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Analyzing plant phenology and plant—animal interaction networks can provide sensitive
mechanistic indicators to understand the response of alpine plant communities to
climate change. However, monitoring data to analyze these processes is scarce in alpine
ecosystems, particularly in the highland tropics. The Andean paramos constitute the
coldest biodiversity hotspot on Earth, and their species and ecosystems are among
the most exposed and vulnerable to the effects of climate change. Here, we analyze
for the first time baseline data for monitoring plant phenological dynamics and plant—
pollinator networks along an elevation gradient between 4,200 and 4,600 m asl in three
mountain summits of the Venezuelan Andes, which are part of the GLORIA monitoring
network. We estimated the presence and density of plants with flowers in all the summits
and in permanent plots, every month for 1 year. Additionally, we identified pollinators.
We calculated a phenological overlap index between species. We summarized the
plant—pollinator interactions as a bipartite matrix and represented a quantitative plant—
pollinator network, calculating structural properties (grade, connectance, nestedness,
and specialization). We also evaluated whether the overall network structure was
influenced by differences in sampling effort, changes in species composition between
summits, and phenology of the plant species. Finally, we characterized the pollination
syndrome of all species. Flowering showed a marked seasonality, with a peak toward
the end of the wet season. The overall phenological overlap index was low (0.32),
suggesting little synchrony in flowering among species. Species richness of both
plants and pollinators decreased along the elevation gradient. Flies, bumblebees, and
hummingbirds were the most frequent pollinators in the network, while entomophily
and anemophily were the prevailing pollination syndromes. The interaction network in
all summits showed high connectance values, significant specialization (H2), and low
nestedness. We did not find a significant effect of sampling effort, summit plant species
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composition, or plant phenology on network structure. Our results indicate that these
high tropical alpine plant communities and their plant-pollination networks could be
particularly vulnerable to the loss of species in climate change scenarios, given their low
species richness and functional redundancy coupled with a high degree of specialization

and endemism.

Keywords: plant reproduction, alpine ecosystems, GLORIA, animal-plant interactions, vegetation dynamics

INTRODUCTION

Climate change is accelerating and is having important
impacts on species range shifts, which are particularly well
documented in cold biomes, where there is increasing evidence
that alpine species distributions are shifting upwards (Lenoir
and Svenning, 2015; Steinbauer et al, 2019). Long-term
research within the framework of monitoring networks such
as the Global Observation Research Initiative in Alpine
Environment (GLORIA) has shown that global warming is
affecting community structure (Steinbauer et al., 2019). For
example, in European mountains, climate warming and changes
in precipitation are having contrasting effects on the summit
floras, increasing species richness in boreal-temperate summits
but decreasing richness in Mediterranean sites, probably because
of increased drought severity in the European south (Pauli et al.,
2012; Lamprecht et al., 2021). Monitoring within the GLORIA-
Andes network in northwestern Argentina has shown an increase
in the abundance of small herbs and disperse grasses (Carilla
et al., 2017). However, in the context of monitoring long-term
vegetation dynamics in alpine ecosystems, much less is known
about the impacts of climate change on plant reproduction (but
see Tovar et al,, 2020 in the case of plant dispersal strategies),
including phenological responses, changes in plant-pollination,
and the possible relation between these two processes.

In plants and crops from the temperate zone, evidence
has shown that increases in temperature in recent years, can
have a significant effect on phenological patterns, including the
time for the beginning or the amplitude of the flowering or
fruiting period, as well as significant disruptions of pollination
interactions (Harrison, 2000; Chapman et al., 2005; Inouye,
2008). In diverse and/or generalist systems, the wide availability
of different pollinators can provide a buffer against alterations
in phenological patterns (Anderson et al.,, 2012). Moreover, in
systems with a high degree of functional redundancy, pollinator
species with strong preferences for certain floral traits have
less need to synchronize their dynamics with the phenology of
particular plant species (Benadi et al., 2014). However, in systems
with less functional redundancy and/or with many specialists,
there can be a greater susceptibility to species losses and changes
in phenology, resulting in adverse effects on the stability of
plant-pollinator networks (Bartomeus et al., 2011, 2013).

In alpine systems, pollinator’s diversity is generally low
compared with lowland diversity (Ramirez and Brito, 1992).
In fact, in mountain systems, the ratio of pollinator/plant
abundance decreases with elevation (i.e., pollinators become
increasingly scarce for plants), while generalist and specialized
systems coexist, although generalist systems tend to dominate

(Medan et al., 2002; Ramos-]Jiliberto et al., 2010; Trejelsgaard
and Olesen, 2013). Species displacements from lower to higher
elevations, changes in species abundance, or species extinctions
linked with climate change could all cause alterations in
mutualistic plant-pollinator systems. Hence, there is an urgent
need for studies on this topic that encompass the wide spatial and
temporal variability (within and between years) characteristic of
alpine areas around the world and which can provide a baseline
for future comparison of plant phenological dynamics and plant-
pollinator interactions in global change scenarios (Forrest, 2014;
Inouye, 2020).

