A w N e

o un

10

11

12

13
14
15

16

17

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Implications of dominance hierarchy on hummingbird-plant

interactions in a temperate forest in Northwestern Mexico
Gabriel Lopez-Segoviano!, Maribel Arenas-Navarro?, Laura Edith Nufiez-Rosas® and, Maria del
Coro Arizmendi?

! Escuela Nacional de Estudios Superiores (ENES) Unidad Morelia, Universidad Nacional
Autonoma de México (UNAM), Morelia, Michoacan, México.

ZInstituto de Investigaciones en Ecosistemas y Sustentabilidad (IIES), Universidad Nacional
Autonoma de México (UNAM), Morelia, Michoacan, México.

3 Facultad de Estudios Superiores Iztacala, Universidad Nacional Auténoma de México,
Tlalnepantla, Edo. México, México.

Corresponding author:
Maria del Coro Arizmendi

Laboratorio de Ecologia, UBIPRO Facultad de Estudios Superiores Iztacala, Universidad
Nacional Auténoma de México Av. de los Barrios 1, Los Reyes Iztacala, Tlalnepantla, Edo.

México, México, CP 54090. [Dio formato: Inglés (Estados Unidos)
Email address: coro@unam.mx [Cédigo de campo cambiado
ABSTRACT

The structuring of plant-hummingbird networks can be explained by multiple factors, including
species abundance (i.e. the neutrality hypothesis), matching of bill and flower morphology,
phenological overlap, phylogenetic constraints, and feeding behavior. The importance of
complementary morphology and phenological overlap on the hummingbird-plant network has
been extensively showed, while the importance of hummingbird behavior has received less
attention. In this work, we evaluated the relative importance of species abundance, morphological
matching, and floral energy content —and—phenelegwal—eve#a&m predlctlng the frequency of
hummingbird-plant interactions. matehs# nergys-andph v :
frequeney-ofinteractions—Then, we determlned Whether the hummmgblrd species' domlnance
hierarchy is associated with modules within the network. Moreover, we evaluated whether
hummingbird specialization (d’) is related to bill morphology (bill length and curvature) and
dominance hierarchy. Finally, we determined whether generalist core hummingbird species are
lees dominant in the community. We recorded plant-hummingbird interactions and behavioral
dominance of hummingbird species in a temperate forest in Northwestern Mexico (El Palmito,
Mexico). We measured flowers’ corolla length and nectar traits and hummingbirds’ weight and
bill traits. We recorded 2272 interactions among 13 hummingbird and 10 plant species. The main
driver of plant-hummingbird interactions was species abundance, consistent with the neutrality
interaction theory. Hummingbird specialization was related to dominance and bill length, but not
1
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to bill curvature of hummingbird species. However, generalist core hummingbird species (species
that interact with many plant species) were less dominant. The frequency of interactions between
hummingbirds and plants was determined by the abundance of hummingbirds and their flowers,
and the dominance of hummingbird species determined the separation of the different modules
and specialization. Our study suggests that abundance and feeding behavior may play an
important role in North America's hummingbird-plant networks.

Keywords: Ecological networks, aggressive dominance, morphological traits, David's score.

INTRODUCTION

Ecological network theory allows the comparison of interactions among highly diverse ecological
communities and provides methods to quantify and compare interaction patterns across
communities (Bascompte & Jordano, 2006, 2007a). Network structure can result from the
simultaneous influence of species abundance and the constraints imposed by complementarity in
species phenotypes, phenologies, spatial distributions, phylogenetic relationships, and sampling
artifacts (Vazquez, Chacoff & Cagnolo, 2009). As a result, two main hypotheses have been
postulated as the main factors modulating the occurrence of plant-pollinator interactions
(Sazatornil et al., 2016). The neutrality hypothesis refers to the presumption that species
abundances drive interaction frequencies, with more abundant species having more interaction
partners and higher interaction frequencies than rarer species (Vazquez et al., 2007, 2009;
Krishna et al., 2008; Vazquez, Chacoff & Cagnolo, 2009; Sazatornil et al., 2016; Simmons et al.,
2021). In contrast, the forbidden links hypothesis postulates that network patterns are constrained
by morphological trait-matching, phenologies, spatial distributions, and phylogenetic

relationships of plants and pollinators (Jordano, Bascompte & Olesen, 2003; Vazquez, Chacoff & [ Dio formato: Inglés (Estados Unidos)

Cagnolo, 2009; Vizentin-Bugoni, Maruyama & Sazima, 2014; Sazatornil et al., 2016; Simmons [cédigo de campo cambiado

et al., 2021), Thus, two species cannot interact if their phenologies do not overlap or do not [Dio formato: Inglés (Estados Unidos)

match morphologically (Vazquez, Chacoff & Cagnolo, 2009; Vizentin-Bugoni, Maruyama &
Sazima, 2014). For example, phenological overlap is an important driver of hummingbird-plant
assemblages in some places in Mexico (Martin Gonzalez et al., 2018; Chavez-Gonzalez et al.,
2020). In seasonal regions, for instance, phenological overlap may be particularly important
because hummingbirds’ migratory behavior leads to high seasonal turnover in species
composition (Sonne et al., 2020).

Trait matching between hummingbird's bill traits and flowers’ corolla traits are an
important driver of hummingbird-plant assemblages (Wolf & Stiles 1989, Maglianesi et al.
2014a, Sonne et al. 2019). This morphological matching reflects coevolutionary processes that
are understood as increasing species' coexistence and decreasing competition for floral resources
and pollinators (Wolf & Stiles, 1989; Cotton, 1998). In this context, specialization (species that
interacts with a relatively small number of the available partners; Vazquez & Aizen 2005) and
modularity (interactions organized in sets of interacting species or modules; Olesen et al. 2007)
can be related to trait matching in hummingbird-plant networks (Sonne et al., 2020; Dalsgaard et
al., 2021). However, matching between hummingbirds' bills and the flowers’ corollas declines
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along latitudinal and altitudinal gradients, where strong seasonality in terms of temperature
makes phenological overlap the main driver of hummingbird-plant interaction frequencies (Sonne
et al., 2020). Accordingly, hummingbird communities of North America have less diverse bill
morphology than communities in tropical environments (Stiles, 1981; Kodric-Brown et al., 1984;
Brown & Bowers, 1985), leading to less specialized and less modular networks (Dalsgaard et al.,
2011; Sonne et al., 2020).

In the Mexican hummingbird-plant assemblage, migratory behavior is apparently as
important as hummingbird and flower morphological traits for structuring interactions at the
community level (Martin Gonzalez et al., 2018; Chavez-Gonzalez et al., 2020). In addition to
morphological restrictions, inter and intraspecific competition could be important factors for
structuring hummingbird-plant networks (Feinsinger, 1976; Wolf, Stiles & Hainsworth, 1976;
Maglianesi, Bohning-Gaese & Schleuning, 2014). For example, some studies have focused on the
importance of dominance hierarchy in network structure and its relationship with core-periphery
species (Dworschak & Bliithgen, 2010; Dattilo, Diaz-Castelazo & Rico-Gray, 2014).

Dominance hierarchy among species can affect the visitation frequency of a hummingbird to a
specific plant species (Wolf, Stiles & Hainsworth, 1976; Lopez-Segoviano, Bribiesca &
Arizmendi, 2018). The strength of species interactions plays an essential role in determining the
specialization, modularity, and core-periphery status (Bliithgen, Menzel & Bliithgen, 2006;
Dormann & Strauss, 2014; Martin Gonzalez et al., 2020). Hence, dominance hierarchy could
influence the structure of hummingbird-plant networks and determine hummingbird
specialization (Ramirez-Burbano et al., 2022). The existence of a dominance hierarchy may lead
to differential utilization of plants by hummingbirds depending on the hummingbird’s place in
the hierarchy and the caloric value of the plant’s nectar, with the most dominant hummingbird
species feeding mainly on plant species that offer more calories per flower (Lopez-Segoviano,
Bribiesca & Arizmendi, 2018). Therefore, we expect that the dominant hummingbird species can
act as specialized and the less dominant species as-aet generalists in the hummingbird-plant
network.

