The cascade impacts of climate change could threaten key
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Abstract. Climate change is triggering ecological responses all over the world as a result of frequent, prolonged droughts. It could also affect ecological interactions, particularly pollination and seed dispersal,
which play a key role in plant reproduction. We used a tripartite interaction with a mistletoe, its pollinator
and its disperser animals to gain insight into this issue. We studied ﬂower and fruit production, and visitation rates during average (2012) and dry (2015) austral summers. Drought in our study area affected precipitation and soil water availability. Although pollinator visits did not signiﬁcantly differ in these summers,
during the dry summer ﬂower and fruit production experienced an important decline, as did seed disperser
visits. Also, mistletoe mortality increased from 12% in 2012 to 23% in 2015. This empirical evidence suggests
that the cascade effects of climate change may indirectly be hindering ecological interactions in the Valdivian temperate rainforest ecosystem we studied. Long-term research is essential to provide the knowledge
necessary to understand how key ecological processes may be affected in a changing world.
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INTRODUCTION

Parmesan 2006). Although this is clear, our
knowledge about how climate change affects
ecological interactions is scarce, despite their
importance for biodiversity maintenance. Among
ecological interactions, pollination and seed
dispersal play key community-level roles as they
greatly determine plant recruitment (Jordano
et al. 2011). Climate change is likely to disrupt
pollination and seed dispersal interactions as
result of temporal (i.e., changes in phenology
and migration) and spatial (i.e., range shifts)
mismatches (Memmott et al. 2007, Walck et al.
2011). Nevertheless, there is little empirical
evidence supporting these conclusions, which are

Climate change is one of the strongest biodiversity loss drivers (Sala et al. 2000). Ample evidence
now afﬁrms that climate change has signiﬁcantly
altered Earth’s biota (Parmesan 2006), impacting
species, communities, and ecosystems (Walther
et al. 2002). As temperature increases, precipitation decreases, producing more frequent, prolonged droughts, thus creating a novel ecological
and evolutionary scenario that is changing species’ ranges, abundances, phenology, migration
patterns, and trophic interactions, as well as facilitating biological invasions (Walther et al. 2002,
❖ www.esajournals.org
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plant, although killing the host will compromise
mistletoe survival as well (Heide-Jørgensen 2008,
Reblin and Logan 2015). This would limit, or
even disrupt, mistletoe population reproduction,
which might have direct effects on the decline of
their associated pollinator and frugivore species,
leading to indirect effects on other plant species
sharing the same mutualists (Carlo and Aukema
2005, Candia et al. 2014, Perez-Crespo et al.
2016a). This scenario may be more critical in
semi-arid (e.g., Guerrero et al. 2012) and insular
(e.g., Kelly et al. 2004, 2007) environments,
where water availability and functional redundancy are rather limited.
The Valdivian rainforest ecoregion has been
classiﬁed among those with the highest conservation priority worldwide by the Global 200 Initiative (Olson and Dinerstein 1998), and it is
considered among the world’s 35 biodiversity
hotspots due to their exceptional concentration
of endemisms (Myers et al. 2000, Mittermier
et al. 2005). The main threats that Valdivian temperate rainforests face are human-set ﬁres, conversion to shrublands, agricultural lands,
pasturelands, and exotic Pinus radiata and Eucalyptus spp. forest plantations, as well as unsustainable logging (Lara et al. 2016, Miranda et al.
2017). These land use change drivers are causing
this ecosystem to rapidly vanish as a result of forest fragmentation, loss, and degradation (Echeverrıa et al. 2006, 2007). Given that these forests
have a biota rich in endemic species and monotypic families, pollination and seed dispersal
mutualisms play a key role in plant regeneration
and greatly determine the plant community’s
composition, as >70% of its woody ﬂora present
depends on animal partners for reproduction
(Aizen et al. 2002). Also, these forests are experiencing drought events that had increased in frequency and magnitude within the last two
decades (Garreaud et al. 2017), making it ideal
for studying the effects of climate change on ecological interactions.
In this study, we aimed to assess the cascade
effects of climate change on pollination and seed
dispersal interactions. Using a specialized mistle rbel
toe–pollinator–seed disperser system (Fontu
et al. 2017b) as a study model, we compared: (1)
ﬂower and fruit production, and (2) pollination
and seed dispersal interaction rates during an
average and an exceptionally dry austral summer.

