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Abstract Flowering phenology can be one of
the most important factors mediating the temporal
dynamics of plant—pollinator networks. However,
most studies do not explicitly incorporate the effect
of flowering phenology, which may bias conclusions
about the structuring of plant—pollinator networks,
obscuring our understanding of factors that explain
the temporal variation of these networks. By analyz-
ing co-flowering networks, floral traits similarity and
pollinator sharing, in this study we aim to uncover
the temporal dynamics of plant—pollinator network
structure in two coastal communities. We recorded
the flowering phenology of each plant species to
construct co-flowering networks and the identity and
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frequency of floral visitors. We estimated and tested
for differences in floral trait similarity and pollinator
sharing across co-flowering modules. To disentangle
the phenological effect of flowering on the structure
of plant—pollinator networks, we constructed plant—
pollinator subnetworks for each co-flowering modules
and analyzed the role of the pollinators in each sub-
network. Floral trait similarity and pollinator sharing
were related to changes in the structure of plant—pol-
linator networks, but these changes were commu-
nity-dependent. The modular structure and network
specialization index of plant—pollinator subnetworks
were statistically persistent in both communities,
suggesting the prevalence of specialized interactions
throughout the flowering season. This result was con-
sistent with the predominant peripheral role of most
pollinator species across co-flowering modules in
both communities. Our results highlight the impor-
tance of explicitly considering flowering phenology
to advance our understanding of the mechanisms that
explain temporal changes in the structure of plant—
pollinator networks.
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Introduction

The study of interaction networks between plants
and pollinators has helped understand how these
communities are assembled (Bascompte et al. 2003;
Bascompte and Jordano 2007; Heleno et al. 2014;
Tylianakis and Morris 2017). However, the structure
of plant—pollinator networks typically vary in space
and time (e.g., Petanidou et al. 2008; Trgjelsgaard
et al. 2015; Ramos-Robles et al. 2016; Biella et al.
2017; Wang et al. 2020), which has led to attempts to
understand the factors mediating their structure and
stability (e.g., Olesen et al. 2002; Stang et al. 2006;
Vézquez et al. 2009; Olito and Fox 2015; Parra-Tabla
et al. 2019; CaraDonna et al. 2021). Flowering phe-
nology (i.e., temporal sequence of species flowering)
can be one of the most important factors mediating
the temporal dynamic of plant—pollinator networks.
This is because it determines the phenological match
between pairs of interacting plant and pollinator
species and the level of pollinator sharing between
co-flowering species (Stang et al. 2006; Aizen and
Véazquez 2006; Elzinga et al. 2007; Valdovinos 2019;
Peralta et al. 2020; and see Waser and Real 1979;
Rathcke and Lacey, 1985). Pollinator sharing is
important because it defines the level of generaliza-
tion in plant—pollinator interactions (Ghazoul 2006;
Sargent and Ackerly 2008). In fact, pollinator sharing
has been reported to be high in co-flowering commu-
nities and is therefore considered one of the main fac-
tors explaining the generalist structure of pollination
networks (i.e., nestedness structure; Bascompte et al.
2003; Bascompte and Jordano 2007). However, this
pattern of generalized interactions has been based on
estimates that pool all interactions occurring through-
out the flowering season. This approach however
likely fails to account for temporal changes in the
identity and flowering intensity of plant species, as
well as it can overestimate pollinator sharing (Biella
et al. 2017; Valdovinos 2019; CaraDonna et al. 2021;
Guzman et al. 2021). This in turn may lead to biased
conclusions about the level of generalization in
plant—pollinator networks.

Recent attempts have been made to incorporate
the effect of flowering phenology on the structure of
plant—pollinator networks by using “snapshots” at dif-
ferent time scales (e.g., days, weeks, months, seasons;
Rasmussen et al. 2013; Wang et al. 2020; Schwarz
et al. 2020; CaraDonna et al. 2021). This approach has
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not only shown continuous changes in the structure
of plant—pollinator networks, but has also revealed
that generalization is not a persistent property of the
networks (e.g., Rasmussen et al. 2013; Biella et al.
2017; Schwarz et al. 2020). However, the arbitrary
selection of different time scales still overlooks the
natural variation in flowering overlap between plant
species and it may obscure understanding of other
mechanisms that explain plant—plant interactions via
pollinator sharing. For example, it is known that the
level of pollinator sharing also depends on the degree
of floral trait similarity between co-flowering plants
(e.g., Moeller 2004; Ghazoul 2006; Gibson et al.
2012; Sargent and Ackerly 2008). Thus, increases in
the level of flowering overlap and floral trait similar-
ity should increase pollinator sharing, resulting in a
predominant generalized structure of plant—pollina-
tor networks (Lazaro et al. 2020; Suarez-Marifio et al.
2022). However, it is also possible that even at high
flowering overlap, low levels of floral trait similarity
reduce the level of generalization due to a decrease
in pollinator sharing, thus maintaining pollinator spe-
cialization (Albor et al. 2020; Suarez-Marifio et al.
2022). Therefore, considering both, the level of flow-
ering overlap and the level of floral trait similarity in
co-flowering communities, it is important to better
understand the mechanisms involved in the structure
of plant—pollinator networks over time.

