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Frugivory interactions between birds and fruit-bearing plants are shaped by the
abundance of its interacting species, their temporal overlap, the matching of their
morphologies, as well as fruit and seed characteristics. Our study evaluates the
role of seven factors of fruits and plants in determining the frequency of whole-fruit
consumption by birds. We studied the frugivory network of a Neotropical periurban
park in Xalapa, Veracruz, Mexico, and quantified relative abundance and phenology
of birds and fruit, as well as fruit morphology, chromatic and achromatic contrast, and
nutritional content. Using a maximum likelihood approach, we compared the observed
interaction network with 62 single- and multiple-variable probabilistic models. Our
network is composed of 11 plants and 17 birds involved in 81 frugivory interactions.
This network is nested, modular, and relatively specialized. However, the frequency of
pairwise interactions is not explained by the variables examined in our probabilistic
models and found the null model has the best performance. This indicates that no
single predictor or combination of them is better at explaining the observed frequency
of pairwise interactions than the null model. The subsequent four top-ranking models,
with 1AIC values < 100, are single-variable ones: carbohydrate content, lipid content,
chromatic contrast, and morphology. Two- and three-variable models show the poorest
fit to observed data. The lack of a deterministic pattern does not support any of our
predictions nor neutral- or niche-based processes shaping the observed pattern of fruit
consumption in our interaction network. It may also mean that fruit consumption by
birds in this periurban park is a random process. Although our study failed to find a
pattern, our work exemplifies how investigations done in urban settings, poor in species
and interactions, can help us understand the role of disturbance in the organization of
frugivory networks and the processes governing their structure.

Keywords: chromatic contrast, forbidden links, frugivory interactions, interaction frequency, probabilistic models,
neutrality, nutritional content, urban areas

INTRODUCTION

In bird–plant frugivory interactions, certain fruit characteristics influence how they are selected,
determine their consumption rate by birds, and ultimately rule how their networks are structured.
Examples of such characteristics are nutritional content (Gautier-Hion et al., 1985; Jordano,
2000; Cazetta et al., 2012; Blendinger et al., 2015), fruit size, seed quantity, and seed size

Frontiers in Ecology and Evolution | www.frontiersin.org 1 September 2021 | Volume 9 | Article 630150

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.630150
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.630150
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.630150&domain=pdf&date_stamp=2021-09-21
https://www.frontiersin.org/articles/10.3389/fevo.2021.630150/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-630150 September 15, 2021 Time: 17:6 # 2

Teodosio-Faustino et al. Bird–Plant Urban Frugivory Network

(Wheelwright, 1985), and detectability as determined by their
color (Van der Pijl, 1982; Schaefer and Schmidt, 2004; Schmidt
et al., 2004; Cazetta et al., 2012; Duan et al., 2014; Ordano
et al., 2017). In addition to characteristics of fruit availability,
the organization of these bird–plant frugivory interactions can
be affected by the relationship between a bird’s bill and fruit
morphology (González-Castro et al., 2015; Bender et al., 2018),
the spatiotemporal overlap of species (Ramos-Robles et al., 2016),
and the relative abundance of fruits and birds (González-Castro
et al., 2015). These variables represent neutral- and niche-based
processes that may operate in structuring frugivory networks
(Machado-de-Souza et al., 2019).

Human activities, however, also have consequences in the
way these ecological interactions are organized. At small spatial
scales, for example, a local rise in temperature and variation in
water availability can cause the phenological mismatch between
plant flowering and pollinator presence (Gordo and Sanz, 2005;
Hegland et al., 2009). These consequences can be much broader,
and a recent meta-analysis demonstrated climate-induced global
shifts are responsible for a substantial number of species
decouplings (Kharouba et al., 2018).

Other factors, such as the introduction of exotic species in
cities’ greenspaces, city noise, and distance to water bodies also
affect the way these organisms interact (Tylianakis and Morris,
2017; Barbosa et al., 2020). Exotic plants with large quantities
of fruit are frequently selected over native species (Gosper et al.,
2005). This is more evident in species with asynchronous fruiting
pulses, since these plants’ high fruiting output during periods
of low local productivity may result in their fruits selected
over natives simply for their availability in highly disturbed
environments (Montaldo, 2000; Greenberg and Walter, 2010).
One related factor with known effects in fruit consumption
by birds is their morphologic matching: altered environments
generally do not have fruits of large sizes and those present
therein have a lower dispersal probability because their large-
sized frugivores are more likely to be absent in these habitats
(Galetti et al., 2013; Emer et al., 2018). Urban environments
tend to have a low number of species and interactions, resulting
in simplified plant-bird frugivory and pollination networks
dominated by generalists (Maruyama et al., 2019; Salazar-Rivera
et al., 2020; Schneiberg et al., 2020). Conversely, forest cover and
connectivity are key in the maintenance of interaction diversity
in seed dispersal networks (Monteiro et al., 2021).

The literature highlights the role of habitat fragmentation
as another element that alters the nature of these interactions.
Fragmentation is known to result in a random pattern of
fruit detectability (not based in color) in contrast with better-
preserved habitats where certain fruit colors are selected over
others (Galetti et al., 2003).