In this context, the study of ecological interactions and
complex networks should offer key insights to analyze primary
ecological properties like the interdependence of the components
of the network (Bascompte et al., 2006). For example, the
analysis of connectance allows one to assess the degree of
association between species; metrics such as the degree of
nesting can help to evaluate the robustness of the system
to species loss, while specialization indexes can provide a
measure of the degree of species interdependence (Jordano,
1987; Bascompte et al., 2006; Bliithgen et al., 2006, 2007;
Burgos et al., 2007; Memmott et al, 2007; Tylianakis et al.,
2007; Almeida-Neto and Ulrich, 2011; Devoto et al, 2012;
Dormann and Strauss, 2014). Moreover, the probability of
alternative matrices of interactions can be computed to evaluate
variables that could influence network structure on the basis
of important ecological attributes that are thought to have
explanatory value (e.g., species abundance patters and flowering
phenology), which can then be compared to null models
(Vazquez et al., 2009; Vazquez, 2010).

The available studies of plant-pollinator networks in
temperate alpine ecosystems have generally reported a high
degree of nestedness (Dupont et al., 2003) and low connectance
values (Olesen and Jordano, 2002; Santamaria et al., 2014).
However, the study of plant reproductive ecology and plant-
animal interactions has received substantially less attention in the
case of the tropical mountain ecosystems, with the few available
studies concentrating on the paramos of the tropical Andes
(Aguirre et al., 2011; Llambi and Rada, 2019). The paramos are
diverse high tropical mountain ecosystems distributed between
3,000 and 4,800 m along the Northern Andes (Monasterio,
1980b; Josse et al., 2011). The high specialization of the flora
to the conditions of the cold tropics suggests that these species
are particularly vulnerable to global warming (Anthelme et al.,
2014). In fact, recent continental scale research in long-term
monitoring summits of the GLORIA-Andes network has shown
that vegetation in paramo summits of the northern Andes is
particularly vulnerable to habitat loss in climate change scenarios
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because of a high abundance of endemic species with narrow
thermal niches (Cuesta et al., 2020).

The few available studies on the reproductive ecology and
pollination in the high tropical Andes reinforce the idea that
these systems could be sensitive to the loss of species due to
global changes, given that they are relatively poor in pollinator
species and show high endemism (Ramos-Jiliberto et al., 20105
Gonzalez and Loiselle, 2016; Pelayo et al., 2019). Analyses on
plant phenology and reproductive aspects in the paramos have
focused on very emblematic species such as the giant rosettes
(Espeletia spp.), as well as some exploratory studies on small
herbs and cushions (Berry, 1986; Berry and Calvo, 1994; Fagua
and Bonilla, 2005). Thus, we know that giant rosettes species are
entomophilous and anemophilous, while in the case of herbs and
cushions, self-fertilization seems to predominate.

One of the few available studies on plant phenology and
pollination at a community scale in the alpine tropics was carried
out in the Venezuelan pidramos between 3,000 and 4,200 m
(Pelayo et al., 2019). This study showed that flowering occurs
gradually from the beginning to the end of the rainy season (from
May to November), with a low overlap of flowering between
species. Few species exhibited constant flowering throughout
the year, and few species bloomed during the dry season (from
December to April), which tends to be particularly harsh in
the Venezuelan pdramos (compared to other paramos in the
Northern Andes). A high proportion of the studied species were
pollinated by animals, including hummingbirds and bumblebees.
Moreover, the structure of plant-pollinator networks showed
significant specialization; low values of connectance, asymmetry,
and nestedness; and high values of functional complementarity
(Pelayo et al., 2019). However, this study did not fully cover the
superparamo or subnival belt (above 4,200 m asl), an ecological
belt where more extreme climatic and edaphic conditions could
be linked to a decrease in richness of plants and pollinators.
In a more humid superparamo in the Sierra Nevada de Mérida
(4,155-4,220 m), Manrique et al. (2019) reported a network
with significant specialization, which was also influenced by
phenotypic and phenological adjustments.

In this context, the presence of three permanent monitoring
summits of the GLORIA-Andes network in the Venezuelan
superparamos (between 4,200 and 4,600 m asl, see Cuesta et al.,
2017; Gamez et al., 2020) offers a unique opportunity to (a)
establish a baseline to analyze the potential impacts of climate
change on the reproductive behavior of high elevation species
in tropical mountain ecosystems; (b) develop a protocol for
recording the phenology of annual flowering in the different
summits and orientations; and (c) document the dynamics of the
interactions between plants with flowers and their pollinators.
Hence, the objective of this study was to analyze changes in the
flowering phenology and the structure of the plant—pollinator
network in three summits along an elevation gradient in a high
belt of Venezuelan paramos.

Based on previous results from paramos at lower elevations
(Pelayo et al, 2019), we evaluated the following predictions:
(1) the phenological behavior of the plant community will be
strongly influenced by the marked rainfall seasonality of the
Venezuelan piaramo, and the phenological overlap index could

increase with elevation as the climatic filtering for flowering
becomes more severe (i.e., more severe seasonal thermal and
hydric stress at higher elevations); (2) we expect a higher
incidence of pollinator visits in periods when flower availability
is higher; (3) we expect a reduction in the species richness of both
plants and pollinators and a shift in the relative importance of
the different plant growth forms (increase in the predominance
of small flowering herbs) and pollinator taxa (reduction in
the importance of birds and bumblebees vs. flies); (4) these
networks are expected to show high levels of specialization but
low levels of connectance and nestedness compared to other
systems at lower elevations; and (5) the network structure should
be influenced by plant phenology and the patterns of change in
plant species composition between summits. The assessment of
these predictions should provide a more detailed and mechanistic
understanding of the vulnerability to climate change of these
unique high elevation tropical communities.

