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ABSTRACT 17 

Multiple non-exclusive processes influence species interactions and shape ecological networks. 18 

Although evolutionary history may influence interactions via shared inherited traits, its relative 19 

importance in comparison to neutral and niche-based processes remain poorly understood. 20 

Here we investigate phylogenetic signals on hawkmoth ecological traits relevant for pollination 21 

interactions, the effects of evolutionary history on interaction frequencies and the emergence 22 

of modularity in an interaction network. We also evaluated the relative importance of 23 

evolutionary history compared to ecological and neutral processes in shaping interactions. We 24 

analyzed a plant-hawkmoth network on Pampa grasslands for which we collected 25 

morphological, phenological, abundance and phylogenetic data for every mutualistic species of 26 

these groups in the community. The best model predicting interactions indicates that, beyond 27 

interaction frequencies increase as morphological matching and phenological overlap increase, 28 

distantly related hawkmoth species also tend to interact with plants more frequently. Further, 29 

by evaluating whether hawkmoth composition differs among interaction modules, we found 30 

that modules encompass phylogenetically distant and functionally distinct hawkmoth species. 31 

Thus, modules composition may indicate that despite evolutionary history and ecological traits 32 

influence interactions’ frequency, modules emergence is not only directly influenced by these 33 

processes, but potentially also defined by a strong environmental filtering or stochastic factors 34 

that shape hawkmoths’ species composition in the community. 35 
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Introduction 41 

The interest on plant-hawkmoth interactions as a model system to understand coevolution is notorious 42 

since the 1800s (Darwin, 1862). However, only recently advances in concepts and analytical tools derived 43 

from complex networks approaches (Vázquez et al., 2009a) have allowed to understand more deeply what 44 

Charles Darwin defined as a “tangled bank of organisms that interact with each other according to laws that 45 

determine their associations” (Darwin, 1859). In fact, interactions between organisms that coexist in 46 

communities connect species forming interaction networks whose structures are shaped by multiple non-47 

exclusive ecological, evolutionary, neutral and historical processes (Lewinsohn et al., 2006; Vázquez et al., 48 

2009b). 49 

Plant-hawkmoth interactions form a subnetwork that is part of the larger pollination network of a 50 

community, by including mostly nocturnal animals and flowers with nocturnal anthesis (Amorim et al., 2020, 51 

Lautenschleger et al., 2020). In plant-hawkmoth interaction networks, recent studies indicate that ecological 52 

processes, such as morphological matching between proboscis length and floral tube length as well as 53 

phenological overlap, are primary mechanisms structuring interaction frequencies (Sazatornil et al., 2016; 54 

Johnson et al., 2017; Lautenschleger et al., 2020). Such importance results of the tendency of hawkmoths to 55 

visit more frequently flowers with corolla tubes of similar length to their proboscis, and the impossibility of 56 

interaction between partners that have non-overlapping flowering and foraging times. Thus, within this 57 

functional group, mechanisms associated with niche partitioning tend to be more important than ‘neutrality’, 58 

which postulates that partners interact in proportion to their relative chance of encounter, resulting in 59 

abundant species interacting more frequently than rarer species (Lautenschleger et al., 2020). 60 

Interestingly, in biological communities, niche partitioning is expected to be less pronounced in low-61 

affinity mutualistic systems (such as pollination) than when a comprehensive interaction network including 62 

all taxa in the community are considered (Guimarães et al., 2007). On the other hand, when considering 63 

subnetworks composed by a more limited and phylogenetically related set of pollinators, trophic niche 64 

partitioning may be associated with multispecies reciprocal selection, i.e., diffuse coevolution, resulting in 65 

the emergence of a modular network structure (Olesen et al., 2007). Modularity is known to emerge in plant-66 

hawkmoth networks possibly owing to behavioral differences in the foraging times of some hawkmoth 67 

species and the time of flower anthesis, in addition to morphological and phenological constraints (Amorim, 68 

2020; Lautenschleger et al., 2020). Modules in such subnetworks may reflect variations in hawkmoth traits 69 

and their efficiency in obtaining resources, which is reinforced by the influence of functional traits playing a 70 

key role on the structure of hawkmoth communities (Johnson et al., 2017). 71 

Considering the wide variation in hawkmoths’ proboscis length, it is plausible that differentiation of 72 

feeding niches among species is importantly driven by this trait (Johnson et al. 2017), resulting in different 73 

trait composition across modules. Similarly, floral traits may promote niche partitioning among pollinators of 74 

distinct taxonomic groups in communities (Fenster et al., 2004). Therefore, network modularity can be 75 

determined by traits convergence in which flower traits filter out pollinators from a species pool in a 76 

comprehensive pollination network (Olesen et al., 2007), but investigation for subnetworks composed by 77 

more restricted taxonomic/functional group of pollinators is lacking.  78 

It is possible that module composition on plant-hawkmoth networks includes groups of phylogenetically 79 

related species that interact with subsets of functionally similar partners, as observed in several others 80 

mutualisms and scales (see Dupont & Olesen, 2009, for plant–insect flower visitor networks; Verdú & 81 

