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1  | INTRODUC TION

Aposematic signals, such as bright colour patterns, are conspicuous 
warnings that indicate the unprofitability of a prey item to a potential 
predator (Wallace, 1867). Conspicuous warnings frequently incorpo-
rate colours such as red, orange and yellow, and also often include 
bold patterns incorporating black that result in high contrast (re-
viewed in Ruxton, Sherratt, & Speed, 2004). While conspicuous color-
ation may bring attention to the aposematic animal, theory suggests 
that learned and innate aversions to the signal (and to the defences 
that accompany it) should keep predators from attacking (reviewed 

in Guilford, 1990; Mappes, Marples, & Endler, 2005; Merilaita & 
Ruxton, 2007; Skelhorn, Halpin, & Rowe, 2016; Stevens & Ruxton, 
2012). However, in complex interactions in nature, aposematic 
signals do not always provide universal protection and preda-
tors may make strategic decisions to attack, and even consume, 
prey containing various degrees of toxin (e.g. Barnett, Bateson, & 
Rowe, 2014; Brower & Calvert, 1985; Burdfield-Steel, Schneider, 
Mappes, & Dobler, 2020; Calvert, Hedrick, & Brower, 1979; Halpin, 
Skelhorn, & Rowe, 2014; Hristov & Conner, 2005; Rojas et al., 2017; 
Sherratt, 2003; Skelhorn & Rowe, 2007). To further our understand-
ing of the evolution and maintenance of aposematism, it is important 
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Abstract
Aposematic signals often allow chemically defended prey to avoid attack from gen-
eralist predators, including jumping spiders. However, not all individual predators in 
a population behave in the same way. Here, in laboratory trials, we document that 
most individual Phidippus regius jumping spiders attack and reject chemically de-
fended milkweed bugs (Oncopeltus fasciatus), immediately releasing them unharmed. 
However, a small number of individuals within the population kill and completely 
consume these presumably toxic prey items. This phenomenon was infrequent with 
only 14% of our sample (17/122) consuming the milkweed bugs over the course of 
the study. Individuals that killed and consumed bugs often did so repeatedly; specifi-
cally, individuals that consumed a bug in their first test were more likely to kill a bug 
in their second test and also tended to consume them again. We explored what might 
drive some (but not all) individuals to consume these bugs and found that neither sex, 
sexual maturity, body size, laboratory housing type, nor being wild-caught or being 
laboratory-reared, predicted milkweed bug consumption. Consuming bugs had no 
negative effects on spider mass or body condition; contrary to expectations, indi-
viduals that consumed milkweed bugs actually gained more body mass and increased 
in body condition. We discuss potential behavioural and physiological variation be-
tween individuals that may drive these rare behaviours and the implications for the 
evolution of prey defences.
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to predict when and why predators make strategic decisions to at-
tack, kill and/or consume aposematic prey.

Consumption of toxic prey has been well documented in a variety 
of generalist predators in both the field and laboratory (e.g. Barnett 
et al., 2014; Brower & Calvert, 1985; Burdfield-Steel et al., 2020; 
Calvert et al., 1979; Halpin et al., 2014; Hristov & Conner, 2005; 
Rojas et al., 2017; Sherratt, 2003; Skelhorn & Rowe, 2007), and 
there have been several attempts to explain the circumstances that 
might shift the costs and benefits for predators in favour of eat-
ing toxic, and otherwise suboptimal, prey. For example, if prey re-
sources are scarce and there are few alternatives, predators may be 
more likely to attack and consume aposematic prey (Barnett et al., 
2014; Sherratt, 2003). In other cases, some predators may be able 
to feed on toxic prey until a threshold is reached (known as a toxin 
burden); predators are expected to consume toxic prey when the 
benefits of valuable nutrients outweigh the costs of toxicity (Halpin 
et al., 2014; Skelhorn & Rowe, 2007). Alternatively, predators may 
be able to strategically target individuals that are less toxic or only 
feed on the least-toxic parts of prey (Calvert et al., 1979; Hristov & 
Conner, 2005). Furthermore, some animal predators are resistant to 
the toxic effects of prey, coevolving to forage specifically on chemi-
cally defended species (Brower & Calvert, 1985).

