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Hummingbirds have crucial ecological importance in natural and human-altered habitats in the Neotropics. Their unique biological characteristics imply a delicate energetic balance that drove the evolution of species-specific dominance and territorial behavior tactics that, in turn, shape the diversity and composition of nectarivorous communities. Understanding these factors could help improve conservation strategies, particularly important for eroding communities in cities. Our objective is to evaluate whether a species of territorial hummingbird, the Sparkling Violetear (Colibri coruscans), is able to modulate its aggressive behavior in relation to the identity of the species that invades its feeding territory, comparing between dry (relative depletion of nectar resources) and wet seasons, and analyzing the possible ecological factors that determine this response. Considering the maximization of energy efficiency, we hypothesize that the territorial aggressive responses of Sparkling Violetears will vary in relation to the territoriality and behavioral dominance of each intruder species, and that aggressive responses in the dry season will be greater compared to the wet season. We elicited aggressive behavioral responses with territorial songs playbacks from the four species that compose the urban nectarivorous bird community, including songs from their own species, characterizing eight behaviors that varied in aggressive intensity. We quantified the aggressive response in two ways: the number of observation events in which territorial Sparkling Violetears performed each behavior and by constructing an “aggressiveness score” for each territorial individual in each observation event. Territorial aggressive response varied significantly in relation to the identity of the intruding species, but the seasonal effect was only observed, as a more aggressive response in the dry season, towards heterospecific playbacks. We analyzed several hypotheses that could explain the species-specific aggressive response, concluding that the “risk to take-over” hypothesis, through wing morphology and maneuverability, best explains the modulation of the aggressive response in relation to the territoriality and behavioral dominance of each intruder species. These results are useful for urban planning if we elucidate the ecological conditions that could promote the coexistence of subordinate species with dominant ones.
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1 Introduction

In the Neotropics, hummingbirds represent an important component of nectarivorous communities and their ecology has been widely studied, particularly in relation to their energy physiology (Schuchmann, 1999; Altshuler and Dudley, 2002; Suarez and Gass, 2002; Videler, 2005; Shankar et al., 2022). The highly demanding flight, small size and dependence on nectar as the main food source imply important constraints on the balance between energy intake and expenditure, leading to the optimization of the time and energy budgets dedicated to different activities (Wolf and Hainsworth, 1971; Powers and McKee, 1994; Shankar et al., 2020). The organization of budgets is not fixed, but flexible enough to respond short- and long-term environmental changes (Ewald and Orians, 1983; Ewald, 1985; Shankar et al., 2019).

Such flexibility also implies the behavioral tactics that a particular species engages in aggressive territorial behaviors against different species in its community (e.g. Lyon et al., 1977; Ewald and Carpenter, 1978; Ewald and Bransfield, 1987; Powers and McKee, 1994; Dearborn, 1998; Camfield, 2006; Mendiola-Islas et al., 2016). High competition for the nectar resource drove the evolution of different territorial and dominance tactics in hummingbirds (Feinsinger and Colwell, 1978; Bribiesca et al., 2019; Sargent et al., 2021), and each species, in relation to its specific tactics, would be expected to behave differentially compared to the tactics of the other species.

Dominance hierarchies and territorial to non-territorial strategies shape the diversity and composition of the hummingbird communities (e.g. Lyon, 1976; Abrahamczyk and Kessler, 2015; Martin et al., 2017; López-Segoviano et al., 2018, 2023; Fernandez-Duque et al., 2024). Several morphological and behavioral traits were hypothesized to predict each species’ particular position on the territorial and dominance spectrum in hummingbird communities (Feinsinger and Chaplin, 1975; Dearborn, 1998; Martin and Ghalambor, 2014; Bribiesca et al., 2019; Márquez-Luna et al., 2019; Sargent et al., 2021). Understanding the ecological drivers that explain the composition of nectarivorous communities through hierarchical dominance could help understand their vulnerability to environmental changes such as urbanization. Previous studies on this topic are scarce, and focusing mainly on feeding ecology, they point to a simplification of hummingbird communities favoring the most generalist and behaviorally dominant species (Maruyama et al., 2019; Puga-Caballero et al., 2020). However, no study to date has directly evaluated behavioral responses related to heterospecific hierarchical dominance. Nectarivorous are particularly important because the persistence of ecosystems functions and services depends to a high degree on pollination (Potts et al., 2016; Wenzel et al., 2020). A better understanding of the ecological factors that shape natural nectarivorous communities could improve conservation and management strategies for these communities in human-altered environments (Vitorino et al., 2021; Leimberger et al., 2022; Adedoja and Mallinger, 2024).

In the urban ecosystem of La Paz (Bolivia), a high-altitude city in the tropical Andes, the nectarivorous bird community is mainly composed of three hummingbirds and a nectar-robber passerine: the Giant Hummingbird (Patagona gigas), the Sparkling Violetear (Colibri coruscans), the Red-tailed Comet (Sappho sparganurus), and the Grey-bellied Flowerpiercer (Diglossa carbonaria). This simplified nectarivorous community allows us to evaluate whether a territorial hummingbird species modulate aggressive interactions in relation the recognition of the intruder species, and from here understand the ecological drives that determine the assembly of this urban nectarivorous community. The Sparkling Violetear is the most successful urban colonizing species since it is the most abundant, frequent and ubiquitous within the city (Villegas and Garitano-Zavala, 2010), and is recognized as a territorial and dominant species (Hainsworth, 1977; Fjeldså and Krabbe, 1990; Schuchmann, 1999; Bribiesca et al., 2019; Züchner et al., 2020; Sargent et al., 2021).

