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Alternative responses by two species of jumping spiders to unpalatability and toxicity in prey
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Abstract. A key challenge for generalist predators is avoiding toxins in prey. Species-specific strategies range from total
avoidance of distasteful (and potentially toxic) prey to the use of physiological mechanisms to metabolize toxins after
consumption. We compare two species of jumping spiders, Habronattus trimaculatus Bryant, 1945 and Phidippus regius CL
Koch, 1846. Based on several anecdotal observations and other aspects of their biology, we hypothesized a priori that H.
trimaculatus would be (1) less willing to feed on unpalatable prey and (2) more susceptible to toxins that are consumed
compared with P. regius. In Experiment 1, we presented spiders of both species with size-matched quinine-dipped crickets.
Consistent with our hypothesis, all H. trimaculatus attacked and rejected them while all P. regius attacked and consumed
them. In Experiments 2 and 3, we assigned spiders of both species to experimental feeding treatments with varying levels of
toxicity (using toxic springtails, Folsomia candida) and assessed effects on their growth. Spiders of both species readily fed
on the springtails. Collectively, results from these two experiments suggest that springtails have negative effects on both
species, but that these effects are stronger in H. trimaculatus. Habronattus FO Pickard-Cambridge, 1901 has a unique red
retinal filter pigment (not found in Phidippus CL Koch, 1846) that likely improves their ability to discriminate reds and
oranges. The evolution of this unique visual system may have been driven by their heightened susceptibility to prey toxins,

and thus the benefits of avoiding prey that advertise toxins with long-wavelength colors.
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Generalist predators often encounter a wide variety of prey
while foraging. These potential prey items can differ in
nutritional value and may range from high quality (increasing
predator fitness) to low quality (with little to no nutritional
value to the predator) and, in some cases, may even be toxic to
a predator (Toft 1999; Toft & Wise 1999a, b; Fisker & Toft
2004; Rickers et al. 2006; Harwood et al. 2009). Given this
variation in prey quality, predators must make decisions about
how to interact with such prey. For instance, predators may
exhibit total avoidance of prey (e.g., Skow & Jakob 2006),
attack and reject prey (e.g., Taylor et al. 2016), consume and
regurgitate prey (e.g., Paradise & Stamp 1991), or consume
toxic prey and metabolize the prey toxins (e.g., Skelhorn &
Rowe 2007; Sloggett & Davis 2013). These examples illustrate
the considerable variation in how predators react to unpalat-
able and toxic prey and deal with prey toxins. Even closely
related predator species may differ drastically in their
responses, yet our understanding of such differences among
some key groups of ecologically important species is limited.

Spiders are a large and diverse group of predators that are
ecologically important to a variety of ecosystems; most are
considered broad generalists and interact with many prey
types (Wise 1995). With over 800,000 arthropod species
documented to be chemically defended in some way (see table
1 in Berenbaum 1995) the likelihood of spiders encountering
toxic prey is high. The small amount of prior work on toxin
susceptibility in spiders has shown that eating toxic prey has
detrimental effects including (1) inhibiting feeding (Toft 1999),
(2) reducing egg sac production (Rickers et al. 2006), (3)
reducing nutrient absorption (Strohmeyer et al. 1998), (4)
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decreasing growth rates (Oelbermann & Scheu 2002; Jespersen
& Toft 2003), and (5) increasing mortality rates (Toft 1999;
Toft & Wise 1999a, b; Fisker & Toft 2004; Hill 2006; Rickers
et al. 2006; Harwood et al. 2009). Despite these negative
consequences, many spiders will still readily feed on toxic prey
when it is offered to them, making them an interesting group
for understanding the species-specific costs and benefits of
such decisions. Aside from the literature cited above which
focuses mainly on wolf spiders, there is relatively little
information about how other spider groups respond to and
process toxic prey (but see Strohmeyer et al. 1998: Harwood et
al. 2009 for a few exceptions).

Jumping spiders (family Salticidae) are an interesting group
to examine species-specific differences in responses to toxic
prey. Salticids comprise one of the largest families of spiders
with more than 6500 described species (World Spider Catalog
2019) and occupy a variety of habitats on every continent
except for Antarctica (Maddison et al. 2008). While some
charismatic members of this family are known for specialized
feeding strategies, including specializing on other spider
species (Penney & Gabriel 2009), mosquitoes (Jackson et al.
2005), ants (reviewed in Cushing 2012), and even plant
material (Meehan et al. 2009), most salticids are considered
broad generalists with species varying in their diet breadth
(e.g., see Jackson 1977; Nentwig & Wissel 1986; Nentwig 1987;
Nyffeler et al. 2017). Very few studies have focused on any
aspect of toxin susceptibility in this group (but see Strohmeyer
et al. 1998; Hill 2006).