The shifting costs and benefits associated with feeding on toxic 
prey are typically examined at the species level (as in the examples 
described above), despite growing evidence that individuals in a 
population often behave differently from one another (reviewed 
in Araújo, Bolnick, & Layman, 2011; Bolnick et al., 2003; Dall, Bell, 
Bolnick, & Ratnieks, 2012; Layman, Newsome, & Crawford, 2015; 
Sih, Bell, & Johnson, 2004; Wolf & Weissing, 2012). Various factors 
such as an individual's sex, size, age, toxin burden, resistance level, 
current body condition, experience or their particular behavioural 
syndrome may influence how that individual perceives and reacts to 
an aposematic prey item (reviewed in Mappes et al., 2005).

Jumping spiders (family Salticidae) are an interesting system to 
examine individual differences in foraging on aposematic prey be-
cause of their excellent vision (Harland, Li, & Jackson, 2012), vora-
cious appetites (Jackson & Pollard, 1996) and demonstrated ability 
to learn and modify their behaviour with experience (Jakob, Skow, 
& Long, 2011). Though the field of aposematism has largely been 
driven by studies of avian predators (Ruxton et al., 2004), most 
jumping spider species are generalist predators that feed on vast 
numbers of insect prey (Hoefler, Chen, & Jakob, 2006). As such, they 
likely exert strong selection pressures that are important in shap-
ing prey defences (Huang, Cheng, Li, & Tso, 2011; Long et al., 2012; 
Sourakov, 2013).

Previous work with multiple jumping spider species has shown 
that while naïve individuals will readily attack chemically-defended 
prey (e.g. toxic milkweed bugs and fireflies), once they capture 
them and detect their unpalatability, they will typically reject them 
and learn to avoid them in future encounters (Hill, 2006; Long 
et al., 2012; Raška, Krajíček, Bosáková, Štys, & Exnerová, 2020; Skow 
& Jakob, 2006; Taylor, Amin, Maier, Byrne, & Morehouse, 2016). In 
these previous studies, the toxic prey items were never consumed 

by the spiders and were usually released unharmed (Hill, 2006; 
Jackson, 1977; Long et al., 2012; Skow & Jakob, 2006; Taylor 
et al., 2016). In contrast with these findings, recent anecdotal ob-
servations with Phidippus regius by our research group suggest that 
while most individuals in the population will immediately reject and 
release toxic prey items, a small number of individuals behave quite 
differently: they will repeatedly attack, kill and completely consume 
aposematic prey, including both milkweed bugs (Oncopeltus fascia-
tus) and larvae of the bella moth (Utetheisa ornatrix; A. Sourakov and 
L. Taylor, unpublished data). These anecdotal observations warrant 
further exploration as it is unclear why only a small subset of P. regius 
individuals in the population adopts this unexpected behaviour.

The present study had four overarching aims. First, we doc-
umented individual differences in foraging behaviour in P. regius, 
showing that a small percentage of the population adopts the un-
usual strategy of killing and consuming aposematic prey (Oncopeltus 
fasciatus) that the rest of the population rejects. Second, we ex-
plored several possible predictors of toxic prey consumption includ-
ing an individual's sex, sexual maturity, body size, type of container 
the spider was housed in or being raised in the laboratory or being 
wild caught. Third, we went on to examine consistency in these be-
haviours, asking whether individuals that killed and consumed bugs 
once were more likely to do so again. Finally, we examined whether 
individuals that consume toxic prey suffer negative effects. While 
predator psychology and its effect on the evolution of aposematism 
is an active area of study (Stevens & Ruxton, 2012), few studies have 
considered how individual differences in predator behaviour might 
influence the selection pressures placed on populations of chemi-
cally defended prey (Marples & Mappes, 2011; Richards et al., 2014; 
Rowland, Fulford, & Ruxton, 2017; Thomas et al., 2010).