Valiente-Banuet, 2011, for plant facilitation networks; Pigot et al., 2016, for avian seed-dispersal networks; 82 

and Vitória et al., 2018, for a plant–hummingbird subnetwork). On the other hand, plants trait convergence 83 

suggests the association of certain floral types with specific groups of pollinators regardless of plants 84 

phylogenetic relationship - the pollination syndrome concept (Faegri & Van der Pijl, 1979; Fenster et al., 85 

2004). Thus, functional traits may be phylogenetically conserved, as they do not change rapidly throughout 86 

the evolutionary process, or they may undergo rapid adaptation via niche divergence between sister species 87 

(Dormann et al., 2017). 88 

By testing whether phylogenetically close species show phenotypic similarity (phylogenetic signal) and 89 

interact with similar partners, it may be possible to unravel evolutionary and/or ecological processes 90 

underlying species interactions (Bascompte & Jordano, 2007). Furthermore, recent conceptual and 91 

methodological advances have allowed to analyze the influence of phylogenetic relationships on plant-92 

animal interactions, as well as to test the relative importance of evolutionary history in comparison to other 93 



processes (e.g., ecological, neutral) that operate at different scales and may contribute to observed 94 

interaction patterns (Vázquez et al., 2009b; Vázquez et al., 2009a; Vizentin-Bugoni et al., 2014; Bergamini et 95 

al., 2017; Peralta, 2016; Vitória et al., 2018). However, the role of phylogenetic relationships in pollination 96 

networks remains debated, with limited knowledge on the importance of evolutionary history in shaping the 97 

interactions’ frequency and modularity observed in these networks (Peralta, 2016). 98 

Interactions between mutualistic plants and animals may present different phylogenetic patterns 99 

depending on the dominant process structuring the community. Conceptually, four scenarios of interactions 100 

distributions are possible: (i) when plants functional traits are conserved and the dominant process is 101 

facilitation or filtering through pollinators, it is expected that phylogenetically related plants share pollinators 102 

in community (clustering); (ii) in case of competition mediated by pollinators and traits being conserved, 103 

plants in community should be phylogenetically distant (overdispersion) and diverge in terms of  pollinators; 104 

(iii) when traits are not conserved, facilitation or filtering mediated by pollinators may favor spatial co-105 

occurrence and niche overlap in phylogenetically distant plant species that share pollinators; (iv) and 106 

competition can generate a structure in which plant species diverge in terms of pollinators, regardless of 107 

phylogenetic relationships (Sargent & Ackerly, 2008). Concerning interaction frequencies, three scenarios 108 

considering the degree of evolutionary isolation (Pavoine et al., 2005) are possible: (i) the higher isolation 109 

hypothesis (H+) predicts that species with greater evolutionary divergence would have a greater chance of 110 

interaction; (ii) the inferior isolation hypothesis (H-) predicts that species that diverged more recently would 111 

have a greater chance of interaction; and (iii) the hypothesis of intermediate isolation (Hμ) consider that the 112 

two previous ones would act together, and the species that diverged in an intermediate time would have a 113 

greater probability of interaction (Vitória et al., 2018). 114 

However, to the best of our knowledge, no study so far has investigated phylogenetic signals in 115 

hawkmoth traits and the influence of evolutionary history on observed patterns of plant-hawkmoth 116 

pollination interactions’ identity and frequency, including modularity. In this context, the aim of this study is 117 

to evaluate the influence of phylogenetic relationships on structuring interactions and modules composition 118 

in a plant-hawkmoth network from Pampa grasslands. Specifically, we (i) tested the relative importance of 119 

species phylogenetic relationships in comparison to niche-based and neutral processes in defining 120 

interactions’ identity and frequency; (ii) evaluated the phylogenetic signal of hawkmoth ecological traits; and 121 

(iii) tested whether module composition was associated with hawkmoths phylogenetic relationships and 122 

functional traits. Given the importance of niche-based processes (morphological matching and temporal 123 

overlap) in structuring this interaction network (Lautenschleger et al., 2020) and that low evolutionary 124 

divergence can limit niche differentiation (Pavoine et al. 2005), we hypothesized that the distantly related  125 

hawkmoths has greater interaction frequencies and that traits related to morphology and temporal 126 

distribution of this group present phylogenetic signal. Due to the ability to predict hawkmoth visitors based 127 

on converging floral traits (Oliveira et al., 2014), we expected that plants’ phylogenetic relationship have 128 

little or no association with their interactions with hawkmoths. Furthermore, owing to the high functional 129 

specialization of this studied system (Oliveira et al., 2014), we expected that network modules included 130 

phylogenetically close hawkmoths with similar functional traits. Thus, due to the trend of phylogenetically 131 

close species interact with similar partners (Thompson, 2005), modules- composition should aggregate close 132 

relative hawkmoths with longer proboscis and shorter temporal distribution interacting with flowers with 133 

longer (restrictive) corollas and short flowering duration. On the other hand, close relative hawkmoths with 134 

