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Abstract
Different interactions occur simultaneously, affecting the ecological and evolutionary outcome of the species within a community. Mutualisms are particularly relevant for maintaining and generating biodiversity, and among them, pollination and
seed dispersal play a central role in plant regeneration. Due to its parasitic life-form and ecological specialization, mistletoes
provide a good study system to assess the effects of simultaneous interactions in the wild. We used the highly specialized
mistletoe Tristerix aphyllus, its pollinator (the hummingbird Sephanoides sephaniodes), and its seed disperser (the mockingbird Mimus thenca) to assess their daily activity patterns during a flowering-fruiting overlap period. Given that both bird
species are diurnal, we expect them to have different visitation times despite using different resources. Using camera traps,
̂ 4 = 0.83, p < 0.001). While M. thenca had a
we found that both species have different daily activity patterns (overlap index Δ
narrow activity period early in the morning, S. sephaniodes had a wider activity range. We also found that the temporal variation of those activity patterns might be related to resource availability, as the number of flowers has decreased (F2,52 = 13.85,
p < 0.001) over time, while the number of ripe fruits has increased (F2,52 = 5.16, p = 0.009) over time. Our results show that
having different activity patterns could be a coexistence mechanism among bird species interacting with the same plant but
exploiting different resources. Thus, taking activity patterns into account can provide a better understanding of ecological
processes involving multiple interactions taking place simultaneously in the community.
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Introduction
Ecological interactions influence species’ abundance, distribution, phenotype, and genotype as they interact simultaneously with many counterparts (Strauss & Irwin, 2004).
Among those interactions, mutualisms—and particularly
pollination and seed dispersal—play a central role in the generation and maintenance of biodiversity (Bascompte, 2019;
Bascompte et al., 2003) as they determine plant reproduction and regeneration. Both pollination and seed dispersal
mutualisms result from complex coevolutionary processes
that make asymmetric and diffuse interactions quite common
in nature (Bascompte & Jordano, 2007; Bascompte et al.,
2006). Thus, we can expect that even specialized species
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would interact with more than one mutualist counterpart
simultaneously, which may vary on its effectiveness (Schupp
et al., 2017). Thus, mutualist species with redundant ecological roles within the community may be competing for shared
resources, which can influence their phenology, distribution,
and behavior. Besides, plants can simultaneously interact
with different mutualist (e.g., pollinators and seed dispersers), which use different resources but may visit the plant at
the same time.
Mistletoes provide a good study system to assess simultaneous interactions in the wild (Fontúrbel, 2020), as they
are aerial parasitic plants that depend on host plants with
which they establish antagonist interactions (Martínez del
Río et al., 1996), and biotic vectors for pollination and seed
dispersal with which they establish mutualistic interactions
(Watson, 2004). Despite being capable of interacting with
a wide range of animals (Arruda et al., 2012; Fadini et al.,
2018; Lucero et al., 2014), birds are often involved in mistletoe–animal interactions (Watson & Rawsthorne, 2013). Also,
it is common for mistletoes to have extended flowering and
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fruiting periods, with unusual phenologies such as winterflowering (Aizen, 2003) that make them a keystone resource
in forests and woodlands worldwide because they provide
food resources (i.e., nectar and fleshy fruits) for animals
during scarcity periods (Watson, 2001). Thus, a temporal
overlap between flowering and fruiting periods is a common
consequence of such extended phenology.
While mistletoes are relatively more dependent on biotic
vectors than most nonparasitic flowering plants, the range of
interactions asymmetry with the interacting animals is very
variable (Guerra & Pizo, 2014; Vazquez & Aizen, 2004),
ranging from low asymmetry in highly specialized systems
to high asymmetry when generalist animals are involved
(Aizen, 2003; Watson, 2013; Watson & Rawsthorne, 2013).
This issue opens interesting questions in community ecology
regarding the coexistence mechanisms on animal species
simultaneously interacting with mistletoes. The temporal
overlap between flowering and fruiting will result in the
simultaneous use of mistletoe resources by pollinator and
frugivore species, leading to inter-guild competition, which
is less understood than the intra-guild competition. Such
inter-guild competition would be negligible in those cases
in which different taxonomic groups are involved (e.g., a
diurnal pollinator bird and a nocturnal frugivorous mammal:
Aizen, 2003), but when it takes place among phylogenetically close species (e.g., diurnal birds), the overlap may be
substantial depending on resource availability and its temporal variation, but our knowledge about such ecological
phenomena remains limited.
We used a highly specialized mistletoe (Tristerix aphyllus) to fill this knowledge gap that presents flowering-fruiting temporal overlap and is pollinated and dispersed by
two diurnal bird species. While those species do not share
resources, they may interfere with each other visiting the
mistletoe at the same time. Therefore, we hypothesized that:
(1) both mutualists will concentrate their visits to the mistletoes at different times, and (2) the temporal variation on
daily activity patterns of each mutualist will be influenced
by changes in resource availability over time. To test these
hypotheses, we conducted a camera-trap assessment and
examined animal daily activity patterns along 3 months of
overlap between mistletoe flowering and fruiting.