MATERIALS AND METHODS
Study Area

This study was carried out in the Piedras Blancas paramo, in
the northeast region of the Sierra de La Culata National Park,
Venezuela. The region is influenced by the dry climate of the
high Chama river basin, with a total annual precipitation of
860 mm (Pico El Aguila weather station, 4,118 m asl). Less than
5% of this precipitation falls during the dry season, extending
from December to March (Sarmiento, 1986). Mean monthly
temperatures vary less than 2-3°C, and the growing season
extends all year. However, there are large daily temperature
oscillations, that increase in amplitude during the dry season,
when air temperatures can reach 25°C during the day and drop
at night below -5°C (Monasterio, 1986; Az6car and Rada, 2006).

The subnival belt (locally known as high Andean paramo or
superparamo) extends between 4,200 and 4,800 m asl. Within
this belt, two types of vegetation can be distinguished: (a) the
desert paramo, dominated by scattered giant rosettes (genus
Espeletia) together with a lower stratum dominated by cushion
plants, acaulescent rosettes, low shrubs, tussock grasses, and
herbs (4,200-4,500 m asl); and (b) the periglacial desert, where
plant cover is normally less than 10% and small grasses and herbs
are dominant (typically above 4,500 m, Monasterio, 1980a).

The sampling sites were located in the three highest
monitoring summits of the GLORIA-Andes network in
Venezuela (4,207, 4,402, and 4,604 m asl) in La Culata-Piedras
Blancas site (VE-CPB, Cuesta et al., 2017; Gamez et al., 2020).
This site was installed in 2012 and a first resampling campaign
was implemented in 2017. The total richness of vascular plants
in these summits is 71 species, distributed in 53 genera, and
24 families (the most common being Asteraceae and Poaceae).
Vegetation cover and total species richness in these summits
decrease from 59% and 59 spp. at 4,207 m to 9.1% and 14 species
at 4,604 m asl (Table 1).

In the lowest summit (PI2), vegetation corresponds to a
shrubland-rosette paramo; the upper stratum is dominated by
the sclerophyllous shrub Hypericum laricifolium and the stem
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TABLE 1 | Characteristics of the selected summits for monitoring the flowering phenology and plant-pollinators networks within the framework of the GLORIA-Andes

network in Venezuela.

Summit Total species richness * Average plant cover** Dominant species *** Vegetation belt

PI2 59 59.1% Hypericum laricifolium (20%) Subnival/shrub rosette transition
Aciachne acicularis (8%) from paramo to superparamo
Espeletia timotensis (7 %)
Rumex acetosella (4%)
Luzula racemosa (4%)

PB4 40 43.4% Rumex acetosella (21%) Subnival/rosette superparamo.
Castilleja fissifolia (4%) Upper stratum dominated by giant
Espeletia timotensis (4%) rosettes
Agrostis tolucensis (3%)
Conyza uliginosa var uliginosa (2%)

MO6 14 9.1% Pentacalia imbricatifolia (4%) Nival/Superparamo, periglacial

Festuca fragilis (3%)

Castilleja fissifolia (0.8%)

Draba chionophila (0.4%)
Lasiocephalus longipenicillatus (0.3%)

desert dominated by small shrubs,
grasses and herbs, sparse
vegetation

Total site richness: 71 species®, 53 genera, and 24 families.

*Total number of vascular plant species.

**Average cover in the 16 1 x 1 m permanent plots per summit.
**Average percent cover in the 16 1 x 1 permanent plots per summit.

rosette Espeletia schultzii, while the lower stratum is dominated
by the graminoids A. acicularis and L. racemosa and the exotic
herb R. acetosella. In the intermediate summit at 4,402 m
(PB4), vegetation corresponds to a giant rosette superparamo;
the giant stem rosette Espeletia timotensis is dominant in the
upper stratum, while the lower stratum is dominated by herbs
(R. acetosella, Castilleja fissifolia) and grasses (e.g., Agrostis
tolucensis). Finally, the 4,604 summit (MO6) corresponds to a
periglacial desert, with a single stratum dominated by small
shrubs (Pentacalia imbricatifolia), grasses (Festuca fragilis), small
herbs (C. fissifolia and Lasiocephalus longipenicillatus), and basal
rosettes (D. chionophila) (Gamez et al., 2020).

Flowering Phenology

The quantitative analysis of plant phenology focused on the
3 x 3 m permanent plots (n = 4) located in the four cardinal
orientations of each summit, established following the standard
GLORIA network protocol (Pauli et al., 2015). During 1 year
(December 2017-November 2018), we carried out 1-day visits
between the last 2 weeks of each month to each summit, in
order to count the number of individuals of vascular plants with
flowers in the total area of each 3 x 3 m plot. We decided
not to consider grasses, because this group is anemophilyc and
relatively abundant. Hence, this allowed optimizing the time used
for observing plants with flowers that could possibly receive visits
from pollinators.