It is reasonable to expect that some of the factors determining
the structure and frequency of frugivory interactions between
plants and birds in a conserved area would differ from those in
highly disturbed places such as cities and their periphery, whereas
other factors would not. It is likewise tenable to expect the role
and services these networks play in topical urban areas is different
than those of “natural” habitats. Our investigation sought to
determine the role of different characteristics of available fruit
in a Neotropical periurban park on the frequency of whole-fruit

consumption by frugivorous birds. As a consequence of the low
floristic diversity but heterogenous vegetation structure in our
study site, we expected fruit abundance and phenology would
be the factors that better explain the observed frequency of
pairwise interactions, as we expected a network dominated by
generalists (Laliberté and Tylianakis, 2012). We also expected
that nutritional content and chromatic contrast would have
a considerable predictive value since birds actively seek to
fulfill certain dietary needs through fruit consumption (Petchey
et al., 2008). In the case of chromatic contrast, our prediction
was that fruits that have a higher background contrast would
also have a higher detectability (Schmidt et al., 2004; Ordano
et al., 2017). Last, we expected morphological matching would
have the lowest predictive value since disturbed areas have a
higher trait similarity (e.g., fruit and bird bill sizes), and less
network-wide morphological limitations due to fruits of large
size and frugivores capable of consuming them (Corlett, 2005;
Galetti et al., 2013).

Our work is centered on a frugivory network composed of a
few plant and bird species. We consider that, in contrast with
better preserved habitats with a larger number of interacting
species, the characteristics of our study system can help us
better understand the functional role of disturbance in frugivory
networks. The objective of this paper is to evaluate the role
of seven factors (relative abundance, phenology, morphology,
chromatic and achromatic contrasts, and carbohydrate and
lipid content) as determinants of the frequency of interactions
between fruit-bearing plants and frugivorous birds in a
Neotropical periurban park.

MATERIALS AND METHODS

Study Site
Our field work took place at the Universidad Veracruzana’s
Campus para la Cultura, las Artes y el Deporte (hereon
UV-CCAD), located in the southern outskirts of the city of
Xalapa, Veracruz, Mexico (19◦ 30′ 31.90′′ N, 96◦ 54′ 56.05′′ W,
elevation 1,417 m).

The UV-CCAD is a small size (33-ha) periurban park with
a successionally recent vegetation history and under active
management (Figure 1). It was established in 1997 in an
area formerly occupied with soccer fields and cattle pastures.
Twenty-four years ago, its compacted clay soils hosted mainly
forage grasses for horses, mules, and cows, and scattered
huizache trees (Acacia spp.). It was until the founding of the
first facilities that the greenspaces of this campus received
some management. Roughly one-half of the area was left to
continue its process of natural secondary succession while the
other half was converted into sports facilities, concert halls, a
large library, administrative buildings, artificial impoundments,
ornamental lakes, and managed gardens with native and exotic
ornamental species.

The original vegetation, certainly well over 100 years ago,
was tropical montane cloud forest (Castillo-Campos, 1991).
Tropical montane cloud forests are a comparatively species-
rich habitat, with a tree stratum dominated by species of
Nearctic affinity and Neotropical origin understory plants. These
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FIGURE 1 | The Campus para la Cultura, las Artes y el Deporte de la Universidad Veracruzana in Xalapa, Veracruz, Mexico, a 33-ha Neotropical periurban park.
Courtesy of Sara P. Ibarra-Zavaleta.

forests are also known for rich in vascular plant endemics. Its
narrow elevation range, locally from 1,250 to 1,995 m, together
with its naturally limited distributional range under intense
anthropogenic pressure, make of these forests it one of the most
at-risk vegetation types in Mexico (Williams-Linera, 2007). This
park has very few arboreal elements of its original vegetation such
as a handful of oaks (Quercus spp.), sweetgums (Liquidambar
styraciflua), sycamores (Platanus mexicana), and marangolas
(Clethra mexicana). However, the current condition of natural
growth areas is well-developed secondary vegetation (locally
called “acahual”) with a canopy of about 12–15 m, younger age
clearings, interspersed coffee and citrus trees, banana plants, a
growing number of advanced second growth vegetation patches,
and some elements of mature cloud forest. Currently, the UV-
CCAD maintains connectivity with a mosaic of more than 500
ha of shade-grown coffee and second growth vegetation in its
southern fringes.

Bird and Plant Frequency of Interactions
We observed interactions between birds and plants in three 1-ha
plots within the UV-CCAD. The three plots differed in vegetation
cover. There, we collected focal observations of feeding birds
from 07:00 to 10:00 during two sampling periods (see below).