Materials and methods
Study site
We conducted this study at the Reserva Nacional Las Chinchillas (31° 30′ S 71° 06′ W), a public, protected area of
central Chile, located ~ 300 km northwards from Santiago.
This area has a semiarid Mediterranean-type climate with
a thermal range of 5 °C in winter and 30 °C in summer.
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Annual precipitation is 167 mm (mean value from 1974 to
1999), mainly concentrated in the winter. Drought events are
frequent in this zone (Jaksic, 2001).

Study system
We focused this study on the holoparasitic mistletoe Tristerix
aphyllus (Loranthaceae) and its mutualists. This mistletoe is
a good example of ecological specialization as they depend
on a few cacti host species (Echinopsis chiloensis and
Eulychnia acida are the most frequent hosts) and two animal vectors for pollination and seed dispersal (Medel et al.,
2002). On the one hand, T. aphyllus is pollinated by the
Green-backed Firecrown (Sephanoides sephaniodes, Trochilidae), a generalist hummingbird with a wide latitudinal distribution in Chile (Acosta et al., 2020). Most of the mistletoe
pollination is performed by S. sephaniodes with occasional
visits of some pollinator insects (Medel, 2000). On the other
hand, T. aphyllus’ fruits are dispersed by the Chilean Mockingbird (Mimus thenca, Mimidae). This medium-sized bird
swallows the whole fruit and defecates intact seeds, acting
as an effective seed disperser (Martínez del Río et al., 1996).
Although M. thenca is the main seed dispersal vector for
this mistletoe, other frugivorous birds pay occasional visits
to the infructescences (Lucero et al., 2014), but we ignore
if those birds act as effective seed dispersers or simply as
pulp consumers. During this study, we recorded 72 visitation
events of other bird species (Diuca diuca, Phrygilus gayi,
Pseudasthenes humicola, and Leptasthenura aegithaloides),
representing 5.45% of the total camera trap records. Therefore, we kept only S. sephaniodes and M. thenca records
for analyses as the other bird species had very low sample
sizes, precluding us from conducting any formal analyses.
In this case, both pollination and seed dispersal interactions
are highly asymmetric (i.e., the plant is highly dependent on
the animal, but the animal is little dependent on the plant),
as the mistletoe depends more on the animal mutualists than
they depend on the mistletoe (Fontúrbel, 2020; Guerra &
Pizo, 2014). Both S. sephaniodes and M. thenca populations
are resident in the study area. Furthermore, T. aphyllus—as
most mistletoes—presents an extended phenology (March to
November) in which flowering and fruiting have a temporal
overlap of about 3 months (July to September; Medel, 2000).
Flowering goes from March to August (with a peak between
May and June) with some scant flowers in September, while
fruiting goes from May to November (with a peak between
July and September; Medel et al., 2002).

