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Please cite this article as: Huck, Maren, Juárez, Cecilia P., Fernández-Duque, Eduardo,
Relationship between moonlight and nightly activity patterns of the ocelot (Leopardus
pardalis) and some of its prey species in Formosa, Northern Argentina.Mammalian
Biology http://dx.doi.org/10.1016/j.mambio.2016.10.005
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

Relationship between moonlight and nightly activity patterns of the ocelot
(Leopardus pardalis) and some of its prey species in Formosa, Northern
Argentina

Running title: Relationship of moonlight and activity patterns of ocelots and prey

Maren Huck1 (corresponding author), Cecilia P. Juárez2, and Eduardo Fernández-Duque2,3

1

Department of Natural Sciences, University of Derby, Kedleston Road, Derby DE22 1GB,
U.K. Tel: Tel: +44-(0)1332-59 2354. E-mail: m.huck@derby.ac.uk

2

Facultad de Recursos Naturales, Universidad Nacional de Formosa, Av. Gutnisky 3200, CP
3600, Formosa, Argentina. E-mail: cezijuarez@gmail.com

3

Department of Anthropology, Yale University; 10 Sachem Street, Room 314; New Haven, CT
06511, USA. E-mail: eduardo.fernandez-duque@yale.edu

Word count: 7274 (incl. Abstract, References, 6 Tables, and Figure legends)

Abstract:
The moon can profoundly influence the activity patterns of animals. If predators are
more successful under bright moonlight, prey species are likely to respond by shifting their
own activity patterns (predator-avoidance hypothesis). However, the assumption that prey
will necessarily avoid full-moon nights does not take into account that moonlight also allows
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prey to more easily detect predators, and to forage more efficiently. Thus, nightly activity
patterns could depend on night vision capabilities (visual-acuity hypothesis). To consider the
possible influences of moonlight and to distinguish between these hypotheses, we used
camera-trapping records of a predator, the ocelot (Leopardus pardalis), and several of its
night-active prey to compare activity patterns under different moonlight conditions. The
ocelots' activity patterns were not strongly related to moonlight, but showed a slight
tendency for higher activity during brighter nights. Tapeti rabbits (Sylvilagus brasiliensis) and
brocket deer (Mazama americana) showed a clear preference for brighter nights. Whiteeared opossums (Didelphis albiventris) also showed a trend to be less active in new moon
light. In contrast, smaller grey four-eyed opossums (Philander opossum) and the poor eyesight nine-banded armadillo (Dasypus novemcinctus) showed similar activity patterns across
all moon phases. Since activity patterns of most prey species were not shifted away from
the activity of the ocelot, the differences between species are probably linked to their night
vision capabilities, and emphasise the need for more information on the visual system of
these taxa. Their activity patterns seem to be less strongly linked to avoidance of predation
than previously thought, suggesting that foraging and predator detection benefits may play
a more important role than usually acknowledged.

Key-words: Camera-traps; Lunar activity; Moon phase; Night vision; Predator-prey
interaction
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Introduction
Moonlight can have a profound influence on the activity patterns of nocturnal
vertebrate species (Di Bitetti et al., 2006; Fernandez-Duque et al., 2010; Starr et al., 2012).
Some nocturnal predators hunt more successfully on bright moon nights, and this can lead
to a change in their activity patterns (Clarke, 1983). Not surprisingly, many prey species
respond to their predators' activity patterns with corresponding changes in their own
patterns. For example, in a lab experiment mimicking new moon, full moon and
intermediate light conditions, deermice (Peromyscus maniculatus) reduced their activity
under the brightest light, whereas hunting by their predator, the short-eared owls (Asio
flammeus), was more efficient under full moon illumination (Clarke, 1983). Likewise, pygmy
loris (Nycticebus pygmaeus) are more active in dark than in bright nights, and this has been
attributed to predator avoidance (Starr et al., 2012). This potential shift of the activity
patterns of prey species to avoid the periods of activity of their predator is known as the
'predator-avoidance hypothesis'.
However, there may also be potential benefits to the prey of remaining active with
higher light levels: it is then easier to detect predators, and to forage more efficiently
(Bearder et al., 2006; Bouskila, 1995; Prugh and Golden, 2013). Spectral tarsiers (Tarsius
spectrum), for example, significantly increase foraging time and insect capture rates in full
moon nights (Gursky, 2003). Similarly, Southern African lesser galagos (Galago moholi) seem
to get more frequently captured by Cape genets (Genetta tigrina) during new moon than
during full moon nights, and male galagos move farther on moon nights than during periods
without moon light (Bearder et al., 2002). Under the 'visual-acuity hypothesis' it is therefore
possible that the adaptations involved in a prey-predator relationship may not result in a
3