For the purpose of this study, one individual bird feeding
on one fruit counted as a single interaction, including only
events where the whole fruit was entirely consumed (including
its seeds). Fruit pecking observations (e.g., birds not eating the

entire fruit) were excluded from our analyses. We collected these
focal observations haphazardly: on sampling days, we walked
our three study plots using a non-fixed route and recorded
all confirmed, non-pseudoreplicate frugivory interactions. We
identified the bird (with 8 × 42 binoculars, using Howell and
Webb, 1995; and Sibley, 2003) as well as the plant species
involved (from a photographic catalogue we developed for this
purpose or by collecting a specimen for later identification in a
herbarium). Our observations took place during two sampling
periods in 2017: one during the dry season (April and May, n = 15
sampling days) and one during the rainy season (August and
September, n = 16 sampling days; the sum of both sampling
effort equals about 90 h). Our sampling periods included the
known fruiting seasons of both native cloud forest and exotic
species (Williams-Linera, 2007). With those data, we made a
matrix in which rows were the plant species and columns bird
species, and we added the frequency of interactions in the
intersecting cells.

Early in the collection of our frugivory data, we discovered
that the number of species that we could find participating in
this frugivory network would be quite limited, possibly including
only a few tens of species in each level. In order to assess the
completeness of our dataset, we estimated accumulation curves
via a R package for Hill numbers (an estimate of the effective
number of species as a function of sampling effort) called iNEXT
(Hsieh et al., 2016). This package can generate seamless rarefied
(interpolated) species accumulation curves based on observed
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data and is also able to project a rarefied extrapolation of the
predicted number of species or species interactions given a larger
sampling effort. Those calculations are accompanied by 95%
confidence intervals.

We applied the method of Hsieh et al. (2016) to both, the
bird and the plant groups, as well as to the observed and
predicted number of pairwise interactions between them. The
code of Hsieh et al. (2016) has a function to extrapolate its values
given a hypothetical sample with two or three times as many
focal records, enabling its users to estimate a predicted number
of species and determine whether its actual (interpolated) or
simulated (extrapolated) curve reaches an asymptote. In assessing
the completeness of our sampling, we extrapolated the number
of focal observations to twice the number of focal observations
(n = 162 data points).

We modeled the interaction network based on observed
data, and estimated network metrics such as weighted NODF
(WNODF; Almeida-Neto et al., 2007). In a nested network,
specialists tend to interact with generalists, and provide WNODF
range values from 0–100 where values close to 100 mean a
nested structure. Complementary specialization (H2

′) calculates
the proportion of interaction frequencies contrasted with the
expected, based on species abundances, and range from a low
of 0 for a non-specialized network, to 1 for a totally specialized
network (Blüthgen et al., 2006). We also estimated the network’s
modularity, the tendency of subsets of species (modules) to
strongly interact with another subset of species (Thébault,
2013) and calculated Beckett’s modularity (QB; Beckett, 2016)
a metric with values 0–100, where higher values mean a
modular structure. We contrasted the observed values with
randomly generated networks with 1,000 iterations, using a
Patefield algorithm with given marginals. All metrics and random
networks were estimated using R (R Core Team, 2019) with the
package bipartite (Dormann et al., 2009).

Factors Affecting the Frequency of
Interactions
We recorded several characteristics of fruits as factors that
could explain the frequency of interactions with birds: relative
abundance, phenology, fruit characteristics (such as size, color,
and weight), nutritional content (carbohydrates and lipids; we
made no attempt to quantify proteins due to logistical and
financial limitations), as well as characteristics of birds that
could help us eliminate forbidden interactions (i.e., impossible
combinations due to the physical impediment of a bird to
consume a given fruit, such as bill gape and body weight, or bird
and plant seasonality mismatches).

Bird Phenology and Abundance
We assessed bird phenology and abundance similarly. We
obtained presence-absence and abundance data from two
different 800-m long by 40-m wide transects part of a long-
term study at the UV-CCAD (ERI, unpublished data). Although
transects are much longer than the sampling plots of this
frugivory study, they cover two out of the three plots of this study
and we consider them an appropriate measure of bird presence

and abundance. We surveyed these transects biweekly during the
same months of our frugivory study and recorded bird species
present as well as the number of individuals per species. Transect
surveys were done approximately from 7:00 to 9:00 h.

Bird Body Mass and Gape Width
Body size and gape opening are two key bird features that
may allow or forbid fruit consumption. We collected field
measurements of body mass (with an electronic scale) and gape
width (with a caliper, at the bill’s commissure) from wild birds
by capturing them with mist nets. We placed arrays of 10
12 × 2.5 m nets (30 mm mesh opening) in each plot. The mist
netting effort per season/plot was the same (ca. 105 mist net
hours), for a total of 210 mist net hours. We used mean mass
and gape measurements from either five males or five females
(when sex could be determined based on external characters),
or simply from 10 individuals trapped for species with similar
sexes. In cases where we could not obtain the desired number of
measurements, we supplemented those with specimen data from
the bird collection of the Museo de Zoología at the Facultad de
Ciencias of the Universidad Nacional Autónoma de México or
mass data from published literature (Dunning, 2007).

Fruit Phenology and Abundance
We assessed the phenology of fruiting plants by recording the
months in which a plant has ripe fruits. Total fruit abundance
per plot was estimated as the approximate number of fruits per
plant species. These estimations consisted of direct counts of
fruits per branch, or in racemes of different sizes, that were later
extrapolated to the total number of plants per species found on
each plot. We consider that our estimates of fruit abundance were
an appropriate proxy of fruit availability, as the fruits we found
had a low interspecific variation in size (weighted arithmetic
mean fruit diameter of 11 species of plants/15 fruits per species:
8.90 mm; SD: 4.07 mm).