Our approach is to elicit aggressive behaviors in territorial individuals of Sparkling Violetear using the playback of territorial songs from conspecific and heterospecific birds. It is important to include, in addition to hummingbird species, the territorial song playback of the Grey-bellied Flowerpiercer, because aggressive interactions between Diglossa flowerpiercers and hummingbirds are common in Neotropical nectarivorous communities (Colwell, 1973; Fjeldså and Krabbe, 1990; Céspedes et al., 2019), which makes sense considering the significant energetic cost of nectar resource depletion due to nectar-robbing (Hazlehurst and Karubian, 2018). The acoustic playback technique has been widely used for various purposes in bird studies (Falls, 1992; De Rosa et al., 2022), including interspecific recognition and provocation of conspecific and heterospecific aggressive behaviors in songbirds (e.g. Emlen, 1972; Martin et al., 1996; Freeman, 2016; Louder et al., 2020). In the case of hummingbirds, playback techniques have mainly used to understand conspecific acoustic communication (Duque and Carruth, 2022), but very few studies have used this technique to determine heterospecific recognition (e.g. Cruz-Yepez et al., 2020). To our knowledge no previous studies used playback techniques to elicit heterospecific aggressive behaviors in hummingbirds.

The objective of our study is to evaluate whether territorial Sparkling Violetears are able to recognize the territorial songs of the four species of birds in their nectarivorous community, -emulating with playback an intrusion into feeding territories-, and if they react behaviorally accordingly. Furthermore, compare the response between the dry season (relative depletion of nectar resources) and the wet season as a natural variation in the value of the territories. Upon the assumption that natural selection could favor the ability to recognize the songs of each species and react differentially to maximize energy efficiency, we hypothesize that the aggressive responses of territorial Sparkling Violetears will vary in relation to territoriality and behavioral dominance of each species, also called “risk of take-over” hypothesis (Dearborn, 1998). Briefly, this hypothesis states that territory owners will have a more intense aggressive response against intruders of territorial species that represent the greatest threat of taking over the territory. Furthermore, if the energy balance between energy consumption and expenditure is involved, aggressive responses in the dry season will be greater compared to the wet season.




2 Materials and methods



2.1 Study site and species

The city of La Paz is located in western of Bolivia in an inter-Andean valley between 3,200 and 4,100 m (Figure 1). Although it is the administrative capital of the country, it does not have more than one million inhabitants (United Nations, 2020). La Paz has a marked seasonality governed by rain, with a peak rainfall between November and February and the dry season between May and August. As is particularly the case in the high mountain environments of the South American Andes, the phenology of flowering species is strongly marked by this seasonality, with flowering occurring for most species during the wet season (Morellato et al., 2013). The birds of La Paz breed mainly during the wet season.




Figure 1 | Position of the city of La Paz in Bolivia indicated by a black arrow (A); the red square represents the map in (B) in which the gray shadow polygon represents the area occupied by the city of La Paz in 2016, including the main rivers (in blue) that converge to the La Paz River in a north to south direction. The red arrow shows the position of our study site which appears in detail in (C) as a satellite image (Google Earth Pro 7.3.2, 2019, image date December 2016), in which the yellow polygon shows the secondary thicket of shrubs with the presence of territorial Sparkling Violetears.



Our study site was a secondary thicket of shrubs (-16.554509S -68.092369W to -16.554509S -68.093817W) next to a suburban residential neighborhood called “Amor de Dios”, which develops linearly 650 m in a north to south direction along the western bank of the La Paz River at 3,230 m altitude (Figure 1). This thicket of shrubs was dominated by the Tree tobacco (Nicotiana glauca), a small native evergreen tree that grows up to five meters. This species has yellow ornithophilic flowers that bloom throughout the year, being one of the few plant species that offers flowers during the dry season, representing an important and defensible nectar resource for the nectarivorous species, even in regions where the species is exotic (Sánchez Sánchez and Lara, 2024).

The three hummingbird species of our local community had been reported previously to feed on Tree tobacco (Fjeldså and Krabbe, 1990; Schuchmann, 1999), and in La Paz, the four nectarivorous species feed on it (pers. obs.). The four species vary widely in mass, wing and beak morphology, as well in abundance and frequency (Table 1). The Sparkling Violetear is a medium-sized hummingbird, widespread, abundant and common, distributed in the Andes from Venezuela to Argentina between 1,700 to 4,500 m, and it is found from wild to highly altered habitats by humans (Fjeldså and Krabbe, 1990; BirdLife International, 2016; Züchner et al., 2020). In the city of La Paz and its surroundings inhabits the entire urban gradient with the exception of areas deprived of vegetation, being the most abundant and common species compared to the other nectarivorous species (Villegas and Garitano-Zavala, 2010).


Table 1 | Morphological, behavioral and ecological information of the four bird nectarivorous species studied in the city of La Paz, three hummingbirds and one passerine species specialized as nectar-robber, the Grey-bellied Flowerpiercer.



All four species can behave as territorial or kleptoparasitic depending on certain environmental factors, but Sparkling Violetear and Grey-bellied Flowerpiercer are more frequently territorial (Fjeldså and Krabbe, 1990; Schuchmann, 1999; Hilty, 2011). The level of behavioral dominance, understood as the relative heterospecific hierarchical position of each species among all other species in nectarivorous bird communities (Bribiesca et al., 2019) is also variable between the species, as well is the level of residence. We include such behavioral information obtained from the literature or personal observations in Table 1. The Sparkling Violetear is a territorial and behaviorally dominant species (Bribiesca et al., 2019) that defends three types of territories: nesting, display and feeding (Schmidt-Marloh and Schuchmann, 1980; Zerda-Ordoñez, 1994); the first is defended only by females, the second only by males and the third is held and defended individually by anyone. We worked only with feeding territories without differentiation of males and females because sexes are very alike and hard to distinguish (Hainsworth, 1977; Schuchmann, 1999). Feeding territories are relatively small ranging between 130 to 640 m2 (Zerda-Ordoñez, 1994).




