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Abstract
1.	 Uncovering the role of competition and facilitation in community assembly is 

central for developing a predictive understanding of the forces that organize 
biodiversity. Standard trait-based approaches however rely on detection of only 
one assembly mechanism (competition or facilitation) along a single trait even 
though pollinator-mediated plant–plant interactions can be structured along 
multiple phenotypic, phenological and ecological traits.

2.	 We evaluated plant species distribution along multiple phenotypic and eco-
logical traits (flower colour, flowering time, pollinator sharing) and described an 
entire co-flowering community as a set of modules with unique patterns of as-
sembly, to test predictions regarding the relative contribution of competition 
and facilitation to the assembly of a diverse co-flowering community.

3.	 We show a modular pattern of flower colour assembly. Flower colour modules 
differ in their spectral reflectance patterns including colour hue and saturation. 
Within modules, however, species are differentially assembled along phenologi-
cal and ecological traits (pollinator sharing) depending on the main pollinator 
group visiting plant species within each module. Results suggest different trait 
assembly patterns within individual trait-modules in the same co-flowering com-
munity and that different trait-patterns can result from the same type of eco-
logical interaction.

4.	 This study reveals empirical evidence of community assembly along multiple 
axes of trait differentiation and raises caution when interpreting assembly pat-
terns based on a single trait.

K E Y W O R D S
community assembly, competition, facilitation, floral colour, flowering time, modularity, 
pollination, trait network
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1  |  INTRODUC TION

Understanding the role of deterministic, neutral and historical 
processes in mediating the assembly of natural communities is 
a major goal in ecology and a topic of active research (Cavender-
Bares et al., 2009; Clements, 1916; Diamond, 1975; Gleason, 1926; 
Götzenberger et al., 2012; Keddy, 1992; Ricklefs, 1987; Sargent & 
Ackerly, 2008; Tilman, 2004; Weiher et al., 1998). Within local com-
munities, prevailing ecological theory suggests that biotic interac-
tions within a trophic level can act as strong filters shaping species 
assembly (Cavender-Bares et al.,  2009; Diamond,  1975; E-Vojtkó 
et al., 2020; Gómez et al., 2010; Götzenberger et al., 2012; Sargent 
& Ackerly,  2008; Valiente-Banuet & Verdú,  2007; Wilson,  1999). 
These interactions can be positive (e.g. facilitation) or negative (e.g. 
competition) and mediate the coexistence of plants (e.g. Sargent 
& Ackerly, 2008; Valiente-Banuet & Verdú, 2007; Wei et al., 2021) 
and animal species (e.g. Gómez et al., 2010; Ingram & Shurin, 2009). 
Nonetheless, the relative importance of competition versus facili-
tation in community assembly is an area of ongoing debate and 
still unknown in some systems (e.g. plant communities; Ashman 
et al.,  2020; Götzenberger et al.,  2012). This is mainly due to the 
difficulty of incorporating the intrinsic complexities of species-rich 
communities and the interactions within them (Ashman et al., 2020; 
Götzenberger et al., 2012; Hegland et al., 2009; Wei et al., 2021). 
This gap in knowledge has in turn hindered our ability to gain a more 
complete understanding of the ecological processes and underlying 
mechanisms that shape natural communities (Ashman et al., 2020; 
Götzenberger et al., 2012; Wolowski et al., 2017). Disentangling the 
role of competition and facilitation in community assembly is not 
only central for developing a predictive understanding of the pro-
cesses that organize biodiversity, but it is also crucial for understand-
ing how communities will respond to increasing human disturbances.

Pollinator-mediated interactions among plants can be key in 
shaping community assembly (de Jager et al.,  2011; Sargent & 
Ackerly, 2008; Wei et al., 2021). For instance, floral traits such as 
colour, scent and quantity and quality of floral rewards determine 
how pollinators interact with flowers (e.g. Larue et al., Larue-Kontić 
& Junker,  2016; Yan et al.,  2016), and can thus determine how 
plants interact with each other via pollinator attraction (Phillips 
et al.,  2020; Sargent & Ackerly,  2008). However, in highly diverse 
plant communities, experimentally evaluating the direction of 
pollinator-mediated interactions (i.e. facilitation vs competition) be-
tween large numbers of plant species-pairs can be a daunting task 
(Mitchell et al.,  2009). Hence, analytical approaches that evaluate 
phylogenetic and functional trait distributions have been widely 
used to uncover signals of pollinator-mediated competition and fa-
cilitation at the community level (e.g. de Jager et al.,  2011; Kemp 
et al.,  2019; McEwen & Vamosi,  2010; Sargent & Ackerly,  2008; 
Wolowski et al.,  2017). Pollinator competition or facilitation have 
thus been inferred from the distribution of floral traits (e.g. flower 
colour) within a community (Sargent & Ackerly, 2008). For example, 
the functional clustering or aggregation of floral traits (compared 
with a random distribution) is interpreted as evidence of facilitation 

as the main force structuring co-flowering communities (de Jager 
et al., 2011; Sargent & Ackerly, 2008). This is because plants with 
high floral trait similarity amplify pollinator attraction and increase 
plant fitness compared with when they flower alone, hence pro-
moting co-flowering. On the other hand, functional divergence or 
over-dispersion of floral traits is interpreted as evidence of pollina-
tor competition (McEwen & Vamosi, 2010; Sargent & Ackerly, 2008). 
Floral trait over-dispersion leads to pollinator use differentiation and 
increases plant fitness in the presence of competition, thus allow-
ing plants to co-flower (Sargent & Ackerly, 2008; Wei et al., 2021). 
However, pollinator competition and facilitation are not mutually ex-
clusive (e.g. Bergamo et al., 2018; Tur et al., 2016), and it is unlikely 
that only one or the other is singly responsible for determining the 
structure of entire co-flowering communities.