based principally upon simulations (e.g., Memmott
et al. 2007) and literature reviews (e.g., Tylianakis
et al. 2008). Additional factors that could potentially be involved in mutualism disruption due to
climate change remain unexplored.
Due to their parasitic life form and life-history
strategy, mistletoes constitute a good study
model to gain insight into the potential consequences of climate change on ecological interactions. These parasitic plants are strongly
dependent on pollinator and seed disperser animals to ensure reproductive success (Weston
et al. 2012, Perez-Crespo et al. 2016b). In this context, mistletoes are particularly interesting for
two reasons: (1) They establish complex plant–
plant interactions with their hosts, relying on
them to obtain water and nutrients. Mistletoes
have higher transpiration rates than the host
plants (2–5 times higher) to ensure their water
supply, which may exacerbate host water stress
during drought periods (Heide-Jørgensen 2008,
Koenig et al. 2018). (2) Mistletoes also establish
complex plant–animal interactions (pollination,
seed dispersal, and indirect facilitation) that have
important consequences at the community level
 rbel
(Medel et al. 2004, Candia et al. 2014, Fontu
et al. 2015). Parasitic plants are usually associated with generalist pollinators and seed dispez de Buen and Ornelas 2001),
persers (Lo
which also interact with many other plant species, constituting an important link into the
mutualistic networks (Carlo and Aukema 2005).
Further, mistletoes are considered as a keystone
resource in forest ecosystems worldwide (Watson 2001), as they provide food resources for
many animal species, particularly during scarcity
periods (Aizen 2003). Because of their strong
dependence on mutualist animals (Watson and
Rawsthorne 2013), mistletoes that rely on specialized interactions with their pollinators and frugivores are usually pollen- and seed-limited (e.g.,
Kelly et al. 2004, 2007). Nevertheless, mistletoes
that rely on less specialized interactions seem not
to be limited (e.g., Yule and Bronstein 2018a, b).
Mistletoes are also sensitive to host hydric conditions, but they are capable to survive brief
water shortage episodes at the expense of the
host (Davidson et al. 1989). However, prolonged
and intense drought events are expected to have
more drastic consequences because the mistletoe
will ensure its water supply by draining the host
❖ www.esajournals.org
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This dry summer was the consequence of the most
prolonged and intense megadrought of the XXI
century in central–southern Chile (Boisier et al.
2016). We hypothesized that a signiﬁcant reduction in precipitation, as a consequence of a severe
drought event, would reduce soil moisture negatively impacting ﬂower and fruit production,
which would therefore adversely affect interaction
rates with pollinators and seed disperser animals.

interactions are known to be more resilient to
disturbance (Ashworth et al. 2004).
Regarding pollination, S. sephaniodes pollinates
~20% of the vascular ﬂora of these forests (SmithRamırez 1993). In terms of seed dispersal,
D. gliroides is acknowledged as the legitimate
disperser of at least 16 ﬂeshy-fruited species
(Amico et al. 2009). Furthermore, despite being a
parasitic plant, T. corymbosus plays an important
role in plant–plant facilitation by attracting
mutualists to its host plants, increasing their
recruitment by up to four times compared to
non-parasitized host plants (Candia et al. 2014).
Tristerix corymbosus parasitizes over 30 plant species, with Aristotelia chilensis, Rhaphithamnus spinosus, Pluchea absinthioides, and Nothofagus nitida
being the most common hosts at the study site.

METHODS
Study area
We conducted this study at the Valdivian
Coastal Reserve (VCR hereafter), a privately protected area owned and managed by The Nature
Conservancy (TNC hereafter), located 43 km
southwest from the city of Valdivia (39°570 S
73°340 W). This reserve protects 50,000 ha of evergreen temperate forest stands of the Valdivian rainforest ecoregion. This reserve comprises 3100 ha of
abandoned exotic Eucalyptus globulus plantations,
which were established by forestry companies
prior to the creation of the VCR. In 2006, TNC
bought these lands for conservation purposes (Delgado 2010), resulting in a habitat mosaic composed
of old and second-growth native forest stands
along with abandoned E. globulus plantations
(never harvested, currently not managed).