2.2 Study design

Hummingbirds have learning components in their acoustic communication (Duque and Carruth, 2022), which allows for geographic and dialect variations as has been shown to occur in Sparkling Violetear, who has the ability to recognize neighbors through their songs (Gaunt et al., 1994). This situation could potentially alter aggressive responses towards the known neighbors (Monte et al., 2023). For this reason, we do not use recordings of songs from La Paz. Instead, we obtained the territorial songs from the xeno-canto website (http://www.xeno-canto.org/), selecting recordings with the clearest territorial song without overlapped songs from other birds. All the selected songs came from Andean places in South America, and were: for the Giant Hummingbird song XC17922, for the Sparkling Violetear song XC257806, for the Red-tailed Comet song XC19534, and for the Grey-bellied Flowerpiercer song XC2093. With the clearest songs we edited a continuous three-minute track for the playbacks of each species. In hummingbirds, both sexes emit songs, particularly in feeding territories (Schuchmann, 1999), but there are no studies on sexual differences in hummingbird songs with the sole exception of Anna’s Hummingbird (Glassman et al., 2024). In this way, the songs deposited in xeno-canto.org for our studied species do not specify the sex.

We tested the effectiveness of each playback of our “foreign” songs by conducting a preliminary behavioral test on six Sparkling Violetears defending feeding territories at a different location (the University Campus of the Universidad Mayor de San Andrés in La Paz). These preliminary observations informed us that the songs of the four species could be recognized by local Sparkling Violetears despite their geographical origin. They also allowed us to prepare a complete ethogram with all the aggressive behaviors elicited by the playbacks, and informed us that the three-minute tracks were sufficient for a complete behavioral recording. In Table 2 we describe the eight aggressive behaviors identified, and to each we assign an integer value as a behavior score assuming the level of associated costs deduced from previously published information (Schmidt-Marloh and Schuchmann, 1980; Fjeldså and Krabbe, 1990; Zerda-Ordoñez, 1994; Schuchmann, 1999; Züchner et al., 2020). Behavior score ranged from those in which the individual performed only a few movements without leaving the perch (score of 1) to those in which the individual left the perch and flew toward the sound source (score of 5).


Table 2 | Description of the eight aggressive behaviors of territorial individuals of Sparkling Violetear elicited by the playback of the songs of the four species belonging to the local community of nectarivorous birds of La Paz.



We worked only on weekends in the dry (lower supply of flowers) and wet seasons from May 2015 to February 2017. We visited the study site only one day in the weekends, without rain or strong wind, and from now on we refer to each visit as “observation events”. At our study site, at least four territorial Sparkling Violetears defending feeding territories were present at each of our observation events. Feeding territories generally involved one to three adjacent Tree tobacco individuals. The control and defense of a feeding territory is recognizable because the individual perches visibly on top of the nectar source, constantly emits the “Static song 1” (Table 2) and performs many feeding rounds (Zerda-Ordoñez, 1994). We did not capture or mark individuals because not all individuals observed in each observation event were able to remain at the study site for the entire study period, and continued capture in such a small patch would potentially disrupt the normal behavior of territorial individuals. We neither control each territory nor each individual in relation to the characteristics and quality of the territories occupied at a particular event, because the territory-owner relationship is likely to vary widely over time.

Our response units or “subjects” is each observation event. Such observation events began half an hour after sunrise when an observer wearing camouflage clothing, who was always the same person, randomly located the first solitary territorial Sparkling Violetear defending its feeding territory, regardless of its sex and territory occupied. It is important to note that our evaluations involve a certain moment in the life of the selected individuals, a moment in which they are clearly demonstrating possession advertisement behaviors and a predisposition to defend their feeding territory. Our evaluations involve the simulation of invasion at that small moment in its life by an individual of a potentially competing nectarivorous species. The observer held a WS-887 speaker (WSTER, Shenzhen Haozhijie Electronic Technology Co., Ltd., Shenzhen, China, 7cm length by 6.6 cm diameter, black color, output 5W, frequency response: 280 to 16 kHz, transmission range 50 m) connected to cell phone through Bluetooth on a branch two meters below the perched individual. The observer hid five meters away so as not to be seen by the bird, but at the same time to be able to observe all its behavioral responses to playback. After at least five minutes and when the territorial Sparkling Violetear was quiet and still on its perch, the observer activated the speaker remotely and played the track of a single nectarivorous species without pauses for the entire three minutes. During this period, we recorded all territorial behaviors performed by the observed individual using the previously obtained ethogram. If we detected any other external stimulus in addition to our playback during the three minutes, such as the physical presence or vocalizations of nectarivorous species, or others disturbances related to people, pets or any other animal species we eliminated such data. We recorded the behaviors as presence/absence, and in the case of the behaviors accompanied by vocalizations (V1, V2 and VF), we also recorded the total number of individual notes of the vocalizations emitted in each behavior type during the observation event as a measure of behavioral intensity (Table 2). The songs of Sparkling Violetear in V1 and V2 behaviors, as well as the vocalizations emitted while flying in VF, are composed of simple, repetitive notes in a non-fixed number, allowing them to be easily counted.

Once we completed the work with the first territorial Sparkling Violetear, we looked for another territorial individual that was at least 100 m away, and we repeated the same procedure changing the track to the song of another nectarivorous species. Since the speaker has a range of 50 m, we assume that the first playback has no effect on the second individual. We repeated this procedure until four different territorial Sparkling Violetears were completed for each observation event such that each of them was exposed to the song playback of only one of the four nectarivorous bird species. Because individuals were not marked, we separated the observation events by at least one week to avoid habituation and responses that might depend on previous playbacks, increasing the chances that each of the behavioral responses in consecutive observation events was independent. Due to the possibility that the same individuals occupied the same territory or adjacent territories in the same season of each year, we also avoided in each observation event to follow the same order of song playbacks according to the north-south direction of the thicket of shrubs. We are aware that despite all these precautions to control the effect of confounding factors, it is still possible that in the same season of the same year, an individual has been subjected to the song of the same species more than once, causing a pseudoreplication, however, we consider this possibility small. For each season of a year, we carried out four observation events, obtaining four independent behavioral responses for each of the territorial song of the four species of nectarivorous birds, and as we repeated the procedure in two consecutive years, we finally obtained eight independent behavioral responses per dry and wet season and playback.