The current reliance on solo-acting community assembly mech-
anisms (competition or facilitation) can be augmented by the use 
of trait-based approaches that evaluate species distribution along 
a single axis of trait differentiation (e.g. flower colour; McEwen 
& Vamosi,  2010; de Jager et al.,  2011; Kemp et al.,  2019; LeCroy 
et al.,  2021). However, this is inadequate because pollinator-
mediated plant–plant interactions are likely shaped by multiple phe-
notypic, phenological and ecological traits. For instance, species can 
be clustered in flower colour space but diverge in flowering time 
[first (blue) panel in Figure 1; Albor et al., 2020; Bergamo et al., 2018; 
Waser, 1978; Waser & Real, 1979]. From the perspective of flower 
colour alone such a pattern would be interpreted as pollinator fa-
cilitation even though plants do not flower at the same time and is 
unlikely they interact via pollinators (e.g. Albor et al., 2020; Bergamo 
et al., 2018), except in the still seldom documented case of sequen-
tial facilitation (see Braun & Lortie, 2019; Waser & Real, 1979). In 
fact, divergence in flowering phenology (i.e. flowering time) would 
likely suggest pollinator competition plays a larger role than facilita-
tion (e.g. Aizen & Vázquez, 2006; Waser, 1978). Indeed, in a recent 
study, Albor et al.  (2020) found that floral trait similarity is signifi-
cantly higher when plant species overlap in flower time compared 
with when they do not. This result suggests that pollinator compe-
tition and facilitation may lead to species distribution along phe-
notypic and phenological axes, respectively (Figure  1a). Pollinator 
competition, for instance, can also be evidenced by high floral trait 
divergence among species with high flowering overlap [third (grey) 
panel in Figure 1; Albor et al., 2020]. Thus, studies that integrate trait 
distribution patterns along multiple traits are necessary to reveal the 
relative importance of pollinator competition and facilitation in me-
diating the assembly of natural plant communities.

Here we integrate multi-trait phenotypes with the use of net-
work analyses to help uncover the more complex nature of com-
munity assembly processes described above, where different 
mechanisms (Figure 1a) may act on a different subset of species in 
the community. Specifically, networks based on trait distances can 
reveal modular patterns of community structure along one floral 
trait (e.g. flower colour; Figure 1b). Modularity in trait-networks re-
flects the grouping of species based on trait distances, where some 
species are more similar to each other in trait-space (within modules) 
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compared with species in other groups (i.e. among modules; also see 
Kantsa et al., 2017; Albor et al., 2020; also see Olesen et al., 2007; 
Dupont & Olesen, 2009). While traditional null model approaches 

that rely on solo-acting assembly mechanisms reveal single pat-
terns of flower colour distribution (i.e. all species are clustered or 
over-dispersed; de Jager et al.,  2011; McEwen & Vamosi,  2010), 

F I G U R E  1  (a) Predicted flowering time and floral colour distribution patterns resulting from pollinator-mediated facilitative and 
competitive interactions between plant species-pairs in co-flowering communities. Similar colours reflect similarity in floral phenotypes 
(flower colour) and curves represent flower abundances across time. The first (blue) panel shows trait clustering of floral colour but 
over-dispersion in flowering time suggesting pollinator-mediated competitive interactions between plant species. The second (red) 
panel shows clustering of floral colour and flowering time suggesting pollinator-mediated facilitative interactions. The third (grey) panel 
shows over-dispersion in floral colour and clustering in flowering time suggesting niche differentiation as a result of pollinator-mediated 
competitive interactions. (b) Expected community-wide floral colour-networks constructed using flower colour distances between plant 
species (1-Ecuclidean distance); floral-colour modules reflect groups of plant species that are more similar to each other in flower colour 
space compared with species in other modules. Nodes (circles) represent plant species, the colour of the circles reflects different flower 
colours and the lines reflect the extent of flower colour similarity between species-pairs (c) expected relationship between flower-colour 
similarity and flowering overlap among species (within a trait-module) under the different competitive and facilitative scenarios. (d) Expected 
relationship between flower-colour similarity and pollinator use overlap (degree of pollinator sharing) among species (within a trait-module) 
under the different competitive and facilitative scenarios associated with specific patterns of flower colour and flowering time assembly.



4  |   Functional Ecology ALBOR et al.

trait-networks can reveal the existence of multiple trait-modules, 
each reflecting a distinct pattern of floral trait grouping [Kantsa 
et al., 2017; see third (grey) panel in Figure 1b]. This approach has 
thus the potential to reveal more realistic patterns of trait assembly 
since it is unlikely that all species in a community will either overlap 
or diverge in trait space (e.g. flower colour). In fact, most plant com-
munities contain a wide diversity of flower colours associated with 
different pollinator groups (e.g. Ishii et al., 2019; Kemp et al., 2019), 
and with varying levels of similarity that may be better described via 
trait-network modularity (Figure 1b; Kantsa et al., 2017, 2018). This 
approach has been previously used to uncover the importance of 
modularity in floral scent (Kantsa et al., 2017, 2018) and flowering 
time (Albor et al., 2020) in structuring plant-pollinator interactions 
at the level of the entire community. However, to our knowledge, no 
study has used this approach to evaluate the drivers of pollinator-
mediated plant interactions within individual trait-modules and to 
evaluate if multiple drivers (e.g. competition and facilitation) may 
operate within the same community. For instance, the study by 
Albor et al.  (2020) revealed that, on average, floral trait similarity 
is higher for species within than between co-flowering modules, 
hence suggesting that only pollinator-mediated facilitation operates 
within all trait-modules. However, it is possible that competition and 
facilitation may occur simultaneously within different trait-modules. 
Thus, it is conceivable that not one (e.g. Albor et al., 2020), but all 
three assembly mechanisms and their underlying trait distribution 
patterns (Figure 1), operate within a single co-flowering community. 
However, to our knowledge, such a tantalizing possibility remains 
unexplored.