A complementary qualitative sampling was also implemented,
registering the presence/absence of plants with flowers of each
species in the whole summit area sections located in each
cardinal orientation between the highest summit point and the
10-m-elevation contour line (see Pauli et al.,, 2015). Based on
the qualitative information of presence/absence of plants with
flowers for the whole summit each month, we represented
the phenological patterns in graphs and calculated the overlap
index (Primack, 1985) to analyze the degree of synchrony of

flowering among species. This index ranges from 0 to 1, with
0 corresponding to a complete lack of synchrony and 1 to
total synchrony. For this analysis, we integrated the information
from the four orientations of each summit, and analyzed
each summit separately or all summits together for a general
synthesis of the three summits in the superparamo belt. We also
analyzed changes between the three summits in the proportion
of species that exhibited different pollination syndromes, based
on the morphology of their flowers, following the classification
proposed by Faegri and van der Pijl (1979).

Plant-Pollinator Network

During each monthly visit to each of the summits, we recorded
all the interactions observed between flowers and pollinators,
while collecting the phenological data. For this, we used direct
observation and binoculars (10 x 42), when necessary (a single
expert carried out the visitation observations in all cases). In
each case, the number of visits made by the pollinator was
recorded, but only if it contacted the reproductive structures
of the flowers. The unknown insects were collected for later
identification at the species level, in the case of bumblebees and
at the morphospecies and family level in the rest. They were
deposited in the Entomological Collection at Universidad de
Los Andes (Mérida, Venezuela). Bird pollinators were identified
directly in the field by comparison with the Bird Guide of
Venezuela (Hilty, 2003). The observation time varied between
2 and 6 h for each visit, depending on the weather conditions,
as we were not able to register interactions during precipitation
events (animal activity normally ceases). Simultaneous with
direct observations, we placed 2 GOPRO White 3 cameras next
to the plants with more abundant flowering during each visit
(Pelayo, 2017). These normally focused on one or two individuals
within the field of vision of the camera. The cameras took high-
resolution pictures every 0.5 s. In total, during the year, we
made a total sampling effort of 92 h of direct observations and
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107 h of camera recordings and visually analyzed a total of
385,200 images. A limitation of the use of these cameras is that
in many cases, the small insects are not observed in detail in the
photographs, so it is very important and advisable to become
familiar with the floral visitors in the field, for the subsequent
analysis of the photographs.

Rarefaction curves and the Chao 2 richness index were
calculated for the observed pollinators using EstimateS 9.1.0
(Colwell, 2013) to evaluate the completeness of our sampling
effort. In the case of plants (excluding grasses) we observed 55
species with flowers across the year of observation, corresponding
to 87.3% of the 63 species that we know to be present based on the
full plant inventory in these summits from 2012 to 2017 (Gamez
et al., 2020). Some of the few missing species (e.g., E. timotensis)
are in fact known to flower every 2 or 3 years, and they are
pollinized by wind, so these would not affect our analysis of the
pollination network (Berry, 1986; Berry and Calvo, 1994).

We calculated the correlation (Spearman) between the
number of monthly visits with (a) the total number of plants with
flowers in all the 3 x 3 quadrants; and (b) number of species with
flowers each month (for the whole summit).

With the information collected each month, we built matrixes
for each summit (plant species in the rows and the pollinators in
the columns), summarizing the total number of visits received
by the flowers of each plant species by each type of pollinator
during the sampling year. Based on these quantitative matrixes,
we developed a plant-pollinator network for each summit and
for the three summits together, and calculated their structural
properties by means of the following metrics: (i) degree of
a species (Bascompte et al, 2006), (ii) connectance (Jordano,
1987), (iii) weighted nestedness metric based on overlap and
decreasing fill (NODF; Almeida-Neto and Ulrich, 2011; based
on the quantitative interaction weights), and (iv) specialization
index (H2; Bliithgen et al., 2006; based on quantitative interaction
weights). Calculations of network metrics were conducted with
the bipartite package (Dormann et al, 2008) in R 2.15.2 (R
Core Team, 2016). Significance of weighted NODF and H2 was
tested by comparing empirical values vs. a null model (10,000
repetitions of similar dimension network) in R 2.15.2.

The structure of the general plant-pollinator network was
contrasted with alternative models based on attributes of
the plant species (Vazquez et al, 2009), including phenology
(qualitative and quantitative) and spatial distribution (presence—
absence of each species in each of the three summits). We also
evaluated if network structure could be explained by sampling
effort (focal and video observation time per species). In some
cases, combined models were also performed to explore the
joint relationship of two variables, for example, phenology and
plant distribution, focal and video hours. We carried out this
analysis for the whole network based on the data for the three
summits combined, because network sizes were too small to allow
meaningful tests based on data from each individual summit
taken separately. We did not implement models including
variables related to fauna, since we only registered their visitation
rates. Finally, a null model was created in which all interactions
were assigned the same probability of occurrence [p = 1/(P * A)]
(where P and A were equal to the number of plant and animal

species, respectively). Akaike’s information criterion (AIC) was
calculated for each of these modeled matrices, which allowed
to select the most plausible model (lowest AIC), to explain
the observed matrix. Given a set of candidate models for the
data, the preferred model is the one with the minimum value
in the AIC and therefore p = 1, where p = exp [(AICmin -
AIGj)/2] and AICmin represents the lowest AIC of the four
models explored (Burnham and Anderson, 2002). This analysis
was carried out using the “mlik” function of the “ecolnet” package
(Vazquez, 2010) of R 2.15.2.