shorter proboscis and longer flowering duration should interact with plants with shorter (more accessible) 135 

corollas and longer flowering duration. 136 

Methods 137 

INTERACTION NETWORK AND TRAITS DATA 138 

We used interactions data from a plant-hawkmoth community in the Pampa grasslands (Lautenschleger 139 

et al., 2020). Interactions are described through a matrix of visitation frequencies between each pair of plant-140 

pollinator species, composed of 17 hawkmoth species and 13 plants species. The network was tested for 141 

modularity using the metric Q and the optimization algorithm DIRTLPAwb+ (Beckett, 2016), and presents 142 

three modules in which subgroups of species interact more strongly with each other than with species from 143 

other modules (Lautenschleger et al., 2020). Statistical significance of modularity was accessed by comparing 144 

the observed Q value with the 95% confidence interval of the 1000 random matrices generated with the null 145 



model r2dtable which keeps the number of species in each trophic level and marginal totals as in the 146 

observed interaction matrix (Lautenschleger et al., 2020). 147 

Sampling was carried out using a phytocentric approach, with focal observations of plants potentially 148 

pollinated by hawkmoths and capture of floral visitors, fortnightly, between November 2015 and April 2017. 149 

This method allows recording diurnal, crepuscular and nocturnal species interacting within an explicitly 150 

defined geographical area, while zoocentric sampling may results in the detection of more interactions 151 

without allowing knowledge on the spatial scales sampled (Freitas et al., 2014). Since a phytocentric 152 

approach may favor detection of diurnal and crepuscular species, the sampling covered also night periods 153 

(6:00 pm to 6:00 am) to optimize the potential to record species with exclusively nocturnal behavior. In 154 

addition, species morphology, abundance and temporal distribution data were recorded. 155 

For morphology, we calculated the average of proboscis and floral tube length measurements among 156 

individuals of each species of hawkmoth and plants. The relative abundance was measured as the total 157 

number of open flowers per plant species and the total number of individuals of each hawkmoth species, in 158 

relation to the total number of flowers and hawkmoths recorded during the study. The temporal distribution 159 

was measured as the presence or absence of flowers and hawkmoths in each month during the sampling 160 

period (18 months). For further sampling details, see Lautenschleger et al. (2020). Dataset is available at 161 

Cavalheiro, L (2023) and at supplemental material from Lautenschleger et al. (2020). 162 

PHYLOGENETIC TREES AND SPECIES ORIGINALITY INDEX 163 

Based on the phylogenetic hypothesis currently accepted for hawkmoths (Kawahara & Barber, 2015), 164 

phylogenetic trees of the species occurring in the community were constructed. The internal relationships of 165 

Eumorpha and Manduca genera were solved using phylogenies proposed by Ponce et al. (2014) and 166 

Kawahara et al. (2013), respectively. The phylogenetic tree was assembled by inserting species of the 167 

community as polytomies on the base phylogeny and subsequently clipping the surplus species. 168 

Nomenclature was according to the Kitching Taxonomic Inventory of Sphingidae (Kitching, 2022). We used 169 

the packages phytools (Revell, 2012), ape (Paradis & Schliep, 2019) and geiger (Pennell et al., 2014) on the R 170 

software (R Core Team, 2021). 171 

Plants phylogenetic tree was based on Megatree R20160415, which follows the classification system APG 172 

IV (2016). The length of the branches was estimated based on the TimeTree database (Hedges et al., 2006), 173 

using the BLADJ function of Phylocom software (v4.2, Webb et al., 2008), with an equal distribution of the 174 

undated nodes among the dated ones. All subsequent analyzes were performed in R (R Core Team, 2021). 175 

We estimated the degree of evolutionary isolation of each species belonging to the community using the 176 

QEbased originality index (Pavoine et al., 2005), following Vitória et al. (2018). This index measures how 177 

much each species contributes to the quadratic entropy of Rao from the length of the branches between the 178 

focal species and its closest ancestor, and the patristic distance between this and all other species in the 179 

phylogeny (Pavoine et al., 2005). 180 

RELATIVE IMPORTANCE OF EACH PROCESS ON INTERACTIONS FREQUENCY 181 

To assess the relative importance of each process in determining the frequencies of interaction, 182 

probabilistic matrices were produced according to the conceptual and analytical framework proposed by 183 

Vázquez et al. (2009b). This analysis aims to evaluate which matrix (or combination of matrices) is most 184 

suitable for predicting the frequency of interactions observed. A matrix was created for each structuring 185 

process (morphological matching M, phenological overlap P, abundance A and evolutionary history H; see 186 

below details on each matrix). Also, a null matrix N considers that the chances of interaction of all species are 187 

equiprobable. Since more than one mechanism may influence interaction concomitantly, models considering 188 

the possible combinations between these mechanisms were elaborated using Hadamard's product, resulting 189 

in the following probabilistic models: MP, MA, MH, PA, PH, AH, MPA, MPH, MAH, PAH, and MPAH in 190 

addition to M, P, A, H and N. Each model was contrasted with the observed matrix using the Maximum 191 