change of activity patterns, but in changes of micro-habitat use related to foraging. For
example, both spiny rats (Proechimys spp.) and ocelots (Leopardus pardalis), their
predators, did not change their activity patterns following changes in moonlight, but
changed instead the locations of their activities (Emmons et al., 1989).
In our study, we used camera-trapping records of a Neotropical predator, the ocelot,
and several of its prey species (nine-banded armadillos, Dasypus novemcinctus; white-eared
opossums, Didelphis albiventris; grey four-eyed opossums, Philander opossum, and other
unidentified small opossums; tapeti or Brazilian cotton-tail rabbit, Sylvilagus brasiliensis; and
brocket deer, Mazama americana), to compare activity patterns under different moonlight
conditions.
The aim was to evaluate whether activity patterns by prey species were more easily
explained by the predator-avoidance hypothesis or by the visual-acuity hypothesis. We
specifically hypothesised that the relationship between moonlight and the activity patterns
of predators and their prey is, at least partly, a function of the acuity of, and dependence
on, night vision of the species involved (Prugh and Golden, 2013). For example, some
species from predominantly diurnal lineages (e.g. red brocket deer) consistently show
activity both during the day and the night (i.e. they are cathemeral, sensu Tattersall, 1987;
Huck et al., in prep.), which could be related to the structure of their tapetum lucidum. The
tapetum lucidum is a reflective tissue layer behind the retina that, by reflecting light,
increases the availability of it to the photoreceptors (Lee, 1886). It has been suggested that
many herbivore ungulates have tapeta with a relatively lower amount of light reflectance
(Ollivier et al., 2004). These species may possess a tapetum lucidum, but the tapeta fibrosa
of artiodactyls (which consist of extracellular collagen fibrils) are morphologically and
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chemically different from the tapeta cellulosa (which consist of regular cells containing
variable reflective materials, depending on taxa) of carnivores (Ollivier et al., 2004; Schwab
et al., 2002). Thus, we formulated predictions for activity patterns under different moonlight
conditions of the different species based on their visual system and general adaptations to
predator avoidance.
Ocelots have highly developed night vision (Kitchener et al., 2010), and they may
also use their sense of smell to locate prey (Emmons, 1988; Emsens et al., 2013). Therefore,
ocelots should be able to hunt under very low light intensities. However, since even the best
adapted visual system needs some light to function, we predicted that ocelots would
reduce, but not completely avoid, activity during low intensity moonlight conditions.
Like ocelots, opossums also have a well-adapted night vision system, although they
are rather myopic and adapted to detect insect prey species at short distances (Volchan et
al., 2004, on Didelphis spp.). If moonlight helps opossums during foraging, but does not
increase the risk of predation by ocelots, we predicted that white-eared opossums, and
smaller opossums like the grey four-eyed opossum would be more active with high levels of
moonlight and avoid times when the moonlight is minimal. However, if opossums have
adapted their activity patterns to avoid predation by ocelots, they would show more activity
at times that were avoided by their predator.
In contrast to opossums, the tapeti rabbit does not possess a tapetum lucidum. We
therefore predicted that these rabbits would avoid times when the moon is not visible,
showing increased activity during moonlit nights. Similarly, since the night vision of species
with a tapetum fibrosum is likely to be less well developed (Ollivier et al., 2004) than the one
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of feline predators, we predicted that brocket deer would show increased activity during
bright nights, and reduced activity during dark ones.
Finally, nine-banded armadillos rely heavily on olfaction and have poor eyesight
(Loughry and Mcdonough, 1994; Newman, 2014). We predicted that they would show no
preferences at all, or more activity during nights or times of the night with less ocelot
activity.