2  | METHODS

2.1 | Study species

2.1.1 | Predator

Phidippus regius C.L. Koch is a sexually dimorphic jumping spider 
found in the southeastern United States (Edwards, 2004). Adult 
females measure up to 22 mm in length and males up to 18 mm, 
which makes P. regius one of the largest jumping spiders in the world 
(Nyffeler, Edwards, & Krysko, 2017). Phidippus regius is a voracious 
generalist predator; some large adults are even known to hunt verte-
brates such as tree frogs and anole lizards 2.5 times their own body 
length (Nyffeler et al., 2017), but most of the diet is likely made up 
of invertebrate prey (see Edwards, 1990). This species also read-
ily participates in prey choice tests and is easily bred and housed 
in captivity (Edwards & Jackson, 1993, 1994). Like most other sal-
ticids, P. regius is a visual predator that stalks and ambushes prey 
(Edwards, 1990).

Throughout our study, spiders were housed individually in either 
a clear rectangular 10.16 × 10.16 × 12.86 cm plastic box containing 
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a 10 cm long artificial green plant for “enrichment” (Carducci & 
Jakob, 2000) or a 10 × 1.5 cm clear plastic petri dish with no “en-
richment.” Boxes were designed with an opaque wall to limit visual 
interactions between neighbouring spiders.

2.1.2 | Prey

The large milkweed bug, Oncopeltus fasciatus (family Lygaeidae), 
feeds on milkweed seeds (Asclepias spp.), from which it sequesters 
cardenolides for its own defence and displays bright orange-red and 
black aposematic coloration to advertise its toxicity to predators 
(Feir, 1974; see Figure 1). When fed on milkweed seeds (including A. 
syriaca, which we used in this study), these bugs are unpalatable to 
invertebrates; previous studies have shown that both jumping spi-
ders and mantids learn to avoid them (Berenbaum & Miliczky, 1984; 
Hill, 2006; Paradise & Stamp, 1991; Skow & Jakob, 2006; Taylor 
et al., 2016). Mantids will consume milkweed bugs, but will re-
gurgitate and display violent reactions to the chemical defence 
(Berenbaum & Miliczky, 1984). Previous studies with Phidippus 
jumping spiders report that the spiders always reject milkweed bugs 
after attack, and will wipe their mouthparts on the substrate after 
rejecting them (Hill, 2006). Recent work with the golden orb-web 
spider, Nephila senegalensis, found that milkweed bugs were almost 
always rejected and released unharmed; following a test bite, spiders 
would reject them, cut them out of the web and clean their mouth-
parts (Bramer, Schweizer, & Dobler, 2018). These findings suggest 
that milkweed bugs are unpalatable and likely have toxic effects on 
these predators; yet because none of these predators are willing to 
consume the bugs, we know little about how these toxins would af-
fect individual predators if they did choose to consume them.

Because our study aimed to understand variation in individual 
spiders' responses to milkweed bugs, it was important to ensure that 
there was little individual variation in the cardenolide content of the 
bugs that we presented to spiders in our experiments. While natural 
variation has been found in field-collected milkweed bugs, this has 
been attributed to individuals feeding on different species of milk-
weed, or on different parts of the milkweed plant (Isman, Duffey, 
& Scudder, 1977). Isman et al. (1977) showed that milkweed bugs 
reared in the laboratory exclusively on milkweed seeds of a single 
species had limited variation and they also had higher cardenolide 
content than field-collected individuals. The milkweed bugs in our 
study were reared all using a single batch of A. syriaca seeds as their 
only food source and came from a colony that had been reared on A. 
syriaca seeds for over 6 years. This suggests that our experimental 
bugs were unlikely to vary substantially in cardenolide content.