In a temperate forest located in northwestern Mexico—El Palmito, Sinaloa—14
hummingbird species coexist during fall and winter, when there is a high abundance of flower
resources and several migratory hummingbird species arrives (Lopez Segoviano 2018, Lopez-
Segoviano et al. 2018b, a, 2021). At El Palmito, the hummingbird community is structured by
aggressive dominance relationships associated with the quality of floral resources (Lopez-
Segoviano, Bribiesca & Arizmendi, 2018). Therefore, in this work, we assessed the dominance
hierarchy of hummingbird species and its influence on species’ roles (specialization), as well as
its association with module separation within the hummingbird-plant visitation network. To do
this, we first evaluated the relative importance of species abundance, morphological match, and
nectar energy; and-phenelogical-everlap-in predicting the frequency of interactions. Then, we
determined whether the hummingbird species' dominance hierarchy is associated with modules
within the network. Moreover, we evaluated whether hummingbird specialization (d’) is related
to bill morphology (bill length and curvature) and dominance hierarchy. Finally, we determine
whether generalist core hummingbird species are lees dominant in the community.



118
119
120

121
122
123
124
125
126
127
128

129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

148

149
150
151
152
153
154
155
156

METHODS
Study Area

The study site is located in the Sierra Madre Occidental near the community of El Palmito,
Concordia (23°3520 N, 105°52'0 W) in Sinaloa, Mexico, between 1,800 and 2,200 m asl. The
climate is temperate sub-humid, with an average annual precipitation of 1,247 mm (SMN, 2016).
Vegetation is constituted mainly of pine-oak, oak-pine, and pine forest, cloud forest, and riparian
and secondary vegetation (Avila-Gonzélez et al., 2019). Fieldwork was conducted from 10
November 2010 to 24 February 2011 in a 300 ha area presenting a mixture of these vegetation
types. The largest number of hummingbird species and floral resources are present in El Palmito
during the fall/winter season (Lopez Segoviano, 2018).

Hummingbird interactions

The quantitative hummingbird—plant interaction network was constructed based on observations
of legitimate visits (when hummingbirds contacted the flowers’ reproductive structures). We
considered the number of visits to be a measure of the strength of the interactions. A visit was
defined as when a hummingbird probed at least one flower on an individual plant species
(Maruyama et al., 2019). We quantified the visitation rate and interactions among hummingbirds

by conducting observations at a distance of ~8 m from the plant species (following Cotton 1998).

We observed 338 hours of hummingbirds visits to ten plant species (Salvia elegans, S.
gesneriiflora, S. iodantha, S. mexicana, Cuphea watsoniana, C. pinetorum, Loeselia mexicana,
Cestrum thyrsoideum, Castilleja arvensis and Agave inaequidens subsp. barrancensis). The
number of observed hours for each plant species was proportional to its abundance in the study
area (described below). BehavieuralBehavioral observations were performed daily by two
observers at one-hour intervals between ‘07:00 and 15:00 h, ]recording the hummingbird species,
visitation to flowers, and the outcomes of aggressive interactions between hummingbirds. We
considered aggressive interactions when hummingbird chasﬁ, vocalize bnd attack other
hummingbirds (Kodric-Brown et al., 1984; Cotton, 1998; Camfield, 2006). We identified the
winner of an aggressive interaction as the hummingbird that returned to feed or perchl after it had
successfully defended and/or chased off another hummingbird from a floral patch (Justino,

Maruyama & Oliveira, 2012).
Hummingbird and flowers pheneoloegy-and-abundance

To evaluate the phenoleogy-and-abundance of hummingbirds and the flowers they visited, we
counted hummingbirds in fixed-radius plots (25 m radius) and flowers along transects measuring
40 m in length and 5 m in width within each fixed-radius plot (Lopez-Segoviano et al. 2018a).
We established 20 plots separated by at least 188 m, which were fixed and distributed to
represent the heterogeneity of the study site (Lopez-Segoviano et al. 2018a). During 10 min, two
observers identified and counted all hummingbirds visually or acoustically detected in a plot
(Tinoco, Santillan & Graham, 2018); when the bird survey was finished, we counted all flowers

in a transect. We excluded hummingbirds flying over the fixed-radius plot to avoid an

Comentado [AMf1]: Did you consider time in your
dominance data? | just saw one interaction matrix without
any time data. What data did you use for the elo-rating
method? Please add raw data!

Comentado [AMf2]: If a hummingbird vocalizes and the
others don’t leave, that means the hummingbird that
vocalize lost the interaction? How did you handle this type of
behaviors?

Comentado [AMf3]: Did you have a hummingbird
defending the flower patch? Did you consider the interaction
of these individual repeatedly with others? This individual
represents the total of the species or it was only that VERY
aggressive individual?

Comentado [AMf4]: How did you know it was the same
individual? Or did you consider also when it chased the other
individual without caring if that individual came back?
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overestimation of hummingbird abundance. All plots and transects were sampled every ten days [Comentado [AMf5]: Nice!

from 12 November to 20 February in 2010-2011, resulting in 11 samples.
Hummingbird and flowers traits

We measured bill morphological traits (bill length and curvature) in live-caught hummingbirds
and museum specimens housed at the Museum of Zoology ‘Alfonso L. Herrera’ (MZFC,
UNAM) and Coleccion Nacional de Aves (Instituto de Biologia, UNAM). Three standard mist
nets (12 x 3 m) were placed near flowering sites to capture hummingbirds during fieldwork. Mist
nets were operated for an eight hour period beginning at sunrise during four days in each
sampling period. Ten sampling periods were conducted from 12 November 2010 to 26 February
2011. Following Maglianesi et al. (2014a), we measured bill length and curvature, since these
morphological traits have been found to affect plant-hummingbird interactions. Bill length (mm)
of each captured individual was measured using a calliper, and bill curvatures (°) was calculated

with the angle tool using ImagelJ software (http://rsbweb.nih.gov/ij/) from lateral photographs [Cc’;digo de campo cambiado

from each individual.

We measured flower morphology (corolla's length, diameter, and curvature) and nectar
characteristics (concentration, volume, and calories) of plant species visited by hummingbirds
(Maglianesi et al., 2014). To calculate corolla curvatures (°), we used the same method of bill
curvature. We quantified the mean sugar production per flower for each species by measuring the
nectar produced and sugar concentration from recently opened flowers that were bagged for 24 h
(Tinoco, Santillan & Graham, 2018). Nectar was extracted using microcapillary tubes, and nectar
concentration was measured using a portable refractometer (0—32 Brix). Calories produced per
flower was calculated by multiplying nectar volume (uL) by sugar concentration (mol) by 1.34,
as proposed by Stiles (1975). We calculated mean values for each of the ten plant species using
11-134 individuals (depending on their abundance).

Dominance hierarchy

We calculated the hummingbird species' dominance hierarchy at El Palmito using David's score
(Ds = w + w? — [ — I). This score reflects the proportion of wins by species i in its interactions
with species j, as w + w? — [ — 2, where w is the number of i’s wins, / is i’s losses, w® is the wins
of species defeated by #, and /® is the losses of species to whom 7 lost (David, 1987; de Vries,
1998). This index for ranking dominance was designed for an incomplete data matrix, with paired
comparisons in which not all species compete against each other (David, 1987). The resulting
David's scores indicate the dominance rank of each hummingbird species within the interspecific
interaction matrix (Lopez-Segoviano, Bribiesca & Arizmendi, 2018), in this case, 13
hummingbird species.