Methods
Study area and species
The study area was located in the Estancia Guaycolec ranch, 25 km from the city of
Formosa in the Argentinean Gran Chaco of South America (58°11 W, 25°58 S, Fig. 1a). The
climate is subtropical and seasonal with a mean annual precipitation of 1,432 mm (± 331,
1977-2012, Fernandez-Duque, 2016), two rain peaks in April (197 ± 166 mm) and November
(186 ± 122 mm), and the lowest mean (51 ± 51 mm) for the period of June through August.
Monthly mean temperatures are lowest between May and August (16-18C) and highest
between October and March (23-27C).
The ranch includes nearly all habitat types representative of the Humid Chaco
region: savannah, pasture, forest islands (forest patches surrounded by savannah), gallery
forests (forests that form along rivers), and floodplains (Placci, 1995; Neiff, 2005).
There are several carnivore predators in the area, but the one most commonly
caught in camera-traps is the ocelot (Huck et al., in prep.), which we therefore chose as the
focus of this study. Other mammalian carnivores present are either diurnal (tayra, Eira
barbara; jaguaroundi, Puma yagouaroundi), at our study site not commonly found inside
6

the forest (crab-eating fox, Cerdocyon thous; maned wolf, Chrysocyon brachyurus) or
recorded in the photographs not frequently enough for analysis (puma, Puma concolor;
Geoffroy's cat, Leopardus geoffroyi; Huck et al., in prep.). Of the two large owls present,
only the spectacled owl (Pulsatrix perspicillata) seems to hunt within the forest, while the
greater horned owl (Bubo virginianus) has only been observed outside it (M. Rotundo, V.
Dávalos, pers. comm.). Several species known to be preyed upon by ocelots (Emmons, 1987;
Konecny, 1989; Sunquist et al., 1989) occur in the area. Namely, we analysed data for ninebanded armadillos, white-eared opossums, grey four-eyed opossums and other unidentified
small opossums, tapeti rabbits, and brocket deer, all of which are predominantly or
completely terrestrial (including the opossums; Cunha and Vieira 2002).

Data collection
In October 2010 we started long term camera-trap monitoring of the field site. We
used Moultrie Game Spy I-35, Moultrie Game Spy I-45 and Cuddeback Attack IR cameras.
These cameras use infrared flash, since bright flash can scare animals away and lead to trap
shyness (Schipper, 2007). Since then, a variable number of cameras (1-12, median: 5.0, x̄:
5.4), running 24h/day, have been installed in an area of 97 ha (minimum convex polygon;
Fig. 1b). Most of the cameras were situated within the gallery forest, usually on foot trails
that run at 100m distances in North-South and East-West direction through the main part of
the study area (Fig. 1b), because this allowed the cameras a better detection range, and
because felids are known to commonly use human tracks (e.g. Trolle et al., 2005). We have
no indication whether the use of tracks influenced the likelihood to detect certain prey
species. Since the purpose of the study was to determine to see whether activity levels
7

changed according to moonlight, a general effect of tracks would not be expected to bias
the results. Differences in numbers of active cameras were fully taken into account by our
approach to analysis (see below, and last column Table 1). Out of 214.6 camera-months,
only 14.0 were from cameras situated just outside the gallery forest, and 11.6 were placed
in a forest islands that was separated from the gallery forest by a minimum of 30m
savannah. This did not allow taking habitat type into account, but there was no pattern in
the data apparent that would suggest that these non-forest cameras would qualitatively
change the results. While one camera was installed for eight months on a platform ca. 1.5m
above ground, all other cameras were placed at ground level (20-40 cm high), since all of the
investigated prey species are either exclusively, or in the case of opossums, mainly
terrestrial (Cunha and Vieira, 2002). The mean distance between cameras set up during the
same time period was 532m (with mean minimum distances of 103 and mean maximum
distances of 1212m). We analysed photos obtained between 12th October 2010 and 8th
January 2015, with interruptions between 6th Oct 2012 and 17th Mar 2013, and between 9th
July and 30th Oct 2014, when no cameras were installed. The period analysed included
approximately 45 moon cycles.
For the analyses presented below we only used photos taken during the night, which
we defined as the period between the end of nautical twilight and the beginning of it the
following morning (i.e. when the sun is more than 12° under the horizon). In other words,
we limited our analyses to a period when there was no sunlight that could confound the
effects of moonlight. We obtained nautical twilight times from the website of the
Astronomical Department of the US Navy (USNO, 2011).
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Moon phases
We determined the percentage of the moon's visible illuminated surface using a
code for R 2.15.2 (Schmitt, 2013; R Core Team, 2014). Following the categorisations by
Schmitt (2013), we additionally classed moon phases according to the moon's age (i.e. the
number of days from new moon; Table 1). We used the times of moon rise and moon set
(USNO, 2011) to determine if a photo had been taken before the moon had risen, or after it
had set. In those cases, the moon phase was characterised as "not visible" (with 0%
illuminated surface). This correction did not affect all moon phases equally, and resulted, for
example, in a lower number of "available" hours for the first quarter of the moon, since
during this phase the moon is mainly visible during daylight. Likewise, the number of active
cameras varied, and we therefore estimated sampling effort calculating the hours each
camera was active during each moon phase (Table 1). Since our data set was not sufficient
to analyse waxing and waning phases of similar illumination separately, they were combined
for some analyses (Table 1). For example, as the waxing and waning crescent periods have
both 3.8 - 30.9% of the moon surface illuminated, they were then combined into a "1st
quarter" phase.
Moon-light is also affected by cloud cover. Since hourly cloud cover values were not
available, we used daily precipitation as a proxy for cloud cover, classing days with zero
precipitation as "no cloud cover" (91% of days) and days with precipitation as "cloud cover".