A more unbiased approach to test the level of flower-
ing overlap and the level of floral trait similarity could
be grounded on the fact that flowering can be organized
as co-flowering module within networks, which con-
sists of the grouping of plant species (i.e., co-flowering
modules Arceo-Gémez et al. 2018, or pheno-clusters
sensu Biella et al. 2017) that showed a greater flower-
ing overlap respect to other groups of plants in the com-
munity (Arceo-Gémez et al. 2018; Albor et al. 2020;
and see Waser and Real 1979; Rathcke and Lacey
1985). Therefore, plants of the same co-flowering mod-
ule are expected to interact more intensively due to the
temporal coincidence in pollinator sharing, although it
could be constrained by the level of floral trait similar-
ity (Arceo-Gomez et al. 2018; Albor et al. 2020). For
example, Albor et al. (2020) found in sand dune coastal
communities that pollinator sharing varied within and
between co-flowering modules depending on differ-
ences in floral trait similarity. Thus, it can be suggested
that plant—pollinator subnetworks resulting from flow-
ering grouping species should emerge throughout the
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flowering season, revealing more precisely the role
of natural variation of flowering phenology and floral
trait similarity on pollinator sharing and finally, in the
temporal changes of plant—pollinator networks. For
example, Biella et al. (2017) considered differences in
flowering overlap in two semi-dry grassland commu-
nities to construct plant—pollinator subnetworks and
found significant changes in the generalized but not in
the specialized structure (i.e., nestedness and modu-
larity, respectively) of the subnetworks. Interestingly,
Biella et al. (2017) also found that the changes in net-
work structure were associated with changes in the role
played by pollinator within the networks (e.g., network-
hub species or peripherals species). These results sug-
gest that changes in the role of pollinator species over
the flowering season depends on the identity and floral
traits of the flowering species, which influence the level
of plant generalization/specialization (see Junker et al.
2010; Coux et al. 2016; Wang et al. 2020).

In this study, we analyzed the co-flowering struc-
ture that arise naturally due to interspecific differ-
ences in the flowering phenology of plant species
and the plant—pollinator subnetworks that result
when considering such co-flowering structure, in two
coastal communities (i.e., sand dune and scrubland),
to better understand the mechanisms that guide the
structuring of plant—pollinator networks. Specifi-
cally, we aimed to answer the following questions:
(a) do flower trait similarity and pollinator sharing
in co-flowering modules explain temporal changes in
the generalist or specialist structure of plant—pollina-
tor networks? and, (b) do interspecific differences in
flowering phenology and floral trait similarity affect
the role of pollinators in plant—pollinator subnet-
works? We expected that co-flowering modules with
high floral trait similarity would show greater pollina-
tor sharing and consequently a generalized structure
of plant—pollinator networks. In contrast, co-flow-
ering modules with low floral trait similarity would
show low pollinator sharing, contributing to a more
specialized network structure. Similarly, we expected
that the role played by pollinators in plant—pollinator
networks will vary among co-flowering modules. Our
results provide a better understanding of the temporal
changes and mechanisms involved in the structuring
of plant—pollinator networks.

Methods
Study site

We recorded flowering phenology of each plant spe-
cies and plant—pollinator interactions in a dune and
a coastal scrubland community near the town of Tel-
chac in the Yucatan Peninsula, Mexico (21° 20" 11.7"
N, 89° 20" 12.5” W; 0 to 8 m a.s.1.). The climate is hot
and dry, with a seasonal rainfall and annual precipi-
tation of 760 mm and a mean annual temperature of
26 °C (Orellana et al. 2009). Both communities are
exposed to adverse abiotic conditions (e.g., low rain-
fall and high temperatures) and are characterized by
halophyte and xerophytic vegetation (Espejel 1987)
(Fig. S1 a, b). While in the dune, the species grow
on a mobile substrate with scarce nutrients, being
affected by the wind and the increase in salinity, in
the scrubland the species grow on a more stable soil
(due to the accumulation of organic matter) and are
more tolerant to strong winds (Espejel 1987; Parra-
Tabla et al. 2018). Both communities are adjacent
and share some plant species (e.g., Bidens pilosa,
Melanthera nivea, Porophyllum punctatum, and Oke-
nia hypogaea) but differ significantly in their plant
composition (PERMANOVA: F; 3=4.29, p<0.005;
Suarez-Marifio et al. 2022). The pollinator compo-
sition of these communities is characterized by a
large group of insects, mainly Hymenoptera species
(Campos-Navarrete et al. 2013; Parra-Tabla et al.
2019; Albor et al. 2020). A previous study of the
insect community showed no significant differences
in the composition of floral visitors between dune and
scrubland communities (PERMANOVA: F| g3=1.35,
p>0.05; Suarez-Marifio et al. 2022).

