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The protozoan parasite Toxoplasma gondii can alter behavior by heightening the boldness of multiple
taxa to increase predation by their definitive host—Felids. We screened northern raccoons (Procyon
lotor) for Toxoplasma-infection and monitored American crocodile (Crocodylus acutus) nests with
camera traps in the Florida Keys, USA. On four occasions, we documented raccoons investigating a
monitored active nest until the female crocodile chased them off. We quantified the elapsed reaction
time (ERT) as the number of seconds between raccoon retreat and crocodile surfacing into the photo
frame, with longer times representing faster responses of retreat prior to the crocodile attack. Three of
the incidents resulted in ERTSs of 4-8 seconds (mean = 6 seconds) before the crocodile surfaced. Yet, the
radio-collared raccoon from our study had a 0 second ERT and narrowly escaped, which may be the
result of chronic seropositive (titer = 1:200) and mind-altering effects of Toxoplasma beyond ordinary
raccoon boldness. That individual successfully depredated a crocodile nest the following season. We
hypothesize that Toxoplasma-infection is a Simpson’s paradox wherein short-term net benefits appear
positive (e.g., successful nestpredation due to boldness), but overall they may result in lower fitness
(e.g., lower survivorship due to boldness). Camera traps can elucidate behavioral changes in species

interactions by explicitly quantifying reaction times.
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Dealing with parasites is par for the course in free-ranging wildlife. Yet, the effects of many parasites
either in isolated infestation or as comorbidities in intermediate or definitive hosts are often poorly

documented or understood. There is growing evidence that parasites have evolved the ability to alter the
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behavior of their intermediate hosts to increase the probability of reaching their definitive host to
sexually reproduceﬂ]. Ultimately, host behavioral shifts will result in increased fitness among parasites.
Toxoplasma gondii is one such parasitic protozoan that affects intermediate hosts and has been shown to
increase the boldness of multiple taxa to ultimately increase potential predation and elevation to their

definitive host—Felids213]

Although it is fatal in many intermediate and non-target hosts[2l[5] early research revealed that rodents
(Mus and Rattus, e.g., primary prey of small cats) exposed to Toxoplasma were more likely to have delayed
reaction speeds to stimuli, display an affinity for domestic cat (Felis catus) urine, and behave more
erratically in the laboratoryl®lZl. These observations suggest infected prey exhibit a range of behavioral
changes which may increase the probability of potential predation. Further, Toxoplasma has been
associated with other negative behavioral responses in wildlife such as dopey fox syndrome in
Australial®l boldness leading to lower survivorship in infected spotted hyena (Crocuta crocuta) cubs that
were more likely to interact with lions (Panthera leol2l), and was most recently related to boldness in gray
wolves (Canis lupus) elevating them to park leaders in Yellowstone National Park, UsAl2l Although the
latter case suggests some positive influence of the protozoan by increasing boldness, it is likely that
behavioral changes that go beyond ordinary boldness could be maladaptive when individuals increase
risk-taking behaviors while also experiencing reduced facultative capabilities that may ultimately result
in lower survivorship. To our knowledge, this has not been studied in free-ranging wildlife because it

would require long-term tracking and survival data along with periodic parasitic assays.

As part of a natural history study of northern raccoons (Procyon lotor) in the Florida Keys and their
efficacy as sentinel species for the prevalence of raccoon roundworm (Baylisascaris procyonis) and
Toxoplasma in the endemic range of the Key Largo woodratll we screened 23 captured raccoons for
Toxoplasma-infection to assess the impacts of the protozoan on raccoon behavior and fitness by
collecting blood samples from each raccoon and separating sera to test for anti-Toxoplasma
immunoglobulin G antibodies via modified agglutination testsi2l. Samples with a detectable antibody
titer level of 1:25 or greater were considered positive, with additional dilutions 1:50, 2:40, and > 1:200
tested as well, which informed us which individuals have been infected more recently, as opposed to

chronic infection!2ll2l, We also fastened radio-collars to all 23 raccoons for tracking to assess their

behavior and estimate survival as it relates to urbanization and Toxoplasma infection. We predicted that
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chronic Toxoplasma seroprevalence would be associated with bolder behavior and higher mortality in

tracked raccoons because of increased risk-taking.

Concurrently, as part of annual American crocodile (Crocodylus acutus) nest monitoring, we used camera
traps to survey potential nest predators. Cameras (Reconyx PC800, RECONYX, Inc., Holmen WI, USA)
were deployed on cinder blocks 2-3m from any active crocodile nests and set with high motion
sensitivity and continuous photos when motion-activated (1sec between photos). On four occasions, we
documented raccoons rooting around an active crocodile nest until the female crocodile ultimately
rushed to defend against the potential nest predators. As an index of boldness, we quantified the elapsed
reaction time (ERT) of the raccoons in the image sequences, by measuring the elapsed time from when
the raccoon retreats before the crocodile surfaces into the photo frame—where shorter ERTs suggest

increased boldness because the raccoons remain at the nest until the crocodile gets closer.