Two common, abundant, speciose, and relatively well-
studied genera of particular interest are Phidippus CL Koch,
1846 and Habronattus FO Pickard-Cambridge, 1901. While
most Phidippus will avoid prey known to be chemically
defended, such as milkweed bugs (Hill 2006; Skow & Jakob
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2006) and fireflies (Long et al. 2012), recent work has shown
that some individuals of Phidippus regius CL Koch, 1846
occasionally consume chemically defended milkweed bugs in
their entirety without any negative effects (Powell & Taylor
2020). Spiders in this genus have also been documented to
consume chemically defended Junonia caterpillars (Stroh-
meyer et al. 1998) and bella moth caterpillars (LAT, unpub.
data) with only minor, if any, sublethal effects. Even when
Phidippus spiders consumed fruit flies artificially laced with the
cardenolides ouabain and digitoxin, only a relatively small
proportion (22-25%) died in experiments (Hill 2006). By
contrast, spiders in the genus Habronattus seem to be more
conservative in their prey choices, have never been document-
ed to feed on these same chemically defended prey in the field,
and have been unwilling to eat them when offered in the lab
(Taylor 2012; Taylor et al. 2016, LAT, unpublished data).
Moreover, spiders in the genus Habronattus have been found
to use color to guide their prey choices in ways that would
position them to avoid prey toxins; specifically, multiple
populations have been found to exhibit prey color biases
against red and yellow artificially colored prey (Taylor et al.
2014; Powell et al. 2019) or to increase their avoidance of red
when it is presented alongside defensive odors from chemically
defended prey insects (Vickers & Taylor 2018; Vickers &
Taylor 2020). This particular attention to long-wavelength
colors (red, orange, yellow) in prey is likely the result of a red
retinal filter pigment that likely gives them enhanced color
vision; unlike Habronattus, most other jumping spider groups
(including Phidippus) are currently believed to be have a more
limited ability to discriminate long-wavelength colors (Zurek
et al. 2015).

Taken together, this information led us to the a priori
hypothesis that Habronattus are generally more susceptible to
prey toxins compared with Phidippus. In addition to helping to
explain the differences in behavior described above, exploring
this idea of heightened sensitivity to prey toxins in Habro-
nattus may help explain why this group has evolved the
enhanced color vision that most other salticids lack. More-
over, it may provide general insight into why several other
jumping spider groups in addition to Habronattus have
independently evolved long-wavelength color vision (Out-
omuro et al. 2019). The goal of the present study was to test
some preliminary predictions of this hypothesis, using two
focal species: Habronattus trimaculatus Bryant, 1945 and
Phidippus regius. The first prediction from our hypothesis
was that H. trimaculatus would be more likely to reject novel
unpalatable prey compared with P. regius. In Experiment 1,
we tested this prediction by presenting both species with bitter
quinine-dipped crickets and assessing their willingness to
consume them. Quinine has been used in several previous
studies to make prey distasteful to predators, including
spiders; interestingly, results with spiders show that some
but not all spider species reject quinine-treated prey (Bays
1962; Holden 1975; Jakob & Long 2016; Mebs et al. 2019).
The second prediction from our hypothesis was that H.
trimaculatus would be more susceptible to prey toxins
generally (resulting in more negative effects when consuming
toxic prey) compared to P. regius. To test this prediction, we
ran Experiments 2 and 3 in which we randomly assigned
spiders of both species to experimental feeding treatments with
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varying levels of toxicity and assessed the effects on their
growth. These experiments were accomplished using Folsomia
candida Willem, 1902, a toxic but apparently palatable prey
species that many arachnids will readily feed on (even with
experience) but that has well-documented negative effects
(Toft 1999; Toft & Wise 1999a, b; Oelbermann & Scheu 2002;
Jespersen & Toft 2003; Fisker & Toft 2004; Hvam & Toft
2005; Rickers et al. 2006; Harwood et al. 2009).

Jumping spiders are important predators in both natural
and agricultural food webs (Young & Edwards 1990; Pekar
2012). Understanding how they respond to and process toxins
from chemically defended prey may provide insight into the
selection pressures they place on these prey defenses.
Moreover, it may help us better understand their potential
roles as biocontrol agents and may even predict how they will
respond to non-dietary toxins, such as pesticides (Roach &
Moore 1988; Pekar 2012).

METHODS

Spider collection and housing.—We collected Habronattus
trimaculatus and Phidippus regius from populations around
Gainesville, Micanopy, and Ocala, FL, USA. These two
species differ in adult size with H. trimaculatus being much
smaller than P. regius (adult size range: 3-6 mm vs. 6-22 mm,
respectively; Edwards 1980; Griswold 1987). We housed
spiders in the lab following previously published methods
(Taylor et al. 2014) and fed them approximately their own
mass in juvenile crickets (Gryllodes sigillatus Walker, 1869) 3x
per week.

Experiment 1: Determining the willingness of spiders to
consume distasteful prey.—For Experiment 1, we wanted to
determine if our two study species differed in their willingness
to consume distasteful prey, and specifically to test our a priori
prediction that H. trimaculatus would be less willing to accept
distasteful prey compared with P. regius. We presented spiders
(n =15, 14 adult and 1 juvenile H. trimaculatus; n = 15, all
juvenile P. regius) with quinine-dipped crickets; quinine has
been commonly used in other studies to make prey unpalat-
able to other spiders and insects (spiders: Bays 1962; Holden
1977; Jakob & Long 2016; insects: Mery & Kawecki 2002;
Wang et al. 2013, 2018). We tested spiders prior to feeding
them (on a regularly scheduled feeding day) meaning that they
had not eaten for the two days prior to testing. We chose this
feeding regime so that spiders were hungry and motivated to
attack the crickets during our tests (but were not starving).

To test our spiders, juvenile crickets (G. sigillatus) were size-
matched to spiders (using body length) and dipped in a 4%
(4g/100ml) solution of quinine sulfate dihydrate (product
number QESDI10G, Chemsavers, Bluefield, VA, USA) and
allowed to dry for 10 minutes. Prior to testing, spiders were
placed in a clear 3.5 cm diameter petri dish that served as an
acclimation chamber. This chamber was placed in the center of
a larger 9 cm diameter petri dish that served as the testing
arena. The bottom of the testing arena was lined with filter
paper to provide a consistent visual background for foraging.
After a 5S-minute acclimation period, the lid of the acclimation
chamber was removed to allow spiders to exit the chamber and
roam freely in the larger petri dish. After the spider exited the
acclimation chamber, trials lasted an additional 10 minutes or
until the spider attacked the cricket (whichever came first).