Fruit Size
For each species, we collected 15 ripe fruits from different
individual plants, obtained its mean weight, equatorial diameter
(in some particular cases, we used the minimum diameter
because of the way those fruits are ingested by birds, e.g., the oval
fruits of Phoenix canariensis). Because we were concerned with
the morphologic fit between bird’s bills and fruit dimensions, we
only analyzed fruit diameter rather than weight as a proxy for size.

Nutritional Content
Carbohydrates and lipids have been documented as the nutrients
that play the central role in fruit consumption by birds (Jordano,
2000). We estimated the nutritional content of all plant species
recorded in this frugivory network by collecting approximately
100 g of ripe, undamaged fruits following the AOAC (1984)
protocol. We dried whole fruits (pulp and seeds included) in
a stove at 60◦C for 3 days to get them ready for analysis. We
determined the quantity of lipids using a Soxhlet extractor using
petroleum ether as a solvent following the method of the AOAC.
To estimate the quantity of carbohydrates, we used the formula
to determine nitrogen-free extracts of the AOAC (1984).
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Fruit Chromatic and Achromatic
Contrast
Because fruit detectability, the ease to stand out against
its background, has been demonstrated to influence fruit
consumption (Schaefer et al., 2007, 2014; Ordano et al., 2017), we
used chromatic contrast as a detectability proxy. We determined
the reflectance of each plant by collecting spectrophotometry
values of five different fruits and five different leaves per
species. We used an Ocean Optics USB2000 spectrophotometer
with the SpectraSuite software (Ocean Optics Inc., Largo, FL,
United States), and calculated both values using the R package
pavo (Maia et al., 2013). The birds we found in our study
belong to two slightly different spectral sensitivities. With the
exception of one non-passerine species, we used the visual
model of the European starling (Sturnus vulgaris). For the single
galliform species of this study, the plain chachalaca (Ortalis
vetula), we used the reference values of the Indian peafowl
(Pavo cristatus). All the chromatic and achromatic values are
represented in Just Noticeable Difference (JND) units (a JND
is the minimum threshold value in a bird’s ability to sense
differences in visual stimuli).

Probability Matrices
We evaluated the role of seven individual factors [abundance
(Ab), phenology (Ph), morphology (Mo), carbohydrate
availability (Ca), lipid availability (La), chromatic contrast
(Cc), and achromatic contrast (Ac)] and all the possible
combinations of these factors in predicting the observed
frequency of interactions between birds and plants. To do
this, we generated probability matrices for each of the factors
examined and compared them to the observed interaction
matrix. The conceptual and analytical reference we used for these
comparisons is that of Vázquez et al. (2009a) and subsequent
modifications by Maruyama et al. (2014) and Vizentin-Bugoni
et al. (2014). Probability matrices were built as follows:

Observed Matrix
This is the observed, quantitative matrix of interactions between
plants and birds in which plants are placed in rows (j) and birds
in columns (i). The value in the intersecting cells (aij) is the
cumulative number of interactions between those two species
during both field sampling periods (April–May and August–
September).

Abundance
The values of each intersecting cell (aij) were a product of
the relative abundance of each bird species multiplied by the
abundance of each plant. The resulting matrix can be considered
as a neutral statistical model because it considers that species
interact in proportion to their abundances (Gotelli and McGill,
2006; Vázquez et al., 2007; Vizentin-Bugoni et al., 2014).

Phenology
We determined the role of onsite bird seasonal presence and
fruiting plant phenological overlap by building a matrix where
the entries of each intersecting cell (aij) are expressed as the

number of months when a particular bird and plant species
co-occurred. For months in which we actually recorded an
interaction, but the phenology data did not match such pair
of species, we assigned an arbitrary value of 1 × 10−8. This
would allow us to run the analyses avoiding biases in our results
(González-Castro et al., 2015; Gonzalez and Loiselle, 2016).

Morphology
To consider the importance of the morphological matching
between bird gape width (g) and fruit diameter (f ) we built three
matrices. In the first one, we placed on each intersecting cell (aij)
the quotient of f /g. When the diameter of the fruit was larger
than the mean gape width, the divisor was placed in the position
of the dividend, g/f. When f > g, quotient values ≤ 1 reveal a
better gape width-fruit diameter matching and hence a greater
interaction probability and the opposite when f < g. The second
matrix was a binary one, where a value of 1 reflects possible
interactions when gape width is larger than fruit diameter and a
value of 0 reflects unlikely or forbidden interactions because there
is no possible morphological matching. The third and last matrix
is the quotient of f /g placed on each cell, so birds with larger gape
width had a higher probability of consuming fruits and birds with
gape widths smaller than fruit diameter were given a value of 0
(as in the second matrix). Last, we compared the three versions
in order to select the single matrix that better explained the
observed frequency of interactions using a likelihood approach
and calculating values of the Akaike Information Criteria (AIC).
The result was the use of the first matrix because it had the highest
explanatory value.