For instance, species distribution patterns along phenological 
(e.g. flowering overlap) and ecological axes (e.g. pollinator sharing) 
can be explored to reveal signals of pollinator competition and fa-
cilitation within individual floral trait-modules. In this sense, we 
can expect that if pollinator-mediated competition is the dominant 
force then increasing flower colour similarity between species 
within a module should decrease the intensity of flowering over-
lap [first (blue) panel in Figure 1c] and pollinator sharing (blue panel 
in Figure 1d) in order to minimize competition. On the contrary, if 
pollinator-mediated facilitation is the dominant process, then in-
creasing flower colour similarity between species within a module 
should lead to increasing flowering overlap [second (red) panel in 
Figure  1c] and pollinator sharing (red panel in Figure  1d). Finally, 
in instances where trait over-dispersion (driven by pollinator com-
petition) is sufficient to enhance co-flowering then we would not 
expect a relationship between flowering overlap and trait-distance 
[third (grey) panel in Figure 1c]. This because in this scenario (grey 
panel in Figure 1) co-flowering would be solely maintained by flower 
colour/niche differences that minimize pollinator competition (e.g. 
pollinator specialization). Thus, pollinator sharing is not expected 
to be high due to strong flower colour differentiation [third (grey) 
panel in Figure  1d]. However, if phenotypic similarity does occur 
between some species, it may increase pollinator sharing due to 
their high flowering overlap. This theoretical framework would not 
only allow the detection of multiple assembly mechanisms acting 

simultaneously but will also allow us to uncover the specific species 
involved in facilitative versus competitive interactions within highly 
diverse plant communities.

Here we evaluated distribution patterns of flower colour, flower-
ing time and pollinator sharing using the above theoretical framework 
(Figure 1), and study an entire plant community by characterizing it as 
a set of multiple modules (based on flower colour differences), each 
with potentially unique patterns of assembly. We do this to further 
test the associated predictions regarding the role of competition and 
facilitation in the assembly of a diverse co-flowering community in 
northern California (Figure 1). Specifically we ask, (a) is co-flowering 
community assembly driven by pollinator competition, facilitation or 
both mechanisms acting simultaneously? and (b) is co-flowering as-
sembly mediated by species distribution along one or multiple eco-
logical and/or phenotypic axes (floral colour, flowering phenology, 
pollinator sharing)? Because shared evolutionary history can also 
drive patterns of flowering phenology (Rafferty & Nabity, 2017) and 
floral trait assembly (Ibanez et al., 2016; Shrestha et al., 2014), we 
also evaluated the role of phylogenetic relatedness in mediating the 
patterns observed (Webb, 2000; Webb et al., 2002).

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The study was conducted in a diverse serpentine seep co-flowering 
community at the McLaughlin Natural Reserve in northern California, 
USA (38°51′41.4″N, 122°23′54.8″W; banana slug site in Koski 
et al., 2015; Wei et al., 2021). This reserve is part of the University 
of California Natural Reserve System, which provided permission to 
conduct the study. The plant community at the time of flower colour 
data collection (summer, May–June 2018) was composed of 39 an-
nual and perennial insect-pollinated plant species (Table S1) grow-
ing embedded within a matrix of grassland and shrubland (medium 
size shrubs and bushes). Species number at these seeps however 
has been observed to vary spatially and temporally (Arceo-Gómez 
et al., 2018; Koski et al., 2015; LeCroy et al., 2021; Wei et al., 2021). 
Previous studies have also shown a high level of direct (via pollen 
transfer e.g. Arceo-Gómez et al., 2016) and indirect (via pollinator 
sharing) plant–plant interactions in these communities (e.g. Koski 
et al., 2015; Wei et al., 2021), which can shape the distribution of 
floral colour and flowering time (Arceo-Gómez et al., 2018; LeCroy 
et al., 2021; Sargent & Ackerly, 2008). The floral visitor community is 
primarily composed of bees but it also includes flies, butterflies and 
beetles among other insects (Koski et al.,  2015; Wei et al.,  2021). 
Flowering typically takes place within a short period of time (be-
tween May and July) when the seeps remain wet (Alonso et al., 2017; 
Arceo-Gómez et al., 2018). This short flowering period also limits the 
effect of environmental variation (temperature and photoperiod) in 
the timing and duration of flowering and increases the importance of 
biotic interactions in structuring co-flowering communities (Elzinga 
et al., 2007).
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2.2  |  Flower colour

We chose floral colour because it is considered an important 
trait mediating pollinator preference and shaping the structure of 
co-flowering communities (e.g. Kantsa et al.,  2017; van der Kooi 
et al.,  2016). Here, we measured floral reflectance spectra (340–
700 nm) from the dominant corolla colour in five flowers per spe-
cies with a handheld field spectrometer (StellarNet Inc.). Floral 
reflectance spectra were collected for all 39 plant species present 
at the site in the summer (May–June) of 2018 (Figure S1). Because 
hymenopterans (i.e. bees) are the most abundant floral visitors at 
the study site (Koski et al., 2015; Wei et al., 2021) we further used 
this data to model flower colour in the trichromatic colour-hexagon 
of the Hymenoptera vision model which considers the excitation of 
three types of photoreceptors (green, blue, and UV; Chittka, 1992). 
Bee colour hexagon and chromatic colour components (hue and sat-
uration) were estimated using the R package pAvO (Maia et al., 2013) 
considering standard green as the background and D65 ‘standard 
daylight’. Colour hue (tonality/primary colour) is measured as a cir-
cular angle (i.e. hue angle: 0–360°) leading to six bee colour catego-
ries (blue, blue-green, green, UV, UV-blue, and UV-green; Kelber & 
Osorio, 2010; van der Kooi et al., 2019), whereas colour saturation 
(spectral purity) represents the spectral purity of colour (without 
grey and white light; Kelber & Osorio, 2010; van der Kooi et al., 2019).