326

Upon attack, we recorded whether the spider rejected or
consumed the cricket; in every case, the response was
unambiguous (either immediate rejection or complete con-
sumption, see Results). If the spider did not attack the cricket
after 10 minutes, we ended the trial, and the spider was
retested on the following testing day.

Statistical analyses for Experiment 1.—To determine if the
two species of spiders differed in their willingness to consume
distasteful quinine-dipped crickets, we used a Pearson’s chi-
square test to ask whether the instances of prey consumption
(vs. rejection) differed between the two species.

Experiment 2: Determining the effects of toxins on spiders
once toxic prey have been consumed.—In Experiment 2, we
wanted to determine if consuming toxic prey had different
effects on our two study species, and specifically to test our a
priori prediction that H. trimaculatus would be more
susceptible to prey toxins than P. regius. To accomplish this,
we needed a prey type that has been shown to be toxic to
spiders generally, but that both of our study species used here
would readily ingest. We used the springtail Folsomia candida
because they have been used extensively in toxicity experi-
ments; unlike many other species of springtails, they are toxic
to many arachnids (Toft 1999; Toft & Wise 1999a, b; Fisker &
Toft 2004; Hvam & Toft 2005; Rickers et al. 2006; Harwood et
al. 2009). Moreover, our preliminary observations indicated
that both H. trimaculatus and P. regius would readily feed on
F. candida in the lab.

Similarly sized spiders of both species (H. trimaculatus: n =
48, 9 adult females, 5 adult males, 23 juveniles; P. regius: n =
52, all juveniles) were randomly assigned to one of three
feeding treatments with varying levels of toxicity, which they
remained on for four weeks: (1) springtails (F. candida: toxic
prey), (2) control (no prey), and (3) crickets (G. sigillatus: non-
toxic prey). Because the effects of toxins can depend on the
size of the spider ingesting them, with toxins affecting smaller
individuals more than larger ones (Fisker & Toft 2004), we
deliberately used similarly sized spiders of the two species here;
because P. regius is a considerably larger species than H.
trimaculatus, similar sizes were achieved by using primarily
adult H. trimaculatus and juvenile P. regius. Spiders in the
springtail and cricket diet treatments received an amount of
prey that was approximately equivalent to their own mass
three times per week, and all three groups were given water on
wet cotton balls. Because the springtails were replenished three
times per week without removing old (uneaten) prey,
springtail numbers gradually increased within the arena over
the four-week experiment providing a continuous supply of
toxic prey.

We assessed the effects of our treatment diets on the amount
of mass that the spiders gained over the four-week experiment
by recording the spiders’ mass at the start and end of the
experiment.

Statistical analyses for Experiment 2—To assess initial mass
differences between the two species of spiders (prior to the
start of experiments), we compared pre-trial mass using a
Wilcoxen 2-sample test.

To determine if the two species of spiders were affected
differently by the toxic prey, we compared mass gains among
the three feeding treatments. We used a two-way ANOVA
with spider species and feeding treatment (and their interac-
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tion) as factors in our model and spider mass gain as our
dependent variable. When we found a significant interaction
between spider species and feeding treatment (suggesting that
the two species were responding differently to the feeding
treatments, see Results), we went on to run follow-up analyses
using separate ANOVAs for each species. We used planned
contrasts to compare differences between the feeding treat-
ments (specifically comparing the springtail group to the unfed
control group and the springtail group to the cricket group)
(see Ruxton & Beauchamp 2008). The springtails vs. the unfed
control comparison allowed us to assess whether the
springtails were toxic enough to the spiders that they would
be worse than eating no food at all. The springtail vs. cricket
group comparison allowed us to assess how springtails
compared to a diet that we know from previous studies allow
these two species of jumping spiders to thrive in the lab
(Vickers & Taylor 2018; Powell & Taylor 2020).

Experiment 3: Determining the extent to which spiders were
feeding on toxic prey and re-examining the effects of toxic prey
once consumed.—One limitation of Experiment 2 was that
while the individuals of the two species were similar in size,
they differed in life stage; all P. regius were juveniles while H.
trimaculatus were mostly juveniles plus some adults (see details
above). As such, any differences we saw between the two
species could be real species-specific differences, or they could
be a result of differences between life stages, or some
combination of both. We therefore ran Experiment 3 using
small juveniles of both species. Experiment 3 had two
objectives: (3a) to confirm that both species of spiders were
indeed feeding on the toxic springtails in our experimental
setup and (3b) to further examine the effects of toxic prey
consumption. In objective 3b, we were again testing the «
priori hypothesis that H. trimaculatus would be more
susceptible to the toxins from springtails than P. regius. Here
we used only small juvenile H. trimaculatus (n = 33) and P.
regius (n = 39) spiders (all 2-3 mm in body length) to ensure
that all spiders were in a stage of development where we would
expect them to be actively growing.

Spiders were fed three times their body size in crickets, three
times per week, until their first molt in the lab. Once spiders
molted, we assigned them to one of two treatment groups: (1)
‘cricket + springtail’” diet or (2) ‘cricket only’ diet. These two
treatment diets were different than those used in Experiment 2
and were chosen so that we could examine the toxic effect of
springtails when combined with a cricket diet (as previous
work has shown that the toxins in F. candida can inhibit the
incorporation of nutrients from other prey, see Rickers et al.
2006). Before diet treatments began, we recorded each spider’s
mass. Spiders were fed their treatment diets one day per week.
We presented spiders in the ‘cricket only’ group with one
pinhead-cricket (1/4 of the spider’s body size) on their feeding
day. Spiders in the ‘cricket 4 springtail” group were given one
pinhead-cricket (1/4 of their body size), plus 3—4 springtails on
their feeding day. In addition, we gave all spiders a 20% sugar
water solution on a cotton ball, as this has been shown to
increase survival of jumping spiders at this small size (Carvell
et al. 2015). We replaced old cotton balls with fresh 20% sugar
water-soaked cotton balls once per week.