2.2 | Experimental Design

2.3 | Aim 1. Incidence of toxic prey consumption

For the first goal of this experiment, we used a diverse sample of 122 
P. regius. Spiders in the sample were a combination of laboratory-
reared and wild-caught (from various sites in Alachua and Marion 
County, Florida, USA) spiders of both sexes and ranged from imma-
tures to adult. We fed all spiders an amount of crickets (Gryllodes sig-
illatus) approximately equivalent to their own body mass three times 
per week in the laboratory leading up to the experiments, includ-
ing 48 hr prior to testing. For testing, spiders were offered a single 
milkweed bug nymph which measured approximately one-half the 
spider's own body size; depending on the spider's size, these nymphs 
ranged from the 3rd to 5th instar. The prey item was placed on the 
centre floor of the spider's cage. During a two-hour observation pe-
riod, we recorded whether each spider killed the bug and whether 
the bug was consumed. We were interested in both behaviours (kill-
ing and consumption) because an attack followed by rejection could 
result in either the bug being killed or escaping unharmed (pers. obs.) 
and these different outcomes can have implications for the evolu-
tion and maintenance of aposematic signals. We considered the prey 
to be “consumed” if the spider fed on it for at least 10 min and left 
only a shrivelled carcass behind.

2.3.1 | Aim 2. Predictors of killing and consuming 
toxic prey

To explore multiple factors which may affect an individual's interac-
tions with milkweed bugs (i.e. whether they killed or consumed milk-
weed bugs in Aim 1), we recorded the sex, sexual maturity, body size, 
housing type and whether the spider was wild-caught or laboratory-
reared for each spider in Aim 1. We measured each spider from the 
tip of the abdomen to the tip of the cephalothorax to the nearest mil-
limetre. Phidippus regius is sexually dichromatic (even as immatures), 

F I G U R E  1   Immature female Phidippus regius consuming a 
milkweed bug, Oncopeltus fasciatus [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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so all spiders were sexed using their body colour. Each individual was 
classified as immature or sexually mature (where sexually mature 
females had a sclerotized epigynum and males had fully developed 
pedipalps). We recorded the housing type (either a clear rectangular 
10.16 × 10.16 × 12.86 cm plastic box containing a 10 cm long artifi-
cial green plant for “enrichment” or a 10 × 1.5 cm clear plastic petri 
dish with no “enrichment”; Carducci & Jakob, 2000).

We considered all of the factors above because theory leads to 
several a priori predictions about what might drive some individuals, 
but not others, to eat toxic prey. First, we might expect larger indi-
viduals to be more likely to kill and consume milkweed bugs than 
smaller individuals because previous spider studies have shown that 
spiders become more tolerant to prey toxins as they grow larger 
with age (Fisker & Toft, 2004). Second, we might expect sexually 
mature females to be more voracious (compared with either males 
or immatures) as they need to acquire the necessary resources to 
produce eggs (Givens, 1978; Marques et al., 2015). Third, we might 
expect spiders that were reared in a larger, more enriched containers 
to differ in how they interact with toxic prey because they have had 
more opportunities to explore and interact with novel environments 
(Carducci & Jakob, 2000;). Finally, we might expect wild-caught spi-
ders to interact with toxic prey differently than laboratory-raised 
spiders because of their different foraging experiences; in the field, 
P. regius interacts with and feeds on a wide range of prey types 
that likely vary in toxicity and riskiness (Edwards, 1990; Exnerová 
et al., 2015; Exnerová, Svádová, Fučíková, Drent, & Štys, 2010; 
Nyffeler et al., 2017) while laboratory-raised spiders had been lim-
ited to our standard laboratory diet of crickets.