2.3 Data analysis

We adopted two approaches to behavioral data analysis. First, we considered the “number of observation events” (out of a total of eight per season) in which each of the eight aggressive behaviors was elicited in response to playbacks (positive responses) versus the absence of the behavior (negative responses). Our second approach was the construction of an “aggressiveness score” calculated for each territorial Sparkling Violetear in each observation event, taking as reference the method applied by Emlen (1972) for the construction of his “hybrid index” to quantify behavioral responses of the Indigo Bunting (Passerina cyanea) towards playbacks. But unlike Emlen (1972), our aggressiveness score value per observation event is the sum of the scores (BS values in Table 2) of all types of aggressive behaviors performed during the three-minutes playback (rather than using only the value of the behavior with the maximum score), adding for behaviors V1, V2 and VF, when present, the log10 of the number of individual notes produced in the vocalizations as measure of intensity (IV values in Table 2).

We applied Generalized Lineal Models (GLM) to analyze both types of data. For the “number of observation events” we used a Binomial probability distribution with a Logit link function, introducing into the model the main effects of the three fixed factors as predictors: nectarivorous species to which the playback belongs (four levels), season of the year (two levels), and provoked aggressive behavior (eight levels), plus the interaction between species*season with the Bonferroni test as post-hoc (Model 1 in Table 3). We will not consider the interactions with the behavior factor due to a quasi-complete separation in the data making the validity of the model fit uncertain. We subsequently ran this same model with only three nectarivorous species excluding the Sparkling Violetear data (Model 2 in Table 3). For the “aggressiveness score” we used a Normal probability distribution with Identity link function because the deviance residual distribution had a normal distribution (Shapiro-Wilk’s test = 0.970; p=0.122). We used a full factorial model with the factors nectarivorous species and season as predictors, plus the interaction between species*season with the Bonferroni test as post-hoc (Model 3 in Table 3). We subsequently ran this same model with only three nectarivorous species excluding the Sparkling Violetear data (Model 4 in Table 3). We performed all statistical analysis and graphs with IBM SPSS Statistics v 29 (IBM Corporation, 2023), considering a significance threshold value of 0.05.


Table 3 | Statistical results for the Generalized Lineal Models (GLM) of four different models.







3 Results

The model for the number of events in which each behavior was elicited in territorial individuals of Sparkling Violetear (Model 1) was significant (Table 3) and explained 62% of the variation. The model for the individual reaction of each territorial Sparkling Violetear in each observation event quantified as “aggressiveness score” (Model 3) explained only 33% of the variation because the responses of individuals varied widely among them, as shown by the dispersion measures (Table 4); but despite that the model was significant (Table 3). Both models consistently show the same pattern, the aggressive response varied significantly in relation to the song identity of the nectarivorous bird species (Table 3), being significantly lower towards the songs of the Red-tailed Comet, and significantly higher towards the songs of the Grey-bellied Flowerpiercer and its own species; the response towards the Giant Hummingbird was between these two extremes (Figure 2).


Table 4 | Descriptive statistics of the “aggressiveness score” and values of the proportion of the “number of observation events” in which aggressive behaviors were executed by territorial individuals of Sparkling Violetear towards the intrusion simulated by playback the songs of the four species of nectarivorous birds of their community, for the dry (D) and wet (W) seasons.






Figure 2 | Proportion of the “number of observation events” in which each of the eight aggressive behaviors of Sparkling Violetear were elicited by the playbacks of territorial songs of each of the four species of the nectarivorous bird community (A), separated by wet (W) and dry (D) seasons. Bars of the mean (± SE) of the “aggressiveness score” of Sparkling Violetear territorial individuals towards the songs of each of the four species of nectarivorous birds and seasons (B), wet season in black and dry season in gray. a, b shows the subgroups for wet season and c - e the subgroups for the dry season. Behavior abbreviations: Exploring the sound source (ES), Agonistic display “2” (A2), Agonistic display “1” (A1), Vocalizing while flying to feed (VF), Vocalizing on perch song “2” (V2), Vocalizing on perch song “1” (V1), Wings movement (WM), and Tail movement (TM). The drawings of the birds used under the generous authorization of the artist Daniela Ticona.



Although overall, the aggressive response of territorial Sparkling Violetears against the playbacks appeared to be more intense in the dry season compared to the wet season (Figure 2), the difference was not statistically significant for either the number of observation events (Model 1) nor for the aggressiveness score (Model 3) (Table 3). But interestingly, Sparkling Violetear’s seasonal pattern of aggressive response to the songs of its own species was opposite to that of the other three species, increasing in the wet season. Even though both models do not detect a significant interaction between the factors species and season (Table 3) that could explain the absence of a significant effect of season, when we extracted the Sparkling Violetear data in the analyses, that is, comparing the behavioral responses only with the other three nectarivorous species except its own, we detected that aggressive responses were significantly higher in the dry season only in the number of observation events model (Model 2 in Table 3).

There were significant differences in the number of events in which each behavior was elicited (Models 1 and 2 in Table 3). The two aggressive behaviors significantly most elicited by playbacks of all four species in both seasons were the vocalizations on perch V1 and V2 (Table 4 and Figure 2A), which accounted for 58.6% of all elicited behaviors. The least elicited behavior was tail movement on perch (TM) directed only against its own species and the Grey-bellied Flowerpiercer (Table 4). The entire repertoire of aggressive behaviors occurred only towards the songs of its own species and the songs of the Grey-bellied Flowerpiercer, and only five of them towards the Red-tailed Comet and the Giant Hummingbird. The agonistic displays were elicited only towards its own species and the Grey-bellied Flowerpiercer, with the exception of a single occasion elicited toward the song of the Red-tailed Comet. When territorial Sparkling Violetear individuals were confronted with the songs of their own species, vocalizations while feeding occurred only in the wet season, and exploration of the sound source was four times greater compared to the dry season (Table 4 and Figure 2A).