A second limitation of Experiment 2 was that we did not
assess whether the two species were equally likely to feed on
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the springtails during experiments. While our pilot observa-
tions showed that both species would eat them, there is the
slim possibility that any differences we see between species
could be driven by how likely the two species are to eat them
(rather than differences in how the two species respond to the
toxins after consumption). Therefore, in Experiment 3, to
assess whether spiders of both species were indeed actively
feeding on the springtails in our experiment, we conducted
visual observations for the first 15 minutes of the first feeding
immediately after springtails were introduced. During these
15-minute visual observations, we recorded whether or not
spiders fed on the springtails. If we did observe the spider
feeding on a springtail, the observation ended (and we did not
formally observe their springtail-feeding behavior again);
however, if spiders did not feed on a springtail during this
first 15-minute observation, we observed them again at the
beginning of the next feeding. With this method, we were able
to confirm whether each spider fed on a springtail at some
point during the experiment (but due to logistical constraints,
we did not quantify the total number of springtails eaten over
the course of the entire experiment). After four weeks on these
treatment diets, we weighed spiders to assess any changes in
mass.

Statistical analyses for Experiment 3.—To assess any initial
size differences between the two species, we compared pre-trial
mass using a Wilcoxon 2-sample test. We performed a likelihood
ratio chi-square test to examine differences between the two
species in how likely they were to consume the springtails.

To examine how our diet treatments affected spider mass
gains, we used a two-way ANOVA, with species and feeding
treatment (and their interaction) as factors in the model, and
mass gained during the experiment as our dependent variable.
Despite the lack of a significant species*treatment interaction,
we performed an exploratory analysis to further analyze data
from the two species separately. For each species, we ran t-
tests to determine the effect of feeding treatment on spider
mass gains.

Because we had higher than expected mortality in H.
trimaculatus (13 out of 33 spiders died over the course of the
experiment), we performed a likelihood ratio chi-square test to
determine whether there were differences between treatment
groups in how likely they were to die. We also used a survival
analysis to compare time to death between spiders in the
‘cricket + springtail’ and ‘cricket only’ treatments.

Finally, because of the unexpected high mortality in H.
trimaculatus that did not occur with P. regius, we performed a
post hoc exploratory test (likelihood ratio chi-square) to
determine if there were differences between the two species in
how likely they were to die over the course of the experiment.

RESULTS

Data Availability.—The data generated during this study are
available in the Dryad repository (available online at https://
doi.org/10.5061/dryad.qnk98sfdx).

Experiment 1: Determining the willingness of spiders to
consume distasteful prey.—We found a highly significant
difference between the two species: all H. trimaculatus
attacked and rejected quinine-dipped crickets while all P.
regius attacked and consumed them (X* = 30.00, df = 1,
P<0.0001).
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Table 1.—Results of ANOVA for Experiment 2 examining the
effects of feeding treatment (springtails, unfed control, or crickets)
and species (Habronattus trimaculatus or Phidippus regius) on spider
mass gains (g) after four weeks. Significant P values are shown in
bold.

df F P
ANOVA (mass gains)
Species 1,65 25.53 <0.0001
Feeding Treatment 2,65 79.60 <0.0001
Species*Feeding Treatment 2,65 41.90 <0.0001

Experiment 2: Determining the effects of toxins on spiders
once toxic prey has been consumed.—Before trials began, the
two species did not differ in mass (Z = 0.93, P = 0.35),
suggesting that any differences we see between the two species
are unlikely to be due to size alone.

There was a significant interaction between the effects of
spider species and feeding treatment on spider mass gains
(Table 1) suggesting that the two species responded differently
to the diet treatments. When examined separately, the mass
gains of both species were affected by diet (H. trimaculatus:
F2’32:6.88, P:0003, P. regius: F2,36: 10498, p<00001, Flg
1), but in different ways. For H. trimaculatus, spiders in all
three treatments lost mass after four weeks; however,
springtail-fed spiders lost significantly more mass compared
to control (no prey) spiders (P = 0.03) and compared to
cricket-fed spiders (P = 0.003, Fig. 1), suggesting that the
springtail prey was both less profitable than cricket prey and
also toxic to the spiders (i.e., worse than no prey at all). For P.
regius, the springtail-fed spiders did not differ from the control
(no prey) group (P = 0.70) but they lost more mass than the
cricket-fed group (P<<0.0001, Fig. 1); this suggests that for P.
regius, the springtails are inferior prey compared to the
crickets, but not so toxic that they are worse than no prey at
all.

Experiment 3: Determining the extent to which spiders were
feeding on toxic prey and re-examining the effects of toxic prey
once consumed.—The two species did not differ in pre-trial
mass (Z = 1.40, P =0.16), suggesting that any differences we
see between the two species are unlikely to be due to size alone.

We found no significant difference between the two species
in how likely they were to consume springtails during our
experimental observations (88% of H. trimaculatus and 100%
of P. regius fed on springtails during observations, X* = 0.52,
P=0.47). These results suggest that both species were likely to
feed on springtails during the four-week feeding treatments;
these are conservative estimates because our observation
periods were only 15 minutes long and we only recorded
whether they fed on springtails or not (without recording the
total number of springtails each spider ate).