RESULTS

Flowering Phenology

In the three studied summits, we collected information on the
phenology of flowering of 55 species that produced flowers
during the study year, belonging to 19 families (excluding
grasses). The families Asteraceae and Rosaceae presented the
highest number of species with 26 spp. and 5 spp., respectively,
followed by Brassicaceae, Caryophyllaceae, and Orobanchaceae,
with three species each. Forty-seven species have characteristics
related to entomophily, 2 to anemophily, 3 to ornithophily,
and 3 exhibit mixed characteristics between entomophily and
ornithophily (Figure 1).

Most species flowered during the wet season (Figure 2),
and tended to show limited overlap with each other during
their flowering periods. However, a few species such as
C. fissifolia, Draba pulvinata, H. laricifolium, Lachemilla polylepis,
L. longipenicillatus, Conyza uliginosa var uliginosa, and Valeriana

100
A summits
== P2
80 4 I I PB4
1 MOs
£ 60
=
0
=
o
a
o 404
o
20 A
0 an aflfif] |IIIH

;
&
& ¢ &

Pollination syndrome

FIGURE 1 | Proportion (%) of plant species that belong to each pollination
syndrome in the three summits (PI2, PB4, and MOB6) of the GLORIA-Andes
network (VE-CPB site), at La Culata National Park, Piedras Blancas Paramo,
Venezuela.
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All summits

PI2 (4207 m)

Spacies

Species May Jun Jul Aug Sep Oct Mov Dec Jan Feb Mar Apr

Species on three summits

FIGURE 2 | Qualitative phenology (presence in black-absence in white) of flowering of the 43 vascular plant species studied in three summits of the GLORIA-Andes
network (VE-CPB site), at La Culata National Park, Piedras Blancas Paramo, Venezuela. Species are ordered first in decreasing order in terms of the duration of
flowering, and secondly in terms of the coincidence of flowering with the beginning of the wet season (May).

PB4 (4402 m)

Feb  Mar  Apr Spedies

May  Jun i Aug  Sep Ot Nov Der  Jan  Feb  Mar  Apr

TABLE 2 | Phenological overlap index between plants and structural properties of pollination networks in superparamo summits (la Culata-Piedras Blancas site,

GLORIA-ANdes, Venezuela).

Indices and network metrics All summits PI2 (4,207 m) PB4 (4,402 m) MOG6 (4,604 m)
Phenological overlap 0.32 0.24 0.32 0.36

No. of plants 26 14 15 4

No. of pollinators 13 10 9 8
Chao?2 pollinators 13.45 (13-21) 10.91 (10-20) 11.75 (9-32) 7.69 (7-15)
Degree plants 2-7 1-7 1-5 1-2
Degree pollinators 1-11 1-6 1-9 1-4
Connectance 0.17 0.20 0.20 0.34

H2 0.72** 0.82** 0.78™ 0.69*
Weighted NODF 20.01* 19.63* 22.39" 1471

Statistical significance compared to the null model: **p < 0.001; *p < 0.05; ns (not significant) p > 0.05. Chao 2 estimates for pollinator richness is presented with the

95% interval in parenthesis.
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parviflora showed continuous flowering. There were also some
species that were able to produce flowers during the dry season,
some of them with periods of explosive blooming limited to
a single month per year. The rest of the species showed a
long bloom period. These general patterns were characteristic
of the two lower summits (PI2 and PB4). However, in the
highest summit (MO6), flowering began in the middle of the
rainy season and lasted until the dry season (Figure 2). The
overall phenological overlap index between plant species was
low (0.32), suggesting little synchrony in flowering between
species. This index increased with elevation (Table 2), suggesting
that flowering could become more synchronic in the highest
summit. For example, Senecio wedglacialis and P. imbricatifolia,
which were abundant species present in the three summits,
showed a tendency to bloom later in the year with increasing
elevation, while their flowering period become shorter at higher
altitudes (Figure 2).

We found that the species with the highest density of plants
with flowers changed with summit elevation (Figure 3). In P12,
the dominant species were the shrub H. laricifolium and the
herbs Conyza mima and Oenothera epilobifolia. In PB4, the
herbs C. fissifolia, C. mima, and Gnaphalium meridanum were
dominant. Finally, in MO6, the herbs P. imbricatifolia, Bartsia
laniflora, and L. longipenicillatus dominated. Regarding the effect
of orientation within the summits, in the lowest summit (PI2),
the highest number of individuals with flowers were recorded in
the south and east orientations. In PB4 and MO6 summits, the
highest density of plants with flowers was recorded in the north
and west orientations (Figure 4).