2.3  |  Flower colour similarity network

We constructed a flower colour network based on the level of flower 
colour similarity (using untransformed floral reflectance spectra) 
as a link between plant species-pairs (Figure  1d; also see Kantsa 
et al., 2017). Floral reflectance shows the intensity of reflected light 
by flowers (i.e. the observed colour) provided in relative proportions 
(i.e. 0% means that the flowers do not reflect any light in a specific 
wavelength, whereas 100% indicates full reflection). To construct 
a flower colour network, we estimated Gower's pairwise distances 
(Gower, 1971) between each plant species pair using the floral re-
flectance matrix (340 to 700 nm; e.g. Albor et al.,  2020). Gower's 
distance has been shown to perform well with continuous data such 
as with flower colour distances (Gower, 1971; Laliberté & Legendre, 
2010). Gower's distance (1 – average dissimilarity) thus represents 
the degree of flower colour similarity between two plant species 
(Albor et al., 2020; Gower, 1971). Species-pairs with colour distances 
lower than 0.2 were considered as ‘identical’ (colour distance equal 
to zero) in colour as insects, particularly Hymenoptera, often dis-
criminate colours above this threshold (Chittka et al., 2001; de Jager 
et al., 2011). With this colour similarity matrix (Gower's distance) we 
constructed a undirected colour similarity network using Gephi 9.1 
(Albor et al., 2020; Arceo-Gómez et al., 2018; Bastian et al., 2009; 
Fang & Huang, 2013). We then estimated network modularity (Q) to 
identify groups of species with higher flower colour similarity com-
pared with other species in the community using the BipARtite pack-
age in R and the algorithm ‘QuanBiMo’ (Dormann & Strauss, 2014). 

Network modularity ranges from 0 (no modularity) to 1 (complete 
modularity; Dormann & Strauss, 2014). The significance of network 
modularity was evaluated using a null model approach to com-
pare observed modularity with expectations derived from 1,000 
randomly constructed networks (using the same observed colour 
distance values) using the ‘r2dtable’ algorithm and the ‘nullmodel’ 
function in the BipARtite package in R (Dormann & Strauss, 2014; also 
see Albor et al.,  2020). We standardized modularity by calculat-
ing the Z-score of Q as: ZQ = (Qobserved − Qnull)/SDQnull. The Z-score 
measures the number of standard deviations that observed network 
modularity (Q) deviates from average modularity in 1,000 random 
networks. Networks were considered significantly modular when 
Z-cores values were ≥2 since their observed modularity is at least 
two standard deviations higher than expected from random net-
works with the same marginal totals (Albor et al., 2020; Dormann 
& Strauss, 2014).

2.4  |  Flowering overlap

Flowering overlap data were obtained from Arceo-Gómez 
et al. (2018), which were collected by establishing 13 1 × 3 m plots at 
the study site in 2016. Plots were distributed approximately every 
five meters along the seep, but plots were added when necessary 
to include low abundance (rare) species not initially captured within 
plots. Thus, all insect-pollinated species were included in at least one 
plot and more abundant species were represented across multiple 
plots (Arceo-Gómez et al., 2018). With this approach the number and 
location of the plots reflected the presence and abundance of each 
insect-pollinated species in the seep (see Arceo-Gómez et al., 2018). 
Plant identity and number of open flowers for each species within 
the plots were recorded every 5 days between the beginning of May 
until June for a total of nine surveys (Arceo-Gómez et al., 2018). To 
estimate the intensity of flowering overlap between plant species-
pairs the number of open flowers for each plant species, at each 
time interval, was used to estimate co-flowering overlap using the 
Schoener's index (SI) of niche overlap (Albor et al.,  2020; Arceo-
Gómez et al., 2018; Forrest et al., 2010; Schoener, 1970). From this 
index, SI = 1 – ½ Σk|pik – pjk|, pik and pjk represent the proportion of 
flowering by species ‘i’ and ‘j’, respectively, on day ‘k’ (Arceo-Gómez 
et al., 2018; Forrest et al., 2010). SI ranges from 0 (no overlap in flow-
ering) to 1 (complete flowering overlap; Forrest et al., 2010; Arceo-
Gómez et al., 2018; Albor et al., 2020).

2.5  |  Floral visitor use overlap

Data on insect visitation (i.e. floral visitor) to each plant species at 
the study site was obtained from Wei et al. (2021) where it was re-
corded in 2 years (2016–2017) by surveying the site between 08:00–
17:00 hr once every week for 9 weeks during peak flowering season 
(late April–June). Insect visitation to individual plant species was re-
corded simultaneously by three people by collecting all floral visitors 
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with a sweep net when they were observed contacting floral repro-
ductive structures (stamen or pistil). Lepidopterans were preserved 
dry and all other insects were preserved in 100% ethanol in a −20°C 
freezer until processed (Wei et al., 2021). Specimens were identified 
by specialists to the lowest taxonomical level possible and vouch-
ers are kept at the Carnegie Museum of Natural History (Pittsburgh, 
PA; see Supplementary Material in Wei et al., 2021). From this raw 
data we estimated the amount of floral visitor sharing between plant 
species-pairs using Gower's pairwise distances (Gower, 1971) based 
on the number of visits by each insect species to each plant species 
(Albor et al., 2020). Floral visitor sharing (1 – average dissimilarity) 
thus represents the degree of similarity in the floral visitor commu-
nity between two plant species (Albor et al.,  2020; Gower,  1971). 
Floral visitors were classified into five taxonomic groups, that is, 
bees, beetles, lepidopterans, flies and wasps (Koski et al., 2015; Wei 
et al.,  2021). These pollination groups reflect differences in their 
sensory systems (e.g. perception of colour), foraging behaviour (e.g. 
social vs. solitary), and taxonomic affinities, all of which have been 
shown to influence pollination dynamics (Koski et al., 2015).