There was no significant interaction between the effects of
species and feeding treatment on spider mass gains (Table 2),
suggesting that the two species responded similarly to the
feeding treatments. There was a significant main effect of
feeding treatment with the ‘cricket + springtail’ group gaining
less mass than the ‘cricket only’ group, suggesting that both
species suffered negative effects from feeding on springtails
(Table 2). In our exploratory analyses where we looked at each
species separately, H. trimaculatus gained significantly less
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Figure 1.—Results of Experiment 2 showing the change in mass (g) of Habronattus trimaculatus and Phidippus regius after four weeks on
treatment diets that differed in toxicity. Different letters indicate significant differences between feeding treatments for each species. Bars indicate

the mean * standard error for each treatment.

mass on the ‘cricket + springtail’ diet, compared with those on
the ‘cricket only’ diet (¢;3=2.47, P=0.02; Fig. 2). In contrast,
P. regius did not differ depending on their diet treatment (¢35 =
1.39, P =0.17) although the non-significant effect was in the
same direction as that for H. trimaculatus (Fig. 2).

In our survival analysis with H. trimaculatus, 4/15 spiders
(27%) died in the ‘cricket only’ diet group compared to 8/17
spiders (47%) that died in the ‘cricket + springtail’ group
during the four-week experiment; the likelihood of death did
not differ between treatment groups (X* =0.87, P =0.35), nor
did we find a significant difference in the time to death (X =
1.51, P =0.22). Due to low mortality in the P. regius (only a
single individual died), we did not run this same analysis for
them (see Methods section above).

We found that H. trimaculatus were significantly more likely
to die over the course of the experiment compared to P. regius
(X* =17.38, P<0.0001).

DISCUSSION

Here we show that Habronattus trimaculatus and Phidippus
regius respond differently to both unpalatable prey and toxic

Table 2.—Results of ANOVA for Experiment 3 examining the
effects of feeding treatment (‘cricket + springtail” or ‘cricket only’) and
species (Habronattus trimaculatus or Phidippus regius) on spider mass
gains (g) after four weeks. Significant P values are shown in bold.

df F P
ANOVA (mass gains)
Species 1,57 0.10 0.75
Feeding Treatment 1,57 9.10 0.0039
Species*Feeding Treatment 1,57 2.38 0.13

prey in ways that offer support for our hypothesis that the two
species differ in toxin susceptibility. In Experiment 1, all H.
trimaculatus attacked and quickly rejected unpalatable qui-
nine-laced crickets compared to all P. regius that attacked and
completely consumed them. This result is consistent with our
hypothesis: if H. trimaculatus are more susceptible to prey
toxins, we would expect them to be more wary and less likely
to feed on prey with a novel unpalatable taste, as unpalat-
ability is often (but not always) an indicator of toxicity
(reviewed in Skelhorn & Rowe 2010; Marples et al. 2018).
Both H. trimaculatus and P. regius fed readily on the
springtails offered as part of our experimental feeding
treatments, yet the two species responded to the toxins in
these springtails in different ways. Our hypothesis predicted
that the springtails would be more toxic to the H. trimaculatus
than the P. regius and our data mostly followed this pattern.
In Experiment 2, H. trimaculatus fed springtails fared worse
than spiders given no prey at all, suggesting a toxic effect. By
contrast, for P. regius, a springtail diet was similar to no prey
at all, suggesting a lack of toxicity. However, because the P.
regius were all juveniles and the H. trimaculatus were a
combination of juveniles and adults, our results could be
explained by either real species-specific differences, differences
in life stages, or both. Experiment 3 helped us tease apart these
effects by comparing small juveniles of both species. Here the
presence of springtails in the diet reduced both species’ mass
gains (the lack of an interaction term in our model suggests
that both species responded similarly to the springtails).
However, further exploration of the data suggests a stronger
effect in H. trimaculatus compared to P. regius.

The difference between the two species’ willingness to
consume quinine-laced prey was unambiguous and consistent
with our a priori expectations. By tasting and immediately
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Figure 2.—Results of Experiment 3 showing the change in mass (g) of Habronattus trimaculatus and Phidippus regius after four weeks on
treatment diets that differed in toxicity. Different letters indicate significant differences between feeding treatments for each species. Bars indicate

the mean * standard error for each treatment.

rejecting unpalatable prey, H. trimaculatus may be less likely
to ingest toxins from chemically defended prey (Skelhorn &
Rowe 2006). By contrast, P. regius’ willingness to accept
unpalatable prey may reflect their increased ability to
metabolize ingested toxins that have been shown to be
harmful to other spiders (Toft 1999; Toft & Wise 1999a, b).
For P. regius, the small cost of ingesting some toxin (especially
if they can metabolize it) may be outweighed by the benefit of
being able to take a larger range of prey in the field (Halpin et
al. 2014). Indeed, anecdotal accounts, including images on
sites such as iNaturalist, suggest that Phidippus feed on a much
broader range of prey types in the field compared with
Habronattus (pers. obs.); systematic surveys of such datasets
could prove useful in understanding the diet breadth of these
two groups, and how likely each are to accept unpalatable
prey. Another way to examine such ideas would be to employ
DNA gut content analysis on these two species of jumping
spiders to assess the diet breath in the field (e.g., Krehenwinkel
et al. 2017). In the present study, we only examined one type of
unpalatable prey, quinine-laced crickets. However, more work
is needed to assess whether the same general findings from this
study will hold up when examining other types of unpalatable
prey. For example, Winsor et al. (2020) recently showed that
Habronattus pyrrithrix (Chamberlin, 1924) will taste and reject
prey treated with the odorless bittering agent, Bitrex
(denatonium benzoate). It would be useful to examine whether
Phidippus would be more willing to accept Bitrex-treated prey
(compared with Habronattus), as we would predict based on
our findings in the present study.