Plant-Pollinator Networks

Of the 55 species that produced flowers during the year, 26 were
included in the general pollination network (Figure 5), while
the rest were not visited during our observations. We registered
a total of 13 species of pollinators. This was within the 95%
confidence interval of the Chao 2 richness index for pollinators
(13-21 species), suggesting that the pollinator sampling was
nearly complete (Table 2). The guild of floral visitors observed
covered taxa as diverse as hummingbirds (2 species), flower
piercers (1), flies (5), bumblebees (2), bees (1), wasp (1), and
butterflies (1). With 47.68% of all of the interactions observed
in the three summits (total frequency), flies were the most
frequent floral visitors. Two bumblebees (Bombus rohweri and
B. rubicundus) accounted for 35.31%; bees and the wasp, 9.80%;
hummingbirds, 5.67%; flower piercer, 1.25%; and butterflies,
0.29% (Figure 5).

In terms of species, the largest number of visit records
corresponded, in order of importance, to B. rohweri (Apidae,
33.3%), Bibionidae 1 (Diptera, 23.8%), Bombyliidae (Diptera,
17.83%), Colletidae (Hymenoptera, 9.65%), Oxypogon lindenii
(Trochilidae, 3.7%), and Muscidae (Diptera, 3.61), while the
rest of morphospecies together contributed to less than 8.1%
of the visits (Figure 5). The general interaction network was
dominated by B. rohweri and Bibionidae 1 with 11 and 9
connections (grade K), respectively; the remaining pollinators
had between 7 and 1 connections. Regarding the plant species,
E. schultzii and C. fissifolia were the most connected with seven
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FIGURE 3 | Total number of recorded individuals with flowers per species in
the four 3 x 3 m permanent plots (36 m?) during 1 year, in each summit of the
GLORIA-Andes network (VE-CPB site), at La Culata National Park, Piedras
Blancas Paramo, Venezuela.

and five connections each. The richness of plants and pollinators
decreased with elevation. In all cases, the pollinator sampling was
within the 95% confidence interval of the Chao 2 richness index
(10-20 in PI2, 9-32 in PB4, and 7-15 in MO6), suggesting that
the pollinator sampling was nearly complete (Table 2).
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We registered 17.75% of all possible interactions. The
interaction network showed a high and significant degree of
specialization (H2), a high value of connectance compared
to other systems, and a low value of nestedness, both at a
general level and when analyzed separately in each summit
(Table 2; Jordano et al., 2009). The two lowest summits (PI2
and PB4) had very similar plant and pollinator richness values
and similar values for the degree of pollinators and plants. The
two lowest summits also showed similar values of connectance,
specialization, and nestedness. At the highest summit (MO6),
species richness was lower for plants and pollinators, and the
value for all the indices decreased, although this network was
still highly specialized. The null model, which assumed the same
probability of interaction between all plants and pollinators,
presented the lowest AIC, compared with models in which
interaction structure was related with plant phenology, plant
species distribution between summits, or the sampling effort for
each species of plant based on both camera recordings and direct
observations (Table 3).

In the three summits, a marked seasonality in the total number
of visits of pollinators was observed. In the lowest summit (P12),
visits concentrated between October and May, with a peak in the
total number of visits in November. At the intermediate summit
(PB4), visits occur between July and December, with a peak in
the last 3 months. Finally, in the highest summit (MO®6), visits
occur from December to April, with a marked peak in December
(Figure 6). The highest visitation frequencies seemed to coincide
with the months when there were more plant individuals and
plant species with flowers. However, the correlation (Spearman
rank) between the monthly pollinator visits and the number of
plants with flowers ranged between 0.10 and 0.51 for our three
summits, while for the species richness of plants with flowers,
the correlation ranged between 0.18 and 0.64 (with p > 0.05

in all cases, except for this last one in PB4; see details in
Supplementary Table 1).

DISCUSSION

Our knowledge of the effects of global warming on mutualistic
interactions is still limited (Visser and Both, 2005; Walther
et al., 2005) and few empirical studies exist (Hegland et al,
2009). Long-term studies that encompass the temporal variability
characteristic of alpine areas, and studies that provide a baseline
for future comparison should provide particularly valuable
contributions, particularly on tropical alpine systems, which
comprise about 10% of global alpine areas but remain particularly
understudied (Inouye, 2020).

The behavior of flowering phenology in the superparamo
summits studied was similar to the only previous report available
at a whole-community scale in paramos at lower elevations
(Pelayo et al., 2019), while it also agrees with the behavior of
other species analyzed individually in Colombia and Venezuela
(Berry and Calvo, 1994; Velez et al., 1998; Gutiérrez-Zamora
etal., 2004; Fagua and Bonilla, 2005). Along the elevation gradient
studied, the species with continuous flowering and with the
highest number of individuals with flowers coincide with the
species of non-graminoid plants that show the highest general
abundance in these summits (Cuesta et al., 2017).