Three crocodile-raccoon interactions resulted in ERTs of 8 seconds (6 July 2022), 6 seconds (9 July 2022),
and 4 seconds (22 July 2022) before the crocodile surfaced into the photo frame (Figure 1, Panels a-d).
However, the other documented incident was of a radio-collared raccoon, which resulted in a 0 second
ERT before the crocodile was in the frame and the raccoon retreated—just narrowly escaping the predator
strike. The raccoon was identified as RA51 based on GPS tracks and was one of our study animals that
tested positive with the highest titer level among all individuals (1:200), suggesting recent exposure and
acute infection with Toxoplasma gondii. The individual was a small (5 kg) adult male raccoon and
throughout his capture and subsequent work up and release, he presented as neurologically sound and
had no detected physical abnormalities, suggesting he was healthy and not suffering from any other

comorbidities.
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Figure 1. Selected photo sequences of northern raccoons (Procyon lotor) interacting with an American

crocodile (Crocodylus acutus) nest in Key Largo, Florida, USA, 6-11 July 2022. Panels a-d) show two cases where
the raccoons retreated before the crocodile entered the photo frames (8 and 6 seconds, respectively). Panels e-
f) show the apparent increased boldness observed in the radio-collared raccoon with an acute Toxoplasma-
infection that narrowly escaped the crocodile seen surfacing just behind it. Photo Credit: Isaac Lord, Joseph

Redinger, and Kelly Crandall.

Furthermore, on 29 April 2023, the radio-collared raccoon RA51 was again captured on a camera trap

successfully depredating a crocodile’s nest (Figure 2), which resulted in a complete loss of the clutch for
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the federally threatened reptile. This is the first recorded instance of a raccoon depredating a crocodile
nest on Key Largo, but nest predation has been documented in other areas of crocodiles’ range in
southern Floridal4l, This individual was not the only raccoon to encounter the crocodile nest and further
suggests that its successful nest predation was due to increased boldness. While raccoons are bold and
adaptable broadly, the bold behavior of RA51 is most parsimoniously associated with long-term parasitic
infection. This leads us to hypothesize that Toxoplasma-infection in nonfelids may represent a Simpson’s
paradox—a statistical phenomenon where a trend appears in several groups but disappears or reverses
when the groups are aggregated@. In this sense, the “groups” are short-term tracking periods of
individual animals and the aggregated data would be the long-term life outcomes of many individuals in
the population. Therefore, the net benefits of Toxoplasma-infection are positive in the short-term (e.g.,
successful nest predation due to increased boldness), but as we extend the sampling window to include
the entire life of the individual and others in the population, the overall result likely leads to lower fitness
in the long-term (e.g., lower survivorship due to boldness). Further examination of broader survivorship
analyses of the raccoons of the Florida Keys and other populations such as the wolves of Yellowstone will

help differentiate and elucidate the net effects of chronic Toxoplasma-infection in nonfelids!2.
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Figure 2. Camera trap evidence of the same radio-collared raccoon (Procyon lotor) with an acute Toxoplasma-

infection walking away from an American crocodile (Crocodylus acutus) nest in Key Largo, Florida, USA on 29

April 2023, with an egg in its jaws. Photo Credit: Arya Sanjar and Shauna Sayers.

In general, raccoons are curious and bold animals, which is associated with their capacity to adapt and
thrive in human environments by consuming external resources /7] but we believe our current
observations and the auxiliary information about Toxoplasma seroprevalence taken together support the
hypothesis that the protozoan makes intermediate hosts behave more boldly and erratically. Although we
cannot individually identify the raccoons in the three other sequences to know the Toxoplasma exposure
of those individual(s), the high level of titer (1:200) observed in RA51 was less common in the population.
Only 26.1% of the 23 screened raccoons tested positive at the 1:200 dilution, as compared to the overall
positivity rate of 82.6% (19/23), which roughly corresponds with the frequency in the photo sequences
herein. Irrespective of the current titer levels, the observed Toxoplasma-seroprevalence in raccoons of
Key Largo was very high compared to previous surveys in Florida (18-29%[18)) which should raise
concerns about the abundance of feral and free-ranging cats and their potential negative consequences

for the endangered rodents of the island9),
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We present the first case of using camera traps to quantify elapsed reaction time (ERT) between prey and
a potential predator to serve as an index of boldness in the prey. This simple metric may be useful in
other applications to better understand species interactions and food webs, in line with recent
spatiotemporal analyses (e.g., Gilbert et all9l). Ultimately, we recommend further research on the role
and implications of Toxoplasma gondii infections affecting the behavior and fitness of free-living wildlife

to better understand the protozoan’s role in community interactions and food webs more broadly.
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