Data collection
We conducted a camera-trap assessment on 24 T. aphyllus
individuals from July to September 2013, representing a total
sampling effort of 2160 camera-days. We set infrared camera
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Statistical analyses
To assess whether the number of flowers and ripe fruits
varied over time, we used one-way ANOVA tests (assessing flowers and ripe fruits separately), followed by Tukey
a posteriori tests to determine pairwise differences among
sampling months. Then, we used the geographic coordinates
of each focal mistletoe to conduct spatial correlation tests
for the number of flowers and ripe fruits using the Moran
index (I); we used ten distance classes of an equal number of
observations (but we reported only the global result), we calculated the significance of this index after 999 permutations.
We assessed the spatial autocorrelation for each sampling
month. We conducted spatial autocorrelation tests using The
PASSaGE2 software (Rosenberg & Anderson, 2011).
We extracted time and date information from all the
photographic records in which we recorded S. sephaniodes
or Mimus thenca visits. Once we had the information systematized, we converted time figures to radians to estimate
daily activity density kernels for each bird species. Kernel
density estimators are a nonparametric method to estimate a
given random variable’s probability density function using
a smoothing process (Fontúrbel et al., 2021). In this regard,
kernel estimators have been widely used to assess animal
activity based on camera-trap information (Rowcliffe et al.,

2014). After obtaining individual kernel estimators, we
̂ 4 overcompared those daily activity patterns using the Δ
lap coefficient (following Ridout & Linkie, 2009), which
indicates the degree of overlap between two activity kernel
functions to test the null hypothesis that both functions have
the same distribution. We tested the significance of those
comparisons using 1000 permutations. Then, we repeated
this analysis, examining sampling months individually (we
were unable to estimate a kernel function for September
using the hummingbird data as it had only five records).
We performed activity analysis in R 3.6.3 (R Development
Core Team, 2020) using the packages ‘overlap’ (Ridout &
Linkie, 2009) and ‘activity’ (Rowcliffe, 2019) and the R
code provided in this repository: https://github.com/fontu
rbel-lab/AnimActivity

Data availability
Original data are available from the figshare digital repository: https://doi.org/10.6084/m9.figshare.13607279

Results
We found that flower and ripe fruit availability changed
during the camera-trap monitoring assessment (Fig. 1).
Flower availability was significantly variable among
months (F2,52 = 13.85, p < 0.001), showing an important
reduction in August and September. Contrarily, ripe fruit
availability was similar between July and August but
have significantly increased in September (F 2,52 = 5.16,
p = 0.009). During July 7.0% of the fruits were ripe,
while 4.4% of the fruit were ripe in August, but 35.6%