Like David's score, [Elo-rating has been used to assess the dominance hierarchies of the
hummingbirds previously (Marquez-Luna et al., 2022), and this two methods allow us ratings
parametric statistical testing (Sanchez-Tojar, Schroeder & Farine, 2018). In recent years,

Comentado [AMf6]: This method is a method for the
sequential estimation of dominance strengths, so you need
time data. Do you have this?

Séanchez-Tojar et al. (2018) added quantifying the uncertainty of an inferred dominance
hierarchy, and Neumann and Fischer (2022) incorporated the Bayesian approach to estimate Elo-

Con formato: Sangria: Primera linea: 1,25 cm,
Interlineado: sencillo

rating dominance hierarchies. The original Elo-rating method was established by Elo (Elo, 1961),
5



http://rsbweb.nih.gov/ij/

197
198
199
200
201
202
203

204

205
206
207
208
209
210
211
212
213
214
215
216
217

218

219

220

221
222
223
224
225
226
227
228
229

230

231
232
233
234
235
236

where the rating of the contest's winner is increased by an amount that depends on the chance of

winning: the amount is negligible if the chance of winning is high vice versa (Albers & De Vries,

2001). Also, the order in which the contests were held affects the inference of the contestants'
dominant rank since after knowing each contest's result, the contenders' score is updated
(Mérquez-Luna et al., 2022). The Elo-rating calculation procedure assumes that the chance of A
winning from B is a function of the difference in the current ratings of the two contestants
(Albers & De Vries, 2001).

pA=1/(1+exp(-0.01(EloA-EloB)))

where pA is the probability that the species A wins, while EI0A is the punctuation of the species
A before the contest, and EloB indicates the punctuation of species B before the contest.
Neumann and Fischer (2022) implemented a Bayesian framework for Elo-rating called STEER
(Steepness estimation with Elo-rating), which captures uncertainty on multiple levels: first, the
uncertainty arising from the sequence itself, that is, by randomizing the order in which
interactions are considered; second, from the actual rating process, that is, using Bayesian
estimates of k and start ratings. The new method is based on the following: A has the highest
rating among the four individuals, and we can calculate A's expected winning probabilities with

the three remaining individuals (Neumann & Fischer, 2023). Since A's rating is the highest rating

of all individuals, all its winning probabilities are larger than 0.5 and turn out to be all larger than

0.8 (Neumann & Fischer, 2023). We used an interaction matrix (477 interactions between 13
species) to performant the analysis with 20 randomized sequences and 2000 iterations with the
function elo_steepness_from_matrix of the R package EloSteepness (Neumann, 2022):

Network Analysis
Specialization

To calculate the degree of specialization (d’) of hummingbirds and plant species within the
interaction network, we used the function “specieslevel” in the bipartite package (Bliithgen,
Menzel & Bliithgen, 2006; Dormann, Gruber & Friind, 2008). The d’ value is derived from the
Kullback-Leibler distance; it measures the deviation of the actual interaction frequencies from a
null model that assumes that all partners interact in proportion to their availability (Bliithgen,

Menzel & Bliithgen, 2006). The d’ value ranges from 0 for the most generalized to 1 for the most

specialized species (Bliithgen, Menzel & Bliithgen, 2006). The d’ values were weighted by total
interaction frequencies of hummingbirds (square root transformed) following Maglianesi et al.
(2014a).

Core-periphery

To determine the hummingbird species' core and periphery roles within the interaction network,
we used the function “CPness” in the econetwork package (Miele et al., 2020; Martin Gonzalez

et al., 2020; Miele, Ramos-Jiliberto & Vazquez, 2020). The CPness function displays a matrix of
core-periphery structure, and there is a species ordering such that interactions are distributed in an
L-shape composed of four blocks of varying connectance (see Martin Gonzalez et al. 2020, Miele

et al. 2020b). The core-periphery species was determined by CPress=(E11+E12+E21)/E, where

6
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Ejj is the number of interactions (edges) or the sum of weights for each block (Eij for block ij) or
for the entire network (E) (Miele et al., 2020; Martin Gonzalez et al., 2020).

Modularity

To calculate the modularity (Q) within the network we used the Beckett algorithm
(DIRTLPAwb+) for weighted (quantitative) bipartite networks (Dormann & Strauss, 2014), for
maximized weighted modularity in bipartite networks (Beckett, 2015). The modularity (Q)
measures aggregated sets of interacting species within the network, ranging from 0 to 1
(Dormann & Strauss, 2014). Modularity values are highest when each module is isolated from
the rest of the network (Beckett, 2015). We used the number of Markov chain Monte Carlo
(MCMC) moves to yield no improvement before the algorithm stops set to 107 steps (Dormann &
Strauss, 2014). Higher Q values indicate that the data support the division of a network into
modules. Following Maruyama et al. (2014), we performed 50 independent runs and retained the
module conformation with the highest O value. Because the algorithm is stochastic, the module
arrangement can vary between each run, so we evaluated whether the Q value of each network
was different than expected by chance, performing a null model (“Patefield algorithm”) for Q
values with 100 randomly generated network replicates using the observed species richness and
interaction heterogeneity. We used the Q values in the randomizations to calculate the z-score
which is the number of standard deviations a datum is above the mean of the 100 randomized
networks (Maruyama et al., 2014).

Constructing and contrasting interaction probability matrices

To evaluate which factors contributed to the structure of the observed flower-hummingbird
interactions, we constructed interaction probability matrices and used the likelihood approach
proposed by Vazquez et al. (2009) and later modified by Vizentin-Bugoni et al. (2014). We built
an observed matrix (O) with the total number of interaction plant-hummingbird events detected
where rows corresponded to plant species (i) and columns to pollinators (f). Additionally, we
constructed four probability matrices based on phenelegieal-everlap-(F)-morphological match
(M) asa forbrdden link model, abundance (A) asa neutrahty model, and calorrc value (C) e

whreh—eaeh—pl—am—aﬂd—hmmngbﬁé—ee—eeeurred—The probabrhty matrix based on morphologrcal

match (M) was based on hummlngbrrd b111 length and curvature and ﬂower corolla length and
curvature follow1ng Sonne et al. een i

abeut—?@—;%—ef—fheb%engﬂ%(@mﬂt—&—?emele@—@g%) first standardrzlng all trait varrablce to

zero mean and unit variance, second, the morphological match was calculated as the Euclidean

distance in traits between each hummingbird—plant pair. Then, we inverted the values of the
Euclidean distance matrix using Excel's MINVERSE function so that species with closed

matches had higher values and yice versa.- The probability matrix based on abundance (A)

contained flower abundance per plant species and the abundance of hummingbird species

[ Dio formato: Fuente: Cursiva
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recorded in the plots. Each flower abundance per plant species was multiplied by the abundance
of each hummingbird species to generate a matrix representing the product of all plant and
pollinator abundances (Vizentin-Bugoni, Maruyama & Sazima, 2014). The caloric value
probability matrix (C) was based on the calories produced as nectar per flower multiplied by
average number of flowers for each plant species combined with the hummingbird’s weight as
proposed by Maruyama et al. (2014). They combine the hummingbird weight with nectar
availability to incorporate species-specific differences among hummingbird species in the
probability of the interactions (Maruyama et al., 2014). Based on the rationale that larger
hummingbirds have a higher probability of interacting with plants providing higher rewards due
te excluding smaller hummingbirds through aggressive behavior (Maruyama et al., 2014).

We also constructed probability matrices with all the possible combinations (i.e. AC, MA,
EM;EMC, and EMAC) and normalized all probability matrices by dividing each cell by the
matrix sum (Vizentin-Bugoni, Maruyama & Sazima, 2014). For example, the cell values in
abundance (A) matrix were normalized by dividing each cell by the matrix sum such that its
elements totaled one, resulting in a probability matrix A (Vizentin-Bugoni, Maruyama & Sazima,
2014). We evaluate whether a probability matrix could predict the observed interactions by
determining whether cells with higher probability in our models also had a higher number of
interactions in the observed matrix (Vizentin-Bugoni, Maruyama & Sazima, 2014). We used the
difference in Akaike’s Information Criterion (AAIC) to compare the predictive ability among
models. AAIC is the value obtained by subtracting the best-fitting AIC from the best-fitting AIC
of each model (Vazquez, Chacoff & Cagnolo, 2009; Vizentin-Bugoni, Maruyama & Sazima,
2014). We considered that a model matrix better predicted the observed matrix when it has a
smaller AIC value, and models with AAIC <14 were considered equivalent (Burnham, Anderson
& Huyvaert, 2011).