Common species in our study region with continuous
flowering, such as C. fissifolia, D. pulvinata, and H. laricifolium,
could be important to the maintenance of the assemblage of
pollinators. These species have very wide altitudinal distributions
in the paramos (Bricefio and Morillo, 2002) and are considered
as key elements in the ecology of these ecosystems. C. fissifolia is
a hemiparasite (Steyermark, 1957) that provides floral resources
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for endemic pollinators throughout the year both in superparamo
and in paramo ecosystems (Pelayo et al., 2019, 2020). Moreover,
H. laricifolium, which is an important ecosystem engineer
in the superpiaramo (with a positive effect on microhabitat
conditions and the richness/abundance of other plants), showed
high connectance values with pollinators (Caceres et al., 2014;
Ramirez et al., 2015; Manrique et al., 2019). D. pulvinata is an
endemic species, pollinated by few species including O. lindenii,
an endemic hummingbird from Mérida. Hence, it would be
important to analyze in more detail the interdependence between

this endemic pair of plant and pollinator species, both of
which act as high elevation specialists that could be particularly
vulnerable in climate change scenarios (Cuesta et al., 2020).
Finally, E. schultzii, the more connected species in the network,
is endemic from Venezuelan pdramos and one of the more
abundant and widely distributed species in the Cordillera de
Mérida (Bricefio and Morillo, 2002).

As indicated by our first prediction, the phenological behavior
of the plant community seemed to be influenced by the marked
rainfall seasonality of the Venezuelan paramo, with a decrease in
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TABLE 3 | Processes related to the network structure through Akaike’s
information criterion (AIC) models; they are ordered from smallest to largest.

Model AIC
Random 7,7038.25
Focal hours 7,846.21
Qualitative phenology (presence—absence of species per month) 7,846.49
Spatial distribution (presence—absence of plant species by summit) 7,885.17
Total effort (focal + video) 8,140.57
Qualitative phenology * Spatial distribution 8,219.59
Quantitative phenology 10,042.27
Quantitative phenology * Spatial distribution 10,343.99

the number of species flowering toward the end of the dry season
and beginning of the wet season (February-May). However, there
was a low value of the phenological overlap index across species
in the three summits, which could be interpreted as a mechanism
to minimize competition between plant species in conditions
of low availability of pollinators and low visitation frequencies
(Waser, 1983). In addition, as suggested by our first prediction,
the index seemed to increase with elevation, suggesting that
flowering could become more synchronic as conditions become

harshest. However, further studies of inter-annual variability in
plant phenology and its relationship with climatic variability
would be required to evaluate the generality of these initial
conclusions. In addition, it could be important to increase the
sampling frequency within the year to be able to better estimate
the phenological overlap index (although we did record flowering
in 87.3% of the species with flowers we know to be present
in these summits).

Interestingly, total pollinator visitation frequency showed a
marked seasonality (generally concentrating between October
and December), which seemed to coincide with the months
with the maximum richness or the total number of plants
flowering in each of the summits (prediction 2). However, we
observed no significant correlations between these two variables
and visitation frequencies. This could be partly linked with the
fact that flowering is much more widely spread during the year
than pollinator visitation frequencies (see Figure 6), which is
reflected in the low phenological overlap index observed.

The decline in pollinator richness and visitation frequencies
with increasing elevation has also been reported at lower altitudes
within the paramo belt (Pelayo et al, 2019) and at high
elevations in extra-tropical regions (e.g., Arroyo et al., 1982;
Totland, 2001). Additionally, the total density of plants with
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flowers decreased with elevation, although we found patches
with relatively high density in some of the orientations, S and
E in the lowest summit and N and W in the two highest
summits. Additionally, an analysis of total plant cover in the three
summits (data unpublished) reveals that the West and North
orientation (generally more humid) always show the highest
total cover when compared with South and East orientations
(facing in intermountain dry enclave). Consequently, these
differences could be due to microclimatic conditions associated
with environmental heterogeneity, as has been described in
other alpine ecosystems (Scherrer and Korner, 2011; Young
et al, 2016). Differences in rock cover and the presence of
rocky outcrops (i.e., act as thermal refuges, Rada et al., 2009),
differential incidence of wind (which tends to be stronger in East
and South faces, especially in the two highest summits), and the
varying influence of humid vs. dry slope orientations could all
contribute to generate these complex and patchy distribution of
plants and flowers among the different summit orientations (with
a possibly stronger influence of rock cover in the lower summit
where there is less climatic contrast between orientations because
of its geographic position inside a more humid watershed).

It should be noted that more than half of the plants with
flowers registered in the summits had visits from pollinators,
mainly from insects, indicating that, in these superparamo
ecosystems, entomophily is the predominant reproductive
mechanism (prediction 3). This has also been documented

in another superpdramo community in the Sierra Nevada in
Mérida (Manrique et al., 2019). This contrasts with the results
of previous studies in the Andean paramo at lower elevations,
where pollination by hummingbirds were more important
(Pelayo et al., 2019).

As expected in this ecosystem (e.g., Cuesta et al., 2017), we
observed a decrease in both plants and pollinators’ richness
along the elevation gradient. Moreover, there was a change in
the composition and relative importance of both plants and
animals (prediction 3). The increase with elevation in the relative
importance of Diptera as pollinators observed here has also been
reported in other studies along elevation gradients in tropical and
temperate alpine regions (Arroyo et al., 1982; Manrique et al.,
2019; Inouye, 2020). Interestingly, high elevation specialist plants
such as D. chionophila showed a strong dependence on these flies,
many of which we have only recorded in the two highest summits.
However, hummingbirds and bumblebees with high metabolic
rates and energy demands remained as important pollinators
species, albeit they showed higher visitation frequencies and
relative importance in the two lowest summits. In the case of
the high elevation specialist hummingbirds O. lindenii, we have
seen them foraging in these summits even during snowfalls,
demonstrating their remarkable ability to adapt to these extreme
environments (Figure 7).