Likelihood Analysis and evaluated using the Akaike Information Criterion (AIC) with the mlik function 192 

(Vázquez et al., 2009b) in the bipartite R package (Dormann et al., 2008). Parameters to weight for model 193 

complexity were equivalent to twice the number of mechanisms used to produce each probabilistic model, 194 

because each model included variables measured for both plants and animals. Parameter for N, the simplest 195 

model, was set to zero (Vizentin-Bugoni et al., 2014). 196 



PROBABILISTIC MATRICES 197 

The morphological matching model (M) assumes that the probability of interaction is proportional to the 198 

correspondence between proboscis length and floral tube depth (Sazatornil et al., 2016), calculated as the 199 

Gower Similarity (Vizentin-Bugoni et al., 2019). In this case, a plant with a flower much longer than a 200 

proboscis results in a virtually impossible interaction, being a forbidden link. The phenological overlap model 201 

(P) assumes that the number of months a pair of species co-occurs defines probabilities of interaction and 202 

that species that never coexist over time cannot interact constituting, thus, a forbidden link. The neutral 203 

model, based on species abundance (A) assumes that probabilities of interaction are defined by the product 204 

of the relative abundance of each pair of species (Lautenschleger et al., 2020). While in the context of 205 

network ecology ‘neutral models’ have been typically estimated based on species’ relative abundances (e.g, 206 

Krishna et al., 2008), we acknowledge that temporal overlap may also affect chances of encounter as species 207 

that occur in a community over longer periods of time may encounter (and thus interact) more partners 208 

(Vizentin-Bugoni et al., 2022). 209 

The matrix H derives probabilities of interaction based on partners’ evolutionary history, following 210 

Vitória et al. (2018). Matrices were elaborated according to the three hypotheses on how the degree of 211 

evolutionary isolation (Pavoine et al., 2005) can potentially influence interaction frequencies: (i) to the higher 212 

isolation hypothesis (H+), cells on matrix were given by the value of the QE-based originality index;  (ii) to the 213 

inferior isolation hypothesis (H-), the chance of interaction was considered as the complement value of the 214 

originality index (1-originality index) ; and (iii) to the hypothesis of intermediate isolation (Hμ), we calculate 215 

the deviation of each species QE-based original index value from the mean value of all species of the group 216 

and normalize the values, so the chance of interaction is considered the multiplication of the deviation for 217 

both interaction species. As the evolutionary histories of plants and pollinators can influence interactions 218 

together or separately, both scenarios were considered in which only the evolutionary history of one group 219 

has an effect on interactions, as well as combined hypotheses between both groups. If only one group has an 220 

effect on interactions from phylogenetic relationships, the other group has no influence hypothesis (H0), and 221 

the probability value of interaction in this case is considered 1 (Vitória et al., 2018). 222 

From this, 15 possible evolutionary scenarios were generated (H+/H+, H+/Hμ, H+/H-, H+/H0, Hμ/H+, 223 

Hμ/Hμ, Hμ/H-, Hμ/H0, H-/H+, H-/Hμ, H-/H-, H-/H0, H0/H+, H0/Hμ, H0/H-, where the first argument refers 224 

to pollinators and the second refers to plants). Each scenario leads to a matrix that assumes the chance of 225 

interaction as defined by the combination of QEbased originality index values of the respective species pair. 226 

Each scenario was then contrasted with the observed matrix using a Maximum Likelihood Analysis and the 227 

quality of its fit was evaluated by the Akaike Information Criterion (AIC). The scenario with the lowest AIC 228 

value is considered the most adjusted to the observed matrix, and it was selected as the H matrix (and then 229 

used in analyses described on “RELATIVE IMPORTANCE OF EACH PROCESS ON INTERACTIONS FREQUENCY” 230 

section, above). 231 

PHYLOGENETIC SIGNAL OF HAWKMOTH ECOLOGICAL TRAITS 232 

The phylogenetic signal for each hawkmoth ecological trait (morphology, temporal distribution and 233 

abundance) was evaluated using the K statistic (Blomberg et al., 2003), with the function phylosignal (Keck et 234 

al., 2016) of the R-package picante (Kembel et al., 2010). This approach allows testing whether there is a 235 

tendency for phylogenetically related species to have greater phenotypic similarity than would be expected 236 

by neutral models of evolution for each ecological trait. The K values are obtained from the ratio between 237 

the observed phylogenetic signal and the value expected by the evolution of the attribute in Brownian 238 

evolutionary motion for the phylogeny. Thus, a trait with K=1 indicates that a given trait evolved following 239 

the Brownian evolutionary movement. K<1 indicates that related species have traits more different from 240 

each other than expected by the Brownian motion, and K>1 indicate more similar traits (Blomberg et al., 241 

2003). Values were permuted 999 times and significance was assessed by p-value<0.05. 242 

HAWKMOTH’S PHYLOGENETIC AND TRAIT SIMILARITY WITHIN AND BETWEEN INTERACTION MODULES 243 

We then evaluated whether modules are composed of hawkmoth species more – or less – 244 

phylogenetically related than expected by chance. First, we calculated the cophenetic distance between 245 

species and then run subsequent analysis of the Principal Coordinates of Phylogenetic Structure (PCPS; 246 