2.3.2 | Aim 3. Reoccurrence of killing and 
consuming toxic prey

Using spiders that consumed milkweed bugs during Aim 1 (n = 11) and 
an additional 6 that were known to consume milkweed bugs from pre-
vious unpublished observations but had not eaten them during this 
trial, we formed a group of 17 known milkweed bug eaters. We then 
chose 17 additional spiders from our laboratory colony with no known 
history of milkweed bug eating. These two groups (total n = 34) did 
not differ with respect to sex, body size or the ratio of wild-caught to 
laboratory-reared spiders. Wild-caught spiders in the two groups were 
from the same collection sites, and laboratory-reared spiders were 
from the same family lines. With these two groups, we performed a 
second experiment to test whether individuals that had previously 
killed and consumed bugs would be more likely to do so again. We pre-
dicted that if the propensity to feed on milkweed bugs was consistent 
among individuals, the group of previous milkweed bug eaters would 
kill and eat bugs at a higher rate in subsequent tests (compared with 
those that had not previously fed on bugs). To test this prediction, spi-
ders were again given a milkweed bug that measured approximately 
one-half the body mass of the spider. Bugs were again placed in the 
centre of the floor of the spider's cage, and we recorded whether the 
spider killed or consumed the bug over a period of two hours.

2.3.3 | Aim 4. Effects of toxic prey consumption 
on spiders

To determine whether the milkweed bugs caused negative effects 
to the spiders that ate them, we weighed each spider and measured 
their carapace width at the end of Aim 3 as well as 2 weeks later. In 
jumping spiders, the size of the sclerotized carapace is fixed at ma-
turity, while the abdomen stretches with feeding; thus, we also used 
a regression of body mass on carapace width, which is a common 
metric of body condition in spiders (Jakob, Marshall, & Uetz, 1996). 
We chose this metric because it has been shown to be correlated 
in predictable ways with several aspects of spider health (e.g. diet: 
Taylor, Clark, & McGraw, 2011, injury: Wrinn & Uetz, 2007, immune 
challenge: Gilbert, Karp, & Uetz, 2016). Because immature, adult 
male and adult female P. regius differ in allometry (pers. obs.), we 
would generally calculate the body condition indices for these three 
groups separately. However, because the majority of the sample 
was immature (29/33; and calculating meaningful adult female and 
male condition indices separately would be impossible at such a low 
sample size), we chose to only focus on the immature spiders from 
our sample in this portion of our study (n = 29). Over the 2 weeks 
between the two body condition measures, all spiders were fed ap-
proximately their own body mass using a standard mixed laboratory 
diet consisting of crickets (Gryllodes sigillatus), termites (Reticulitermes 
flavipes), fruit flies (Drosophila melanogaster) and palatable non-toxic 
Oncopeltus fasciatus bugs reared on sunflower seeds.

2.4 | Statistical analyses

2.4.1 | Aim 1. Incidence of toxic prey consumption

We first simply documented the percentage of spiders from our 
sample (n = 122) that killed and consumed a milkweed bug in Aim 1.

2.4.2 | Aim 2. Predictors of killing and consuming 
toxic prey

We used two general linear models to analyse the data from our en-
tire sample of spiders (n = 122). For both models, the predictor vari-
ables were: spider sex, sexual maturity, body size, housing type or 
being wild-caught or laboratory-raised. The response variables were 
(i) whether or not a spider killed a milkweed bug and (ii) whether or 
not they consumed a milkweed bug in Aim 1.

2.4.3 | Aim 3. Reoccurrence of killing and 
consuming toxic prey

We used chi-squared tests to ask whether spiders that had con-
sumed milkweed bugs in the past (in Aim 1 or anecdotally in the lab-
oratory, n = 17) would be more likely to kill and consume milkweed 
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bugs again in Aim 3 (compared with a control group of spiders that 
had not consumed a milkweed bug previously, n = 17).

2.4.4 | Aim 4. Effects of toxic prey consumption 
on spiders

We used t tests to determine whether the spiders that had con-
sumed milkweed bugs during Aim 3 (n = 15) showed any differences 
in final body condition, change in body condition or the total amount 
of mass gained after 2 weeks compared to those who had not fed on 
milkweed bugs during these experiments (n = 14).

We performed all statistical analyses in JMP version 15 (SAS 
Institute, Cary, NC, USA).