Co-flowering networks

In 2019, we recorded the number of open flowers
and the duration of the flowering phenology of each
plant species during the flowering season which
corresponded to the rainy season (August-Decem-
ber) (Table S1). Previous studies have shown that
during this period more than 70% of the species
in these communities produce flowers (Campos-
Navarrete et al. 2013; Albor et al. 2019; Parra-Tabla
et al. 2019). Each community was visited twice per
month (10 days in total per community), covering
the entire flowering season of most plant species.
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In each visit, the plant identity and number of open
flowers were recorded in ten 20 m? (10X 2 m) plots
spaced 5 m apart. This sampling effort in these
communities has proven to be sufficient to have a
good representation of the number of flowering spe-
cies and the intensity of flowering (i.e., number of
flowers produced per species) (Parra-Tabla et al.
2021; Suarez-Mariiio et al. 2022).

The co-flowering networks for both communities
were constructed using Schoener’s niche overlap
Index (Schoener 1970), SI=1- (1/2) Yk | P;—P; |,
where P, y P, are the proportion of flowering of
species i and j respectively, occurring on day k (For-
rest et al. 2010; Arceo-Gomez et al. 2018), then the
degree of temporal flowering overlap between each
pair of plant species was calculated (Arceo-Gémez
et al. 2018). The SI index considers the intensity
(i.e., number of flowers produced per species) and
frequency (i.e., number of samplings in which each
species showed flowers) of temporal flowering over-
lap between each plant species pair. Therefore, spe-
cies pairs with a greater SI overlap not only flower
simultaneously for longer periods of time, but also
do so with greater intensity. Following Arceo-
Gomez et al. (2018) we used the SI to construct
unidirectional co-flowering network for each com-
munity with the program Gephi version 9.3 (Bastian
et al. 2009). Thus for each co-flowering network,
we identified species that interact more strongly
with each other than with other species when flow-
ering at the same time and with the same intensity
(i.e., co-flowering modules; see Arceo-GOmez et al.
2018). The co-flowering network modularity (Q)
was estimated following Emer et al. (2015) by trans-
forming the flowering networks into bipartite quan-
titative matrices of the form m Xn, where m and n
are flowering species in the same community and
flowering season, and then estimating modularity
by means of the ‘QuanBiMo’ algorithm (Dormann
and Strauss 2014). To test the statistical significance
of co-flowering modularity (Q) in each community,
we used a null model analysis where we compared
the observed modularity in the co-flowering net-
works against the expectation of 1000 randomly
constructed co-flowering networks using the r2dta-
ble algorithm (“nullmodel” function; Bipartite in R;
Dormann and Strauss 2014). Co-flowering modular-
ity was standardized by calculating the Z-score of Q
as: Zy=(Q observed-Q null)/SD ¢ ;- The Z score
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measures the number of standard deviations that
Q of the empirical co-flowering network deviates
from the average modularity based on 1000 random
networks (see Albor et al. 2020). When Z values
are>2 the co-flowering networks are considered
significantly modular (Dormann and Strauss 2014;
Dormann 2020).

Floral trait similarity

To calculate the similarity of floral traits we used
the following characters that have been associated
with pollinator attraction or level of specialization
(see Suarez-Marifio et al. 2022): floral length (dis-
tance between the calyx and the tip of the corolla),
corolla diameter (corolla width), corolla tube open-
ing (internal diameter of the corolla), and flower
color (Faegri and Van der Pijl 1979; Caruso 2000;
Spaethe et al. 2001; Hirota et al. 2012; Zhao et al.
2016). Morphological characters were measured
with a caliper (0.1 mm) on 1-5 flowers per plant
on at least five plants per species. To estimate the
color of the flowers, the flower reflectance spec-
trum was measured (300-700 nm) from the domi-
nant corolla color in 1-3 flowers per species, with a
spectrophotometer (StellarNet INC) and a Tungsten
Halogen lamp as an artificial light source (see Albor
et al. 2020). With this data we estimated flower
color using the hexagonal color vision model which
considers the chromatic coordinates (x and y) of the
Hymenopteran vision model, based on Apis mel-
lifera (Chittka 1992; Chittka and Raine 2006; and
see Albor et al. 2020). We used this vision model
because Hymenoptera are reported to be the most
abundant floral visitors in these communities (Cam-
pos-Navarrete et al. 2013; Albor et al. 2019, 2020;
Parra-Tabla et al. 2019; Suarez-Marifo et al. 2022).

To test the degree of floral trait similarity
between pairs of species within- and among the
co-flowering modules detected (see results), a trait
matrix was constructed using the average value of
each trait (i.e., flower size, total corolla diameter,
corolla tube opening, and color) for each species.
Then, trait distances between species pairs and the
average similarity of species floral traits (for all
traits) were calculated using Gower’s pairwise dis-
tance (Albor et al. 2020). Gower’s distance was
used because it is appropriate when descriptors are
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not dimensionally homogeneous (Gower 1971). The
Gower distance index (l-average dissimilarity) is
constrained between values of 0 and 1, where values
close to 1 indicate high similarity and values close
to 0 indicate low similarity.