The differences between the two species in how they
metabolize prey toxins (Experiments 2 and 3) were largely
consistent with our hypothesis but should be examined
further. In most predator-prey interactions, predators quickly

stop feeding on prey that make them sick (Paradise & Stamp
1991) which makes assessing the longer-term effects of toxicity
difficult, especially in predators like spiders that mostly feed
on live prey (Foelix 2011). Our experiments took advantage of
an unusual prey item, the springtail F. candida, that is known
to be toxic to several arachnid species yet continues to be
consumed by these arachnids throughout experiments (Stroh-
meyer et al. 1998; Toft 1999; Toft & Wise 1999a, b;
Oelbermann & Scheu 2002; Jespersen & Toft 2003; Fisker &
Toft 2004; Hvam & Toft 2005; Hill 2006; Rickers et al. 2006;
Harwood et al. 2009). Future work should continue to test the
patterns we show here, but it may be difficult to find other
toxic prey species that spiders will continue to eat throughout
an experiment. It may be useful to explore methods similar to
those used by Hill (2006) where palatable prey (fruit flies) were
injected with toxic cardenolides that Phidippus jumping spiders
apparently could not detect and did not avoid (and were
therefore poisoned by). Another way to examine toxin
susceptibility more generally would be to expose these two
species of jumping spiders to non-dietary toxins, such as
pesticides (Roach & Moore 1988; reviewed in Pekar 2012) to
see if the same pattens of toxin susceptibility hold up.

Our study highlights the difficulty of comparing something
as complicated as toxin susceptibility across species. There are
difficulties in attributing differences to species (and not
differences in size, etc., that also vary between species). For
example, adult P. regius are two to three times larger than
adult H. trimaculatus (pers. obs.), which makes comparing
similarly sized spiders that are also in the same life stage
difficult (see Experiment 2). Moreover, toxin susceptibility
might differ seasonally for some species or may differ
depending on what other prey types these spiders are eating
in the field alongside toxic prey. Toxin susceptibility might
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also be affected by stressors in the lab (that affect species
differently); the fact that we saw higher overall mortality in H.
trimaculatus compared with P. regius highlights this difficulty.
It would be fascinating to explore variation in toxin
susceptibility across a larger phylogenetic scale, but the
experimental protocols used to do this would need to be
considered carefully.

Our results show that H. trimaculatus and P. regius respond
differently to unpalatable prey and likely use different
physiological mechanisms to deal with toxic prey. Interesting-
ly, Zurek et al. (2015) recently showed that Habronattus
possesses a unique mechanism of long-wavelength color vision
not found in Phidippus. Using a retinal filter, Habronattus can
likely see and discriminate reds and oranges better than many
other salticids (Zurek et al. 2015). While speculative, this raises
the intriguing possibility that the inability to detoxify prey and
the resulting need to avoid toxins in their diet may have driven
the evolution of this unique color vision system in Habro-
nattus. Moreover, if the need to avoid toxic prey makes
Habronattus females particularly attentive to long-wavelength
warning colors during foraging, this may help explain why
males in this genus have so often incorporated such colors into
their courtship displays (Elias et al. 2006 2012; Taylor et al.
2011, 2017; Echeverri et al. 2017). The use of such colors in
male displays may exploit a female’s innate and/or learned
aversions to these colors in the context of foraging (Taylor et
al. 2014, 2016), allowing males to both capture female
attention and reduce cannibalism. Again, these ideas are
speculative at this stage but warrant further study. Future
work should also examine such ideas more broadly across the
salticid phylogeny, asking whether increased toxin suscepti-
bility in other jumping spider genera may also help explain
their enhanced color vision and increased reliance on colorful
signals in courtship (e.g., Maratus: Girard et al. 2011, 2015,
2018; Outomuro et al. 2019).

ACKNOWLEDGMENTS

This work was supported by grants from the National
Science Foundation (I0S-1557867 and 10S-1831751 to LAT),
including a Research Experiences for Undergraduates supple-
ment that supported MLH, and by grants from the United
States Department of Agriculture (Hatch project 1016166 and
Mclntire-Stennis project 1017978 to LAT).

SUPPLEMENTAL MATERIALS

Data generated during this study are available in the Dryad
repository (online at https://doi.org/10.5061/dryad.qnk98sfdx).

LITERATURE CITED

Bays SM. 1962. A study of the training possibilities of Araneus
diadematus Cl. Experientia 18:423-424.

Berenbaum MR. 1995. The chemistry of defense: theory and practice.
Proceedings of the National Academy of Sciences of the United
States of America 92:2-8.

Carvell GE, Kuja JO, Jackson RR. 2015. Rapid nectar-meal effects
on a predator’s capacity to kill mosquitoes. Royal Society Open
Science 2:140426.

Cushing PE. 2012. Spider-ant associations: an updated review of

JOURNAL OF ARACHNOLOGY

myrmecomorphy, myrmecophily, and myrmecophagy in spiders.
Psyche 2012:1-23.

Echeverri SA, Morehouse NI, Zurek DB. 2017. Control of signaling
alignment during the dynamic courtship display of a jumping spier.
Behavioral Ecology 28:1445-1453.

Edwards GB. 1980. Taxonomy, ethology, and ecology of Phidippus
(Araneae: Salticidae) in eastern North America. Ph.D. dissertation,
University of Florida.