Our networks exhibited values of connectance similar to
those found for alpine and temperate pollination networks

FIGURE 7 | Oxypogon lindenii (Trochilidae) visiting flowers of Castillgja fissifolia (Orobanchaceae) during a snowfall event at 4,400 m in the Venezuelan superparamo.
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(Olesen and Jordano, 2002; Santamaria et al., 2014) and a low
nestedness, as has been reported in other paramos (prediction
4, Manrique et al., 2019; Pelayo et al., 2019). However, the high
elevation networks studied here could be more vulnerable, as they
showed the lower richness of plants and pollinators and higher
values of specialization (prediction 4); they are also more exposed
to fast warming and exhibit smaller populations (with less habitat
in terms of area and climatic suitability, see Cuesta et al., 2020).
Both a low nestedness and a high degree of specialization agree
with what is expected for networks with a low richness of plant
and animals (Bascompte et al., 2003).

In the superparamo, self-reproducing and apomictic plants
(see Berry, 1986; Samaniego et al., 2018) coexist with others
with specialist pollination systems such as D. chionophila (which
were visited by few species of flies) and with some generalists’
species such as E. schultzii and S. wedglacialis, which were
visited by a wider range of insects and birds. However, these
generalist species showed in our superpdramo summits a less rich
pollinator assembly than previously reported in other paramos
(Pelayo et al, 2015, 2019; Manrique et al, 2019). Hence, at
higher elevations, even the more generalist plant species show
a relatively poor assembly of pollinators (i.e., low functional
redundancy for pollinators).

We found no relationship between plant phenological
responses and the overall network structure in the studied
summits (prediction 5). This could be partially due to the
small size of these networks, which complicates the construction
of robust models and detection of significant departures from
randomness (see Dormann et al., 2014), preventing us for
carrying out separate analysis of these relationships for each
summit. In addition, it would be important to explore other plant
and fauna attributes that could help to explain network structure,
such as floral morphology, quality of rewards, phylogenetic
relationships, or the patterns of change in the abundance
pollinators (Fort et al., 2016; Manrique et al., 2019).

Even though the number of observed pollinators in the
three studied summits was within the estimated values
based on the Chao 2 estimator, the generally low visitation
frequencies observed in the high paramos suggest that a higher
sampling effort each month would be important to obtain a
more exhaustive characterization of all the plant-pollinator
interactions that could occur. However, given the remoteness
of many sampling summits within the context of the GLORIA-
Andes network, sampling effort could face important limitations
for long-term monitoring purposes that need to be kept in mind.

Plant-pollinators systems with a high degree of specialization
and with low functional redundancy like the ones studied here
have been considered to be more sensitive to climate change
(Gilman et al., 2010; Benadi et al., 2014; Miller-Struttmann
et al., 2015; Valiente-Banuet et al., 2015). Moreover, comparative
research across the GLORIA-Andes summits in South America
has shown that the high elevation summits in the Northern
paramo exhibit particularly high levels of endemism and are
dominated by species with narrow thermal niches that are more
prone to loss of niche space in future warming conditions
(Cuesta et al., 2020). Together, all of these observations indicate
that vegetation in superparamo areas and their plant-pollination

networks could be particularly vulnerable to species and
functional diversity losses driven by climate change.

Longer-term monitoring of multiple pressures on pollinators
and pollinator-dependent plants will help elucidate the
mechanisms underpinning observed vegetation shifts, and
inform the design and assessment of mitigation and adaptation
options (Settele et al, 2016). Our preliminary analyses of
plant community dynamics between the establishment of the
baseline (2012) and the first resampling (2017) in the permanent
plots of the GLORIA-Andes network showed an increase in
species richness due to new arrivals of small herbs from the
lower elevations, in agreement with reports by Carilla et al.
(2017) in the northern Argentinian Andes. All of these new
species were involved in our plant and pollinator networks
(e.g., C. uliginosa var uliginosa, Oxylobus glanduliferus, Senecio
funckii, and Luciliocline longifolia), showing in some cases very
high visitation frequencies (e.g., S. funckii). These preliminary
observations reinforce the idea that the GLORIA-Andes summits
can function as an excellent natural laboratory for evaluating
the long-term effects of climate change on interactions between
plants and pollinators. However, a more detailed analysis of these
patterns is required.

CONCLUSION

Most of the flowering plant species (excluding graminoids)
recorded in the three summits received visits from insects and,
to a lesser extent, from hummingbirds. These plants showed little
synchrony in flowering among species, but synchrony increased
with elevation. Flies and bumblebees were the most important
pollinators in areas above 4,200 m asl with flies increasing
in relative importance in the highest summit. The interaction
networks showed a high and significant specialization (H2)
and connectance but a low degree of nestedness. The baseline
information collected here in the context of the GLORIA-Andes
monitoring program should provide key information to evaluate
changes in the reproductive behavior of plants, which could
be more sensitive than species composition and abundance to
climate change impacts. Moreover, this information could help
understand the differential response of plant species in the High
tropical Andes to climatic drivers along elevation gradients,
proving a more process-oriented understanding of the climatic
risks faced by these unique high elevation plant communities.
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