Pollinator sharing

We calculated the degree of pollinator sharing
between pairs of species in each co-flowering module

using the Pianka overlap index (Pianka 1973):
Oy = (X PyPy)/\/ (X P;2/Py2), where O repre-
sents the sharing of pollinators between plant species
J and k; and P;; and P, represent the number of floral
visits made by pollinator i to species j and k, respec-
tively. The Pianka index has been used to estimate
pollinator sharing, because it considers the identity of
the different pollinators, as well as their relative fre-
quency of visits (Mufioz and Cavieres 2008; Suérez-
Marifio et al. 2022). This index is bounded between
values of O (low pollinator sharing) and 1 (high polli-
nator sharing). We calculated pollinator sharing
between pairs of species within-co-flowering module
and among-co-flowering module in both communities
averaging over each unique species pair (see Albor
et al. 2019).

Pollinator visits and plant—pollinator subnetworks

To estimate the frequency of plant—pollinator interac-
tions, we monitored insect visits covering the flower-
ing season of both communities during 2019 (August
to December). Observations were carried out twice
per month (10 days in total per community), in ten
20 m? (10x2 m) plots parallel to the coastline and
5 m apart. In each visit, two rounds of observation
were conducted between 8:30 and 10:30 AM, observ-
ing each plot for twenty minutes for a total of 200 min
per day. Previous studies in these communities have
shown that the higher activity of pollinating insects
occurs during this period (Campos-Navarrete et al.
2013; Albor et al. 2019; Parra-Tabla et al. 2019). We
recorded the activity and identity of the floral visitors
considering a visit to be legitimate when there was
contact between the insect and the reproductive struc-
tures of the flowers. The identification of pollinators
was defined at the species or morphospecies level

with the support of field identification guides (Cam-
pos-Navarrete et al. 2013; Parra-Tabla et al. 2019).

With the floral visit data, we constructed plant—pol-
linator subnetworks for each co-flowering module
(see results) following the methodology described
by Bascompte and Jordano (2007). In short, we con-
structed an interaction frequency matrix for each co-
flowering module using the number of times every
floral visitor was observed visiting flowers of a par-
ticular plant species. The interaction matrixes were
used to estimate the following network metrics for
each co-flowering module using the ‘bipartite’ pack-
age in R (Dormann and Strauss 2014; Oksanen et al.
2015): (a) nestedness (N): specialist species interact-
ing with subsets of species interacting with general-
ists. N ranges from O to 1, indicating a completely
random distribution of interactions (0) or a perfect
nestedness (1); (b) modularity (Q): estimates the
degree to which the network is organized into groups
or modules of plant and pollinator species that inter-
act more within their module than between modules,
Q ranges from O (the network does not have more
links within modules than expected by chance) to a
maximum value of 1 (all links are distributed within
modules) and (c) network specialization index (H,"):
describes the degree of specialization among plants
and pollinators across an entire network. H," ranges
between 0 and 1, indicating extreme generalization
and specialization, respectively. The metrics used for
the plant—pollinator subnetworks were estimated with
the “bipartite” package in R (Dormann et al. 2009),
with the exception of the co-flowering module four of
the scrubland community because of the low number
of plant species (see results).

To test the statistical significance of modularity
(Q), nestedness (N) and specialization (H,") for each
plant—pollinator subnetwork, we estimate the signifi-
cance level of each metric using a null model analy-
sis, where we compare the nestedness, modularity and
specialization observed in the subnetworks against
the expectation of 1000 randomly constructed net-
works using the r2dtable algorithm (Bipartite “nullm-
odel” function in R; Dormann and Strauss 2014).
The three metrics were standardized by calculating
the Z-score of Q, N and H," as: Z N, =(Q/N/H,'
observed—Q/N/ H," null)/SD N/ o~ nuns T€SPeC-
tively. The Z score measures the number of standard
deviations that Q, N and H,' of the empirical network
deviate from the average modularity, nestedness and
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specialization based on 1000 random networks. When
Z values are >?2 the subnetworks are considered sig-
nificantly modular, nestedness, or specialized (Dor-
mann and Strauss 2014; Dormann 2020).

Finally, to define the role of each pollinator species
within the subnetworks, we used the categories sug-
gested by Olesen et al. (2007). These categories assign
a topological role to each species in the subnetwork
based on the values of z and ¢, which estimate interac-
tions within modules and interactions between mod-
ules, respectively. Thus, we classified each species as:
(a) peripheral species (i.e., generally interacting spe-
cies within their own module) (z<2.5 and ¢<0.62);
(b) module hub (i.e., highly connected species within
their own module) (z>2.5 and ¢<0. 62); (c) connec-
tor species (i.e., species that link modules) (z<2.5 and
¢>0.62); and (d) network hub (z>2.5 and ¢>0.62)
(i.e., species that maintain connection not only to their
own module but also to other modules) (Olesen et al.
2007; Donatti et al. 2011). Values of ¢ and z for each
subnetwork were estimated with the czvalues function
of the “bipartite” package in R (Dormann et al. 2009).