Duarte et al., 2016) via ADONIS using the matrix.p.sig function (Duarte et al., 2016) of the R-package PCPS 247 

(Debastiani, 2020). PCPS is a phylobetadiversity ordination analysis, which allows assessing which axes – 248 



taxonomic levels – respond to the variation in modules composition, to access which hawkmoth clades are 249 

more strongly associated with plants on each module. The association between interaction matrix and floral 250 

composition on the modules generates an F value, whose significance is accessed with two null models: one 251 

model shuffles plant species that compose each module (site.suffle) while the other model shuffles the 252 

terminal tips of hawkmoth phylogeny (taxa.suffle). Statistically significant F values indicate that hawkmoth 253 

interactions differ between modules (site.suffle) and/or that species are phylogenetically more similar within 254 

modules (taxa.suffle).  255 

Further, to assess whether differences in hawkmoths composition within and between modules result 256 

from similarity of ecological traits, the mean values of hawkmoths ecological traits were individually 257 

weighted using the CWM metric (community-weighted means, Lavorel et al., 2008). CWM is typically used to 258 

express which species or lineages are distributed in the different communities within a metacommunity. In 259 

the present study, this analysis was adapted to assess how species are distributed across distinct modules 260 

within the interaction network. Therefore, (i) the community matrix is here replaced by an interactions 261 

matrix; (ii) the functional traits in the traits matrix are replaced by data on hawkmoth morphology, temporal 262 

distribution and abundances; and (iii) the environmental matrix is replaced by the interaction modules, 263 

obtained from Lautenschleger et al. (2020). This allows accessing if the hawkmoths in a module are related to 264 

its plants composition (CWM.site.shuffle) and/or if modules composition depends on hawkmoth traits 265 

similarity (CWM.trait.shuffle) (Spaniol et al., 2019). In cases where there is a phylogenetic signal in the 266 

ecological trait and a phylogenetic influence on species distributed between modules, it is necessary 267 

accounting the effect of phylogeny in the analysis, which is implemented using the CWM.sig function, in 268 

order to avoid type I error (Duarte et al., 2018). 269 

Results 270 

PHYLOGENETIC TREES AND THE ORIGINALITY INDEX 271 

Among the hawkmoths, the Dilophonotini tribe was represented in the community by the Aellopos, 272 

Pachylia, Perigonia and Erinnyis genera; while the Philampelini, Sphingini and Macroglossini were 273 

represented by Eumorpha, Manduca and Xylophanes, respectively; Acherontiini was represented by Agrius 274 

cingulata (Fabricius, 1775); and Ambulycini was represented by Protambulyx stringilis (Linnaeus, 1771). 275 

Fabaceae was the most specious plant family, represented by Calliandra brevipes Benth., Inga marginata 276 

Willd. and Inga vera Willd.. Malvaceae and Verbenaceae had two species each, while Lamiaceae, Cactaceae, 277 

Convolvulaceae, Solanaceae, Zingiberaceae and Onagraceae had one species each. 278 

Among hawkmoths, Protambulyx strigilis and Agrius cingulata presented greater evolutionary isolation 279 

(QEbased=0.16 and 0.11, respectively), while the closest relatives were Manduca contracta (Bütler, 1875) 280 

and Manduca brasiliensis (Jordan, 1911) (QEbased=0.02, for both) (Table S1). Among plants, species with 281 

greatest evolutionary isolation in the community were Hedychium coronarium J.Koenig (QEbased=0.28) and 282 

Cereus hildmannianus K.Schum. (QEbased=0.11), and those with the lowest evolutionary isolation were Inga 283 

marginata, Inga vera, Lantana camara L. and Duranta erecta L. (QEbased=0.03) (Table S1). 284 

COMMUNITY STRUCTURING PROCESSES 285 

The best evolutionary model for predicting observed visitation frequencies – selected H matrix – was the 286 

one with the higher evolutionary isolation in hawkmoths and neutral in plants (H+/H0; AIC=5882) (Table 1). 287 

The probabilistic model that presented the best performance combined the hawkmoths evolutionary history 288 

with the morphological matching and phenological overlap of species (HMP model; AIC=4052) (Table 2, Fig. 289 

1). 290 

Table 1 - Selection of evolutionary history models best predicting mutualistic plant-hawkmoth 291 
interaction frequencies at a community in the Pampa grasslands. For models names, the first argument 292 
(before /) refers to pollinators and the second refers to plants. Symbols: Higher isolation hypothesis 293 
(H+), inferior isolation hypothesis (H-), hypothesis of intermediate isolation (Hμ) and no influence 294 
hypothesis (H0). Model complexity was weighted using two parameters (k) for all models. For details, 295 
see Methods. 296 