Data preparation
We characterised the activity patterns of the different species using time stamped
photographs and we quantified their activity using the number of photographic records over
9

any given observation time. Photos from the same camera station were only considered
independent data points, but not necessarily different individuals, when the two closest
times of photographs were at least 60 min apart. Although we cannot exclude the possibility
that the same individual was recorded more than once during one night (either at the same
camera station more than one hour apart or at different camera stations) this was not a
common occurrence, since we rarely had more than one record per species per night.
Furthermore, following the logic for home-range analyses (Blundell et al., 2001; De Solla et
al., 1999; Otis and White, 1999), auto-correlated records can also convey a strong biological
message because they imply higher activity. The long sampling period ensured that any
remaining low levels of pseudo-replication will not have biased our data. For most species it
was not possible to differentiate individuals from the photographs, but we were able to
identify a minimum of five ocelots (one female, three males, and one individual of
unidentified sex) based on individual coat patterns. For the smaller prey species, the
duration of the study (> 4 years), and the size of the sampled area should ensure that the
photos are from a larger number of individuals. We have little information to estimate the
number of brocket deer individuals, but given that carnivores tend to have larger homeranges than herbivores, it is reasonable to assume that more individual deer than ocelots
were included in our study. With night-time photos it was often difficult to distinguish
confidently between grey brocket deer (Mazama gouazoubira) and red brocket deer.
However, photos for which clear identification was possible, suggested that only red brocket
deer were active at night (Huck et al., in prep.). We therefore combined all deer photos,
assuming that they were from red brocket deer. Likewise, for the smaller opossums it was
not possible to always identify individuals to the species level, so all photographs of smaller
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opossums were subsumed under the name of the most commonly identified species, the
grey four-eyed opossum.

Statistical analysis
For statistical analyses we employed two approaches: We used binary logistic
regression for the main analyses using R 2.15.2 (R Core Team, 2014). Additionally, we
employed a visual approach accompanied by G-tests, since this provided more intuitive
representation of the data than the graphics for binary logistic regression. We did not
employ circular statistics, since these assume equal availability for each section of the circle.
Since during the moon cycle certain phases are more commonly visible during day-time than
during night-time, circular statistics were therefore clearly not applicable (Batschelet, 1981)
and could lead to misinterpretation of the actual activity patterns. Both of our approaches
took into account the variable availability of different moon illuminations during the moon
cycle and the variable number of cameras available during the whole study period.
First, each species was analysed separately to estimate the potential effect of
illumination on the probability of detection of that species. Binary logistic regression used
photographic records as "presence", and per species 1,000 randomly generated data points
(proportional to the availability of different moon illumination levels, see 'Moon phases') as
"absences". Preliminary analyses using fewer random data points suggested that test
statistics were not affected by the imbalance of the number of random vs. true data points,
except for the intercept, which was not under consideration for the research question. The
percentage illumination and cloud cover were used as independent variables (without
interaction effects, since there were not enough days with cloud cover) when analysing each
11