Statistical analysis

To test the effect of co-flowering module, interaction
type (i.e., “within-co-flowering module" vs. “among-
co-flowering module”) and the effect of their inter-
action (co-flowering module X interaction type) on
floral trait similarity (log-transformed) and pollina-
tor sharing, we applied linear models (LMs). For all
models we used a normal error distribution and the
link function “identity”. Residuals for models were
normally distributed (Shapiro-Wilks test, p>0.05).
Post hoc tests (Tukey HSD) were used for multiple
comparisons when LMs revealed significant differ-
ences. Finally, we performed a permutational mul-
tivariate analysis of variance (PERMANOVA with
999 permutations) to test differences in the composi-
tion of floral visitors between co-flowering modules
in both communities (Anderson 2001). The analyses
were performed with the “Ilme4” package, the post
hoc tests were performed with the emmeans func-
tion in the “EMMEANS” package (Lenth et al. 2019)
and PERMANOVA were conducted using the adonis
function in the “vegan” package in R v4.1.2 (R Core
Team 2022).
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Results
Co-flowering networks

A total of 74,965 flowers of 40 plant species were
recorded during the entire flowering season (dune:
28 species and 29,065 flowers; scrubland: 35 spe-
cies and 45,900 flowers). The analysis of co-flower-
ing networks showed a significant modular flower-
ing structure in both communities (Z=286.2, p <0.05
and Z=143.9, p<0.05; dune and scrubland, respec-
tively). Three co-flowering modules were identified in
the dune community (Fig. 1a), and four in the scrub-
land (Fig. 2a). The maximum number of plant species
observed in a co-flowering module was 13 (Fig. 1a)
and the minimum was three in the dune and scrubland
community (Fig. 2a) respectively. However, metrics
for co-flowering module four in the scrubland com-
munity, were not estimated because of the low num-
ber of plant species.

Floral traits similarity

Floral trait similarity was high in both communi-
ties (dune: 0.74+0.15, scrubland: 0.73+0.15,
mean + SE). The statistical analysis showed a similar
pattern in both communities where significant dif-
ferences in floral trait similarity due to co-flowering
module and interaction type (i.e., within and among
co-flowering modules) were observed (Table 1). In
the sand dune, the co-flowering module one showed a
significantly lower floral trait similarity than co-flow-
ering modules two and three (t>-2.72, p<0.01),
which did not differ from each other (r=0.065,
p=0.78). In the scrubland, the co-flowering module
three showed a significantly lower floral trait similar-
ity than co-flowering modules one and two (1>2.44,
p<0.03), which did not differ from each other
(t=1.09, p=0.51). In addition, in both communities,
a significant effect of co-flowering module X interac-
tion type interaction was observed (Table 1). In all
cases, floral trait similarity was higher among co-
flowering modules than within co-flowering modules
(Fig. 3).

Pollinator sharing

The analysis of pollinator sharing showed a con-
trasting pattern between communities (Table 1).
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Fig.1 Co-flowering network and plant—pollinator subnet-
works for the dune community. In co-flowering network (a),
plant species with high phenological overlap (i.e., species that
interact more strongly with each other than with other species)
are shown within the same co-flowering module and with the
same node color. Node size reflects the number of co-flowering
interactions. The thickness of the lines connecting the nodes

While in the dune community only a marginal effect
of co-flowering module was observed (Table 1;
Fig. 4a), in the scrubland, significant effects of
co-flowering module, interaction type, and the
interaction co-flowering module X interaction type
were observed (Table 1). In this latter community,
the co-flowering module two showed significantly
lower pollinator sharing than co-flowering modules
one and three (r>-3.03, p<0.01; Fig. 4b), which
did not differ from each other (r=1.61, p=0.24).
This difference seem to be driven by the very low

(i.e., links) reflects the magnitude of the phenological overlap
(Schoener’s index value). Plant—pollinator subnetworks (b),
nodes at the bottom part represent plant species and nodes at
the top insect species. The thickness of the lines connecting
the nodes (i.e., links) represent of interactions degree between
plants and pollinators. See Table S1 and Table S2 for a com-
plete list of plant and floral visitors and their codes

pollinator sharing of some particular species of this
co-floral module such as Gossypium hirsutum and
Malvaviscus arboreus, Fig. 2b; code Gohi y Maar),
that shared less than 2% of pollinators. Although
on average pollinator sharing was higher within
than among co-flowering modules (Fig. 4b), the
interaction co-flowering module X interaction type,
showed that pollinator sharing was significantly
higher within than among co-flowering modules
in the co-flowering modules one and three, but in
the co-flowering module two pollinator sharing was
higher among than within the co-flowering module

@ Springer
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Fig. 2 Co-flowering network and plant—pollinator subnet-
works for the scrubland community. In co-flowering network
(a), plant species with high phenological overlap (i.e., species
that interact more strongly with each other than with other spe-
cies) are shown within the same co-flowering module and with
the same node color. Node size reflects the number of co-flow-
ering interactions. The thickness of the lines connecting the
nodes (i.e., links) reflects the magnitude of the phenological
overlap (Schoener’s index value). Plant—pollinator subnetworks
(b), nodes at the bottom part represent plant species and nodes

(Fig. 4b). The statistical analysis also showed that
in the scrubland community an increase in floral
trait similarity increases pollinator sharing signifi-
cantly (Table 1; f=0.55+0.11, p<0.01).