Climate and interaction data sources
We have been conducting long-term studies in
the VCR since 2006, including climate records
and the documentation of water yields in watersheds with different forest cover and ecological
restoration schemes (Little and Lara 2010, Anderson et al. 2012, Lara et al. 2013, Little et al. 2013).
We have continuous records of precipitation
from tipping-bucket rain gauges since 2006 and
soil moisture and temperature sensors since
2012, stored in data loggers. We deﬁned summer
precipitation as the accumulated precipitation
that fell in January and February. The mean summer precipitation recorded in a nearby gauge
within the VCR was 83 mm for 2006–2016. Volumetric water content (VWC) was calculated as
the mean of sensors located at 15, 30, 45, and
60 cm depths in a single soil pit, representing soil
moisture. As we do not have historical climate
records of this area, we used the Pichoy Airport
(located ~50 km NE of our study site) as a reference location. This site has detailed climatic
information since 1950, the longest nearby record
available (climate data obtained from the (CR)2
database: http://www.cr2.cl/recursos-y-publicac
iones/explorador-climatico). With the 1950–2017
record, we calculated mean and standard deviation values to determine the magnitude of the
2014 precipitation reduction in terms of standard
deviations below the mean.
We have also been monitoring pollination and
seed dispersal interactions at the VCR since 2010,
using the tripartite system formed by

Study species
Tristerix corymbosus (Loranthaceae) is a hemiparasitic mistletoe common in the Valdivian temperate rainforest; it plays a major role in these
forests as a keystone species. Tristerix corymbosus
has a winter-ﬂowering phenology (March–October), sustaining populations of its pollinator, the
hummingbird Sephanoides sephaniodes (Trochilidae), when ﬂower resources are particularly
scarce. This leads to its abundant fruit production during the austral summer (December–
March), which represents the main food source
for the relict arboreal marsupial Dromiciops gliroides (Aizen 2003), which is the only extant living
species of the Australian-related Order Microbiotheria (Nilsson et al. 2004). This tripartite interaction has important consequences at the
community level, as it is highly specialized for
this particular plant, while the interacting parties
are generalists that pollinate and disperse seeds
of many native species. Such strong asymmetric
❖ www.esajournals.org
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T. corymbosus, S. sephaniodes, and D. gliroides as a
study model. These highly specialized interactions with the mistletoe represent a good opportunity to study mutualistic interactions without
the confounding effects of redundant mutualists.
From 2011 to 2016, we quantiﬁed T. corymbosus
ﬂower (in late March, corresponding to the austral early fall) and fruit (in January–February,
corresponding to the austral summer) availability on 90 mistletoes. Also, the number of ﬂowers
and ripe fruits of the accompanying ﬂora (mainly
composed of A. chilensis, R. spinosus, Ugni molinae, Lapageria rosea, Mitraria coccinea, and Fuchsia
magellanica) was quantiﬁed along with the mistletoe, as they represent the ﬂowering/fruiting
neighborhood, which has a signiﬁcant effect in
 rbel
attracting nectar and pulp consumers (Fontu
et al. 2017b), as these species respond to discrete
resource clumps (Morales et al. 2012). We also
have data from 70 mistletoes and their accompanying ﬂora for the 2012 summer (data from
 rbel et al. 2015, freely available at https://
Fontu
doi.org/10.5061/dryad.11385), in addition to data
from 48 mistletoes and their accompanying ﬂora
 rbel et al.
for the 2015 summer (data from Fontu
2017b, freely available at https://doi.org/10.6084/
m9.figshare.4654240). In each case, we counted
the number of open ﬂowers and ripe fruits of
T. corymbosus and the nearby ﬂowering/fruiting
plants. When there were <50 ﬂowers/fruits, they
were counted in full; if there were over 50 ﬂowers/fruits, we counted two branches in full and
estimated the overall quantity.
To determine visitation rates of the pollinator
(S. sephaniodes) and the seed disperser (D. gliroides),
we used camera-traps as this approach has pro rbel
ven to be effective for this purpose (Fontu
et al. 2014, 2015, Lucero et al. 2014). We used
Bushnell Trophy Cam 2011 cameras set in video
mode to capture short videos (15 s) in order to
determine whether there was contact between
the hummingbird and the ﬂower’s reproductive
structure, and whether there was fruit consumption by the marsupial. As these cameras have
infrared light, they can capture images during
the day and at night with minimum interference.
Each camera was operated for 48 h, and all
mistletoes were monitored within a week of one
 rbel et al. 2017a). In an effort to
another (Fontu
understand the inﬂuence of climate ﬂuctuations
on key mutualistic interactions (i.e., pollination
❖ www.esajournals.org