species separately. Additionally, we conducted a binary logistic regression to estimate the
interaction effect of illumination and species, with the ocelot as the reference species and
cloud cover as a third independent variable. The purpose of this analysis was to detect
whether any interaction effect would suggest that moon illumination had a different effect
on the activity pattern of particular species compared to the pattern shown by the predator.
Binary logistic regression models assume a linear relationship between the logits of the
dependent variables and continuous predictor variables, so we checked for non-linearity
using a Box-Tidwell transformation test (Box and Tidwell, 1962); the tests suggested that the
relationships did not deviate statistically from linearity (all p-values > 0.05).
Secondly, for the visual approach and G-tests, we calculated expected frequencies of
photos (E) per moon phase as the total number of photos for a species or group of species,
multiplied by the availability of a certain moon phase, divided by the total availability (i.e.
the total number of trap-hours). We then compared the frequencies of photos for a specific
species (or group of species) in different moon phases to the expected frequencies using a
goodness of fit G-test with William's correction for small sample sizes. Graphically, we
present this as the ratio of observed (O) over expected (E) frequencies for each species for
each different moon phase. We gave the ratio a negative inverse value (i.e. -E/O) when O/E
< 1.This adjusted ratio then ranges from +1.0 to positive infinity and from -1.0 to negative
infinity, with values above +1.0 indicating a higher number of photos taken than expected,
and values below -1.0 indicating a lower one. Similarly, we compared the observed activity
patterns of ocelots and each of the species using a contingency table G-test with William's
correction.
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For some species sample sizes were relatively small for at least some moon phases.
We therefore additionally analysed the data combining the phases "not visible", "new
moon" and "first quarter" into a category of "low moon light" and the phases "half moon",
"third quarter" and "full moon" into a category of "high moon light". Using the same type of
analyses as described above, this additional classification provided a general indication of
whether species preferred brighter or darker nights.

Results
The white-eared opossum, tapeti rabbit, and red brocket deer were more active on
nights of higher moon illumination levels. These species were detected in brighter nights
more commonly than expected (Fig. 2; for a coloured figure see Electronic supplement Fig
E1). These positive relationships between activity and moonlight levels were statistically
significant as indicated by the binary logistic regressions (Table 2) and the G-tests using
either the detailed or the combined moon phases (Table 3, Fig 2). Post-hoc, pairwise G-tests
showed that significant differences were between all low light level moon phases against all
high light level phases for the tapeti rabbit, and between non-visible moon phases against
half and full moon, as well as new moon against full moon for the red brocket deer (Table
4). The remaining two prey species, the grey four-eyed opossum and the nine-banded
armadillo, showed no statistically significant relationship between moon illumination and
activity levels (Table 2, Table 3, Fig. 2).
The ocelots showed a tendency to prefer third quarter moon nights, and to avoid full
moon nights (Fig2, Table 5, Table 6). Still, the relationship between moon phase and the
ocelots' activity patterns was not statistically strong (Table 2). The activity pattern of the
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ocelot was not very dissimilar from most of its prey species, and only for the nine-banded
armadillo did the interaction effect of species and moon illumination approach statistical
significance compared to the ocelot (Table 5), although using the less powerful G-tests no
statistically significant differences in the patterns of ocelot and any prey species were
detected (Table 6).

Discussion
Our analyses show that the activity patterns of half of the examined species were
related to moonlight. Nevertheless, all species were encountered during all moon phases at
least occasionally, including times when the moon was not visible. Our findings are
compatible with the hypothesis that the patterns observed are related to the acuity of the
night vision system of the various species, whereas we found little evidence that any prey
species, with the possible exception of the nine-banded armadillo, directly responded to the
activity pattern of their predator. Thus, most of our data do not provide support for the
predator-avoidance hypothesis for the prey species under investigation. Nevertheless, it
should be born in mind that prey species might also shift their micro-habitat use in order to
avoid predators, such as spiny rats avoiding ocelots (Emmons et al., 1989), and thus more
subtly avoiding predators. However, since most of our camera-traps were situated on
footpaths, a shift of prey species to different micro-habitats would have led to a change in
capture frequency and hence differences in activity patterns compared to ocelots, which
was not the case.
We did not find a strong relationship between moon phase and ocelot activity
patterns, in general agreement with other studies (Emmons et al., 1989; Maffei et al., 2005).
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Our data support partly our prediction that ocelots would show only a weak avoidance of
dark nights, given their good night vision (Kitchener et al., 2010). However, ocelots showed
a slightly stronger tendency for higher activity levels in brighter