4 Discussion

Playbacks of territorial songs of the four species of the La Paz nectarivorous community elicited behavioral responses in territorial Sparkling Violetears that ranged from simple body postural changes on perch to agonistic displays and exploration of sound source. Similar to the studies of Cruz-Yepez et al. (2020), who elicited aggressive responses to songs among subspecies of the Wedge-tailed Sabrewing (Campylopterus curvipennis) complex, and the study by Duque et al. (2020) on the responses of the Ecuadorian Hillstar (Oreotrochilus chimborazo) to high-frequency conspecific acoustic signals, we obtained behavioral responses that could be interpreted as attention, advertisement, and exploration towards the sound signal of a potential competitor. In our study the preferred behaviors used were advertisement carried out while perching, which implies energy savings by not reacting with costly behaviors if they are not necessary, and escalating to behaviors in flight only depending on the intruding species. Similar to the aforementioned studies (Cruz-Yepez et al., 2020; Duque et al., 2020) the most aggressive behavior elicited was the exploration of the sound source. More aggressive behaviors, such as chasing or fighting, were not elicited because they occur when visual recognition signals are also present (Grether, 2011). In future studies it would be interesting to combine acoustic and visual signals to obtain a more complete repertoire to better understand the modulation of the aggressive behaviors.

We obtained that the model based on the number of occasions in which each aggressive behavior was elicited, as well the model for the total aggressive response of each territorial individual summarized as the aggressiveness score showed similar results. The aggressiveness score that we propose is a way to quantify in a single number the total set of behaviors executed by each individual, but the score is not free of errors since it is based on quantifying behaviors with several assumptions. Probably the high standard deviations obtained, the lower percentage of variability explained by the model and the difficulty to obtain significant differences between seasons are related to this. Nevertheless, the score has the advantages offered by continuous quantitative measures, we believe that this is an interesting way to quantify behaviors and that the validity of these indices could be further investigated.

In the dry season, when other food resources are scarce (Morellato et al., 2013) and therefore established territories in Tobacco Tree patches were more valuable, apparently the territorial Sparkling Violetears were more aggressive against the songs of the three nectarivorous species other than their own. In our study, the depletion of nectar resources is only inferred from general floral phenology, but measurements of the availability of nectar in territories as an energetic source, as well its variation in time and space, could confirm such inference. In studies in which the energetic value of hummingbird territories was manipulated, territorial individuals also increased more energetically costly aggressive behaviors against competitors when the relative food value of the owner’s territory increased (Ewald and Carpenter, 1978; Ewald and Orians, 1983; Ewald and Bransfield, 1987; Powers and McKee, 1994; Dearborn, 1998; Camfield, 2006). The pattern was the opposite when songs of their own species were played, including a higher proportion of flying exploration of the sound source. This is probably because in the wet season territorial individuals not only defended feeding territories, males also attracted, controlled and defended their potential or actual reproductive partners, and females defended their nesting territories (Schmidt-Marloh and Schuchmann, 1980; Zerda-Ordoñez, 1994). Because in our study we did not differentiate males and females and because males behave aggressively towards females even in the breeding season (Schmidt-Marloh and Schuchmann, 1980), we cannot disentangle the proportion of aggressive behaviors related to different motivations.

The variations in the aggressive responses of territorial Sparkling Violetears were very consistent depending on the nectarivorous species to which the territorial song playbacks belonged. Clearly, the most intense aggressive response was elicited against playbacks of its own species and the Grey-bellied Flowerpiercer, while the least aggressive responses occurred against playbacks of the Red-tailed Comet. The aggressive responses against the songs of the Giant Hummingbird were intermediate between both extremes.

The modulation of the interspecific aggressive response towards the opponent depends on the balance between the benefits of obtaining nectar and the costs of time and energy invested in aggressive behaviors as well as the risks of possible injuries (Wolf, 1978). Dearborn (1998) synthesized the possible reasons that could explain the variations in the interspecific aggressive responses of territorial hummingbirds into five hypotheses and their respective predictions. The “risk of take-over” hypothesis predicts a more intense aggressive response against territorial species that pose the greatest threat of territory taking. The “wing disc loading (LWD)” hypothesis predicts more aggressive responses against species with lower LWD than the owner because less maneuverability is assumed in aggressive encounters. The “intruder detectability” hypothesis predicts that smaller species are more difficult for the owner to detect, so less aggressive behavior could be elicited against them. The “potential for resource removal” hypothesis predicts that species with a better capability to extract nectar relative to beak morphology could elicit more aggressive responses. Finally, the “cost of engagement” hypothesis predicts an inverse relationship between the intensity of aggression and the risk of injuries to the territory owner; this hypothesis is mainly related to the body mass and predicts a less aggressive response to opponents larger than the owner. In our study, we cannot test the “intruder detectability” hypothesis because we simulated territory invasion with acoustic cues only, and therefore the information about visual cues for intruder detectability and recognition did not vary.

Our results on the ordering of intruder species according to the level of aggressive responses of territorial Sparkling Violetear individuals do not support three of the other four hypotheses. For the “cost of engagement” hypothesis, we should have observed the most aggressive responses against the Red-tailed Comet and the least aggressive response against the Giant Hummingbird considering their respective masses (Table 1). For the “wing disc loading (LWD)” hypothesis, and considering only the hummingbirds of our community, we would expect greater aggressiveness towards the Giant Hummingbird and less towards the Red-tailed Comet (Table 1). For the “potential for resource removal” hypothesis, we would expect more aggressive responses against the Giant Hummingbird, the species with the longest beak (Table 1). However, short beaks are not a limitation because access through the floral opening is not the only way to access the nectar. In fact, as a nectar-robber, the Grey-bellied Flowerpiercer gains access by piercing the base of the corolla and periodically revisiting the hole for nectar (Hilty, 2011), and the Red-tailed Comet can also obtain nectar from the holes made from other nectar robbers (Tellería et al., 2024). It is not possible to conclude about resource removal potential based solely on beak morphology in our nectarivorous community.