and seed dispersal), we compared an average
summer (2012, average precipitation) with a dry
summer (2015, low precipitation). Hereafter, we
refer to these periods (including austral summer
and early fall) as 2012 and 2015.

Data analysis
For analysis purposes, visitation rates were
expressed as: (1) number of visits per hour and
(2) number of visits per hour and ﬂower or fruit
(for pollinator and seed disperser visits, respectively). To compare ﬂower/fruit availability
between the average (2012) and dry (2015) summers, we ﬁtted Generalized Linear Models
(GLM) with a negative binomial error distribution, using the year as a factor. To compare visitation rates per hour, we ﬁtted GLM models with a
Gaussian error distribution, using the year as a
factor and including the number of ﬂowers or
fruits altogether with the number of mistletoes
per host plant as covariates. Then, to compare
visitation rates per hour and ﬂower or fruit we
ﬁtted GLM models with a Gaussian error distribution, using the year as a factor and including
the number of mistletoes per host plant as a
covariate. Details on the GLM models ﬁtted are
available in Appendix S1: Table S1.
Finally, we re-analyzed the original data of
 rbel et al. (2017c, freely available at https://
Fontu
doi.org/10.6084/m9.figshare.4667737) to determine mistletoe mortality between 2012 and 2015.
This dataset contains the survival data of 300
mistletoes from a 5-yr period at the VCR. We
used this dataset to extract the annual mortality
for both periods in order to determine whether
mistletoe mortality has changed in the average
vs. the dry years.

RESULTS
The mean precipitation for the average summer (2012) was 358.2 mm, while during the dry
summer (2015) it was only 15.6 mm, being the
driest summer recorded at the Reserve since 2006
(Fig. 1a). As a consequence of this, the summer’s
VWC dropped to a very low value during 2015
(Fig. 1b). Indeed, the summer of 2015 was the
driest recorded at the nearby reference weather
station (Pichoy airport) since 1950, being 12.4
standard deviations below the average precipitation (Fig. 2).
4
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Fig. 2. 1950–2017 summer (January–February) precipitation record for the Pichoy Airport, located 50 km
NE from the Valdivian Coastal Reserve (the nearest
location with relatively long historical precipitation
records). Left axis and black bars represent summer
precipitation, and the solid line represents the mean
precipitation (100.4 mm) along the period. Years
marked with  represent missing data. The black arrow
indicates the driest year (January–February 2015). The
line and dots in the upper part of the panel indicate the
departures of the summer precipitation, expressed as
number of standard deviations respect to the mean,
and its values can be read in the right axis. The dashed
line represents the zero deviation (one standard deviation = 56.9 mm). Data source: http://www.cr2.cl/recur
sos-y-publicaciones/explorador-climatico.
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Fig. 1. (a) Summer precipitation (January–February)
between 2006 and 2016. (b) Summer (January–February)
soil volumetric water content (VWC).

DISCUSSION

When the 2012 and 2015 austral summers were
compared, we found changes in ﬂower and fruit
availability as well as in interaction rates. Flower
availability was higher in 2012 (Fig. 3a). Nevertheless, Sephanoides sephaniodes visitation rates per
hour were similar (Fig. 3b) with a marginal effect
of the number of mistletoes per host plant but no
effect of the number of ﬂowers. Likewise, visitation
rates per hour and ﬂower were similar between
2012 and 2015 (Fig. 3c), with no effect of the number of mistletoes per host plant (Table 1). Fleshy
fruit availability signiﬁcantly decreased in 2015
compared to 2012 (Fig. 3d), as Dromiciops gliroides
visitation rates per hour did (Fig. 3e), with no effect
of the number of fruits or the number of mistletoes
per host plant. Visitation rates per hour and fruit
also experienced a substantial reduction in 2015
(Fig. 3f), with no effect of number of mistletoes per
host plant (Table 2). Mistletoe mortality consistently increased from 12% in 2012 to 23% in 2015.
❖ www.esajournals.org