2.6  |  Phylogenetic relatedness

We reconstructed the phylogenetic relationships among the 39 spe-
cies in the community using the ‘phylo.maker’ function implemented 
in R package V.PhyLOMAkeR (Jin & Qian, 2019). Specifically, we used 
the updated mega-tree of vascular plants ‘GBOTB.extended.tre’ 
(Smith & Brown, 2018). We also used V.PhyloMaker ‘scenario 3’ to 
add missing species (11 species) to the phylogeny as polytomies 
within their parental clades and adjusted the branch lengths using 
the BLADJ function (Webb et al., 2008). To estimate species' phylo-
genetic relatedness, we computed pairwise phylogenetic distances 
between all plant species-pairs in the phylogeny (Webb et al., 2002). 
We obtained phylogenetic distances among all co-flowering species 
using the function cophenetic.phylo in the R package Ape (Paradis 
et al., 2004; Figure S2).

2.7  |  Hypotheses testing

We first used analysis of variance (ANOVA) to evaluate differences 
in flower colour properties (i.e. hue and saturation) between the ob-
served modules in the flower colour network to confirm that these 
represent distinct colour modules. For this, species were categorized 
according to their module membership into module ‘one’ or ‘two’ (see 
results). We also use one-way ANOVA to evaluate differences in av-
erage flower colour similarity (Gower's distance) between plant spe-
cies within each colour module. We did this first using the raw floral 
reflectance spectra (i.e. all insects) and then using colour distances 
exclusively based on the Hymenoptera vision model, which is the 
dominant floral visitor group in this community (Koski et al., 2015; 
Wei et al., 2021). To estimate colour distances in the Hymenoptera 
vision model, we used the function ‘coldist’ in the package pAvO in 

R (Maia et al.,  2013), which calculates Euclidean colour distances. 
In this case smaller distances indicate higher flower colour similar-
ity. We also use one-way ANOVAs to evaluate differences in the in-
tensity of flowering overlap (SI Index) across all plant species-pairs 
between the two observed flower colour modules. Residuals for 
all models were normally distributed (Shapiro–Wilk test, p > 0.05). 
The F statistics and significance values were determined using the 
Anova function in the cAR package in R (Fox et al., 2012). We also 
evaluated if the overall amount of floral visitor sharing (Gower's dis-
tance) between species was different for plants species-pairs within 
each module. Because of the large percentage of zeros in this data-
set, and to avoid overestimating pollinator specialization (i.e. zero 
Gower's distance) due to incomplete sampling, we ran two sepa-
rate models. First, we ran a model as described above for flowering 
overlap with Gower's distance as the response variable and ‘module’ 
as the predictor variable but only using non-zero data. In addition, 
we used a zero-inflated beta regression with all the data (including 
zeros) using the gAmLss package in R (Rigby & Stasinopoulos, 2005; 
Vaidya et al., 2018). Zero-inflated beta regression analyzes the data 
as a mixture of Bernoulli and beta distributions and simultaneously 
estimates two parameters. First, a binomial model to estimate the 
probability that two plants will not share a pollinator (Gower's dis-
tance = 0) and then a model accounting for this probability (i.e. ex-
pected value for the beta component; Rigby & Stasinopoulos, 2005; 
Vaidya et al., 2018).

We further used generalized linear models (GLMs) to evaluate 
if the number of observed flower visits by the three main floral vis-
itor groups at the study site, that is, bees, flies and beetles (Koski 
et al.,  2015; Wei et al.,  2021), differed for plant species in flower 
colour module ‘one’ compared with those in module ‘two’. A sepa-
rate GLM was run for each visitor group with module as the inde-
pendent variable and the number of observed visits as the response 
variable. GLMs were fitted using a Poisson distribution and identity 
link function. The Poisson distribution was used as it is often used 
with count data with values higher than zero (Crawley, 2012). The 
Poisson distribution also provided the best model fit while minimiz-
ing overdispersion. Statistical significance was determined using a 
Wald's chi-squared test (ANOVA function, cAR package; Fox et al., 
2012).

We then fitted two GLMs per network module to evaluate the 
expected relationships between flower colour similarity (Gower's 
pairwise distance) and flowering overlap (Schoener's index based 
on species flower counts) and between flower colour similarity and 
flower visitor sharing (Gower's pairwise distance; see Figure 1c,d), 
which outcomes can help infer the three predicted community as-
sembly scenarios and the underlying mechanisms (Figure 1a). These 
relationships were evaluated using all plant species-pairs within each 
of the two flower colour modules observed (see Results). GLMs were 
performed using a Gamma distribution and log link function. Gamma 
distribution is best used for continuous non-integer data such as the 
co-flowering index and flower colour similarity (Crawley, 2012). The 
Gamma distribution also provided the best model fit while minimiz-
ing overdispersion. A value of 0.1 was added to the flowering overlap 
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index (SI) to eliminate zeros in the response variable and meet model 
assumptions (e.g. Lázaro et al., 2013). Finally, we used GLM to eval-
uate the potential influence of phylogenetic relatedness on flower 
colour similarity, flowering overlap and floral visitor sharing. Each 
relationship was tested independently within each flower colour 
module. GLMs were performed using a Gamma distribution and log 
link function. Statistical significance was determined using a Wald's 
chi-squared test (ANOVA function, cAR package; Fox et al., 2012). 
All GLMs were conducted using the ‘glm’ function in R stAts package 
version 4.05.