nights (in particular

gibbous, but not full moon) than other predominantly night active carnivores (lions,
Panthera leo, and spotted hyaenas, Crocuta crocuta), that used full and new moon nights
similarly in a more open habitat (Cozzi et al., 2012). If, as suggested by our data and
previous studies (Emmons et al., 1989; Maffei et al., 2005), ocelots do not strongly avoid or
prefer any particular moon phase, prey species may not gain much by shifting their activity
levels (i.e. absolute amount of time being active) in relationship to the ocelots'. However, as
pointed out earlier, there may be other factors leading prey species to prefer brighter
nights, in particular more efficient foraging and easier predator detection (Gursky, 2003;
Prugh and Golden, 2013).
A meta-analysis to unravel the extremely variable response of different species to
moonlight indicated a strong phylogenetic signal: species relying principally on vision were
generally attracted by bright moon (Prugh and Golden, 2013). In particular vision-orientated
primates such as owl monkeys (Aotus azarae; Fernandez-Duque et al., 2010), spectral
tarsiers (Gursky, 2003), Southern African lesser galagos (Galago moholi; Bearder et al.,
2006), and lemurs (see review table 8.1 in Nash, 2007) have been shown to be more active
during brighter nights or parts of nights. Our findings for both deer and the tapeti rabbit are
in line with this suggestion, since these species clearly showed more activity during brighter
nights and avoided those times of the night when the moon was not visible, whereas the
weak-sighted armadillo showed no marked preferences. At first sight, this might not be
clearly concordant with rabbit and deer abilities of night vision, since while the tapeti rabbit
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does not possess a tapetum lucidum (Lee, 1886), deer do (Schwab et al., 2002; Ollivier et al.,
2004). However, there is an astonishing scarcity of information on the relative light
reflection properties of various types of tapeta lucida and night vision abilities of different
mammals (Schwab et al., 2002; Ollivier et al., 2004). All of the species we studied, except the
armadillo and the tapeti rabbit (Lee, 1886; Loughry and Mcdonough, 2013), have some kind
of tapetum, yet the chemical and anatomical features differ (Schwab et al., 2002; Ollivier et
al., 2004), and it is possible that the ungulate tapetum is less efficient than the one of felids
like ocelots. Species with a less efficient tapetum might therefore need higher light levels to
find their food, and/or to detect potential predators. Nevertheless, it should be pointed out
that this preference for bright nights by species without a tapetum lucidum is not universal;
in fact European rabbits (Oryctolagus cuniculus) seem to prefer dark nights and to avoid
bright ones in Spain where they are hunted by the Iberian lynx (Lynx pardinus; Penteriani et
al., 2013).
Of the two opossum species, the larger white-eared opossum conformed to the
prediction of slight preference of brighter nights. This would support the hypothesis that
this species might use visual cues for foraging and predator detection. The smaller grey foureyed opossum, however, showed no such tendency, using most other moon phases
according to availability, suggesting that visual cues for foraging may be less relevant for this
species. Another possibility is that, in the case of this relatively small marsupial, the ocelot
might not be the relevant factor driving activity patterns, but rather other nocturnal
predators, like the spectacled owl that is known to heavily prey on this species in the area
(Ramírez Llorens, 2003). Given that owls in other areas have been shown to hunt more
efficiently under bright moon-light (Clarke, 1983), it is possible that the smaller opossums
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might be avoiding predation by spectacled owls rather than ocelots when active during
darker nights. Nevertheless, opossums, including Didelphis and Philander species, were the
most frequently consumed prey items of ocelots in Belize; it is therefore likely that they are
also under predation pressure from ocelots in our study area (Konecny, 1989).
The nine-banded armadillo, the one prey species that relies mainly on its sense of
olfaction (Loughry and Mcdonough, 1994; Newman, 2014), was clearly lacking any pattern,
showing similar activity during all moon phases. Since ocelots are found moving during all
moon phases, and armadillos probably do not benefit much from moonlight in terms of
foraging or predator detection, there may be no selection pressure on them to shift their
own activity to any particular moon phase.
All other prey species, like the opossums, might also face predation by other nighttime predators, like pumas, Geoffroy's cats, or spectacled owls. Deer and armadillos are
clearly too large to be preyed on by the latter two species, while the small species are
unlikely to be the most preferred prey for a large predator like the puma. Both of the other
cat species are much less frequently detected by the camera traps, and it is therefore
unlikely that they pose a stronger force on the investigated prey species than the ocelot.
The number of photos taken of a species during a certain period is only an
approximate measure of their overall activity. The activity of animals might also change in
more subtle ways, for example by shifting the location of their activity, rather than the
overall amount of it (Emmons et al., 1989). They might also walk more slowly, rather than
for a shorter period of time, and this would also lead to a lower number of photographic
records. A shift in micro-habitat use depending on moon-light levels would possibly be
stronger evidence for the predator-avoidance hypothesis, while changes in absolute activity
17