Evolutionary history model AIC ΔAIC 

H+/H0 5882 0 



H+/H- 5905 23 
H+/H+ 6095 213 
H0/H- 6369 487 
H-/H0 6406 524 
H-/H- 6429 547 
H0/H+ 6559 677 
H-/H+ 6619 737 
Hμ/H0 6851 969 
Hμ/H- 6874 992 
Hμ/H+ 7065 1183 
H+/Hμ 7105 1223 
H0/Hμ 7569 1687 
H-/Hμ 7629 1747 
Hμ/Hμ 8075 2193 

Table 2 - Model selection of best predicting hypotheses on mutualistic plant-hawkmoth interaction 297 
frequencies, at a community in the Pampa grasslands. Symbols: morphological matching M, 298 
phenological overlap P, abundance A and evolutionary history H (see below details on each matrix). Null 299 
is benchmark model for comparison which assumes that chances of interaction for all species are 300 
equiprobable; k indicates the number of parameters used to weight for model complexity. 301 

Model AIC ΔAIC k 

HMP 4052 0 6 
MP 4330 278 4 
HP 4741 689 4 
P 5046 994 2 
HM 5153 1101 4 
M 5581 1529 2 
H 5881 1829 2 
Null 6342 2290 0 
MPA 7280 3228 6 
PA 7710 3658 4 
HMPA 7803 3751 8 
HPA 8111 4059 6 
MA 8328 4276 4 
HMA 8599 4547 6 
A 8910 4858 2 
AH 8997 4945 4 



 302 

Figure 1 - Mutualistic plant-hawkmoth interaction networks in a community in the Pampas. Greyscale: 303 
indicate interaction frequencies inside the matrix and differences in relative phenology (P), proboscis or 304 
corolla lengths (M) and evolutionary originality (H) for either hawkmoths (right) or plants (bottom). 305 
Phylogenetic trees for hawkmoths (right) and plants (bottom) are indicated. Brown, blue and pink 306 
indicates to which interaction module each species belong. Emphasis in Agrius cingulata visiting 307 
Ipomoea alba (a) and Aellopos titan visiting Inga vera (b). Drawings: Natanael N. Santos. 308 

HAWKMOTH’S PHYLOGENETIC SIGNAL 309 

Hawkmoths’ proboscis length showed phylogenetic signal as expected by the Brownian motion (K=0.96, 310 

P<0.001). There was no phylogenetic signal detected in both temporal distribution and abundance for 311 

hawkmoths (K=0.25, P=0.38 and K=0.37, P=0.44, respectively)  in the community. 312 

HAWKMOTH’S PHYLOGENETIC AND TRAIT SIMILARITY WITHIN AND BETWEEN INTERACTION NETWORK 313 

MODULES 314 

According to the PCPS analysis, phylogeny contributed to the definition of hawkmoth composition within 315 

modules (p.site.shuffle=0.012). However, phylogenetic similarity of hawkmoth species within the modules 316 

was not higher than between modules (p.taxa.shuffle=0.589) (Fig. 2). Species taxonomic identity (PCPS 1) 317 

explained 58% of variation in hawkmoth composition in interaction modules, while 12% of this variation was 318 

explained by the genus identity (PCPS 2). 319 



 320 

 Figure 2 - Two main axis of the Principal Coordinates of Phylogenetic Structure (PCPS) for hawkmoths 321 
(squares) and plants (triangles) and the three modules they belong (colors) in the mutualistic plant-322 
hawkmoth interaction network in a community in the Pampas (Lautenschleger et al., 2020). 323 
A=Eumorpha vitis, B=Xylophanes anubus, C=Erinnyis ello, D=Perigonia passerina, E=Aellopos titan, 324 
F=Pachylia ficus, G=Protambulyx strigilis, H=Manduca diffisa, I=Agrius cingulata. 325 

When accounting for phylogenetic signal on species relationship and functional composition, phylogeny 326 

was also driving composition in interaction modules (Table 3: p.site.shuffle), while hawkmoths’ morphology, 327 

abundance and temporal distribution were distributed independently among modules (Table 3: 328 

p.trait.shuffle), indicating that species are not functionally more similar within modules when the 329 

phylogenetical signal in traits is discounted.  330 

Table 3 - Effects of hawkmoths’ morphology (proboscis length), phenology (temporal distribution) and 331 
relative abundances on module composition in a mutualistic plant-hawkmoth network in a community 332 
in the Pampa grasslands. 333 

Ecological trait F.model p.site.shuffle p.trait.shuffle 

Morphology 7,80 0,008 0,303 
Relative abundance 23,10 0,001 0,129 
Phenology 14,68 0,006 0,182 

Discussion 334 

To the best of our knowledge, we present here the first investigation on the effects of evolutionary 335 

history on interaction frequencies and modules emergence on mutualistic plant-hawkmoth networks. 336 

Through a case study, we contribute to advance the understanding of whether and how evolutionary history 337 

influences ecological traits that structure plant-pollinator interaction frequencies and modules composition. 338 