3  |  RESULTS

The floral colour network was composed of 39 co-flowering spe-
cies and showed a significant modular structure (Q  =  0.05; Z-
core = 3.75 and p < 0.05). Specifically, the network contained two 
modules of 18 (hereafter, module one) and 21 (hereafter, module 
two) plant species, respectively (Figure 2; Figure S3). The model of 
flower reflectance spectra using the trichromatic colour-hexagon 
of the Hymenoptera showed that plant species in module one pre-
dominantly stimulated the bee green photoreceptor while flower 
spectra of species in module two stimulated the blue photorecep-
tor (Figure 2; Figure S4). These two colour modules were also sig-
nificantly different in their specific colour properties. Specifically, 
flower colour saturation was significantly higher in module one than 
module two (F1,38 =  7.42, p < 0.01; Figure  3b), whereas colour to-
nality (i.e. hue angle) was significantly higher in module two than 
in module one (F1,38 = 6.88, p = 0.01; Figure 3c). Average similar-
ity in flower reflectance (raw reflectance spectra) across all plant 
species-pairs ranged from 0.01 to 0.79. The average flower re-
flectance similarity between plant species-pairs was significantly 
higher in module two (mean ± SE: 0.86 ± 0.01) than in module one 
(0.75 ± 0.01; F1,362 = 28.27, p < 0.001; Figure 3a). Furthermore, the 
average flower colour distance between plant species-pairs based 
on the Hymenoptera vision model was smaller (i.e. higher colour 
similarity) in module two (mean ± SE: 10.45 ± 0.41) compared with 
module one (higher colour dissimilarity; 14.46 ± 0.71; F1,362 = 27.02, 
p < 0.001). Average flowering overlap (co-flowering index) between 
species-pairs ranged from 0 to 0.92 but flowering overlap was not 
significantly different between module one (SI index: 0.32 ± 0.03) 
and module two (0.27 ± 0.03; F1,176 = 3.09, p > 0.05).

From Wei et al.  (2021) we recorded a subset of 1,161 individ-
ual insects belonging to 142 pollinator species (1 to 103 individuals 
per species) at the study site. Among the most abundant groups of 
floral visitors at our study site were bees (57%), flies (24%), bee-
tles (10%) and lepidopterans (8%). The amount of pollinator shar-
ing (1 − average dissimilarity) across all species-pairs ranged from 
0 to 0.99 and ANOVA showed it was significantly higher in mod-
ule two (mean ± SE: 0.92 ± 0.01) than in module one (0.87 ± 0.01; 
F1,124 = 19.75, p < 0.001; Figure 3d). Results from the zero-inflated 
beta regression (including zeros) further confirmed that values of 
pollinator sharing were higher for species-pairs within module two 

compared with those in module one (t = 4.3, p < 0.001). The polli-
nator species composition pool was also different between flower 
colour modules. Specifically, the number of observed flower visits 
by bees was significantly higher in plants within module two com-
pared with those in module one (χ2 =  11.1, p < 0.001; Figure  3e). 
On the contrary, the number of observed flower visits by beetles 
was higher in module one than in module two (χ2 = 20.8, p < 0.001; 
Figure 3f). No differences in the number of observed flower visits by 
flies were observed between module one (5.06 ± 2.34) and module 
two (5.51 ± 1.63; χ2 = 0.3, p = 0.5).

Phylogenetic relatedness between plant species-pairs was not 
significantly related to their flower colour distance, intensity of 
flowering overlap (Schoener's index) or pollinator sharing (Gower's 
pairwise distances) for either module (χ2 < 0.25, p > 0.05 for all). We 
found a significant negative relation between flower colour similar-
ity and flowering overlap for plant species in module two (χ2 = 5.57, 
p =  0.01), but not in module one (χ2 =  0.001, p > 0.05; Figure  4). 
Furthermore, pollinator sharing was positively related with flower 
colour similarity in module one (χ2 = 5.38, p = 0.02), but not in mod-
ule two (χ2 = 0.18, p > 0.05; Figure 4).