Resource abundance

traps (Bushnell model Trophy Cam 2011, with 5-megapixel
resolution) in front of E. chiloensis individuals infected by
T. aphyllus (Lucero et al., 2014). We georeferenced our camera traps using a Garmin GPSMAP 62 s device (location
error ≤ 5 m). Our cameras were separated at least 50 m from
each other and operated in photographic mode with a 1-min
delay between shots to reduce the probability of capturing
duplicate records. Camera traps are a cost-effective approach
to assess pollination and seed dispersal interactions involving vertebrates (Fontúrbel et al., 2015), as they have minimum observer interference and have long autonomy periods
(Burton et al., 2015). Camera traps are also an effective tool
to assess daily activity patterns as they collect information
throughout the day and stamp the exact time and date in the
photographs (Fontúrbel et al., 2021).
Part of the camera-trap information was published by
Lucero et al. (2014), focused on the diversity of frugivorous
species interacting with T. aphyllus, but hummingbird and
activity data were not published. Thus, we reprocessed the
original camera-trap dataset to extract hour and date information from the photographs reporting S. sephaniodes and
M. thenca visits to T. aphyllus individuals. We also quantified T. aphyllus flowers and fruits’ availability on a monthly
basis at the 24 focal mistletoes assessed. We counted total
and ripe fruits (but we only used ripe fruits for analysis purposes). In this mistletoe, ripe fruits are easy to distinguish
because of their pale pink-white color (Medel et al., 2002).
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Fig. 1  Temporal variation on Tristerix aphyllus flower and ripe fruit
availability per month. Vertical bars represent one standard error to
each side of the mean. Different letters denote significant differences
after ANOVA and Tukey a posteriori tests
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in September, showing a ripening peak at the end of our
monitoring period. We detected no spatial autocorrelation for the number of flowers (July: Moran’s I = − 0.08
p = 0.63; August: I = − 0.06 p = 0.26; September: I = 0.26
p = 0.19) nor for the number of fruits (July: I = − 0.04
p = 0.83; August: I = − 0.06 p = 0.39; September: I = − 0.08
p = 0.06).
From our camera-trap assessment, we obtained 953
records for the pollinator hummingbird Sephanoides
sephaniodes (Table S1) and 295 records for the frugivorous mockingbird Mimus thenca (Table S2). Examining
overall activity for both mutualist bird species (Fig. 2),
we found that the daily activity patterns of S. sephanî4 =
odes and M. thenca were significantly different ( Δ
0.83, p < 0.001). Even though both species are diurnal,
they visit T. aphyllus plants at different times. Particularly,
S. sephaniodes had a wider activity range while M. thenca
showed a narrower activity peak early in the morning.
Analyzing these results by month, we found that activity
patterns were significantly different between S. sephanî 4 = 0.79, p = 0.003;
odes and M. thenca in both July ( Δ
̂ 4 = 0.77, p < 0.001; Fig. 3b).
Fig. 3a) and August (Δ
Then, we examined the temporal variation in daily
activity patterns within each mutualist bird interacting
with T. aphyllus. Comparing S. sephaniodes daily activity,
we found a significant difference between July and August
̂ 4 = 0.86, p < 0.001; Fig. 4a), in which we observe more
(Δ
hummingbird activity during July when flowers were
more abundant. Then, comparing M. thenca daily activity
(Fig. 4b), we found no significant differences between July
̂ 4 = 0.90, p = 0.496), showing very simiand August ( Δ
lar kernel density functions, while we found significant
̂ 4 = 0.80,
differences between August and September ( Δ
p = 0.044).
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Fig. 2  Comparison of the overall daily activity patterns (depicted
using kernel density functions) between the pollinator hummingbird
Sephanoides sephaniodes (solid line) and the frugivorous mockingbird Mimus thenca (dashed line). The shaded area represents the coefficient of overlap
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(a)
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Fig. 3  Comparison of the monthly daily activity patterns (depicted
using kernel density functions) between the pollinator hummingbird
Sephanoides sephaniodes (solid line) and the frugivorous mockingbird Mimus thenca (dashed line) during a July and b August. The
shaded area represents the coefficient of overlap

Discussion
Our results showed that while both are diurnal birds, S.
sephaniodes and M. thenca showed different daily activity patterns when visiting T. aphyllus mistletoes (Fig. 2).
Those activity patterns change over time along with
resource availability (i.e., flowers and ripe fruits; cf. Figures 1 and 3). While feeding on different resources, both
bird species visit the mistletoes looking for food during the day (particularly in the morning.) However, M.
thenca consistently showed a narrower activity peak of
much activity early in the morning, but S. sephaniodes
had a wider activity range along the day (see Figs. 2 and
3). Also, temporal changes in resource availability seem
to affect daily activity patterns, particularly during September, when S. sephaniodes showed a significant change
in its visitation hours from July to August and had only
five visits during September, following the reduction in
the number of available flowers. Contrarily, M. thenca
showed a significant change in its daily activity pattern
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(a)

(b)