The only hypothesis we propose fully explains our results is the “risk of take-over”. Although Dearborn (1998) only refers to the level of territoriality of each species, the aggressive social organization of nectarivorous bird communities also depends on the hierarchical dominance (Wolf, 1978). We propose that the level of aggressiveness of the behavioral responses elicited in territorial Sparkling Violetears increased from less territorial and submissive species to the more territorial and behaviorally dominant species, and that aggressive behaviors were executed from those of lowest to highest energetic cost, following the same progressive aggressiveness (Figure 3). From this proposal, it is possible to predict that the bird species in the nectarivorous community studied are ordered in territoriality and dominance according to: first, Sparkling Violetear equal to Grey-bellied Flowerpiercer, second, the Giant Hummingbird, and third, the Red-tailed Comet (Figure 3).




Figure 3 | The proposed relationship between the two components of the risk of take-over, territoriality and behavioral dominance, on the decisions of territorial Sparkling Violetears to perform behaviors of variable level of aggressiveness in relation to the identity of the intruder species simulated by playback (acoustic cues). On the right are the behavior categories that were used most frequently in relation the level of aggressiveness and the playback of the territorial songs of each nectarivorous species: Sparkling Violetear (SV), Grey-bellied Flowerpiercer (G-b F), Giant Hummingbird (GH) and Red-tailed Comet (R-t C). Fighting was not observed in this study, but it is assumed that it would be elicited in combination with visual cues. The drawings of the birds used under the generous authorization of the artist Daniela Ticona.



The Sparkling Violetear is a territorial and behaviorally dominant species over other hummingbirds (Schuchmann, 1999; Bribiesca et al., 2019; Sargent et al., 2021). Bribiesca et al. (2019) propose that mass is a supertrait that explains the behavioral dominance in hummingbirds, and Sargent et al. (2021) predicts that the largest hummingbirds would be the most territorial. However, the Sparkling Violetear it is not the largest species in our nectarivorous community, but rather the Giant Hummingbird, which was also described as a behaviorally dominant (Bribiesca et al., 2019) and territorially aggressive species (Fjeldså and Krabbe, 1990; Schuchmann, 1999). Although the high aggressive response against playbacks of its own species could be explained by the expected maximum overlap in resource use with conspecifics (Peiman and Robinson, 2010), this does not explain the almost equal high level of aggressiveness against the Grey-bellied Flowerpiercer. What is the reason why the more aggressive response of the territorial Sparkling Violetears against the playbacks of the Giant Hummingbird was not elicited?

Sargent et al. (2021) propose that a territorial species will face selection for large body size and greater maneuverability with the trade-off of higher flight costs. Since body size alone does not explain the ordering of aggressiveness in our nectarivorous community relative to the “risk of take-over” hypothesis, it is important to consider also maneuverability and flight costs. Feinsinger and Chaplin (1975) propose a positive relationship between wing disc loading (LWD) and maneuverability, and hence territoriality. The Giant Hummingbird has the lowest LWD value in our hummingbird community (Table 1), suggesting disadvantages in its maneuverability and territoriality. As was observed that LWD was not an adequate predictor of maneuverability and competitive ability of hummingbird species (Altshuler et al., 2004), Sargent et al. (2021) propose, instead, that wing loading (the ratio of body weight to wing area) would be a better predictor due its direct and positive relation with aspect ratio. When data on wing area or wing span (variables necessary to calculate wing loading) are not available, the “hand wing index” (HWI) is a good indicator of the aspect ratio and, from here, a proxy of the bird characteristics such as aerial lifestyles and dispersal (Sheard et al., 2020; Weeks et al., 2022). HWI data are available for our species (Tobias et al., 2022), and from here, the Giant Hummingbird has the highest HWI value among all our hummingbird species (Table 1). This means that the Giant Hummingbird has a high aspect ratio associated with longer and narrower wings that predispose the species to fly long distances at the expense of maneuverability and territoriality. In fact, Fjeldså and Krabbe (1990) describe the flight of the Giant Hummingbird as slow, deep wing strokes combined with glides that resembles swallows.

The morphology of the wings could better explain why the Giant Hummingbird is not the most territorial species in our nectarivorous community if we consider the flight energetics. Several studies were conducted on the costs of hovering flight in hummingbirds using different methodologies (Videler, 2005). Considering hovering metabolic rates reported for several hummingbird species, Voigt and Winter (1999) propose a mean mass-specific hovering flight cost of 393 ± 98.8W kg-1. For Sparkling Violetear, Berger (1985) report a metabolic cost in hovering of 1.90 W, which represents a mass-specific hovering flight cost of 223.53 W kg-1 (datum obtained using the author’s reported mass). For the Giant Hummingbird, Fernández et al. (2011) reported a metabolic cost in hovering of 2.92 W, which represents 166.86 W kg-1 (datum obtained using the mass reported by the authors). Obviously, the absolute energy cost of the Giant Hummingbird is higher than the Sparkling Violetear, but it is more energy efficient considering the cost per gram.