Precipitation dramatically decreased due to the
megadrought that affected central and south–
central Chile between 2012 and 2015 (Boisier
et al. 2016). This megadrought event had an
important impact on plants (i.e., vegetation
browning) as indicated by a signiﬁcant reduction
of the Normalized Vegetation Index from satellite
records, which suggests that vegetation faced
considerable water stress (Garreaud et al. 2017).
Vegetation browning was documented for the
coastal area comprised between 40° and 42° S (including our study site), being native forest stands
the most affected by the megadrought according
to this evidence (Garreaud et al. 2017). Thus,
ﬂower and fruit availability of Aristotelia chilensis,
Rhaphithamnus spinosus, and Ugni molinae, the
most common species in our study area,
decreased in one order of magnitude during the
5

December 2018

❖ Volume 9(12) ❖ Article e02485


FONTURBEL
ET AL.

Fig. 3. Comparison of (a) ﬂower availability of Tristerix corymbosus and the accompanying ﬂora, (b) Sephanoides
sephaniodes visitation rates per hour, (c) S. sephaniodes visitation rates per hour and ﬂower, (d) fruit availability of
T. corymbosus and the accompanying ﬂora, (e) Dromiciops gliroides visitation rates per hour, (f) D. gliroides visitation rates per hour and fruit, during the average (2012, white bars; N = 70) and dry summers (2015, black bars;
N = 48) years. Bars represent mean  SE. Mistletoe ﬂower and S. sephaniodes monitoring were conducted during
late March, whereas fruit and D. gliroides monitoring were conducted between January and February.

dry summer compared to the average summer
 rbel et al. 2017b).
(Fontu
The reduction in ﬂower availability did not
impact Sephanoides sephaniodes visits, but the
❖ www.esajournals.org

reduction in fruit availability is likely to be
the cause of the lower Dromiciops gliroides
visitation rates recorded as the mistletoe–
disperser association is more sensitive than the
6
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Table 1. Generalized Linear Model results ﬁtted for (a) ﬂower availability, (b) visitation rates per hour, and (c)
visitation rates per hour and ﬂower, comparing average (2012) and dry (2015) summers.
Variable
(a) Number of ﬂowers
Intercept
Year (2012)
(b) Pollinator visits per hour
Intercept
Year (2012)
MPH
Flowers
(c) Pollinator visits per hour and ﬂower
Intercept
Year (2012)
MPH

Estimate

SE

z-value

P-value

5.38140
0.66850

0.11830
0.15340

45.507
4.357

<0.001
<0.001

0.02600
0.00229
0.02106
0.00001

0.02966
0.03132
0.01096
0.00005

0.877
0.073
1.921
0.261

0.383
0.942
0.057
0.795

0.00034
0.00007
0.00003

0.00017
0.00018
0.00007

1.986
0.41
0.391

0.050
0.683
0.697

Note: SE, standard error; MPH, mistletoes per host plant.

Table 2. Generalized Linear Model results ﬁtted for (a) fruit availability, (b) visitation rates per hour, and (c)
visitation rates per hour and fruit, comparing average (2012) and dry (2015) summers.
Variable
(a) Number of fruits
Intercept
Year (2012)
(b) Disperser visits per hour
Intercept
Year (2012)
MPH
Fruits
(c) Disperser visits per hour and fruit
Intercept
Year (2012)
MPH

Estimate

SE

z-Value

P-value

5.37460
0.56330

0.18000
0.23370

29.853
2.419

<0.001
0.016

0.01657
0.01529
0.00254
0.00001

0.00669
0.00695
0.00252
0.00001

2.476
2.199
1.007
1.621

0.015
0.030
0.316
0.108

0.00028
0.00097
0.00012

0.00051
0.00053
0.00019

0.555
2.837
0.648

0.580
0.007
0.518

Note: SE, standard error; MPH, mistletoes per host plant.