levels would support the idea that moon-light increases foraging efficiency and helps with
predator detection. Still, even after these considerations, our analyses indicate some change
in the patterns of activity that are related to changes in moonlight. If all prey species
strongly avoided the ocelot, this would have shown in the relative frequency of photographs
in different moon-phases, regardless of whether the avoidance was achieved by a shift in
the level of activity, or a shift in micro-habitat use. In order to distinguish between these
possibilities additional approaches, like radio-telemetry or direct observation, are needed.
Furthermore, the hypothesis that the night vision of some species is less well developed
than the ocelot’s highlight the need for more information on the relative performance of
these species under low light conditions. This could be accomplished with studies examining
the light reflection properties of various types of tapeta lucida.
The patterns of activity could also differ depending on whether the moon is waxing
or waning, even when the percentage of illuminated moon surface may be the same. The
ocelots of Misiones province in Northern Argentina showed this kind of response, reducing
the use of trails previous and during full moon nights, but not after them (Di Bitetti et al.,
2006). However, analyses that distinguish between a waxing and a waning crescent moon
would have required larger sample sizes than we acquired during 45 months of data
collection.
Our study confirms suggestions that the effects of moonlight on activity patterns are
quite variable. Still, just as with cathemeral activity, this variability in response to moonlight,
might partly relate to phylogenetic constraints and is less straightforwardly linked to
predation than previously thought (Cozzi et al., 2012; Curtis and Rasmussen, 2006; Donati
and Borgognini-Tarli, 2006; Prugh and Golden, 2013). While our data are in line with the
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visual-acuity hypothesis, they obviously do not provide direct evidence for it. More
investigations about the relationship of different tapetum lucidum types with night vision on
the one hand, and with night-time activity patterns and behaviour on the other are needed
for a more direct support of the hypothesis. Additionally, unless there are strong constraints
like those imposed by morphological adaptations (e.g. in terms of night vision), it seems
likely that predators and prey will show some tendency for oscillation between different
patterns, as they cycle through periods of co-evolutionary 'arms-races' (Halle, 2000).
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Figure legends:
Fig 1: a) Study area within Argentina, and b) camera-trap locations at the ranch Estancia
Guaycolec, Formosa Province (Argentina). The grid lines (trails) are spaced 100m apart.
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Fig. 2: Adjusted ratio of observed (O) over expected (E) frequencies of photos, during
different moon phases, of ocelots (cross-hatched bars) and its prey species: a) white-eared
opossum (Didelphis albiventris), b) grey four-eyed (and other small) opossums (Philander
opossum), c) nine-banded armadillo (Dasypus novemcinctus), d) tapeti rabbit (Sylvilagus
brasiliensis), and e) red & grey brocket deer (Mazama americana, M. gouazoubira). N.v. =
non visible. For O/E < 1, the negative inverse value (i.e., -E/O) was used instead of O/E.
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Table 1: Moon phases and sampling effort at Estancia Guaycolec (Formosa, Argentina)
between October 2010 and January 2015. Moon age in days: number of days since new
moon. Raw availability: number of trap hours. Availability: number of trap hours
corrected for the time when the moon was not visible.
Moon phase

Combined

Moon age %

Raw

phase

in days

availability

illuminated

Availability

surface
New moon

New moon

< 1.8 or ≥ 0 – 3.8

10604

10604

10378

3159

9876

2966

27.7
Waxing

1st quarter

≥ 1.8 < 5.5

1st quarter

≥ 24.0 < 3.8 - 30.9

3.8 - 30.9

crescent
Waning
crescent

27.7

Waxing half

Half moon

≥ 5.5 < 9.2

31.0 - 69.0

10511

4756

Waning half

Half moon

≥ 20.3 < 31.0 - 69.0

10071

4634

< 69.1 – 96.2

10473

5841

≥ 16.6 < 69.1 – 96.2

10892

6158

< 96.21 - 100

10825

7100

< 0

NA

38412

24.0
Waxing

3rd quarter

gibbous
Waning

9.2

12.9
3rd quarter

gibbous
Full moon

≥

20.3
Full moon

≥12.9
16.6

"Not visible"

"Not visible"

≥

1.8

27.7
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Table 2: Test statistics for binary logistic regressions for each species. The logit-estimate was
converted to the odds for 10% changes in moon-illumination (Odds10§).
Odds10§