Carbohydrate Availability
We created two matrices: in the first one, we placed in the
intersecting cell (aij) the mean percentage of carbohydrate
content for each fruit species. That way, any bird species had
the same probability of interaction with a given plant species,
and fruits with higher proportion of carbohydrates would have
a higher probability of interaction. In the second matrix, we used
carbohydrate percentage and bird body mass. We consider that
birds of larger size require more total energy, and have larger
home range, that allows them to forage areas that are larger
than those of smaller birds, and this could have an effect in fruit
consumption. To account for this, we multiplied the percentage
of carbohydrates times the mass of birds to fill the intersecting
matrix cells. Upon comparing both matrices, we chose the matrix
that uses the percentage of carbohydrates since it performed
better in explaining the observed frequency of interactions.

Lipid Availability
We generated a lipid availability matrix following the same
rationale than generating those of carbohydrates. We placed on
each intersecting cell (aij) the mean percentage of lipid content
for each fruit species.

Chromatic and Achromatic Contrasts
We built a matrix by placing in the intersecting cells (aij) the
chromatic contrast value obtained from fruits of each plant
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species compared with that of its own leaves. We used two
visual models, as described for the fruit chromatic contrast and
achromatic contrast (section “Fruit Chromatic and Achromatic
Contrasts”). Our assumption is that plants with a higher
chromatic contrast between fruits and leaves would have a higher
probability of detection and therefore being consumed by birds.
In the second matrix we placed achromatic contrast values in the
same fashion, resulting in the former matrix performing better in
explaining fruit consumption patterns than the latter (because of
this, Ac was excluded from further analyses).

Contrasting the Observed Interaction
Network With Probabilistic Matrices
In order to evaluate the influence of multiple factors in the
observed patterns of fruit consumption (i.e., in the frequency
interaction matrix) by birds, the six-resulting single-factor
matrices (Ab, Mo, Ph, Ca, La, and Cc) were combined in all
possible ways (62 alternatives). The matrices that combined
factors are a result of direct multiplications of two cells (i.e.,
the Hadamard or Schur product, Davis, 1962) containing the
same pair of interacting species found in the observed matrix.
We also created a null model (Nu) in which all species had the
same interaction probability. This matrix was taken as a reference
point for the remaining comparisons with probability matrices
(Vázquez et al., 2009b). Each matrix was normalized by dividing
the value of each cell by the grand sum of all values tabulated
in such matrix, so the final additive value of each probability
matrix equals 1.

In order to evaluate the potential of each of the 62 probability
models in predicting the observed frequency of pairwise
interactions matrix, we used a maximum likelihood approach
through the calculation of AIC (Burnham and Anderson, 2002).
We assumed that the probabilities of interaction between birds
and plants follow a multinomial distribution (Vázquez et al.,
2009b) and used the function dmultinom to calculate its
likelihood in the built-in stats package of the R software (The R
Core Team, 2019).

The number of parameters we used to weigh the analyses
was the sum of species of each level included in the model
under evaluation, whereas the null matrix consisted of a single
parameter (fide Maruyama et al., 2014; Saldaña-Vázquez, 2014).
Last, we made the comparisons among probability matrices
by calculating the AIC differential (1AIC) by deducting the
model’s AIC with the lowest AIC value of the remaining models.
By definition, the model with the best predicting fit had an
1 AIC = 0.

RESULTS

Network Features
We documented 81 bird–plant interactions in the frugivory
network of the UV-CCAD. On the plant level, we found 11
species of plants, from which the exotic palm P. canariensis had
the highest degree, with most of its interactions with the plain
chachalaca. The plant species with the highest degree distribution
was the nightshade Witheringia stramoniifolia with seven species
of birds feeding on its fruits (Figure 2).

We found 17 species of birds in this network, with the
aforementioned plain chachalaca as the species with the highest
degree, whereas the clay-colored thrush (Turdus grayi) was
recorded as the bird feeding on the highest number of plants,
a total of seven (Figure 2). The frugivory network of this
periurban park is nested (WNODF = 9.26, P < 0.01), modular
(QB = 0.59, P < 0.01), and its specialization value is relatively
high (H2

′ = 0.6, P < 0.01). We consider our dataset is small, but
sufficient to represent the most common and abundant species
(Figure 3A–C).

Plant Species Characteristics
Fruit abundance was highly heterogeneous among species –
ranging from plants with a mean of 118 fruits per plant
(e.g., the berry Rubus adenotrichus) to species like the canalito
(Conostegia xalapensis) with 12,330 fruits per plant. The
mean fruit abundance estimate was 3,255 fruits per plant
(Table 1). All the fruit species recorded interacting with
birds had a diameter of <20 mm. They ranged from 4 to
18 mm, with a mean equatorial diameter of 8.8 mm. Its
nutritional content was primarily carbohydrates followed by
lipids (Table 1). Carbohydrate content ranged from 6 to 53%,
with a mean value of 22.3%, whereas lipid content ranged from
1 to 8% with a mean value of 2.8%. Lastly, the chromatic
contrast values between a plant’s fruits and its own leaves
had low values, ranging from 2 JND in W. stramoniifolia
to 11.0 JND in R. adenotrichus (with an overall mean
value of 7.9 JND).