First, we show that hawkmoth species with greater evolutionary isolation tend to interact more frequently 339 

and with more plant species from the community, independently of the plants evolutionary history, than less 340 

phylogenetically isolated hawkmoth species. Second, even with the tendency of hawkmoths to interact more 341 

frequently with plants matching their morphologies and with high phenological overlap, interaction modules 342 

were not determined by such hawkmoth traits when phylogenetic relatedness was taken into account. Third, 343 



in general, modules were not composed by closely related hawkmoth species. These results, taken together 344 

with the detected phylogenetic signal of hawkmoth morphological traits and their niche partitioning that 345 

resulted in a modular network structure, suggest that competition for resources between these pollinators 346 

may be an important process structuring interactions within this functional group (Sargent & Ackerly, 2008). 347 

EVOLUTIONARY ISOLATED HAWKMOTHS TEND TO INTERACT MORE FREQUENTLY 348 

In addition to reiterating that morphological matching and temporal overlap are important processes 349 

shaping interaction frequencies in this system (Lautenschleger et al., 2020), our results indicate the 350 

importance of evolutionary history in shaping this microstructure (interaction frequencies) of plant-351 

hawkmoth networks. Corroborating our hypothesis, we found that hawkmoths with greater evolutionary 352 

isolation tend to interact more frequently with plants, while interaction frequencies are not related to plants 353 

evolutionary isolation, indicating that they are selected by hawkmoths independently of their phylogenetic 354 

history. 355 

This finding supports the notion of a hawkmoth-pollination syndrome (sphingophily), as phylogenetic 356 

distinct plant lineages have evolved a set of similar traits associated with such pollinators (Faegri & Van der 357 

Pijl, 1979). It is also consistent with previous studies showing an asymmetry of phylogenetic conservatism of 358 

interactions between plants and animals in complete pollination networks (reviewed in Peralta, 2016), and 359 

now demonstrated for a subnetwork, composed by a particular functional group (hawkmoths). In these 360 

cases, as we found here, evolutionary history of animals tends to be a more important determinant of 361 

interactions than the evolutionary history of plants (Fontaine & Thébault, 2015). However, in qualitative 362 

interaction networks (not considering interaction frequencies) the phylogeny of plants has been shown to be 363 

important for the occurrence of mutualistic interactions (Cirtwill et al., 2020). This suggests that while the 364 

evolutionary history of plants may influence which partners interact, it is less important in determining 365 

interaction frequencies. We caution here, anyhow, for the presence of two exotic plants in the community 366 

(H. coronarius and Hibiscus rosa-sinensis) which can at some extent downplay the detected role of plants’ 367 

evolutionary history on interactions.  368 

A few studies have evaluated phylogenetic effects on pollination interactions (reviewed in Peralta, 2016) 369 

but the role of evolutionary history in plant-hawkmoth interactions is still poorly understood. Here, the 370 

hawkmoths higher isolation hypothesis (H+) and the plants no influence hypothesis (H0) suggests a stronger 371 

effect of competition for resource than facilitation among hawkmoths as the main structuring process, since 372 

greater evolutionary distance tends to be related to greater functional divergence (Vitória et al., 2018). 373 

However, in communities where long-proboscis hawkmoths are less abundant, as the one studied here, 374 

competition for nectar is presumably weak and they preferentially interact with longer tubular flowers 375 

(Sazatornil et al., 2016). Thus, these results suggest that competition may be playing a role in structuring 376 

interaction in the studied community, but its role may not be directed related to the morphological traits. 377 

The combination of traits and phylogeny is known to influence pollination interactions between bees and 378 

flowers (Stock et al., 2021), insects and orchids (Joffard et al., 2018), hummingbirds and flowers (Vitória et 379 

al., 2018) and, with our study, hawkmoths and flowers. For this study system, such interplay between 380 

phylogenetic history and traits in defining interaction frequencies may be illustrated by some examples. For 381 

instance, Agrius cingulata is a long-proboscis and temporally restricted hawkmoth specie that presented high 382 

evolutionary isolation in the community. It visited exclusively plants whose flowering period is relatively long 383 

and flowers are morphologically restrictive (long tubes): Oenothera ravenii, Ipomoea alba (Fig. 1a) and the 384 

exotic and introduced Hedychium coronarium. On the other hand, Aellopos titan interacted with a subset of 385 

abundant, morphologically generalist and long-flowering plants (Fig. 1b). It was the most abundant 386 

hawkmoth species, have a short proboscis, wide temporal distribution and low evolutionary isolation. 387 

PHYLOGENETIC SIGNAL 388 

As expected, hawkmoths’ proboscis length showed phylogenetic signal, indicating that closely related 389 

hawkmoth species have similar proboscis lengths. This result suggests that, even with the influence of 390 

phylogeny on proboscis length, it adds information beyond those related to morphological matching, since 391 

both processes, H and M, were present on the best model selected (HMP). This occurs because simpler 392 

models are prioritized in likelihood analyzes and models containing variables with redundant information are 393 

disfavored (Vázquez et al., 2009b; Vitória et al., 2018). On the other hand, the absence of a phylogenetic 394 

signal for temporal distribution and relative abundances of hawkmoths reinforces the importance of 395 



temporal overlap in structuring interaction frequencies as it integrates the selected model even without the 396 

influence of phylogeny. This indicates that, for an interaction to be strong, hawkmoths and plants need to co-397 

occur considerably over time (which may also represent a component of neutrality; Vizentin-Bugoni et al., 398 