Elias DO, Hebets EA, Hoy RR. 2006. Female preference for complex/
novel signals in a spider. Behavioral Ecology 17:765-771.

Elias DO, Maddison WP, Peckmezian C, Girard MB, Mason AC.
2012. Orchestrating the score: complex multimodal courtship in the
Habronattus coecatus group of Habronattus jumping spiders
(Araneae: Salticidae). Biological Journal of the Linnean Society
3:522-547.

Fisker EN, Toft S. 2004. Effects of chronic exposure to a toxic prey in
a generalist predator. Physiological Entomology 29:129—-138.

Foelix RF. 2011. Biology of Spiders, 3rd ed. Oxford University Press.

Girard MB, Elias DO, Kasumovic MM. 2015. Female preference for
multi-modal courtship: multiple signals are important for male
mating success in peacock spiders. Proceedings of the Royal Society
B-Biological Sciences 282:2015-2222.

Girard MB, Kasumovic MM, Elias DO. 2011. Multi-modal courtship
in the peacock spider, Maratus volans (OP-Cambridge, 1874). Plos
One 6:¢25390.

Girard MB, Kasumovic MM, Elias DO. 2018. The role of red
coloration and song in peacock spider courtship: insights into
complex signaling systems. Behavioral Ecology 29:1234-1244.

Griswold CE. 1987. A revision of the jumping spider genus
Habronattus FOP-Cambridge (Araneae, Salticidae), with phenetic
and cladistic analyses. University of California Press.

Halpin CG, Skelhorn J, Rowe C. 2014. Increased predation of
nutrient-enriched aposematic prey. Proceedings of the Royal
Society of London B: Biological Sciences 281:20133255.

Harwood JD, Phillips SW, Lello J, Sunderland KD, Glen DM,
Bruford MW, et al. 2009. Invertebrate biodiversity affects predator
fitness and hence potential to control pests in crops. Biological
Control 51:499-506.

Hill DE. 2006. Learned avoidance of the large milkweed bug
(Hemiptera, Lygaeidae, Oncopeltus fasciatus) by jumping spiders
(Araneae, Salticidae, Phidippus). Peckhamia 1:1-21.

Holden W. 1977. Behavioral evidence of chemoreception on the legs
of the spider Araneus diadematus Cl. Journal of Arachnology 3:207—
210.

Hvam A, Toft S. 2005. Effects of prey quality on the life history of a
harvestman. Journal of Arachnology 33:582-590.

Jackson RR. 1977. Prey of the jumping spider Phidippus johnsoni
(Araneae: Salticidae). Journal of Arachnology 5:145-149.

Jackson RR, Nelson XJ, Sune GO. 2005. A spider that feeds
indirectly on vertebrate blood by choosing female mosquitoes as
prey. Proceedings of the National Academy of Sciences of the United
States of America 102:15155-15160.

Jakob EM, Long SM. 2016. How (not) to train your spider: successful
and unsuccessful methods for studying learning. New Zealand
Journal of Zoology 43:112—-126.

Jespersen LB, Toft S. 2003. Compensatory growth following early
nutritional stress in the wolf spider Pardosa prativaga. Functional
Ecology 17:737-746.

Krehenwinkel H, Kennedy S, Pekar S, Gillespie RG. 2017. A cost-
efficient and simple protocol to enrich prey DNA from extractions
of predatory arthropods for large-scale gut content analysis by
Illumina sequencing. Methods in Ecology and Evolution 8:126—134.

Long SM, Lewis S, Jean-Louis L, Ramos G, Richmond J, Jakob EM.
2012. Firefly flashing and jumping spider predation. Animal
Behaviour 83:81-86.

Maddison WP, Bodner MR, Needham KM. 2008. Salticid spider


https://doi.org/10.5061/dryad.qnk98sfdx

VICKERS ET AL.—SPIDER RESPONSES TO TOXIC PREY

phylogeny revisited, with the discovery of a large Australasian
clade (Araneae: Salticidae). Zootaxa 1893:49-64.

Marples NM, Speed MP, Thomas RJ. 2018. An individual-based
profitability spectrum for understanding interactions between
predators and their prey. Biological Journal of the Linnean Society
125:1-13.

Mebs D, Wunder C, Toennes SW. 2019. Coping with noxious effects
of quinine by praying mantids (Mantodea) and spiders (Araneae).
Toxicon 162:57-60.

Meehan CJ, Olson EJ, Reudink MW, Kyser TK, Curry RL. 2009.
Herbivory in a spider through exploitation of an ant-plant
mutualism. Current Biology 19:R892-R893.

Mery F, Kawecki TJ. 2002. Experimental evolution of learning ability
in fruit flies. Proceedings of the National Academy of Sciences of the
United States of America 99:14274-14279.

Nentwig W. 1987. The prey of spiders. Pp. 249-263. In Ecophysiology
of Spiders. (Nentwig W. (ed.)). Springer, Berlin, Heidelberg.

Nentwig W, Wissel C. 1986. A comparison of prey length among
spiders. Oecologia 68:595-600.

Nyffeler M, Edwards GB, Krysko KL. 2017. A vertebrate-eating
jumping spider (Araneae: Salticidae) from Florida, USA. Journal
of Arachnology 45:238-241.

Oelbermann K, Scheu S. 2002. Effects of prey type and mixed diets on
survival, growth and development of a generalist predator, Pardosa
lugubris (Araneae: Lycosidae). Basic and Applied Ecology 3:285—
291.

Outomuro D, Zurek DB, Taylor LA, Cronin TW, Dharmaraaj B,
Kunte K. et al. 2019. The evolution of colour vision across jumping
spiders. Integrative and Comparative Biology 59:E176.