Statistical Analysis

To examine if the hummingbird and plant species were grouped into modules and which are the
most important traits, we performed a principal component analysis (PCA) for each group. The
first PCA was done with the hummingbird traits (David’s score, weight, bill length, and
curvature) by species and a second with the floral traits (nectar volume, concentration and
calories, and corolla length, width, and curvature) by species. To evaluate whether hummingbird
species specialization (d’) was related to the dominance hierarchy, we performed a linear
regression between the hummingbirds’ dominance hierarchy [(Ds and Elo-ratingb and their degree
of specialization (d’). Also, we evaluated the relationship between bill length and curvature with
the degree of specialization (d°). We performed all analyses in R software version 4.2.3 3-63—~(R
Core Team, 2023).

RESULTS

We recorded 2 272 interactions among 13 hummingbird species and 10 plant species (Table S1).
The best predictor model for the hummingbird-plant interactions was the abundance (A) matrix,

Comentado [AMf8]: Again, please use the dominance
hierarchy just with the species with high dominance
certainty. If not, you may be assuming dominance
relationships.
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followed by the combination between the abundance (A) and merphelogy—caloric (CM) matrices
(Fig. 1).

The agonistic interaction network (477 interactions between [13 individuals) has 36.7
interactions per individual, 6.1 interactions per dyad, and 0.551 proportion of unknown
relationships. The credible interval (89 %) was between 0.81 and 0.87, and the mean steepness
was 0.84 (SD = 0.02). Both ratings evaluate that Rivoli's Hummingbird (Eugenes fulgens)
Mexican Violetear (Colibri thalassinus), and Blue-throated Mountain-gem (Lampornis

clemenciae) wereare the morest dominant in the community (Table 1).

We found a low modularity value of the hummingbird-plant network (Q = 0.201) that was<«

different from the null model when compared to the randomized differences of Q values (Z test,
P-values > 0.05). We found three modules: the first module contained the most dominant
hummingbird species (Rivoli's Hummingbird-Eugenesfirlgens, and Blue-throated Mountain-gem
Lampornis-eltemeneiae), which interacted mainly with Agave inaequidens flowers (Fig. 2 and
Table 1). The second module contained three dominant hummingbirds (Berylline Hummingbird
Saucerottia beryllina, Violet-crowned Hummingbird Ramosomyia violiceps, and Mexican
Violetear Colibri thalassinus), and three less dominant hummingbird species (Ruby-throated
Hummingbird Archilochus colubris, Costa’s Hummingbird Calypte costae, and Broad-billed
Hummingbird Cynanthus latirostris) interacting mostly with Cestrum thyrsoideum flowers (Fig.
2 and Table 1). The third module contained five less dominant hummingbird species (White-
eared Hummingbird Basilinna leucotis, Bumblebee Hummingbird Selasphorus heloisa, Calliope
Hummingbird S. calliope, Rufous Hummingbird S. rufus, and Broad-tailed Hummingbird S.
platycercus) that interacted mainly with flowers of Salvia species (Fig. 2_and Table 1).

The PCA with hummingbird traits and the Ds showed that the first two components of the
PCA explained 95.9 % of the total variance. The first axis (PC1) explained 73.875 % of the
variance and was related to the Ds (with the highest contribution; Table S2). The second axis
(PC2) explained 22.245 % of the variance and was related to bill curvature (with the highest
contrlbutlon) and bill length (F1g 3Aa) qihe—me%deimﬂaﬁt—htmmm%gbﬁd—%pee&es—ﬂ%%be%eﬂgeé

v e v - (Fig. 3a). The

second PCA w1th hummmgblrd traits and the Elo rating showed that the ﬁr@t two components of
the PCA explained 94.6 % of the total variance. The first axis (PC1) explained 72.2 % of the
variance and was related to weight (with the highest contribution; Table S2). The second axis
(PC2) explained 22.2 % of the variance and was related to bill curvature (Fig. 3B). The morest
dominant hummingbird species in PCA1 and PCA2 that belonged to module one were located in
the positive quadrant of PC1 and negative of PC2 in both PCA’s. The third seecend PCA with the
floral traits (Fig. 3C) showed that the first two components of the PCA explained 71.97 % of the
total variance (Table S3). The first axis (PE1) explained 52.13 % of the variance and was related
to nectar volume (with the highest contribution) and sugar concentration (brix). The second axis
PC2) explained 19.84 % of the variance and was related to flower length (w1th the hlghest
contribution) and width.-Fh g

positive-quadrant-of-both-axes. The species that make up module three were located in the
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positive quadrant of PCA1 and negative of PC2; while the species that belonged to module one
and two were located dispersed in the rest of the quadrants (Fig. 3b).

We found that more specialized hummingbird species were Rivoli's Hummingbird,
Violet-crowned Hummingbird, and Blue-throated Mountain-gem (Table S4). The species-level
network specialization (d ") was related to dominance (-Ds: R? = 0.78, F1,12= 38.280, P < 0.001
and: Elo-rating: R =0.71, Fi12=27.19, P <0.001; Fig. 4A and B), and bill length of
hummingbird species (R’ = 0.81, F,12=47.60, P < 0.001; Fig. 4C), while bill curvature was not
significantly associated (R*> = 0.12, F1,12=1.51, P = 0.244; Fig. 4D).

White-eared and Rufous hummingbirds were identified as the generalist core species of
the network (Fig. S1, and Table S4). These hummingbird species were the less dominant
hummingbird species at this area (Table S4).

DISCUSSION

We found that one of the main drivers of plant-hummingbird interaction frequencies was each
species’ abundance, as proposed by the neutrality interaction theory (Vazquez et al., 2009).
However, other studies have found that phenological overlap is the primary driver of the plant-
hummingbird assemblage in Mexico (Martin Gonzalez et al., 2018; Chavez-Gonzalez et al.,
2020). We do not include the phenological overlap to predict the frequency of hummingbird-
plant interactions. The study covers part of the year when the blooming of flower resources

influences the arrival of several mlgratory hummmgblrd spemes%%wbe@ep%ameé%y&h&faet

speere&mﬂueneeébyth&bleemmgeﬁﬂeweﬂeswees (Lopez Segov1ano et al ,2021). Thus

most flowering plants and hummingbirds coincide, and consequently, the phenological overlap
between species is a less important-driverin-predieting plant-hummingbird-interaction
frequeneies. Sonne et al. (2020) proposed that morphological matching is a less important driver
of plant-hummingbird interaction frequencies far from the equator. Biogeographical and
evolutionary history has an important role in patterns of trait-matching in hummingbird—plant
associations (Dalsgaard et al., 2021). North American hummingbird clades (Bees, Mountain
Gems, and Emeralds) are less morphologically specialized than those of other clades in south
America, such as the Hermits, Mangoes, and Patagonas, which have longer and more curved bills
(Rodriguez-Flores et al., 2019).

A high degree of specialization in resource use produces modules (Dormann & Strauss,
2014). Our results indicate that hummingbird species' dominance status and plants’ nectar
volume were the main traits that explain the separation of species into modules. The top species
in the dominance hierarchy fed mainly on Agave inaequidens flowers, which are among the most
abundant at our study site flowering plant species, and forming flower patches with higher energy
availability (Lopez-Segoviano, Bribiesca & Arizmendi, 2018). Thus, the modules are aggregated
in sets of interacting species, reflecting that these species are linked more tightly together than
species in other modules (Olesen et al. 2007, Dormann & Strauss 2014). In Mexico,
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biogeographic origin is one of the main factors that separates hummingbird modules at the
national scale (Martin Gonzalez et al., 2018), and along an altitudinal gradient at regional scale
the distribution of plant and hummingbird species separate modules (Lopez-Segoviano et al.,
2021).