Bird Species Characteristics
The most abundant species were the social flycatcher
(Myiozetetes similis) with 16 individuals and band-backed
wren (Campylorhynchus zonatus) with 15 individuals, whereas
the least abundant two species, the blue-capped motmot
(Momotus coeruliceps) and the summer tanager (Piranga rubra),
were recorded only once. The UV-CCAD lacks large avian
frugivores. The mass of fruit-eating birds was highly variable
and ranges from 10–584 g; all but two species weigh < 75 g
(plain chachalaca and blue-capped motmot, Table 2). In a
similar fashion, the gape width of these birds ranges from 6 mm
(yellow-throated euphonia, Euphonia affinis) to 28 mm (plain
chachalaca); the mean gape width is 12.3 mm, larger than the
mean fruit size (Table 2).

Bird and Plant Phenology
We found the months of the largest number of phenological
matches in the months of April and May, in which we recorded
10 species of plant and 15 bird species, whereas in August and
September both had five species of plants fruiting and 14 species
of birds. Thirteen species of birds (76%) were present in both
field sampling periods; however, only four species of plants (36%)
beared fruits in both periods.

Performance of Null, Single-, and
Multiple-Variable Probabilistic Models
The top performing model was the null model. This indicates
that no single predictor or combination of them is better at
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FIGURE 2 | The plant (orange, left column) and bird (red, right column) frugivory network at the Campus para la Cultura, las Artes y el Deporte in Xalapa, Veracruz,
Mexico. Lines between species represent species interactions and thickness indicates frequency of interactions.

FIGURE 3 | Sampling completeness of the frugivory network of the Campus para la Cultura, las Artes y el Deporte in Xalapa, Veracruz, Mexico. These completeness
estimates are based on observed (interpolated, solid line) and simulated (extrapolated, dotted line) data for (A) birds, (B) plants, and (C) pairwise interactions.
Abundant (blue), common (green), and total (red) species are well-represented in our sample.
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TABLE 1 | Nutritional content, morphology, abundance, chromatic contrast, and phenology of fruits consumed by birds in a Neotropical periurban park in Xalapa,
Veracruz, Mexico.

Family Species Carbohydrates (%) Lipids (%) Fruit
diameter

Fruit
abundance

Chromatic
contrast

Phenology

Arecaceae Phoenix canariensis 45.74 2.10 9.27 ± 1.1 6,200 11.15 April, May, and
August

Primulaceae Myrsine coriacea 43.57 3.47 4.26 ± 0.5 4,518 4.07 April and May

Solanaceae Witheringia stramonifolia 10.20 3.80 6.8 ± 0.15 118 2.61 April

Melastomataceae Conostegia xalapensis 6.53 1.49 6.93 ± 0.3 12,330 3.03 April and May

Viscaceae Phoradendron sp. 15.83 8.92 5.5 ± 0.4 6,430 7.43 April and May

Solanaceae Solanum umbellatum 13.82 1.39 11.48± 0.6 2,103 6.20 April, May, August,
and September

Rosaceae Rubus adenotrichus 8.80 1.00 5.99± 0.58 330 11.58 May, August, and
September

Moraceae Ficus benjamina 15.12 2.44 8.32 ± 1.0 2,500 10.10 April and May

Myrtaceae Syzygium samarangense 17.85 1.82 18.76± 2.6 278 10.97 August and
September

Verbenaceae Citharexylum mocinnoi 53.74 2.30 11.23± 1.4 715 8.54 April and May

Solanaceae Cestrum sp. 13.85 2.45 8.42 ± 0.9 286 10.85 April and
September

Plants are arranged in descending order based on their frequency of consumption by birds (∗Diameter measurements in mm [mean and SD]; chromatic contrast in JND
[Just Noticeable Differences]).

TABLE 2 | Bill width, mass, abundance, and seasonal presence of frugivorous birds in a Neotropical periurban park in Xalapa, Veracruz, Mexico. Species are listed in
descending order by interaction frequency (*Neotropical migratory birds).

Family Species Bill width (mm) Mean mass (g) Abundance Phenology

Cracidae Ortalis vetula 28.44 584 2 April, May, and September

Turdidae Turdus grayi 14.28 65.6 11 April, May, August, and
September

Thraupidae Saltator atriceps 15.08 54.9 2 April, May, and September

Troglodytidae Campylorhynchus zonatus 9.3 34.3 15 April, May, August, and
September