3  | RESULTS

3.1 | Aim 1. Incidence of toxic prey consumption

In Aim 1, 31 of the 122 spiders (25%) killed the milkweed bugs and 11 
of 122 spiders (9%) consumed them (Figure 1).

3.2 | Aim 2. Predictors consuming toxic prey

Neither sex, sexual maturity, body size, housing type, nor being lab-
oratory-raised or wild-caught predicted whether a spider would kill 
or consume a milkweed bug (Table 1).

3.3 | Aim 3. Reoccurrence of toxic prey 
consumption

In our comparison of known spiders that consumed milkweed bugs 
and a control group (that had not fed on bugs), individual spiders who 
consumed milkweed bugs previously were more likely to kill again 
in Aim 3 (χ2 = 8.18, df = 1, p = .0042, n = 34). We also found a non-
significant trend where individual spiders who consumed milkweed 
bugs previously tended to be more likely to consume bugs again in 
Aim 3 (χ2 = 3.48, df = 1, p = .062, n = 34; Figure 2).

3.4 | Aim 4. Effects of toxic prey consumption 
on spiders

No spiders died during the course of the experiments (including 
those spiders that consumed milkweed bugs). In contrast to our ex-
pectations that consuming milkweed bugs would have negative ef-
fects on the spiders, spiders that consumed milkweed bugs in Aims 1 
and 3 had significantly higher body condition indices after 2 weeks 
when compared to a group of spiders that had not consumed milk-
weed bugs (t27 = 2.07, p = .048, n = 29). Additionally, we found 

that spiders that consumed milkweed bugs actually experienced 
greater increases in body condition (t27 = 2.69, p = .01, n = 29) and 
gained more mass (t79 = 2.65, p = .01, n = 29; Figure 3) over 2 weeks 
than the control group that did not consume milkweed bugs. Thus, 

TA B L E  1   Results of general linear models examining the effects 
of spider sex, sexual maturity, body size, housing type and being 
laboratory-raised or wild-caught on the probability of killing or 
consuming a milkweed bug

df p χ2

Killed milkweed bug

Full model 5 0.16 7.94

Sex 1 0.14 2.22

Sexual maturity 1 0.48 0.50

Size 1 0.50 0.45

Housing type 1 0.69 0.69

Wild caught or laboratory 
reared

1 0.14 2.16

Consumed milkweed bug

Full model 5 0.06 10.58

Sex 1 0.38 0.77

Sexual maturity 1 0.18 1.77

Size 1 0.20 1.66

Housing type 1 0.33 0.96

Wild caught or laboratory 
reared

1 0.24 1.37

F I G U R E  2   Results of Aim 3, where two groups of Phidippus 
regius (those that had either fed on milkweed bugs previously or 
had not) were tested with an additional milkweed bug in a second 
experiment. Individuals that had previously consumed milkweed 
bugs were more likely to kill a milkweed bug and tended to be more 
likely to consume a milkweed bug in Aim 3. An asterisk indicates a 
significant difference in response between milkweed bug eaters 
and non-milkweed bug eaters [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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toxicity of milkweed bugs failed to kill the spiders and did not pre-
vent them from gaining mass and increasing in body condition. Two 
female spiders that consumed milkweed bugs were gravid during 
the first measurements and subsequently laid viable eggs over the 
2-week time span. These two females were excluded from analyses 
because they were mature adults, as was a single non-milkweed bug 
feeding female who escaped her container and was not recovered.

All raw data from this study are freely available on Dryad (Powell 
and Taylor, 2020).