2022) while the lack of phenological overlap constrains interaction between species by generating forbidden 399 

links. Thus, our results suggest that there is likely a hierarchy in the importance of the processes influencing 400 

interaction frequencies. While phenological overlap exerts a stronger effect on interactions and it is not 401 

phylogenetically determined, morphological matching – that is also of primary importance – can be, at least 402 

in part, attributed to the phylogenetic signal on proboscis length. Relative abundances, in turn, are not 403 

phylogenetically determined and are relatively less important than the other processes evaluated to define 404 

these interactions. 405 

Furthermore, our evolutionary history quantification may indirectly encompass a series of 406 

phylogenetically determined (and a priori unknown) traits that may be important in defining interactions 407 

(Chamberlain et al., 2014). In this case, the relationship between hawkmoth phylogenetic history and 408 

interactions observed in the community would indirectly reflect the potential existence of phylogenetic 409 

signal on other, unmeasured, traits. Behavior may be one of these traits, for instance. Among all hawkmoths 410 

occurring in the community, Aellopos titan is the only one with exclusively diurnal foraging habits, which 411 

formed the smallest module of community, associated with flowers that exhibit diurnal anthesis. As pointed 412 

out by Amorim (2020) and Lautenschleger et al. (2020), the period of the day in which the hawkmoths forage 413 

may be associated with networks modularity. Thus, we recommend that future studies explicitly assess 414 

behavioral traits as structuring processes of communities. 415 

EMERGENCE OF MODULARITY 416 

When evaluating the drivers of network macrostructure (modularity), the PCPS analysis indicated that 417 

hawkmoth composition on each module is at least in part influenced by phylogeny. Although, contrary to our 418 

expectation, there was similar phylogenetic composition among different modules, on with distantly related 419 

hawkmoth species were interacting with the same subsets of plants species. The phylogenetic influence on 420 

module composition may be guided by the clustering of Manduca spp. within the same module. While 421 

distinct species of the same genus (Pachylia, Eumorpha and Xylophanes) occupy different modules in the 422 

network, all species of Manduca genus were grouped together. Manduca species were rare, have long 423 

proboscis and interacted with flowers of restrictive morphology (long tubes). Thus, typically sphingophilous 424 

flowers ensure a ‘private niche’ for these individuals, reducing their competition with generalist hawkmoths 425 

for nectar on short-tubed flowers (Amorim, 2012; Lautenschleger et al., 2020). Since congeneric species of 426 

Pachylia, Eumorpha and Xylophanes interact with more generalist plants, niche partitioning (i.e., congeneric 427 

species belonging to different modules) may be a strategy to avoid competition with similar proboscis 428 

species. This indicates that at a coarser scale (macrostructure) of the network, species distribution of 429 

hawkmoths among modules is not related to phylogenetic proximity (cophenetic distance). 430 

However, plant-pollinator interaction networks including different groups of pollinators often have 431 

phylogenetically determined modules, indicating that on broader phylogenetical scales (e.g. multiple groups 432 

of pollinators and plants considered) phylogeny explains the emergence of modularity (Dupont & Olesen, 433 

2009). This may indicate that, in phylogenetically delimited interaction networks (i.e., a single group of 434 

pollinators considered), the emergence of interaction modules is not only directly influenced by evolutionary 435 

history and phylogenetically conserved traits, but potentially also by a strong environmental filtering or 436 

stochastic factors (not measured here), that define assemblage composition and, possibly, may influence 437 

interactions. Thus, these environmental components may operate at distinct scales when considering small 438 

and local or big and broader communities (Kraft et al., 2015). In this way, despite evolutionary history 439 

influence interactions frequencies (Vitória et al., 2018), its contribution to the emergence of modules may be 440 

linked to other processes related to community assembling (Vázquez et al., 2009b), which requires attention 441 

of future studies on the drivers of interaction networks.  442 

In conclusion, we demonstrate that plant-hawkmoth interaction frequencies (network microstructure) 443 

increase not only when partner species co-occur over longer periods of time and have morphologic traits 444 

matching, but also for more phylogenetically unique hawkmoths. However, network modularity is only 445 

weakly related to phylogeny and evolutionary history, since a module often encompasses phylogenetically 446 

distant hawkmoth species. In turn, the tendency of congeneric hawkmoths that presents similar 447 

morphologies to occupy distinct modules (which results of interactions with distinct subsets of plants) 448 



reinforces the importance of competition as a process an underlying niche partitioning. Furthermore, the 449 

traits considered here (morphologies, phenologies and abundances) may also result of other factors than 450 

consumer-resource interactions, such as environmental filtering or stochasticity that defines community 451 

composition and, thus, influence interactions. The importance of such factors in shaping module composition 452 

may be tested in future studies that include multiple communities. 453 
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