4  |  DISCUSSION

While most studies have relied on the distribution of a single floral 
trait to infer mechanisms of co-flowering community assembly (e.g. 
McEwen & Vamosi, 2010; de Jager et al., 2011; Kemp et al., 2019; 
but see Wolowski et al.,  2017; Bergamo et al.,  2020) our results 
show empirical evidence of assembly along multiple axes of trait 
differentiation (i.e. flower colour and flowering time), likely mediat-
ing patterns of co-flowering. Similar to other studies (e.g. de Jager 
et al., 2011; Kantsa et al., 2017, 2018; Kemp et al., 2019), we show 
that plants can be grouped based on flower colour similarities and 
differences. However, our approach revealed a more complex pat-
tern than previous studies by uncovering a modular structure of 
flower colour assembly within the same community. Specifically, our 
results show that not all plant species follow the same flower col-
our distribution pattern (i.e. clustered or over-dispersed; McEwen & 
Vamosi, 2010; de Jager et al., 2011), but in turn species are organized 
in different flower colour-groups (modules), each with a distinct pat-
tern of assembly. In this seep community, we found two plant groups 
(modules; Figures 2; Figure S3) with unique differences in flower col-
our reflectance spectra, hue, saturation and overall floral colour sim-
ilarity (Figure 3a–c). This modularity in flower colour assembly could 
be the result of convergence and/or divergence patterns driven by 
floral visitors with different colour preferences. For instance, plants 
in module two seem to strongly attract visitation by bees, as this 
module was mainly composed of species with flowers perceived as 
bee-blue and bee UV-blue (i.e. floral spectra with low saturation and 
high hue angle; Supporting Information Figures S1 and S4), which are 
commonly associated with bee-pollinated species (e.g. Morawetz 
et al., 2013; Papiorek et al., 2013; Reverté et al., 2016). In fact, our 
results showed that the number of bee flower visits in module two 
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is approximately 30% higher than in module one (Figure 3e). Further 
analyses also showed that flower colour similarity was significantly 
higher for plant species-pairs within (mean ± SE: 0.62 ± 0.01) than 
between modules (0.58 ± 0.01; F1,437 = 8.1, p < 0.0; data not shown) 
supporting the existence of two distinct colour modules. Thus, dif-
ferences in plant species composition within floral-colour modules 
likely reflect pollinator-specific floral colour preferences shaping 
community assembly (e.g. Ellis et al., 2021) beyond a single clustered 
or over-dispersed pattern. Studies that evaluate the existence of 
community assembly patterns that are not constrained to a single 
outcome (clustered vs over-dispersed) are hence paramount in fully 
uncovering the ecological mechanisms that shape communities in 
nature (e.g. Bergamo et al., 2020; Wolowski et al., 2017).

Our approach considering multiple traits also showed differ-
ent patterns of assembly within individual flower colour-modules. 

Specifically, our results show plant species within colour-modules 
can be further structured with respect to flowering time. For in-
stance, we found a negative correlation between flowering overlap 
and flower reflectance similarity within flower colour-module two. 
That is, within that module, the more similar in flower colour two 
species are the greater their divergence in flowering time. This is in 
line with our expectation of pollinator competition as the dominant 
organizing force [see first (blue) panel in Figure 1c]. The high level 
of flower colour similarity and pollinator sharing (Figure  3) within 
module two may thus be at least partially due to plant species' di-
vergent structure in flowering phenology. Specifically, pollinators 
visit phenotypically similar plant species at different points in time 
during the season. It is important to note however, that this pattern 
of phenotypic similarity and staggered pollinator visitation may also 
be reflective of sequential facilitation (e.g. Waser, 1978) instead of 

F I G U R E  2  Flower colour network constructed based on the estimation of overall (untransformed) flower reflectance similarity (Gower's 
distance) among plant species showing two colour modules (a). Nodes (circles) represent plant species denoted by species codes (see 
Table S1 for full species names) and line width reflecting the amount (strength) of flower reflectance similarity between species-pairs. For 
illustrative purposes only the colour of the nodes represents the flower colour spectra based on the Hymenoptera vision model, which is the 
dominant floral visitor group in the community.
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pollinator competition. However, we feel this is less likely as there 
is still little evidence suggesting a high frequency of facilitative 
processes in the absence of co-flowering between species-pairs 
(Braun & Lortie,  2019), and its potential role in structuring entire 
co-flowering communities is thus virtually unknown. Nonetheless, 
our approach still provides an opportunity to formulate predictions 
and to design logistically feasible experiments to directly test these 
two opposite predictions (see below). Furthermore, as stated above, 
flower colour characteristics and visitation patterns observed in 
module two strongly suggest that plant species are more reliant on 
bee visitation compared with those in module one. Bees are not only 
the most abundant visitors at our study site (Wei et al., 2021) but 
they are also considered among the most efficient pollinators (e.g. 
Ballantyne et al., 2017; Hung et al., 2018). Thus, the level of phe-
notypic convergence (flower colour) required to attract this highly 
abundant/efficient group of insects may result in strong competi-
tion, which is minimized via flowering time divergence. This would 
also explain why the increasing amount of flower colour similarity 
necessary for bee pollination (e.g. de Jager et al.,  2011; Bergamo 
et al., 2018) does not lead to a decrease in pollinator sharing as ini-
tially predicted under pollinator competition [first (blue) panel in 

Figure 1d]. Overall, our results suggest that the use of specific pol-
linator groups (and their associated sensory systems) may impose 
constraints in the axis of niche differentiation and assembly within a 
community. Interestingly, if we had only relied on flower colour simi-
larity we would have concluded that pollinator facilitation is the main 
assembly force in the entire community (e.g. de Jager et al., 2011). 
For instance, results using traditional null model analyses with a 
larger species pool from multiple seeps at the natural reserve (48 
species) revealed a significant clustered pattern in flower colour at 
our study site [observed mean pairwise distance (MPD) = 0.28, ran-
dom MPD = 0.3, p = 0.05; also see LeCroy et al., 2021]. Thus, our 
approach raises caution in interpreting assembly patterns along a 
single trait (also see Wolowski et al., 2017).

In contrast, we did not find a significant relationship between 
flower colour similarity and flowering overlap for plant species 
within module one. However, overall flower colour similarity and 
pollinator sharing was significantly lower for this module (Figure 3). 
This suggests that a lower level of flower colour similarity among 
plant species in this module may be sufficient to reduce reproductive 
interference and allow co-flowering [third (grey) panel in Figure 1a]. 
The higher colour dissimilarity between plants in module one may be 