4  | DISCUSSION

We found individual differences in responses to aposematic prey; 
some P. regius individuals kill and consume multiple O. fasciatus milk-
weed bugs while most of the population avoids or rejects them. Out 
of 122 spiders, 17 of these consumed a milkweed bug at least once 
over the course of our study (14%). Spiders that killed and consumed 
one milkweed bug were more likely than other spiders to kill bugs 
(and tended to be more likely to consume bugs) again in a second 
interaction. These findings show that predator behaviour can vary 
between individuals, suggesting that predator–prey interactions in 
nature can be dynamic and difficult to predict. The reasons why some 
individuals kill and consume these bugs and others do not remain elu-
sive, as none of the factors that we examined predicted milkweed 
bug killing/consumption. Because the behaviour of consuming bugs 
was relatively rare, future experiments with incredibly large sample 
sizes may be needed to probe these ideas further with more statis-
tical power. Our expectation was that consuming these chemically 
defended bugs would negatively affect the spiders that ate them, but 
our data showed the opposite: all individuals that consumed milk-
weed bugs survived and were able to gain body mass and increase in 

body condition, suggesting that the toxins in the milkweed bugs had 
negligible effects on the individuals that chose to eat them.

Our findings corroborate and extend previous anecdotal obser-
vations by our research group that suggested similar individual-level 
variation in P. regius foraging behaviour. As in the present study, these 
previous observations showed that a small number of individual P. 
regius attacked and consumed two types of chemically defended 
prey that the rest of the population rejected: milkweed bug nymphs 
and larvae of the bella moth (Utetheisa ornatrix; A. Sourakov and L. 
Taylor, unpublished data). Interestingly, all individuals of the other 
jumping spider genera tested by our group (Anasaitis canosa: n = 39, 
Habronattus brunneus: n = 40, Lyssomanes viridis: n = 23, Thiodina 
sylvana: n = 10) completely rejected and avoided these prey items, 
while P. regius and the congener Phidippus audax occasionally con-
sumed them (5 out of approximately 100 P. regius repeatedly con-
sumed milkweed bugs; 26 out of 51 Phidippus spp. consumed bella 
moth larvae, and some did so repeatedly; A. Sourakov, M. Brock, and 
L. Taylor, unpublished data). While these anecdotal data are limited 
in sample size, they suggest that this tendency to kill and consume 
chemically defended prey might be relatively uncommon among 
generalist salticid species, at least outside of the genus Phidippus. 
The present study contrasts with other published work on jump-
ing spider–milkweed bug interactions; in these studies, all spiders 
tested (Habronattus pyrrithrix, Phidippus audax, P. johnsoni, P. princeps 
and P. texanus) quickly learned to avoid milkweed bugs, dropping 
most of them unharmed and never consuming them (Givens, 1978; 
Hill, 2006; Jackson, 1977; Skow & Jakob, 2006; Taylor et al., 2016). 
More work is clearly needed to understand how widespread this be-
haviour is among different species of salticids and how it operates 
under different conditions in the field.

The fact that we did not detect any negative effects of the milk-
weed bug toxins on the spiders that consumed them was particularly 
surprising. Because cardenolides are toxic to non-adapted insect her-
bivores (Agrawal, Petschenka, Bingham, Weber, & Rasmann, 2012; 
Bramer, Dobler, Deckert, Stemmer, & Petschenka, 2015), we would 
expect them to be toxic to non-specialized, generalist predators as 
well. The cardenolides present in milkweed bugs have been well stud-
ied and are highly toxic to vertebrates (Seiber, Lee, & Benson, 1983) 
and have even shown some degree of toxicity to the congener 
Phidippus audax when artificially delivered (via cardenolide-treated 
fruit flies, see Hill, 2006). However, the natural toxicity of milkweed 
bugs to invertebrate predators has been difficult to ascertain be-
cause the invertebrate predators that have been studied typically 
reject them as prey items (or regurgitate them) due to their unpalat-
ability (Berenbaum & Miliczky, 1984; Bramer et al., 2018; Hill, 2006; 
Paradise & Stamp, 1991; Skow & Jakob, 2006; Taylor et al., 2016). 
Our results here suggest that more work is needed to understand 
how both palatability and toxicity may (or may not) affect the diverse 
suite of arthropod predators that encounter them in the field.