Pollinator visits and plant—pollinator subnetworks
A total of 4,302 plant—pollinator interactions

were recorded in the dune community and 3,398
in the scrubland community. The number of plant
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at the top insect species. The thickness of the lines connecting
the nodes (i.e., links) represent of interactions degree between
plants and pollinators. The plant—pollinator subnetwork for
co-flowering module four (yellow), was not estimated because
of the low number of plant species. The size of the co-flow-
ering networks and plant—pollinator subnetworks were not the
same considering that not all plant species were visited (See
Table S1 and Table S2 for a complete list of plant and floral
visitors and their codes)

species visited varied among co-flowering mod-
ules (mean +SD; dune 7 +4 and scrubland 8 +1.7;
Table S2). The higher number of visits in both
communities was from Hymenoptera (70.08%),
followed by Lepidoptera (17.25%) and Diptera
(12.65%) (see Table S2). Although the richness of
pollinator visitors varied among co-flowering mod-
ules (dune: 23.6+15.8 and scrubland: 26.6 +11.5;
Table S2), no significant changes in floral visitor
composition were observed among co-flowering
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Table 1 Results of

. Variables Dune Scrubland
linear models (LMs) that
evaluated differences in x’ df P x’ df )4
the co-flowering module,
interaction type (within Floral trait similarity
vs. among) and the effect Co-flowering module 102 2 <0.05 108 2 <0.01
of their interaction on Tnteraction type 23.09 1 <001 144 1 <0.01
floral trait similarity and . .
pollinator sharing in two Co-flowering module X Interaction type 779 2 <0.05 10.5 2 <0.01
co-floral communities Pollinator sharing
Co-flowering module 594 2 0.051 37.6 2 <0.01
Interaction type 0.07 1 0.78 17.7 1 <0.01
Co-flowering module X Interaction type 340 2 0.18 21.5 2 <0.01
Significant effects (p <0.05) Floral trait similarity 177 1 018 264 1 <0.01
are shown in bold
a 1.00 b 1.00
b b b b b b
075 —F— a —E— a £ S, o7 a r=E —E—
= £ a
IS a + I K + —— a
£ S
5 £ I
T o % [ ] within =~ © o [] within
w D Among % D Among
S <)
w [
0.25 0.25
0.00 0.00

1 2 3

Coflowering module

Fig. 3 Mean (+SD; untransformed data) of floral trait simi-
larity within and among co-flowering modules for the dune
community (a) and coastal scrubland (b). Floral trait similar-
ity between pairs of plant species was calculated using Gow-

modules in both communities (PERMANOVA:
F,=0.60, p>0.05 and F|,=4.1, p>0.05, dune
and scrubland respectively). However, plant—polli-
nator subnetworks showed changes in the frequency
of pollinator interactions in both communities
(Fig. 1b, 2b). For example, Apis mellifera (Apidae),
the species with the higher abundance in both com-
munities, showed differences in the frequency of
visits between co-flowering modules (Fig. 1b, 2b;
figure code Am). Moreover, some pollinator spe-
cies were not present in all co-flowering modules
(e.g., Xylocopa mexicanorum Apidae in the dune or
Condylostylus longicornis Diptera, in the scrubland,

1 2 3

Coflowering module

er’s pairwise distance (1-dissimilarity). Different letters indi-
cate significant differences (p <0.05) of floral trait similarity
between each co-flowering module through Tukey’s post-hoc
comparisons

see Fig. 1b, 2b; figure codes Xm and Condy, respec-
tively), or showed a very low frequency in some co-
flowering modules but a higher frequency in others
(e.g., Ceratina capitosa Apidae, see Fig. 2b; figure
code Cera).

The plant—pollinator subnetworks of each co-
flowering module showed changes in nestedness in
both communities (Table 2; Fig. 1b, 2b). While in the
dune community two of the three co-flowering mod-
ules showed no significant nestedness (co-flowering
module 1 and 3, Table 2), in the scrubland only one
of the co-flowering modules did not show signifi-
cant nestedness (co-flowering module 2; Table 2).
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Coflowering module

Fig. 4 Mean («SD) pollinator sharing within and among co-
flowering modules for the dune community (a) and coastal
scrubland (b). Pollinator sharing between pairs of plant species
was calculated using Pianka overlap index. Different letters

Table 2 Network-level parameters of two coastal communities
(dune and scrubland). Plant—pollinator subnetworks were con-
structed from the co-flowering modules. Network parameters

b
1.00
a
h a
0.75
2 b ]
©
AR I =
5 o a — L] within
.g D Among
S
o
0.25

1 2 3

Coflowering module

indicate significant differences (p <0.05) of pollinator sharing
between each co-flowering module through Tukey’s post hoc
comparisons

were not estimated for co-flowering module four because of
the low number of plant species

Network-level structure

Plant—pollinator subnetworks

Co-flowering module 2
0.44*

0.25%

0.33*

Co-flowering module 2
0.41

0.17*

0.35%

Co-flowering module 3
0.46

0.17*

0.33*

Co-flowering module 3
0.59*

0.35%

0.42%

Dune Co-flowering module 1
Nestedness -0.18
Modularity 0.45*
Specialization H," 0.60%*

Scrubland Co-flowering module 1
Nestedness 0.61%
Modularity 0.21*
Specialization H,” 0.21%*

*Network-level parameters with significant p-values (p <0.05)

In contrast, in both communities the modular struc-
ture of plant—pollinator subnetworks were significant
across all the co-flowering modules (Table 2). Like-
wise, the specialization values (H,") were significant
in all co-flowering modules in both communities
(Table 2).