Some studies propose that dominant behavienrbehavior can influence the preferences of
hummingbird species for floral resources (Stiles & Wolf, 1970; Sandlin, 2000; Maglianesi et al.,
2014; Lopez-Segoviano, Bribiesca & Arizmendi, 2018), which can affect the rates of flower
visitation that may be reflected in the hummingbird-plant network. Our study revealed that
hummingbird species’ specialization was related to their place in the dominance hierarchy of the
hummingbird community, in contrast to the findings of Ramirez-Burbano et al. (2022), where the
dominance hierarchy had a negligible effect on determining hummingbird specialization in the
visitation network of feeders and plants in gardens. The authors attribute the lack of influence of
the dominance hierarchy on specialization in that even non-dominant species can use the best
food resources as territory intruders (Justino, Maruyama & Oliveira, 2012; Ramirez-Burbano et
al., 2022). In addition, the hummingbird community of this study in Colombia is morphologically
complex, with some non-territorial and specialized hermit species (Stiles, 1975; Feinsinger &
Colwell, 1978). Consequently, morphological matching was the most important determinant of
pairwise interactions (Ramirez-Burbano et al., 2022). It should be noted that in studies in the
tropics, the non-territorial hermits were the most specialized species (Maglianesi et al., 2014,
2015). Hermits’ complementary bill morphology allows them access to almost exclusive
resources, at the same time as it provides plants the best vectors for their pollen (Stiles, 1975;
Wolf & Stiles, 1989; Maruyama et al., 2014; Maglianesi et al., 2014). In the temperate forest in
Mexico, hummingbird species do not have exclusive resources; rather, they defend the floral
resources they depend on for energy (Sandlin 2000, Rodriguez-Flores & Arizmendi 2016, Lopez-
Segoviano et al. 2018b). Aggressive dominance allows the dominant species to access the best
food resources (Stiles & Wolf, 1970; Wolf, Stiles & Hainsworth, 1976; Sandlin, 2000;
Rodriguez-Flores & Arizmendi, 2016; Lopez-Segoviano, Bribiesca & Arizmendi, 2018). Hence,
the most dominant hummingbird species have the strongest interaction with the plant species
whose flowers provided the highest energy floral reward, A. inaequidens (Lopez-Segoviano et al.
2018b).

It has been reported that hummingbirds' bill traits influence their degree of specialization
in the hummingbird-plant interaction networks (Dalsgaard et al., 2009; Maglianesi et al., 2014,
2015; Tinoco et al., 2017; Sonne et al., 2019; Lopez-Segoviano et al., 2021). Our results showed
that hummingbirds’ d’ was related to bill length but not bill curvature. This-is-contrary-to-the
findings-ef Maglianesi et al. (2014a) in Costa Rica; foundwhere that bill curvature has an
important influence on hummingbirds’ degree of specialization as well as resource use and niche
partitioning in hummingbird assemblages (Maglianesi et al., 2014, 2015). However, in
Northwestern Mexico, the bill curvature of the hummingbird community is less than in tropical
regions. For example, in this study, Mexican violetear had the greatest curvature, which can be
very low compared to some species in tropical regions (i.e., Hermits). Meanwhile, in our study
the longer-billed and more specialized hummingbird species (Rivoli's Hummingbird and Blue-
throated Mountain-gem) preferred to feed on A4. inaequidens flowers. These flowers have
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generalized floral traits with a small and straight corolla that is morphologically accessible to all
hummingbird species at the study site. Morphologically specialized hummingbirds should avoid
visiting plants with generalized floral morphologies (i.e. short, straight floral corollas) to prevent
competition with hummingbirds with generalized morphologies (Maglianesi et al., 2015; Sonne
et al., 2019). In our study, the dominant species took the best resources by aggressively
competing for them, regardless of floral traits. It seems that in this case, it is more important for
hummingbirds to forage on flowers with high nectar volume than flowers with well-matched
morphology (Stiles, 1976).

Our results showed that the core generalist species (White-eared and Rufous hummingbirds) were
the less dominant hummingbird species. Contrary to what was described in an ant-plant network
(Dattilo, Diaz-Castelazo & Rico-Gray, 2014), in which the central core ants are generalists and
are competitively superior to peripheral and submissive ant species. White-eared and Rufous
hummingbirds had a medium bills and were the most abundant hummingbird in the region
(Lopez-Segoviano et al., 2018). In other hummingbird-plant networks, the hummingbird species'
generalization was described asi relatedies to their abundance (Simmons et al., 2019; Arizmendi
et al., 2021; Lopez-Segoviano et al., 2021). Likewise, the core generalist species are mainly
associated with the abundance of the species (Miele, Ramos-Jiliberto & Véazquez, 2020; Vitorino
et al., 2022).

Although dominance hierarchy shows some associations with assemblages between plants
and hummingbirds (Lopez-Segoviano, Bribiesca & Arizmendi, 2018), this pattern does not
reflect in the interaction frequencies. The plant-hummingbird interaction frequencies were driven
by abundance-based processes (neutral hypothesis; Vazquez et al. 2009a), and dominance
hierarchy may act as forbidden links. In this sense, Sazatornil et al. (2016) propose that the role
of niche-based processes that structure interactions between mutualistic partners can be much
more complex than previously established. In the study region, the three plant species in which
the interactions are concentrated were also the more abundant. Therefore, many of the
interactions were focused on these plant species, and even the two more abundant hummingbird
species (with lower dominance-speeies) visit the more abundant plant species with low caloric
content. Future studies will help to clarify the contributions of the dominance hierarchy to the
structure and assembly of hummingbird-plant communities by incorporating data from other sites
and communities.

It is essential to highlight that this study includes a temporal window of hummingbirds
and plants' possible interactions. The ecological conditions, such as forage availability and
predation risk, can be as-variable in time ands-they-are across space (Mayor et al., 2009).
Although we were able to record all of the hummingbird species that have been reported in the
region (Lopez Segoviano, 2018; Lopez-Segoviano et al., 2021), the feeding behavior of
hummingbirds and the structure of the network may change throughout the year (Marquez-Luna
et al., 2018; Bustamante-Castillo, Hernandez-Bafios & Arizmendi, 2020), and the aggressive
organization and specialization level of hummingbirds can vary depending on resource
availability (Justino, Maruyama & Oliveira, 2012; Rodriguez-Flores & Arizmendi, 2016; Tinoco
etal., 2017).
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CONCLUSIONS

Species abundance was the main driver of interactions in the plant-hummingbird assemblage (in
accordance with the neutrality hypothesis). This may be explained by the sampling period
restricted the appearance of forbidden links and did not reflect the importance of phenological
overlap. Within this network, aggressive dominance of hummingbird species determines the
separation into three different interaction modules. Thus, the relationship between hummingbird
species, and their level of aggressive dominance determine niche partitioning among species
(Lopez-Segoviano, Bribiesca & Arizmendi, 2018) and was reflected in the hummingbird-plant
assemblages. Our results suggested that feeding behavior may play an important role in North
America's hummingbird-plant networks. Aggressive dominance and bill length of hummingbird
species seems to be determinants of the hummingbird specialization of the hummingbird-plant
network. Further studies are needed in more diverse communities and throughout the year,
including the role of feeding behavior as a variable in the hummingbird-plant network (i.e.
Ramirez-Burbano et al. 2022). This study helps us understanding the importance of aggressive
hummingbird behavior and the abundance of floral resources in the network of hummingbird-
plant interactions.

