition, we forced a subset of late- season 
M. elegans individuals to bolt early (forced bolting) and 
observed lifetime seed set with and without damage. Bars are 
mean ± SE. Asterisks indicate significant differences (α < 0.05) 
in means between control and damaged plants.
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indirect defenses are by definition contingent on the 
presence of third party organism such as predators, so 
alternative strategies may be important when those pred-
ators are lacking. Thus plants that rely heavily on indi-
rect defense may have to tolerate herbivory in order to 
survive long enough for top- down control of herbivores 
to occur. Plants that either directly defend against her-
bivores or avoid them altogether may have a more dis-
crete don’t- get- eaten strategy.

Many of the same plant traits that cause indirect 
defense against herbivores and tolerance to herbivory may 
affect how the plant copes with its abiotic environment. 
For example, a large root system may allow regrowth 
after herbivore damage and tolerance to drought (Welter 
and Steggall 1993, Schwinning and Ehleringer 2001). 
Similarly, genes implicated in plant tolerance are involved 
in general processes such as metabolism (Siddappaji et al. 
2013), root- shoot resource allocation (Schwachtje et al. 
2006), and endopolyploidy (Scholes and Paige 2014), so 
they most likely also affect a plant’s ability to cope with 
its abiotic environment. In this system, such pleiotropy 
of tolerance traits may be particularly relevant because 
late season plants experience greater risk of bud damage 
and more drought- prone conditions.

Plant size has often been considered a key trait leading 
to tolerance (Strauss and Agrawal 1999). In our study, 
the larger, late- season plants were consistently more tol-
erant of herbivory in both the field and in a common 
greenhouse environment; however, two pieces of evi-
dence suggest that size is not the only determinant of 
tolerance in this system. In the field, damage that was 
proportional to plant size (in this case the number of 
buds/flowers on a plant) reduced fitness in early season 
plants, but not late- season plants, even though late- 
season plants received more damage in this treatment 
because they were larger (Fig. 2). In the greenhouse, 
early season plants grew to a comparable size as late 
season plants, but were still less tolerant of damage than 
late season plants (Fig. 3).

Late- season, glandular plants are the ancestral pheno-
type in the tarweeds, and these late- season populations 
have repeatedly evolved eglandular, early populations. 
The benefit of this strategy is completing development 
before the key herbivores arrive, but whether it is better 
than the late, glandular strategy depends upon whether 
the costs of expediting development do not outweigh the 
benefits. Early- season plants are eglandular, and as a 
result are unable to provision carrion for predators, which 
probably has no impact since predators and herbivores 
are rare at the time. Similarly, damage by herbivores is 
also minimal in the early season, so the ability to regrow 
lost tissues may not be particularly important then.
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