 rbel et al.
mistletoe–pollinator association (Fontu
2015). When we compare visitation rates expressed
as visitsh1ﬂower1, we observe larger values
for the dry summer (although the difference is
non-signiﬁcant) since visitation rate are similar
between both periods but ﬂower production
decreased. This might cause mistletoes to receive
more pollen during dry years but also experience
faster nectar depletion, which may cause behavioral changes in hummingbirds (Guerra et al.
2014). Conversely, D. gliroides visitation rates
expressed as visitsh1fruit1 depict a more critical scenario for seed dispersal, with a dramatic
reduction of interaction rates (92% less visitsh1fruit1 were registered during the dry
summer), compromising plant recruitment during dry years. The number of mistletoes per host
❖ www.esajournals.org

tree (which may be used as a proxy of resource
concentration) had only a marginally signiﬁcant
effect on S. sephaniodes visitation rates, and no
effect on D. gliroides visitation rates.
We also observed greater mistletoe mortality
associated with host decay (presumably due to
water shortage) in the 2015 dry summer, even in
host species with low inter-annual mortality
 rbel et al. 2017c). Mistletoe mortality
rates (Fontu
was concentrated in the higher elevation areas of
the Reserve (300–450 m a.s.l.), where soils are
thinner (40–50 cm; with lower water storage
capacity) compared to the deeper (150–200 cm)
soils at lower elevations (Little 2011). Our results
suggest that plants have a delayed response to
drought, as the reduction in ﬂowers and the severe decline in fruit was observed one year after
7
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drain the host to death, which would increase
mistletoe mortality after a few months, being
consistent with the mistletoe mortality rates
 rbel et al. (2017c). A recent
reported by Fontu
review documented 88 drought-induced tree
mortality events in Africa, Asia, Australasia,
Europe, North America, and South–Central
America, as result of increasing temperatures
and water shortage (Allen et al. 2010). This striking evidence of worldwide tree mortality due to
climate change direct effects leaves many questions open about the cascade effects on the
mistletoes parasitizing those hosts, as well as on
the plant–animal and plant–plant interactions in
which these parasitic plants are involved.
This evidence suggests that the reduction in
precipitation (associated with droughts) may
reduce plant performance and hamper ecological
interactions. It has been estimated that 25% of the
decrease in precipitation during the 2012–2015
megadrought in central and south–central Chile
can be attributed to the increase in greenhouse
gases due to anthropogenic emissions (Boisier
et al. 2016). The impact of climate change on ecological interactions could be exacerbated by land
use changes, particularly the extensive exotic
Eucalyptus globulus industrial plantations, which
are quite common in southern Chile. This could
be associated with the greater evapotranspiration
rates of Eucalyptus plantations compared to native
trees, thus reducing soil moisture, runoff, and
water availability for other plants and potentially
impacting plant community structure (Little et al.
2014). Seed dispersal has been acknowledged as a
potential mechanism that could help plants persist through global warming (Gonzalez-Varo et al.
2017). Nonetheless, this may be hindered if fruit
availability is reduced by prolonged droughts,
such as the one documented by Boisier et al.
(2016), which has greatly affected the study
region. Further empirical evidence, with longer
records of mutualistic interactions, is needed to
conﬁrm or refute these observations and detect
general patterns.
Ecological interactions are rarely considered as
one of the critical impacts of climate change
(Michalak et al. 2017). Potential effects of temperature increase and drought incidence were associated with temporal and spatial mismatches,
which were inferred using ecological modeling
and literature reviews (Memmott et al. 2007,