ACKNOWLEDGEMENTS

We are grateful for the comments and suggestions provided by Edith Villa-Galaviz. We are
grateful for access to facilities at the study site provided by Ejido Forestal El Palmito. The
authors thank Rafael Bribiesca, Oscar Félix, Alejandra Miranda, Ana Rubio, Pedro Lopez and
José Carlos Lopez for field assistance.

References

Albers P, De Vries H. 2001. Elo-rating as a tool in the sequential estimation of dominance

strength. Animal Behaviour 61. DOI: 10.1006/anbe.2000.1571.

Arizmendi M del C, Nufiez-Rosas LE, Berlanga H, Rodriguez, Quiroga Rodriguez MAM,
Soberanes Gonzalez JM, Macias Caballero C, Vidal Rodriguez RM, Lopez-Segoviano G.
2021. Endemic and endangered Short-crested Coquette (Lophornis brachylophus): floral
resources and interactions. Avian Conservation and Ecology 16. DOI: 10.5751/ACE-01834-
160113.

Avila-Gonzalez H, Gonzalez-Gallegos JG, Lopez-Enriquez IL, Ruacho-Gonzalez L, Rubio-
Cardoza J, Castro-Castro A. 2019. Inventario de las plantas vasculares y tipos de vegetacion
del Santuario El Palmito, Sinaloa, México. Botanical Sciences 97:789-820. DOI:
10.17129/botsci.2356.

Bascompte J, Jordano P. 2006. The Structure of Plant-Animal Mutualistic Networks. In: Pascual
M, Dunne J eds. Ecological networks. Oxford, US: Oxford University Press, 143—159.

Bascompte J, Jordano P. 2007a. Plant-animal mutualistic networks: The architecture of

biodiversity. Annual Review of Ecology, Evolution, and Systematics 38:567-93. DOLI:

13

Dio formato: Inglés (Estados Unidos)

Dio formato: Inglés (Estados Unidos)

Dio formato: Inglés (Estados Unidos)

[
[
[Cédigo de campo cambiado
[
[

Dio formato: Inglés (Estados Unidos)

[Dio formato: Inglés (Estados Unidos)

[Dio formato: Inglés (Estados Unidos)

{Dio formato: Inglés (Estados Unidos)




516

517
518

519
520

521
522

523
524

525
526
527

528
529
530

531
532

533
534
535

536
537

538
539

540
541
542
543
544
545

546
547
548
549

550
551
552
553

10.1146/annurev.ecolsys.38.091206.095818.

Bascompte J, Jordano P. 2007b. Plant-animal mutualistic networks: the architecture of
biodiversity. Annual Review of Ecology, Evolution, and Systematics 38:567-93.

Beckett SJ. 2015. Improved community detection in weighted bipartite networks. Royal Society
Open Science 3:140536. DOI: 10.1098/rs0s.140536.

Bliithgen N, Menzel F, Bliithgen N. 2006. Measuring specialization in species interaction
networks. BMC Ecology 6:9. DOIL: 10.1186/1472-6785-6-9.

Brown JH, Bowers MA. 1985. Community organization in hummingbirds: relationships between
morphology and ecology. The Auk 102:251-269. DOI: 10.2307/4086767.

Burnham KP, Anderson DR, Huyvaert KP. 2011. AIC model selection and multimodel inference
in behavioral ecology: some background, observations, and comparisons. Behavioral
Ecology and Sociobiology 65:23-35. DOI: 10.1007/s00265-010-1029-6.

Bustamante-Castillo M, Hernandez-Bafios BE, Arizmendi M del C. 2020. Hummingbird
diversity and assemblage composition in a disturbed tropical dry forest of Guatemala.
Tropical Conservation Science 11. DOI: 10.1177/1940082918793303.

Camfield AF. 2006. Resource Value Affects Territorial Defense by Broad-Tailed and Rufous
Hummingbirds. Journal of Field Ornithology 77:120-125.

Chavez-Gonzalez E, Vizentin-Bugoni J, Vazquez DP, MacGregor-Fors I, Dattilo W, Ortiz-Pulido
R. 2020. Drivers of the structure of plant-hummingbird interaction networks at multiple
temporal scales. Oecologia 193:913-924. DOI: 10.1007/s00442-020-04727-4.

Cotton PA. 1998. Coevolution in an Amazonian hummingbird-plant community. /bis 140:639—
646. DOI: 10.1111/j.1474-919X.1998.tb04709.x.

COTTON PA. 1998. Temporal partitioning of a floral resource by territorial hummingbirds. /bis
140:647-653. DOI: 10.1111/5.1474-919X.1998.tb04710.x.

Dalsgaard B, Magérd E, Fjeldsa J, Martin Gonzalez AM, Rahbek C, Olesen JM, Ollerton J,
Alarcon R, Cardoso Araujo A, Cotton PA, Lara C, Machado CG, Sazima I, Sazima M,
Timmermann A, Watts S, Sandel B, Sutherland WJ, Svenning J-C. 2011. Specialization in
plant-hummingbird networks is associated with species richness, contemporary precipitation
and quaternary climate-change velocity. PLoS ONE 6:€25891. DOI:
10.1371/journal.pone.0025891.

Dalsgaard B, Martin Gonzalez AM, Olesen JM, Ollerton J, Timmermann A, Andersen LH,
Tossas AG. 2009. Plant-hummingbird interactions in the West Indies: floral specialisation
gradients associated with environment and hummingbird size. Oecologia 159:757-766.
DOI: 10.1007/s00442-008-1255-z.

Dalsgaard B, Maruyama PK, Sonne J, Hansen K, Zanata TB, Abrahamczyk S, Alarcon R, Araujo
AC, Araujo FP, Buzato S, Chavez-Gonzalez E, Coelho AG, Cotton PA, Diaz-Valenzuela R,
Dufke MF, Enriquez PL, Martins Dias Filho M, Fischer E, Kohler G, Lara C, Las-Casas
FMG, Rosero Lasprilla L, Machado AO, Machado CG, Maglianesi MA, Malucelli TS,

14

[Dio formato: Inglés (Estados Unidos)




554
555
556
557
558
559
560
561

562
563
564

565
566

567
568

569
570

571
572
573

574

575
576

577
578

579
580
581

582
583
584

585
586

587
588

589
590
591

Marin-Gomez OH, Martinez-Garcia V, Mendes de Azevedo-Junior S, da Silva Neto EN,
Oliveira PE, Ornelas JF, Ortiz-Pulido R, Partida-Lara R, Patifio-Gonzalez BI, Najara de
Pinho Queiroz S, Ramirez-Burbano MB, Rodrigo Rech A, Rocca MA, Rodrigues LC, Rui
AM, Sazima I, Sazima M, Simmons BI, Tinoco BA, Varassin IG, Vasconcelos MF,
Vizentin-Bugoni J, Watts S, Kennedy JD, Rahbek C, Schleuning M, Martin Gonzalez AM.
2021. The influence of biogeographical and evolutionary histories on morphological trait-
matching and resource specialization in mutualistic hummingbird—plant networks.
Functional Ecology 35:1120-1133. DOL: https://doi.org/10.1111/1365-2435.13784.

Dattilo W, Diaz-Castelazo C, Rico-Gray V. 2014. Ant dominance hierarchy determines the
nested pattern in ant—plant networks. Biological Journal of the Linnean Society 113:405—
414. DOI: 10.1111/bij.12350.

David HA. 1987. Ranking from unbalanced paired-comparison data. Biometrika 74:432-436.
DOL: 10.1093/biomet/74.2.432.

Dormann C, Gruber B, Friind J. 2008. Introducing the bipartite Package: Analysing Ecological
Networks. R News 8.

Dormann CF, Strauss R. 2014. A method for detecting modules in quantitative bipartite
networks. Methods in Ecology and Evolution 5:90-98. DOI: 10.1111/2041-210X.12139.

Dworschak KAI, Bliithgen N. 2010. Networks and dominance hierarchies: does interspecific
aggression explain flower partitioning among stingless bees? Ecological Entomology
35:216-225. DOI: 10.1111/j.1365-2311.2010.01174.x.