Paradise CJ, Stamp NE. 1991. Prey recognition time of praying
mantids (Dictyoptera: Mantidae) and consequent survivorship of
unpalatable prey (Hemiptera: Lygaeidae). Journal of Insect
Behavior 4:265-273.

Pekar S. 2012. Spiders (Araneae) in the pesticide world: an
ecotoxicological review. Pest Management Science 68:1438-1446.

Penney D, Gabriel R. 2009. Feeding behavior of trunk-living jumping
spiders (Salticidae) in a coastal primary forest in the Gambia.
Journal of Arachnology 37:113-115.

Powell EC, Taylor LA. 2020. Intraspecific variation in responses to
aposematic prey in a jumping spider (Phidippus regius). Ethology
126:1089-1097.

Powell EC, Cook C, Coco J, Brock M, Holian LA, Taylor LA. 2019.
Prey colour biases in jumping spiders (Habronattus brunneus) differ
across populations. Ethology 125:351-361.

Rickers S, Langel R, Scheu S. 2006. Dietary routing of nutrients from
prey to offspring in a generalist predator: effects of prey quality.
Functional Ecology 20:124-131.

Roach SH, Moore RF. 1988. Effects of abamectin on Phidippus
audax (Hentz) (Araneae: Salticidae) when ingested from prey.
Journal of Entomological Science 23:112-116.

Ruxton GD, Beauchamp G. 2008. Time for some a priori thinking
about post hoc testing. Behavioral Ecology 19:690-693.

Skelhorn J, Rowe C. 2006. Avian predators taste-reject aposematic
prey on the basis of their chemical defence. Biology Letters 2:348—
350.

Skelhorn J, Rowe C. 2007. Predators’ toxin burdens influence their
strategic decisions to eat toxic prey. Current Biology 17:1479—-1483.

Skelhorn J, Rowe C. 2010. Birds learn to use distastefulness as a
signal of toxicity. Proceedings of the Royal Society B 277:729-734.

Skow CD, Jakob EM. 2006. Jumping spiders attend to context during

331

learned avoidance of aposematic prey. Behavioral Ecology 17:34—
40.

Sloggett JJ, Davis AJ. 2013. Eating chemically defended prey:
alkaloid metabolism in an invasive ladybird predator of other
ladybirds (Coleoptera: Coccinellidae). Journal of Experimental
Biology 213:237-241.

Strohmeyer HH, Stamp NE, Jarzomski CM, Bowers DM. 1998. Prey
species and prey diet affect growth of invertebrate predators.
Ecological Entomology 23:68-79.

Taylor LA. 2012. Color and communication in Habronattus jumping
spiders: tests of sexual and ecological selection. PhD dissertation.
Tempe:Arizona State University.

Taylor LA, Amin Z, Maier EB, Byrne KJ, Morehouse NI. 2016.
Flexible color learning in an invertebrate predator: Habronattus
jumping spiders can learn to prefer or avoid red during foraging.
Behavioral Ecology 27:520-529.

Taylor LA, Clark DL, McGraw KJ. 2011. Condition dependence of
male display coloration in a jumping spider (Habronattus
pyrrithrix). Behavioral Ecology and Sociobiology 65:1133-1146.

Taylor LA, Maier EB, Byrne KJ, Amin Z, Morehouse NI. 2014.
Colour use by tiny predators: jumping spiders exhibit colour biases
during foraging. Animal Behaviour 90:149—157.

Taylor LA, Powell EC, McGraw KIJ. 2017. Frequent misdirected
courtship in a natural community of colorful Habronattus jumping
spiders. Plos One 12:¢0173156.

Toft S. 1999. Prey choice and spider fitness. Journal of Arachnology
27:301-307.

Toft S, Wise DH. 1999a. Behavioral and ecophysiological responses
of a generalist predator to single-and mixed-species diets of
different quality. Oecologia 119:198-207.

Toft S, Wise DH. 1999b. Growth, development, and survival of a
generalist predator fed single-and mixed-species diets of different
quality. Oecologia 119:191-197.

Vickers ME, Taylor LA. 2018. Odor alters color preference in a
foraging jumping spider. Behavioral Ecology 29:833-839.

Vickers ME, Taylor LA. 2020. Aversive hemipteran odors trigger
predictable color biases in jumping spider predators. Scientific
Reports 10, Article number 21898.

Wang MY, Chittka L, Ings TC. 2018. Bumblebees express consistent,
but flexible, speed-accuracy tactics under different levels of
predation threat. Frontiers in Psychology 9:1601.

Wang MY, Ings TC, Proulx MJ, Chittka L. 2013. Can bees
simultaneously engage in adaptive foraging behaviour and attend
to cryptic predators? Animal Behaviour 86:859-866.

Winsor AW, Thle M, Taylor LA. 2020. Methods for independently
manipulating palatability and color in small insect prey. Plos One
15:e0231205.

Wise DH. 1995. Spiders in Ecological Webs. Cambridge: Cambridge
University Press.

World Spider Catalog. 2019. World spider catalog. Natural History
Museum Bern. Available from: http://wsc.nmbe.ch.

Young OP, Edwards GB. 1990. Spiders in United States field crops
and their potential effect on crop pests. Journal of Arachnology
1:1-27.

Zurek DB, Cronin TW, Taylor LA, Byrne K, Sullivan ML,
Morehouse NI. 2015. Spectral filtering enables trichromatic vision
in colorful jumping spiders. Current Biology 25:R403-R404.

Manuscript received 2 September 2020, revised 20 October 2020.


http://wsc.nmbe.ch