Fig. 4  Comparison of the monthly daily activity patterns (depicted
using kernel density functions) for a the pollinator hummingbird
Sephanoides sephaniodes and b and the frugivorous mockingbird
Mimus thenca

in September, coinciding with the fruit ripening peak (cf.
Figures 1 and 4).
Both S. sephaniodes and M. thenca were reported to be
territorial and defend feeding sites from their conspecifics (Ewald, 1985; González-Gómez & Vásquez, 2006;
González-Gómez, Ricote-Martinez, et al., 2011; Medel et al.,
2002; Pavan et al., 2020). This is particularly relevant for S.
sephaniodes, which is known to be an aggressive territorial
species (particularly the males) that actively defend their feeding territories (Wolf & Hagen, 2012), as they are capable of
memorizing resource locations and nectar replenishing times
(González-Gómez et al., 2014). Therefore, M. thenca may be
restricting its visits to T. aphyllus to those periods between
nectar replenishing in which S. sephaniodes reduces its visits to the mistletoes, but we need further studies to test this
hypothesis. This outcome is more evident during September,
as M. thenca activity pattern shows an important change when
flowering is almost over and fruit ripening increases by sevenfold (Fig. 1). Originally Mimus thenca was pointed as the sole
seed disperser of T. aphyllus (Martínez del Río et al., 1996;

Medel, 2000), but camera-trap evidence showed that other
frugivore birds (Diuca diuca, Phrygilus gayi, Pseudasthenes
humicola, and Leptasthenura aegithaloides) also feed on
mistletoe fruits. However, its visitation frequency is very low
(5.45% of the total visitation events), and its effects upon M.
thenca or S. sephaniodes daily activity patterns may be negligible (Lucero et al., 2014). Both S. sephaniodes and M. thenca
are territorial birds, showing intraspecific aggression to defend
feeding territories (Medel et al., 2002). However, to date, no
study has reported interspecific aggression between these two
bird species while feeding on T. aphyllus, but given the overlap
of flowering and fruiting, we cannot discard that daily activity
patterns are not only influenced by resource availability but
also by the presence of the other species.
While both bird species are generalist, S. sephaniodes
energetic constraints and cognitive abilities are major determinants of its foraging behavior, and its aggressive behavior varies with ambient temperature (González-Gómez,
Vasquez, et al., 2011). On the contrary, M. thenca has lower
ecological constraints, and its generalist frugivore habits
allow them to establish a different relationship with other
frugivores and plant species within the community (Reid &
Armesto, 2011). Nonetheless, from the plant perspective, the
interaction with M. thenca might be more relevant as it plays
a fundamental role in reaching viable hosts to allow recruitment (Medel, 2000; Medel et al., 2004). We need future
studies to assess the consequences of S. sephaniodes and
M. thenca daily activity patterns on T. aphyllus reproductive
output, comprising the whole flowering and fruiting periods.
Detailed studies on animal daily activity patterns provide
valuable information to understand ecological processes
within the community (e.g., Fontúrbel et al., 2021; Rodríguez-Gómez & Fontúrbel, 2020). Examining daily activity patterns and their temporal variation provides a better
understanding of ecological processes involving multiple
interactions and their consequences at the community level
(Strauss & Irwin, 2004), going further than only examining
visitation rates (usually collected in discrete periods). In this
regard, we can take advantage of modern approaches, such
as camera traps, to study ecological interactions in the wild
(e.g., Fontúrbel et al., 2015, 2017). Due to camera trap versatility, minimum observer interference, and the possibility
of assessing many sampling units simultaneously for long
periods, comprising the whole flowering and fruiting periods, we can now get more realistic activity estimates and
draw more robust conclusions.

Conclusions
We found that S. sephaniodes and M. thenca visited T.
aphyllus mistletoes at different times, corroborating our first
hypothesis. We also found that activity patterns within each
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mutualist bird species had a significant temporal variation
along with resource availability, corroborating our second
hypothesis. Such temporal variation is likely to be influenced
by the temporal variation in flower and ripe fruit availability,
which is more evident in September when flowering was
almost over and fruit ripening has a significant increase, as
S. sephaniodes drastically reduces its visitation events, but
M. thenca widens its daily activity range.
Supplementary Information The online version contains supplementary material available at https://d oi.o rg/1 0.1 007/s 42974-0 21-0 0050-x.
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