Elo AE. 1961. New USCF rating system. Chess Life 16:160—161.

Feinsinger P. 1976. Organization of a Tropical Guild of Nectarivorous Birds. Ecological
Monographs 46:257-291. DOI: 10.2307/1942255.

Feinsinger P, Colwell RK. 1978. Community Organization Among Neotropical Nectar-Feeding
Birds. American Zoologist 795:779-795.

Jordano P, Bascompte J, Olesen JM. 2003. Invariant properties in coevolutionary networks of
plant-animal interactions. Ecology Letters 6:69—81. DOI: https://doi.org/10.1046/.1461-
0248.2003.00403.x.

Justino DG, Maruyama PK, Oliveira PE. 2012. Floral resource availability and hummingbird
territorial behaviour on a Neotropical savanna shrub. Journal of Ornithology 153:189-197.
DOI: 10.1007/s10336-011-0726-x.

Kodric-Brown A, Brown JH, Byers GS, Gori DF. 1984. Organization of a tropical island

community of hummingbirds and flowers. Ecology 65:1358—-1368. DOI: 10.2307/1939116.

Dio formato: Portugués (Portugal)

Krishna A, Guimarées Jr PR, Jordano P, Bascompte J. 2008. A neutral-niche theory of nestedness Dio formato: Inglés (Estados Unidos)

Dio formato: Portugués (Portugal)

Lopez-Segoviano G, Arenas-Navarro M, Vega E, Arizmendi M. 2018. Hummingbird migration Dio formato: Inglés (Estados Unidos)

in mutualistic networks. Oikos 117:1609-1618. DOI: 10.1111/j.1600-0706.2008.16540.x. [

and flowering synchrony in the temperate forests of northwestern Mexico. PeerJ 6:e5131. Dio formato: Portugués (Portugal)

DOI: 10.7717/peerj.5131.

15



592  Lopez-Segoviano G, Arenas-Navarro M, Villa-Galaviz E, Diaz-Infante S, Arizmendi M del C.

593 2021. Hummingbird-plant interactions along an altitudinal gradient in northwestern Mexico. [Dio formato: Inglés (Estados Unidos)
594 Acta Oecologica 112:103762. DOI: https://doi.org/10.1016/j.acta0.2021.103762. [Dio formato: Portugués (Portugal)
595  Lopez-Segoviano G, Bribiesca R, Arizmendi MDC. 2018. The role of size and dominance in the {Dio formato: Inglés (Estados Unidos)
596 feeding behaviour of coexisting hummingbirds. /bis 160:283-292. DOI: 10.1111/ibi.12543.

597  Lopez Segoviano G. 2018. Estructura de las comunidades de colibries (Trochilidae) en un

598 gradiente altitudinal y su relacion con la disponibilidad de alimento. Universidad Nacional

599 Auténoma de México, CDMX, México.

600  Maglianesi MA, Bliithgen N, Bohning-Gaese K, Schleuning M. 2014. Morphological traits [Dio formato: Inglés (Estados Unidos)
601 determine specialization and resource use in plant-hummingbird networks in the neotropics.

602 Ecology 95:3325-3334. DOI: 10.1890/13-2261.1.

603  Maglianesi MA, Bliithgen N, Bohning-Gaese K, Schleuning M. 2015. Functional structure and

604 specialization in three tropical plant—-hummingbird interaction networks across an

605 elevational gradient in Costa Rica. Ecography 38:1119-1128. DOI: 10.1111/ecog.01538.

606  Maglianesi MA, Bohning-Gaese K, Schleuning M. 2014. Different foraging preferences of

607 hummingbirds on artificial and natural flowers reveal mechanisms structuring plant-

608 pollinator interactions. Journal of Animal Ecology 84:655-664. DOI: 10.1111/1365- [Dio formato: Inglés (Estados Unidos)
609 2656.12319.

610  Marquez-Luna U, Lara C, Corcuera P, Valverde PL. 2018. Factors affecting the dominance [Dio formato: Inglés (Estados Unidos)
611 hierarchy dynamics in a hummingbird assemblage. Current Zoology 65:261-268. DOI:

612 10.1093/cz/zoy057.

613  Marquez-Luna U, Lara C, Corcuera P, Valverde PL. 2022. Genetic relatedness and morphology [Dio formato: Inglés (Estados Unidos)
614 as drivers of interspecific dominance hierarchy in hummingbirds. PeerJ 10:e13331.

615  Martin Gonzalez AM, Ornelas JF, Dalsgaard B, Marquez-Luna U, Lara C. 2018. Meta-networks [Dio formato: Inglés (Estados Unidos)
616 for the study of biogeographical traits in ecological networks: the Mexican hummingbird-

617 plant assemblage. The Science of Nature 105:54. DOI: 10.1007/s00114-018-1578-5.

618  Martin Gonzalez A, Vazquez D, Ramos-Jiliberto R, Lee S, Miele V. 2020. Core-periphery [Dio formato: Espafiol (Colombia)
619 structure in mutualistic networks: an epitaph for nestedness? DOI: [Dio formato: Inglés (Estados Unidos)
620 10.1101/2020.04.02.021691.

[ Dio formato: Portugués (Portugal)

621  Maruyama PK, Bonizario C, Marcon AP, D’Angelo G, da Silva MM, da Silva Neto EN, Oliveira

622 PE, Sazima I, Sazima M, Vizentin-Bugoni J, dos Anjos L, Rui AM, Margal Junior O. 2019.

623 Plant-hummingbird interaction networks in urban areas: Generalization and the importance [Dio formato: Inglés (Estados Unidos)
624 of trees with specialized flowers as a nectar resource for pollinator conservation. Biological [Di o formato: Portugués (Portugal)
625 Conservation 230:187-194. DOI: 10.1016/j.biocon.2018.12.012.

626 ~ Maruyama PK, Vizentin-Bugoni J, Oliveira GM, Oliveira PE, Dalsgaard B. 2014. Morphological [Dio formato: Inglés (Estados Unidos)
627 and spatio-temporal mismatches shape a neotropical savanna plant-hummingbird network.

628 Biotropica 46:740-747. DOL: 10.1111/btp.12170.

629  Mayor SJ, Schneider DC, Schafer JA, Mahoney SP. 2009. Habitat selection at multiple scales.
630 Ecoscience 16:238-247.

16



631
632
633

634
635

636

637
638
639

640
641
642

643

644
645
646

647
648
649

650
651
652
653

654
655
656

657
658

659
660
661
662

663
664
665
666

667
668

Miele V, Ramos-Jiliberto R, Vazquez DP. 2020. Core—periphery dynamics in a plant—pollinator
network. Journal of Animal Ecology 89:1670-1677. DOI: https://doi.org/10.1111/1365-
2656.13217.

Miele V, Stephane D, Catherine M, Marc O, Wilfried T. 2020. econetwork: analyzing ecological
networks.

Neumann C. 2022. EloSteepness - a brief tutorial. :1-14.

Neumann C, Fischer J. 2023. Extending Bayesian Elo-rating to quantify the steepness of
dominance hierarchies. Methods in Ecology and Evolution 14:669-682. DOI:
https://doi.org/10.1111/2041-210X.14021.

Olesen JM, Bascompte J, Dupont YL, Jordano P. 2007. The modularity of pollination networks.
Proceedings of the National Academy of Sciences of the United States of America
104:19891-19896. DOI: 10.1073/pnas.0706375104.

R Core Team. 2023. A language and environment for statistical computing.

Ramirez-Burbano MB, Amorim FW, Torres-Gonzalez AM, Sonne J, Maruyama PK. 2022.
Nectar provision attracts hummingbirds and connects interaction networks across habitats.
Ibis 164:88-101. DOL: https://doi.org/10.1111/ibi.12988.