Finally, the analysis of the role of pollinator spe-
cies showed that in both communities, plant—pollina-
tor subnetworks were mainly composed by periph-
eral species across co-flowering modules (>85%
and>78.9%, sand dune and scrubland community
respectively; see Fig. S2 a, b). Additionally, while

@ Springer

“module hub” species were slightly less represented
in the dune than in the scrubland across all co-flow-
ering modules (< 15% and <21%, dune and scrubland
respectively), the percentage of network hub and con-
nector species was very low in the scrubland. Specifi-
cally, only Geron sp. was identified as network hub
in the subnetwork 1 and Apis mellifera as connector
in the subnetwork 2 (see Fig. S2 b; code D3 and Am,
respectively).
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Discussion

Overall, our results stress the importance of consid-
ering the consequences of the temporal organization
of flowering within communities to better understand
the subjacent mechanisms mediating the structure of
plant—pollinator networks. The analysis of co-flow-
ering networks showed that in the studied communi-
ties the organization of flowering phenology was not
random. On the contrary, it showed the existence of
a modular organization based on the distribution
of the frequency and intensity of flowering overlap
among species (i.e., co-flowering modules). In these
co-flowering modules, we expected that plant—plant
interactions via pollinator sharing, would be “regu-
lated” by the level of floral trait similarity (Moeller
2004; Ghazoul 2006; Sargent and Ackerly 2008;
Arceo-Gomez et al. 2018; Albor et al. 2020) with
consequences for the structure of plant—pollinator
subnetworks (Junker et al. 2013; Chamberlain et al.
2014; Maruyama et al. 2014; Suarez-Marifio et al.
2022). Specifically, we expected that greater floral
trait similarity within co-flowering modules would
result in greater pollinator sharing and consequently
in a higher level of generalization in plant—pollina-
tor subnetworks. However, our analysis showed first,
that floral trait similarity was always significantly
lower within co-flowering modules when compared
to between co-flowering modules, although this
was dependent on the identity of each module (co-
flowering module X interaction type). Second, that
floral trait similarity was not reflected in a clear pat-
tern of pollinator sharing. Furthermore, although
these results suggested that lower floral trait similar-
ity would promote a decrease in pollinator sharing,
the results showed that in the sand dune we did not
observe significant differences, and in the scrubland
the effect was dependent on the identity of each co-
flowering module.

However, although the patterns of floral trait simi-
larity and pollinator sharing apparently were not con-
sistent in both communities, the results may help to
explain the changes in the structure of plant—pollina-
tor subnetworks. In the scrubland we observed that
in the co-flowering modules where pollinator sharing
was significantly higher (co-flowering modules one
and three), the nestedness and the modular structure
of plant—pollinator subnetworks were significant,
and in the co-flowering module where pollinator

sharing was the lowest observed (<40%; see Fig. 3),
the corresponding subnetwork showed no significant
nestedness structure, but significant modularity. In
contrast, in the sand dune the subnetworks of two co-
flowering modules did not show a significant nested
structure (co-flowering modules one and three).
Moreover, in these co-flowering modules, pollinator
sharing was significantly lower than in the co-flow-
ering module that did show significant nestedness.
These results suggest that the high floral trait simi-
larity observed in both communities, accompanied
by variation in pollinator sharing across flowering
phenology, could shape the structure of plant—polli-
nator subnetworks although these effects appear to be
community-dependent.

Different studies have pointed out the importance
of considering not only flowering phenology, or the
phenological coincidence between plants and polli-
nators, but also other factors such as floral and mor-
phological traits of pollinators to better understand
the mechanisms involved in the structuring and spa-
tial and temporal variation of plant—pollinator net-
works (e.g., Kaiser-Bunbury et al. 2010; Bergamo
et al. 2017; Valdovinos 2019; Lazaro et al. 2020; Per-
alta et al. 2020; Suarez-Marifio et al. 2022). In this
work we proposed the existence of a “controlling”
effect of floral trait similarity on pollinator sharing
with consequences for the structuring of plant—pol-
linator subnetworks emerging from the co-flowering
modules. However, our results suggest that such an
effect may be minor or variable across flowering phe-
nology in co-flowering communities. It is likely that
the high level of floral trait similarity observed in our
coastal communities (74+0.15% and 73% +0.15%;
sand dune and scrubland, respectively) is limiting the
discrimination capacity of floral visitors, eliminat-
ing or attenuating their effect on pollinator sharing as
has been suggested in these and other communities
(Gibson et al. 2012; Parra-Tabla et al. 2019; Albor
et al. 2020; Suarez-Marifio et al. 2022). However,
it is also possible that although we used floral traits
that have been widely described as relevant for pol-
linator attraction (e.g., Caruso 2000; Spaethe et al.
2001; Hirota et al. 2012; Zhao et al. 2016), we may
have omitted other important floral traits. For exam-
ple, it has been documented that traits such as the
quantity or quality of nectar or floral scents can deter-
mine not only the identity of pollinators but even
explain the level of generalization/specialization of
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plant—pollinator networks (e.g., Knudsen y Tollsten
1993; Ornelas et al. 2007; Junker et al. 2010; Prieto-
Benitez et al. 2016; Kantsa et al. 2018; Burkle and
Runyon 2019). For example, Burkle and Runyon
(2019) found that floral volatile organic compounds
(VOCs) influenced strongly the level of generalized
plant—pollinator interactions, attracting more pollina-
tors and contributing importantly to the nested struc-
ture of plant—pollinator network. In our communities,
the high proportion of peripheral species suggests the
existence of other floral traits that may be helping to
maintain an important level of specialization.