Species
Ocelot

Z-value

P-value

(Leopardus 1.04

1.2

0.25

opossum 1.05

2.3

0.024

-0.3

0.75

-1.5

0.14

3.9

<0.001

2.1

0.027

pardalis)
White-eared

(Didelphis albiventris)
Grey four-eyed opossum 0.99
(Philander opossum)
Nine-banded

armadillo 0.95

(Dasypus novemcinctus)
Tapeti rabbit (Sylvilagus 1.08
brasiliensis)
Red

brocket

deer 1.07

(Mazama americana)
§: The Odds10 value is the predicted change, when the independent variable "percentage
moon illumination" increases by 10%, in the probability that a species is recorded over the
probability that it is not recorded.
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Table 3: Test statistics for goodness-of-fit G-tests comparing the frequency of
photographic records against expected values for various species under either high and
low levels of moon light, and under six different moon phases (moon not visible, new
moon, first quarter, half moon, third quarter, full moon). Statistically significant values are
highlighted in bold.
Combined

moon

(Low

vs.

df = 1

phases Detailed

moon

phases

High)
df = 5

Species

Gadj

p-value

Gadj

p-value

Ocelot

2.6

0.10

6.7

0.24

White-eared

7.3

0.007

9.6

0.09

0.59

2.5

0.78

0.26

0.61

3.4

0.64

27.9

<0.001

28.4

<0.001

0.004

13.2

0.02

opossum
Grey four-eyed 0.29
opossum
Nine-banded
armadillo
Tapeti rabbit
Red

brocket 8.4

deer
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Table 4: Pairwise post-hoc G-tests for activity under different moon phases for tapeti
rabbit and red brocket deer.
New
Tapeti

Gadj

p

Not visible

0.04 0.85

New

1st quarter

Half

Gadj

p

Gadj

0.11

0.74

0.02

0.88

1st quarter

3rd quarter

Full

p

Gadj

p

Gadj

p

13.6

< 0.001

10.3

0.001

10.0

0.002

9.0

0.003

6.6

0.010

7.2

0.007

7.2

0.007

5.2

0.022

6.0

0.014

0.3

0.55

0.01

0.91

0.2

0.66

Half
3rd quarter
Deer
Not visible
new
1st quarter
Half
3rd quarter

0.9

0.34

0.5

0.49

0.005 0.95

4.5

0.03

1.5

0.22

11.2

< 0.001

0.85

0.36

0.03

0.87

3.9

0.047

0.73

0.39

0.05

0.83

3.1

0.08

0.62

0.43

1.2

0.27

3.6

0.06
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Table 5: Test statistics of binary logistic regression for interaction effects of species and
moon illumination with ocelot as the reference level while taking Cloud cover into account.
The logit-estimate was converted to the odds (cloud cover) or odds for 10% changes in
moon-illumination (Odds10§).
Odds10§ Z-value

Species:Illumination

P-value

or Odds
White-eared

opossum 1.01§

0.3

0.73

-1.1

0.26

-1.9

0.061

1.2

0.23

0.7

0.49

-2.0

0.049

(Didelphis albiventris)
Grey four-eyed opossum 0.95§
(Philander opossum)
Nine-banded

armadillo 0.91§

(Dasypus novemcinctus)
Tapeti rabbit (Sylvilagus 1.05§
brasiliensis)
Red

brocket

deer 1.03§

(Mazama americana)
Cloud cover_Yes

0.70

§: The Odds10 value is the predicted change in the probability that a species is recorded
over the probability it is not recorded when the independent variable "percentage moon
illumination" increases by 10% compared to the odds for ocelots. For cloud cover, the odds
give the probability of getting a record of any of the species if there is cloud cover compared
to the probability if there is no cloud cover.
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Table 6: Test statistics for contingency-table G-tests comparing the frequency of
photographic records of various species compared to those of ocelots under either high
and low levels of moon light, and under six different moon phases (moon not visible, new
moon, first quarter, half moon, third quarter, full moon).
Combined

moon

(Low

vs.

df = 1

phases Detailed

moon

High)
df = 5

Gadj

p-value

Gadj

p-value

0.008

0.93

3.2

0.66

0.37

4.2

0.53

2.4

0.12

7.7

0.18

2.5

0.12

6.6

0.25

brocket 0.7

0.39

7.6

0.18

White-eared

phases

opossum
Grey four-eyed 0.8
opossum
Nine-banded
armadillo
Tapeti rabbit
Red
deer
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