Rodriguez-Flores CI, Arizmendi MC. 2016. The dynamics of hummingbird dominance and
foraging strategies during the winter season in a highland community in Western Mexico.
Journal of Zoology 299:262-274. DOI: 10.1111/jz0.12360.

Rodriguez-Flores CI, Ornelas JF, Wethington S, Arizmendi M del C. 2019. Are hummingbirds
generalists or specialists? Using network analysis to explore the mechanisms influencing
their interaction with nectar resources. PLOS ONE 14:¢0211855. DOI:
10.1371/journal.pone.0211855.

Sanchez-Tojar A, Schroeder J, Farine DR. 2018. A practical guide for inferring reliable
dominance hierarchies and estimating their uncertainty. Journal of Animal Ecology 87:594—
608. DOL: https://doi.org/10.1111/1365-2656.12776.

Sandlin EA. 2000. Cue use affects resource subdivision among three coexisting hummingbird
species. Behavioral Ecology 11:550-559. DOI: 10.1093/beheco/11.5.550.

Sazatornil FD, Moré M, Benitez-Vieyra S, Cocucci AA, Kitching 1J, Schlumpberger BO,
Oliveira PE, Sazima M, Amorim FW. 2016. Beyond neutral and forbidden links:
morphological matches and the assembly of mutualistic hawkmoth—plant networks. Journal
of Animal Ecology 85:1586—1594. DOL: https://doi.org/10.1111/1365-2656.12509.

Simmons BI, Beckerman AP, Hansen K, Maruyama PK, Televantos C, Vizentin-Bugoni J,
Dalsgaard B. 2021. Niche and neutral processes leave distinct structural imprints on indirect
interactions in mutualistic networks. Functional Ecology 35:753-763. DOI:
https://doi.org/10.1111/1365-2435.13736.

Simmons BI, Vizentin-bugoni J, Maruyama PK, Cotton PA, Marin-gomez OH, Lara C, Rosero-
lasprilla L, Maglianesi MA, Ortiz-pulido R, Rocca MA, Rodrigues LC, Tinoco BA,

17

[ Dio formato:

: Inglés (Estados Unidos)

Dio formato:

: Inglés (Estados Unidos)

: Inglés (Estados Unidos)

Dio formato

: Portugués (Portugal)

[
[ Dio formato
[
[

Dio formato

: Inglés (Estados Unidos)




669
670
671

672
673

674
675
676
677
678
679

680
681
682
683

684
685

686
687

688
689
690

691
692

693
694
695

696
697
698

699
700
701
702

703
704
705

706
707

Vasconcelos MF, Sazima M, Gonzalez AMM, Sonne J, Rahbek C, Dicks L V, Dalsgaard B,
Sutherland WJ. 2019. Abundance drives broad patterns of generalisation in plant—

hummingbird pollination networks. Oikos 128:1287-1295. DOI: 10.1111/0ik.06104. [ Dio formato: Inglés (Estados Unidos)

SMN. 2016.Servicio Meteorolidgico Nacional, Normales Climatologicas por Estado, Sinaloa, El
Palmito. Available at http://smn.cna.gob.mx/ (accessed September 20, 2020).

Sonne J, Vizentin-Bugoni J, Maruyama P, Araujo A, Chavez-Gonzalez E, Coelho A, Cotton P,
Marin Gémez O, Lara C, Rosero L, Machado C, Maglianesi MA, Malucelli T, Martin
Gonzalez A, Oliveira G, Oliveira P, Ortiz-Pulido R, Rocca M, Rodrigues L, Dalsgaard B.

2020. Ecological mechanisms explaining interactions within plant-hummingbird networks: [Dio formato: Inglés (Estados Unidos)

morphological matching increases towards lower latitudes. Proceedings of the Royal Society
B: Biological Sciences 287:20192873. DOI: 10.1098/rspb.2019.2873.

Sonne J, Zanata TB, Martin Gonzalez AM, Cumbicus Torres NL, Fjeldsé J, Colwell RK, Tinoco
BA, Rahbek C, Dalsgaard B. 2019. The distributions of morphologically specialized
hummingbirds coincide with floral trait matching across an Andean elevational gradient.
Biotropica 51:205-218. DOI: https://doi.org/10.1111/btp.12637.

Stiles FG. 1975. Ecology, Flowering Phenology, and Hummingbird Pollination of Some Costa
Rican Heliconia Species. Ecology 56:285-301. DOI: 10.2307/1934961.

Stiles FG. 1976. Taste preferences, color preferences, and flower choice in hummingbirds. The
Condor 78:10-26. DOI: 10.2307/1366912.

Stiles FG. 1981. Geographical Aspects of Bird-Flower Coevolution, with Particular Reference to
Central America. Annals of the Missouri Botanical Garden 68:323-351. DOL:
10.2307/2398801.

Stiles FG, Wolf LL. 1970. Hummingbird Territoriality at a Tropical Flowering Tree. The Auk
87:467-491. DOI: 10.2307/4083791.

Tinoco BA, Graham CH, Aguilar JM, Schleuning M. 2017. Effects of hummingbird morphology
on specialization in pollination networks vary with resource availability. :52—-60. DOI:
10.1111/0ik.02998.

Tinoco BA, Santillan VE, Graham CH. 2018. Land use change has stronger effects on functional
diversity than taxonomic diversity in tropical Andean hummingbirds. 126:1-13. DOIL:
10.1002/ece3.3813.

Vazquez D, Aizen M. 2005. Community-wide patterns of specialization in plant-pollinator
interactions revealed by null models. In: Waser N, Ollerton J eds. Plant-pollinator
interactions: From specialization to generalization. Chicago, US: University of Chicago
Press, 200-219.

Vazquez DP, Bliithgen N, Cagnolo L, Chacoff NP. 2009. Uniting pattern and process in plant-
animal mutualistic networks: a review. Annals of botany 103:1445-1457. DOL:
10.1093/a0b/mcp057.

Vazquez DP, Chacoff NP, Cagnolo L. 2009. Evaluating multiple determinants of the structure of
plant—animal mutualistic networks. Ecology 90:2039-2046. DOI:

18



708

709
710
711

712
713
714

715
716
717
718

719
720
721

722
723
724

725
726

727

https://doi.org/10.1890/08-1837.1.

Vazquez DP, Melian CJ, Williams NM, Bliithgen N, Krasnov BR, Poulin R. 2007. Species
abundance and asymmetric interaction strength in ecological networks. Oikos 116:1120—

1127. DOLI: https://doi.org/10.1111/1.0030-1299.2007.15828.x. {Dio formato: Inglés (Estados Unidos)

Vitorino BD, Frota AVB Da, Nunes JRDS, Carniello MA, Castrillon SKI, Maruyama PK. 2022.

Abundance determines core—periphery roles of birds in a Neotropical seed dispersal [Dio formato: Inglés (Estados Unidos)

network. /bis n/a. DOI: https://doi.org/10.1111/ibi.13075. [Dio formato: Portugués (Portugal)

Vizentin-Bugoni J, Maruyama P, Sazima M. 2014. Processes entangling interactions in [Dio formato: Inglés (Estados Unidos)

communities: Forbidden links are more important than abundance in a hummingbird—plant
network. Proceedings. Biological sciences / The Royal Society 281:20132397. DOLI:
10.1098/rspb.2013.2397.

de Vries H. 1998. Finding a dominance order most consistent with a linear hierarchy: a new
procedure and review. Animal Behaviour 55:827-843. DOL:
https://doi.org/10.1006/anbe.1997.0708.

Wolf LL, Stiles FG. 1989. Adaptations for the “fail-safe” pollination of specialized
ornithophilous flowers. The American Midland Naturalist 121:1-10. DOI:
10.2307/2425651.

Wolf LL, Stiles FG, Hainsworth FR. 1976. Ecological Organization of a Tropical, Highland
Hummingbird Community. Journal of Animal Ecology 45:349-379. DOI: 10.2307/3879.

19