On the other hand, it is also likely that the effect
of floral traits depends on the identity of pollinators
across the co-flowering modules (Biella et al. 2017;
CaraDonna et al. 2017). However, in both commu-
nities the analysis of pollinator species composition
between co-flowering modules showed no significant
differences, suggesting that variation on pollinator
sharing depends on plant species composition in each
co-flowering module. Thus, the effect of co-flowering
species composition could also have driven interac-
tion rewiring between plants and pollinators (Olesen
et al. 2011; Campos-Navarrete et al. 2013; Cuartas-
Hernandez y Medel 2015; Biella et al. 2017). Inter-
action rewiring is relevant not only because it shapes
the structure of plant—pollinator networks but also
because it defines the role played by each pollinator
species in the networks (e.g., Campos-Navarrete et al.
2013; Watts et al. 2016, Biella et al. 2017, CaraDonna
et al. 2017; CaraDonna y Waser 2020).

Plant—pollinator subnetworks constructed for each
co-flowering module in both communities showed a
significant level of specialization throughout the flow-
ering season. This specialization was revealed by the
specialization (H,") and modularity (Q) estimators,
which corresponded to the high proportion of special-
ized (peripheral) species detected in the subnetworks
by the analyses of the role of pollinators (Olesen
et al. 2011; and see Jacquemin et al. 2020; Hinton
and Peters 2021). Specifically, these analyses showed
that in both communities ca. 80% of all pollinators
can be considered as specialists, characterized by a
low number of links with plant species from the same
module of the plant—pollinator subnetworks (Olesen
et al. 2011). Moreover, in scrubland only Geron sp.
(Diptera; figure code D3) and Apis mellifera (Apidae;
figure code Am) were identified as super general-
ist and highly connected species (i.e., “network hub”
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and “connector” species; see Fig. S2 a, b, respec-
tively). The role of the pollinators within the net-
works is defined both by their use of floral resources
(frequency of visits and richness of pant species vis-
ited), and the way in which they distribute their vis-
its among the plant—pollinator modules within the
plant—pollinator networks. Thus, while Geron sp. was
identified as a super generalist because it visited all
plant species in the subnetwork of the co-flowering
module 1, A. mellifera was identified as a connector
because it participated in most of the modules (5/7)
of the subnetwork 2. Both species have been reported
as frequent species in coastal co-flowering communi-
ties in the Yucatan, and in the case of A. mellifera has
been typically reported as the species with the highest
number of pollinator interactions (Campos-Navarrete
et al. 2013; Parra-Tabla et al. 2019; Albor et al. 2019;
Suérez-Marifio et al. 2022). Interestingly, the analysis
of the role of pollinators also showed that the species
can modify their role across co-flowering modules,
underling the importance of plant species composi-
tion within co-flowering modules in the process of
plant—pollinator subnetworks rewiring, and in the def-
inition of the role of pollinators. For example, in the
sand dune A. mellifera could be identified as a highly
connected or specialist species (Fig. S2 a), and in the
scrubland Geron sp. was identified as highly general-
ist, generalist or even peripheral species (see Fig. S2
b).

Overall, our results support other studies by show-
ing that generalization is not a persistent feature of
plant—pollinator networks (e.g., Rasmussen et al.
2013; Biella et al. 2017; Wang et al. 2020; Schwarz
et al. 2020). Likewise, our data supports the idea put
forward by several studies that suggest that aggrega-
tion of flowering and flower visitation data, as tradi-
tionally analyzed in plant—pollinator networks (Bas-
compte and Jordano et al. 2007), may obscure our
understanding of the temporal dynamics that exist
in these networks and underestimate the importance
of specialization in co-flowering communities (e.g.,
Petanidou et al. 2008; Rasmussen et al. 2013; Biella
et al. 2017; CaraDonna et al. 2017; Sajjad et al. 2017;
Schwarz et al. 2020).

However, in contrast to other studies cited, our
work highlights the importance of explicitly consider-
ing the organization of flowering phenology (and see
Biella et al. 2017; Arceo-Gomez et al. 2018), as well
as factors such as floral trait similarity and pollinator
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sharing to advance our understanding of the mecha-
nisms explaining temporal changes in the structure of
plant—pollinator networks.
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