An intriguing line of future work will be to further explore the 
mechanisms that lead some individuals to become milkweed bug 
eaters while most others do not. It seems likely that this may result 
from underlying individual differences in behaviour (i.e. behavioural 

F I G U R E  3   Comparison of the change in body condition over 
2 weeks between Phidippus regius individuals that consumed 
milkweed bugs and individuals that did not consume milkweed bugs 
(mean ± SEM). Contrary to expectation, individuals that consumed 
milkweed bugs increased in body condition more than those that 
did not. An asterisk indicates a significant difference between 
groups
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syndromes Sih et al., 2004; Stamps & Groothuis, 2010) or individ-
ual differences in physiology, neither of which were examined in our 
study. Behavioural syndromes, particularly with respect to bold-
ness and voracity, have been well documented in spiders (Johnson 
& Sih, 2005; Royauté, Buddle, & Vincent, 2014). We might expect 
bolder, more voracious individuals to be less selective while for-
aging and be more likely to make risky foraging decisions with 
novel or chemically defended prey items such as milkweed bugs 
(Johnson & Sih, 2005; Settepani, Grinsted, Granfeldt, Jensen, & 
Bilde, 2013). The rare individuals that are willing to take milkweed 
bugs may be rewarded during times of high competition because 
they are willing to use a resource that others ignore or reject (Araújo 
et al., 2011; Bolnick et al., 2003). Because cardenolides in milkweed 
bugs are more concentrated in the epidermal cell layer (Scudder & 
Meredith, 1982) and spiders use extra-oral digestion (Cohen, 1995), 
spiders that continue feeding despite the distasteful integument may 
be rewarded by much less toxic haemolymph. The fact that milk-
weed bug eaters were able to gain more mass and body condition 
in our study than non-milkweed bug eaters is consistent with the 
idea that these individuals are more voracious foragers. It may also 
be that there is individual variation in the spiders' attack strategies. 
Because milkweed bug nymphs have relatively lower concentrations 
of cardenolides in their heads compared to their abdomens (Duffey 
& Scudder, 1974), individuals that initially targeted their attack at the 
bugs' head may have been more effective at handling their prey and 
therefore more willing to consume them and/or attack them again in 
future encounters.

Alternatively, it may be that the different foraging strategies we 
observed in our study reflect underlying differences in physiology. 
In another Phidippus species, individuals were found to follow ei-
ther “slow” or “fast” development strategies where some individuals 
reached maturity faster than others despite access to the same re-
sources (Jackson, 1978). It may that the variation in the consumption 
of toxic prey that we observed here is a result of similar underlying 
developmental differences among individuals. More work on indi-
vidual variation in both behaviour and physiology, perhaps also in-
corporating individual differences in prey, might help explain some 
of the patterns that we observed here.

Our study uncovered individual differences in foraging strategies 
that might have particular importance for the evolution of aposematic 
prey. Most studies of aposematism consider mean responses of 
predators to prey; understandably, little focus has been placed on 
rare behaviours that are only performed by a small subset of indi-
viduals (reviewed in (Guilford, 1990; Mappes et al., 2005; Merilaita 
& Ruxton, 2007; Stevens & Ruxton, 2012)). However, in some cases, 
if such individuals perform these rare behaviours consistently and 
repeatedly, they may be more important than previously recognized. 
In the present study, we found largely unpredictable variation in be-
haviour where some spiders avoided milkweed bugs, some attacked 
and rejected them (leaving them unharmed), some killed bugs but 
failed to consume them, and a small subset killed and consumed 
them altogether. If those that killed and consumed the bugs are par-
ticularly voracious individuals that perform this behaviour more than 

once (as we found), they may place a disproportionately large, but 
previously underestimated, selection pressure on prey. There are 
several models that examine how aposematism may have evolved 
and may be maintained in populations (e.g. Harvey, Bull, Pemberton, 
& Paxton, 1982; Speed, 2001); an interesting next step would be to 
incorporate different levels of individual variation into such models 
to test hypotheses about how individual differences in predator be-
haviour (particularly those of “keystone” individuals, see Modlmeier, 
Keiser, Watters, Sih, & Pruitt, 2014) might shape the evolution of 
prey defences.
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