the most serious reduction in precipitation.
Despite the rain shortage experienced during the
previous austral summer (January and February
of 2014), we observed no major variations in
ﬂower and fruit availability that year (measured
 rbel 2016), suggesting a
by Salazar and Fontu
carry-on impact of summer drought in the following season (2015). Such physiological responses
may be similar to reported ﬁndings in tree rings,
where the growth of a particular year is determined not only by current climate conditions, but
by previous years as well (Fritts 1976, Rais et al.
2014). In our study system, the reduction in
ﬂower and fruit availability may result from the
lower soil moisture conditions in 2015, 2016, and
2017, determined by the 2015 summer drought,
which was 12.4 standard deviations below
the 1950–2017 mean (Fig. 2). Nevertheless, the
decrease in soil moisture was smaller than the
reduction in rainfall, since summer soil moisture
is largely inﬂuenced by the precipitation accumulated during the previous winter.
The results obtained here for Tristerix corymbosus could be extrapolated to other ecosystems as
mistletoes are present in most part of the world
(with ~1100 mistletoe species from the Loranthaceae, Misodendraceae, and Viscaceae families), parasitizing a wide range of host plants
(Heide-Jørgensen 2008). Mistletoes are adapted
to bird pollination (red-yellow tubular ﬂowers
with nectar rewards in the bottom) and seed dispersal (small berries with sticky recalcitrant
seeds), frequently interacting with generalist species (Watson and Rawsthorne 2013). However,
there are exceptions as some mistletoes have
highly specialized interactions (e.g., Aizen 2003,
Carlo and Aukema 2005, Kelly et al. 2007),
whereas the seeds of some mistletoe species are
dispersed by other animals than birds (e.g., small
mammals; Amico and Aizen 2000), pinpointing
the great complexity found within parasitic ﬂowering plants. Additionally, mistletoes have low
water use efﬁciency as they completely rely on
the host (Koenig et al. 2018), making them more
resilient than the host to short drought events,
but exacerbating host hydric stress if drought
events are prolonged (Reblin and Logan 2015).
This may be indirectly impacting host fruit production capabilities as we observed for Aristotelia
chilensis, Rhaphithamnus spinosus, and U. molinae
at the VCR. Mistletoes under water stress could
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Candia, A. B., R. Medel, and F. E. Fonturbel. 2014. Indirect positive effects of a parasitic plant on host pollination and seed dispersal. Oikos 123:1371–1376.
Carlo, T. A., and J. E. Aukema. 2005. Female-directed
dispersal and facilitation between a tropical mistletoe and a dioecious host. Ecology 86:3245–3251.
Davidson, N. J., K. C. True, and J. S. Pate. 1989. Water
relations of the parasite: host relationship between
the mistletoe Amyema linophyllum (Fenzl) Tieghem
and Casuarina obesa Miq. Oecologia 80:321–330.
Delgado, C. 2010. Plan de manejo Reserva Costera Valdiviana [Management plan of the Valdivian
Coastal Reserve]. The Nature Conservancy, Arlington, Virginia, USA.
Echeverrıa, C., D. Coomes, J. Salas, J. M. Rey-Benayas,
A. Lara, and A. Newton. 2006. Rapid deforestation
and fragmentation of Chilean temperate forest.
Biological Conservation 130:481–494.
Echeverrıa, C., A. Newton, A. Lara, J. M. Rey-Benayas,
and D. Coomes. 2007. Impact of forest fragmentation on species composition and forest structure in
the temperate landscape of southern Chile. Global
Ecology and Biogeography 16:426–439.
 rbel, F. E., A. B. Candia, and C. Botto-Mahan.
Fontu
2014. Nocturnal activity patterns of the monito del
monte (Dromiciops gliroides) in native and exotic
habitats. Journal of Mammalogy 95:1199–1206.
 rbel, F. E., P. Jordano, and R. Medel. 2015. ScaleFontu
dependent responses of pollination and seed
dispersal mutualisms in a habitat transformation
scenario. Journal of Ecology 103:1334–1343.
 rbel, F. E., P. Jordano, and R. Medel. 2017a. PlantFontu
animal mutualism effectiveness in native and transformed habitats: assessing the coupled outcomes of

Tylianakis et al. 2008). Nevertheless, the cascade
effects of reduced precipitation on ﬂower and
fruit production and the related plant–animal
interactions have been largely overlooked. To the
best of our knowledge, this is the ﬁrst study providing empirical evidence on these cascade effects
of climate change. The unique characteristics of
the Valdivian rainforest ecosystem make it a great
study model for studying the effects of climate
change on ecological interactions, given the
strong dependence asymmetry between plants
and animals, the low functional redundancy
(avoiding the confounding effects of multiple
mutualist species interacting simultaneously),
and the keystone role performed by the mistletoe
species. Long-term ecological monitoring and
research are essential in order to take the actions
necessary for the maintenance of species that
perform key ecosystem functions, and those that
could be sensitive to major reductions in precipitation. This is especially relevant for biodiversity conservation when threatened species (e.g.,
D. gliroides), ecosystems (e.g., the Valdivian
rainforests), and key ecological interactions are
involved, as documented in this study.
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