Our interpretation from the aggressive responses of territorial Sparkling Violetears suggests that the Giant Hummingbird, although it is the largest species in the community studied, is not the most territorial and behaviorally dominant because the morphology of its wings and its flight energy indicate an optimal strategy to fly long distances. In La Paz it is common to observe individuals of Sparkling Violetear chasing and effectively expelling Giant Hummingbirds from their territories with fast and very well maneuvered flights, while the latter show little resistance to this (pers. obs.). Some evidence could support this proposal, the Sparkling Violetear is a resident species but the Giant Hummingbird is capable of traveling long distances seasonally (Fjeldså and Krabbe, 1990; Schuchmann, 1999; Williamson et al., 2024), being one of the only three species of South American hummingbirds that migrate long latitudinal distances (Rodriguez-Flores et al., 2019). Several other studies reported that the Giant Hummingbird was chased or behaved submissively in front Sparkling Violetear (Hainsworth, 1977; Wester and Claßen-Bockhoff, 2006). Territoriality is probably conditioned in the Giant Hummingbird because it is attracted to large flowers such as cacti and bromeliads, or other flowering plants that flower in short periods of local aggregations with abundant nectar supplies (Fjeldså and Krabbe, 1990; Schuchmann, 1999). It was recently proposed to split the Giant Hummingbird species into two, a Northern non-migratory and a Southern migratory (Williamson et al., 2024). The differences in territoriality and behavioral dominance previously reported for this species (Fjeldså and Krabbe, 1990; Schuchmann, 1999; Bribiesca et al., 2019) are probably related to these different populations. According to the proposal of Williamson et al. (2024) the populations in La Paz correspond to the migratory one, however, it is important to note that in La Paz, Giant Hummingbirds are present during the dry season (per.obs.). It would be interesting to evaluate in the future the differences in territoriality and dominance behavior of Giant Hummingbird populations and the ecological conditions related to it.

In other hummingbird communities it was also reported that the largest species was not the behaviorally dominant (Fernandez-Duque et al., 2024), proposing that wing morphology explains the dominance hierarchy better than mass. The evolutionary distance between clades of contending species is another factor that could explain when smaller species win over larger ones (Martin and Ghalambor, 2014; Márquez-Luna et al., 2019). Situations that do not exclude cases in which the largest hummingbird species are actually the behaviorally dominant ones in their communities (López-Segoviano et al., 2018). Thus, the composition of each nectarivorous community, the morphological and ecological adaptations of each species, linked to the ecological conditions and the spatial and temporal variations of nectar resources, configure the hierarchical dominance in each community.

The Grey-bellied Flowerpiercer is a resident and territorial species that aggressively defends small patches of flowers against any other small nectar consumers (Hilty, 2011). Defending floral patches is crucial for this specialized nectar-robber because the presence of the long hook at the tip of the bill –which allows it to extract nectar at the base of the corollas- is a compromise for the consumption of other food sources as fruits (Schondube and Martínez del Rio, 2003). Comparisons of wing morphology between hummingbirds and passerines are very difficult because hummingbirds have extreme morphology with a hand wing length of more than 80% of the total wing length, being around 70% in songbirds (Videler, 2005). In any case, the low HWI value of the Grey-bellied Flowerpiercer (Table 1) implies a high maneuverability capacity. In La Paz the most intense fights for feeding territories occur between individuals of Sparkling Violetear and Grey-bellied Flowerpiercer, and it is common to see changes in the owners of territories between individuals of both species (pers. obs.). We propose that the Grey-bellied Flowerpiercer represents a high risk to take-over the territory of a territorial Sparkling Violetear, and explains why the level of aggression against the songs of this species was approximately the same as against the songs of their own species.

The Red-tailed Comet is the species that might pose the least risk to take-over Sparkling Violetear’s territories. Although it was described as a species that aggressively defends territories, such aggressive behaviors focus on individuals of its own species or smaller hummingbird species (Contino, 1975), being submissive to larger species, particularly Violetears and Hillstars (Contino, 1975; Fjeldså and Krabbe, 1990). Bribiesca et al. (2019) classify this species as non-behaviorally dominant, and the HWI value indicates an intermediate maneuverability ability (Table 1), suggesting also a better capacity for long distance flights. Indeed, this species establish territories only when clumped defensible nectar resources temporarily appears, moving widely after that to search for other nectar sources (Contino, 1975; Fjeldså and Krabbe, 1990). In La Paz, we observed this pattern of behavior in the temporary flowering of Mutisia orbignyana, Agalinis lanceolata and Tecoma fulva (per. obs.). We propose that the aggressive responses of the territorial Sparkling Violetears predict that the behavioral resource-defense strategy of the Red-tailed Comet is primarily based on “traveling exploitation” rather than “stationary interference” (Sargent et al., 2021), proposal which should be evaluated in the future.

According to our interpretation of the results, Sparkling Violetear individuals are capable, first, of recognizing through acoustic signals the nectarivorous species that potentially invade their territories, and second, of modulating their aggressive response based on the potential risk of take-over that each intruder species represents (Figure 3). That means not investing energy unnecessarily in individuals of more “inoffensive” species in order to balance their energy budgets. Considering that each hummingbird community is different at each location within the range of a particular species, it is difficult to support the idea that the responses would be innate; instead, they must come from learning from previous experiences. Hummingbirds have sufficient learning and memory abilities to optimize their foraging in the field in relation to spatial and temporal distribution as well as energetic reward from nectar sources (Sandlin, 2000; Healy and Hurly, 2003). Learning skills are also related to reacting and adapting to changes in food rewards (Jelbert et al., 2014), and learning skills related to song production (Johnson and Clark, 2020). Such evidence makes plausible the possibility that the modulation of aggressive responses in territorial Sparkling Violetears comes from previous experiences with territorial behaviors, dominance, and territory invasion attempts by conspecifics or individuals of other species. As this prediction depends on the level of individual experience, it would be interesting to evaluate these responses in the future in relation to the age and experience of the individuals.

Although our results were obtained in a single shrub thicket, and their extrapolation to other bird nectarivorous communities elsewhere should be taken with caution, they still have an important connotation for urban planning focused on the objective of designing biodiversity-friendly cities. Urbanization tends to favor behaviorally dominant bird species that displace their closely related subordinates (Martin and Bonier, 2018), and linked to the presence of non-native plant species as an opportunistic nectar source (Anselmo et al., 2023), urbanization favors generalist hummingbird to the detriment of specialized ones (Puga-Caballero et al., 2020; Vitorino et al., 2021). Modifying and simplifying hummingbird assemblages has the potential to alter interactions with flowering plants (Leimberger et al., 2022) and ultimately affect pollination as an ecosystem service in cities (Wenzel et al., 2020). The Sparkling Violetear as a generalist and behaviorally dominant species is the most successful hummingbird in the city of La Paz (Villegas and Garitano-Zavala, 2010), and with our results it is possible to understand the behavioral substrate that causes it. Our findings could be contrasted in other settings in the future to evaluate what factors could modify such responses. To promote more complex and ecologically functional nectarivorous bird communities in the city of La Paz, we need to advance our understanding of the ecological conditions that behaviorally subordinate species need to coexist with dominant ones.