F I G U R E  3  Density plot of differences (median ± quartile) in (a) overall flower colour similarity, (b) flower colour saturation, (c) colour 
tonality (hue angle) between the two observed modules. Differences in overall (d) pollinator sharing (Gower's distance) and number of 
observed flower visits by (e) bees and (f) beetles to plants in floral colour-module ‘one’ and module ‘two’ are also shown. All comparisons are 
significant at *p < 0.05. No differences in the number visits by flies were observed (p ˃ 0.5).
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the result of higher flower visitation by other insect groups such as 
beetles (e.g. generalist plant species), which may result in selective 
pressure for low floral colour similarity (or reduced pressure for high 
colour similarity). For instance, our results showed that flowers of 
plant species in this module received a higher proportion (~50%) of 
visits by beetles compared with species in module two (Figure 3f). 
However, because species in this module are not structured in flow-
ering time (as in module two), an increase in flower colour similarity 
can lead to an increase in pollinator sharing. The higher dissimilar-
ity in flower colour (compared with module two) and low pollinator 
sharing within module one also suggests pollinator competition is 
the main force mediating its structure, but with species assembled 
along a morphological (flower colour) rather than a phenological axis 
of differentiation (grey panel in Figure  1). Thus, our results show 
that different trait-structure patterns (Figure 1a) may result from the 
same type of ecological interaction within the same community de-
pending on plant species' main pollinator groups (also see Wolowski 
et al., 2017). In a similar study, Bergamo et al. (2018) also showed 
that assembly patterns may vary depending on the main pollina-
tor functional group. Interestingly, in that same study species with 
the strongest phenotypic similarity also had the highest amount of 

flowering overlap suggesting pollinator facilitation. The existence 
of multiple assembly patterns may only be revealed when evaluat-
ing patterns within different subsets of species (e.g. modules) in a 
community separately. For instance, when we only evaluated dif-
ferences in pollinator sharing and flowering overlap for all species-
pairs within-modules compared with those between-modules (thus 
ignoring within-individual trait patterns; e.g. Albor et al., 2020), no 
differences were observed (F1,437 < 0.15, p > 0.05; data not shown), 
presumably because different patterns (and mechanisms) operate 
within individual colour modules. It is also important to note the lack 
of a significant relationship between phylogenetic relatedness and 
patterns of flower colour similarity, flowering time and pollinator 
use overlap, suggesting that the assembly patterns observed here 
are largely driven by the action of plant-pollinator interactions and 
not due to shared evolutionary history (also see LeCroy et al., 2021). 
Other studies have also shown that phenotypic differentiation (e.g. 
flower colour) in sympatric plants can be mediated by plant-pollinator 
interactions even in closely related species (e.g. Grossenbacher & 
Stanton, 2014; Muchhala et al., 2014). Further supporting this result, 
we also found a weak phylogenetic signal for flower colour in this 
community (λ = 0.05; Figure S2).

F I G U R E  4  Results from generalized 
linear models evaluating the relationship 
between flower colour similarity with 
flowering overlap and pollinator sharing 
for each of the two network colour 
modules. Tests are based on predictions 
of trait associations supporting the action 
of pollinator-mediated competitive and 
facilitative processes (Figure 1). Only the 
relationships showing trend lines (±95%CI) 
are significant at p < 0.05.
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Finally, it is important to emphasize that although evaluating trait 
distribution patterns to uncover signals of the role of competitive 
and facilitative interactions in the assembly of highly diverse commu-
nities is a valuable approach (de Jager et al., 2011; Kemp et al., 2019; 
McEwen & Vamosi,  2010; Sargent & Ackerly,  2008; Wolowski 
et al., 2017), the patterns observed would ideally be confirmed by 
experimentally evaluating the fitness effects of co-flowering. The 
role of traits such as floral colour and flowering time in mediating 
co-flowering assembly should also be tested experimentally and 
their importance evaluated compared with other traits such as floral 
size, scent, floral rewards and others that have also been shown to 
be important for pollinator attraction. These types of experimental 
approaches combined with the uncovering of community-wide pat-
terns is key in order to fully tease apart the relative contribution of 
competition and facilitation to community assembly (e.g. sequential 
facilitation vs competition). In this sense, our analytical framework 
is also valuable in that it allows the detection of specific plant spe-
cies involved in competitive versus facilitative interactions, based on 
trait and pollinator use relationships within individual trait-modules 
(Figure 1c–d), and to formulate explicit predictions that can be tested 
experimentally. For instance, by manipulating species' flowering time 
(e.g. in the greenhouse) and/or floral colour (e.g. Bischoff et al., 2015) 
and evaluate changes in competitive/facilitative interactions with 
other species within the module. Or by conducting standard pollina-
tor competition experiments where pollination success (e.g. seed set) 
is evaluated in plant species-pairs flowering alone and in the pres-
ence of a competitor. Species-pair selection and predictions could be 
formulated based on the results of our posed framework instead of 
conducting experiments on all possible plant-species-pairs in a com-
munity. For instance, we could experimentally test the prediction 
of competition-driven flowering time divergence and assembly in 
Delphinium uliginosum (DEUL), Brodeia elegans (BREL), Collinsia sparsi-
folia (COSP), Anthirrinun cornutum (ANCO), all purple/blue flowers (in 
the human spectrum) in module two (Figure 2).

Overall, our approach of characterizing the community as a set of 
multiple modules based on flower colour differences reveal evidence 
suggesting that multiple assembly patterns, driven by the same or 
different ecological mechanisms (competition vs. facilitation), can 
operate within the same co-flowering community. These more com-
plex patterns of community assembly may only be revealed by simul-
taneously evaluating multiple axes of phenotypic (e.g. floral traits) 
and ecological differentiation (e.g. pollinator use), and thus we raise 
caution when interpreting assembly patterns along a single trait. We 
emphasize the need for more studies (also see Hegland et al., 2009; 
Wolowski et al., 2017) that evaluate the interplay between compe-
tition and facilitation, its importance in plant community assembly, 
and how these patterns may vary in space and time, to advance our 
understanding of the mechanisms that shape biodiversity in nature.
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