Passerellidae Chlorospingus flavopectus 7.72 24.4 6 April, May, and September

Fringillidae Euphonia hirundinacea 7.17 14 3 May

Mimidae Melanotis caerulescens 12.9 67.2 3 April, May, and August

Tyrannidae Myiozetetes similis 10.4 28 16 April, May, August, and
September

Passerellidae Aimophila rufescens 10.6 40.9 7 April, May, August, and
September

Mimidae Dumetella carolinensis* 11.36 37.7 4 April and September

Fringillidae Euphonia affinis 6.42 10 6 May

Momotidae Momotus coeruliceps 22.03 133 1 May, August, and September

Passerellidae Melospiza lincolnii* 7.32 16.6 2 August and September

Tyrannidae Pitangus sulphuratus 15.7 74 2 April

Tyrannidae Empidonax flaviventris* 8.29 11.6 5 May and September

Thraupidae Saltator coerulescens 13.05 54.9 3 April, May, and August,
September

Cardinalidae Piranga rubra* 10.39 28.2 1 August

explaining the observed frequency of pairwise interactions
than randomness (Figure 4). Upon ranking the top-20
best performing models, we found the 1AIC values of
all single-variable models exceeded 50 (except abundance
which exceeded the 1AIC of 100). Carbohydrate and
La models were the closest to the null one, followed by

chromatic contrast (Figure 4). In general, single-variable
models performed better (have lower 1AIC values) than
two- and three-variable models, with the latter showing
the poorest fit to observed data. The top-ranking multiple-
variable models all contained lipid availability and chromatic
contrast (Figure 4).
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DISCUSSION

The interaction network between fruiting plants and frugivorous
birds in this Neotropical periurban park had a low number
of interacting species, a nested and modular pattern, and a
relatively high specialization. It also seemed to have a random
(e.g., non-deterministic) frequency of pairwise interactions (May,
1972; Thébault and Fontaine, 2010; Serván et al., 2018). Factors
such as abundance, phenology, morphology, nutritional content,
chromatic contrast, or combinations of them underperform a
null model in explaining these pairwise interactions.

Upon reviewing the literature, we found that similar results
had not been reported either in frugivory (e.g., Almeida and de
Mikich, 2018) or pollination networks (Gonzalez and Loiselle,
2016) in “non-disturbed” habitats. In these investigations,
the most frequent outcome is the correspondence between
morphology, food abundance, and phenology to explain the
organization of interactions (Vázquez et al., 2007; González-
Castro et al., 2015; Ramos-Robles et al., 2016).

None of these studies, however, took place in urban or
periurban settings, of which we found very few previously
published works. Research done in plant-hummingbird
pollination networks in urban and periurban settings showed
lower modularity and nestedness values, denoting unstructured
networks (Maruyama et al., 2019; Schneiberg et al., 2020). Our
specialization value, however, was high compared to these works,
possibly because of the habitat heterogeneity of our study site
and influence from adjacent habitats, since we found birds that
aren’t frequent in urban parks. The sample size of our study
prevented us from exploring the role that individual factors may
play in it (Figure 3a–c, Chacoff et al., 2011).

Null Versus Single- and Multiple-Variable
Models
Our study showed the null model as the best performing one.
We suspect that the interference of variables relative to one
another plays an important role in this result, given that in
certain fruit-bearing plant species the frequency of interactions
could be determined by its abundance, nutritional content, or
morphology, but such single-factor determined patterns are not
repeated enough to outweigh the one of the remaining species.
When variables are analyzed in combination with others, the
addition ends up affecting the performance of multiple-variable
models (Burnham and Anderson, 2002).

The Role of Abundance
Contrary to our hypotheses, and to proponents of neutral-
based processes as mechanisms structuring networks (Vázquez
et al., 2007), fruit and bird abundance were variables of little
importance in explaining the observed pattern of pairwise
interactions. Plants in our network contain examples like
C. xalapensis, whose plants provide the most abundant fruit,
but one that is low in carbohydrate content. Species like
P. canariensis, one of the most abundant plants with a large
quantity of fruits rich in carbohydrates, had fruits that are large
(relative to mean bill size, Table 1), but fibrous and hard for birds

FIGURE 4 | Factors that may influence fruit consumption by birds in a
Neotropical periurban park. Twenty top-ranking probabilistic models ranked
according to 1AIC values. Single- and multiple-variable models included here
contain null (Nu), carbohydrate availability (Ca), lipid availability (La), chromatic
contrast (Cc), morphology (Mo), and abundance (Ab) models.

to feed on. These two examples show how nutritional content or
morphology can forestall the importance of abundance to explain
frequency of interactions.

The low predictive value of fruit abundance reported
elsewhere may also be related to how abundance is estimated.
Previous studies have reported abundance as a good predictor
of pairwise interaction frequency, but those works made their
abundance estimations in a way that is dependent from the
network under study (Vázquez et al., 2009b; Schleuning et al.,
2014). In contrast, other authors have demonstrated that
independent estimates of fruit abundance (as it is our case) place
this factor as a lower ranking variable explaining the observed
frequency of interactions (Maruyama et al., 2014; Vizentin-
Bugoni et al., 2014; González-Castro et al., 2015).

One last possible reason why fruit and bird abundance are
poor predictors of interaction frequency is the fact that virtually
all bird species found in our study system include other items
in their diet besides fruit, notably insects. The extent to which
the relative content of fruit in the diet of omnivore or frugivore-
insectivore birds influence the observed interaction frequencies
remains to be explored.
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Morphological Overlap Doesn’t Explain
the Frequency of Pairwise Interactions
In our study, the morphological overlap model was a poor
predictor of frequency of pairwise interactions, a result that also
disagrees with proponents of niche-based network organization
mechanisms (Jordano et al., 2003). This is particularly evident
when exploring our field data: bill gape and fruit diameter
have a substantial overlap. Previous studies have found that
interactions between birds and plants are constrained by the
morphological overlap between bird bills and fruit diameters
and becomes the main determinant of interaction frequency,
but this doesn’t seem to be the case here (González-Castro
et al., 2015; Bender et al., 2018). It seems, however, that
this morphological relationship is of lesser importance when
compared with fruit abundance (Saavedra et al., 2014). Disturbed
environments reportedly have fewer quantities of large-sized
fruits because their large fruit sizes limit easy dispersal and
augment their local extinction proneness (Cramer et al., 2007;
Galetti et al., 2013). The interactions between birds and plants
with small fruit sizes and broad size overlaps, like the one we
analyze here, must have less morphological limitations than
those of better-preserved habitats where large-sized fruits can
be found (Corlett, 2005). In fact, our observations provide
little support to the central importance of size alone as an
attribute that can define frugivory network interactions since
some fruits aren’t consumed whole (e.g., Solanum umbellatum
and Syzygium samarangense) but in parts by some birds with
small bill size.

Nutritional Content
Nutritional content is an attribute that has been identified as a
strong influence in fruit consumption, primarily carbohydrates
(Gautier-Hion et al., 1985; Jordano, 2000) and secondarily lipids
(Howe, 1993; Lepzcyk et al., 2000). In our study, the two most
consumed fruits are those with the highest carbohydrate content;
as explained above, we did not estimate protein content.

The two models of nutritional content (carbohydrates and
lipids) are the closest to the null model, highlighting its
importance as factors that play a role in structuring bird–plant
frequency of pairwise interactions. Curiously, few studies have
used nutritional content as an influential factor in defining
network interactions: in the study of González-Castro et al.
(2015), in a Mediterranean scrub frugivory network, the use of
carbohydrate content as a predictive variable was outweighed
by morphology and relative abundance as the best explanatory
variables in spite of the apparent importance of the former.

Chromatic Contrast Performed Better
Than Morphology
The chromatic contrast model was better at explaining fruit
consumption than morphology. Although some reports have
suggested fruit consumption is influenced by the chromatic
contrast of fruits and its background (Schmidt et al., 2004;
Schaefer et al., 2007), ours is one of the few studies that we are
aware that uses chromatic contrast values to assess its role as a
determinant of interaction frequency in a frugivory network (e.g.,
Ordano et al., 2017). Although our results do not demonstrate

that fruit consumption is determined by fruit chromatic contrast,
we report the fruit detectability model performs better than
morphological matching in this periurban park. The outcome
may well be different in better-preserved habitats, since the
vegetation cover in our study site is less dense, fruits are more
readily exposed, and receive more light – characteristics that
could favor its detection.

Unforeseen Extrinsic Factors and
Caveats
Although we found no pattern in fruit consumption by birds
in our study site, our results do not unequivocally demonstrate
a random process of fruit consumption. The most important
factors to consider are our limited sample size, the limited
number of sites and habitat types, and the annual cycle coverage
of this study, limited to a 2-month period during the rainy season
and a 2-month period during the dry season.

We also think that other, unforeseen factors may also play a
role in these interactions but were not evaluated here. Examples
of these are trait similarity between birds and fruit and the
unknown degree of fruit consumption in the total diet of
participating birds. Other possible explanations may be the
heterogeneity of vegetation in our study site, a variable that may
favor a network arrangement different than the one we might
expect in habitats undergoing secondary succession (Palacio
et al., 2016). The periurban nature of our study site, embedded
in a landscape matrix with abundant gray (e.g., buildings, roads,
impervious surfaces, and other human-made) infrastructure
that can affect the movements of birds (MacGregor-Fors
and Escobar-Ibáñez, 2017), could induce changes in foraging
behavior. Other factors, such as macroecological and historical
vegetation patterns, the robustness of our dataset, the inclusion
of detailed bird behavioral data (e.g., pulp-pecking vs. whole-fruit
swallowing and the proportion of fruit on each bird’s diet), may
also be at play (e.g., Machado-de-Souza et al., 2019).

Urban and periurban greenspaces preserve fundamental
ecological interactions, many of them deeply shaped by human
management and activity (Gasperin and Pizo, 2009). While
we know some characteristics of these networks, e.g., urban
greenspaces as environments that favor generalist species, capable
of exploiting available resources broadly and effectively (Clavel
et al., 2011; Machado-de-Souza et al., 2019; Palacio, 2019; Salazar-
Rivera et al., 2020; Schneiberg et al., 2020), we also know
little about many other features, such as the ones explored
in this paper. We consider our understanding of how bird–
plant frugivory interactions are structured and organized in
cities will benefit from including extrinsic factors such as those
considered in spatial analyses. We also consider the combined
contribution of single site-based studies like ours will help to
solve theoretical approaches, such as neutral- and niche-based
processes governing ecosystem services in tropical urban areas.
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