Finally, it is important to note that in our study we had several limitations regarding the control of the sex of the territorial individuals and the songs used, as well as the control of the spatial and temporal relationship of the territorial individuals with their territories. Behavioral responses could be modulated in addition to the identity of the intruder with the quality of the territories and the time for which territorial individuals are owners. Considering the possibility of sexual (Glassman et al., 2024) and geographic (Gaunt et al., 1994) differences in songs, our study opens the possibility of study with playback sex-related and dialectal effects on behavioral responses.
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OEBPS/Images/table2.jpg
Behavior Description of the behavior
name (code)
Tail movement (TM) Perched on a branch, spreads and flaps 1/No

the tail
Wings Perched on a branch, flaps the wings 1/No
movement (WM)
Vocalizing on perch Perched on a branch, emits monotonous 2/Yes
static song “1” (V1) songs with repetitive metallic chips

described as “tzirp” by Fjeldsi and

Krabbe (1990), or as “tlik” by Ziichner

et al. (2020).
Vocalizing on perch Perched on a branch, emits songs with 2/Yes
static song “2” (V2) repetitive notes described as “rrt” by

Fjeldsd and Krabbe (1990), or as “dijit”

by Ziichner et al. (2020).
Vocalizing while flying =~ While flying to drink nectar from 3/Yes
to feed (VF) flowers, emits a vocalization described as

“drrr ... drrr...” by Ziichner

et al. (2020).
Agonistic display “1” Departing up from perch vertically 4/No
(vertical flight) (A1) performs while flying an eight-shaped

display emitting a complex song

described as “tzeezee-zirr” by Fjeldsa

and Krabbe (1990); after that returns to

the same perch.
Agonistic display “2” As the agonistic display “1”, including 4/No
(horizontal flight) (A2) | the same song, but performed

horizontally; after that returns to the

same perch or towards another perch.
Exploring the sound Flies towards the sound source and 5/No
source (ES) explores it.

The behavior score (BS) and the intensity value (IV) are specified, the latter only when
vocalizations are emitted with the behavior. We assign BS to each behavior in relation to the
assumed cost, and the IV as the number of notes of vocalizations produced during the
performance of the behavior.
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Species Sparkling Grey- Giant Red-

Violetear bellied Flowerpiercer Hummingbird tailed Comet

Season D W D W D W D W
Aggresiveness score Mean 7.50 8.74 8.17 5.62 5.39 4.50 2.85 1.38
SD 234 6.04 153 3.87 214 522 243 351

Min 330 0.00 6.08 1.00 2.70 0.00 0.00 0.00

Max 104 162 105 122 8.18 129 7.48 10.0

Proportion of observation events | Behav®

™ 0.13 0.13 0.13 0.00 0.00 0.00 0.00 0.00
WM 0.25 0.25 0.13 0.25 0.00 0.25 0.00 0.13
Vi 0.63 0.50 075 0.50 0.75 0.50 0.50 0.13
V2 0.88 0.50 1.00 0.13 075 0.13 038 0.13
VE 0.00 0.50 0.50 0.25 0.00 0.38 0.00 0.00
Al 0.25 0.13 0.00 0.25 0.00 0.00 0.00 0.00
A2 0.25 0.13 0.13 0.13 0.00 0.00 0.00 0.13
ES 0.13 0.50 0.00 0.13 0.13 0.13 0.13 0.00
Total® 0.31 0.33 0.33 0.20 0.20 0.17 0.13 0.06

Aggressive behaviors are: Tail movement (TM), Wings movement (WM); Vocalizing on perch song “1” (V1), Vocalizing on perch song “2” (V2), Vocalizing while flying to feed (VE), Agonistic
display “17 (A1), Agonistic display “2” (A2), and Exploring the sound source (ES). (*) is the proportional value of each behavior performed in the total of eight observation events per each
intruder species per season, (°) is the proportional value for the total aggressive behaviors performed in each season towards each intruder species.
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Likelihood £ Akaike's Model's Nule Variation
Ratio Information  deviance (D) model's explained by
Chi-Square Criterion deviance the
(AIC) (Do) model (%)
Model 1
Model 120.95 14 <0.001 195.80 74.40 195.36 61.9
fit statistics
Species 29.12 3 <0.001
Behaviors 93.18 7 <0.001
Season 3.15 1 0.076
Species*Season 2.75 3 0432
Model 2
Model 96.50 12 <0.001 139.22 55.28 151.78 63.6
fit statistics
Species 16.71 9 <0.001
Behaviors 78.90 » 7 <0.001
Season 144 1 0.035
Species*Season 0.92 2 0.632
Model 3
Model 25.42 7 <0.001 358.42 765.10 1138.15 328
fit statistics
Species 22.89 3 <0.001
Season L12 1 0289
Species*Season 2.50 3 0475
Model 4
Model 18.58 5 0.002 259.84 47108 693.81 321
fit statistics
Species 15.89 2 <0.001
Season 318 1 0.075
Species*Season 0.57 3 0751

Model 1 is “number of observation events” variable ~ species + behaviors + season + species*season using a binomial probability distribution with logit link function considering data from all
four nectarivorous species; model 2 is the same as model 1 but without considering Sparkling Violetear data. Model 3 is “aggressiveness score” variable ~ species + season + species*season using a
normal probability distribution with identity link function considering data from all four nectarivorous species; model 4 is the same as model 3 but without considering Sparkling Violetear data.

The percentage of variation explained by each model was calculated as:  100.(

B),
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Giant Hummingbird parkling Violetear = Red-tailed Comet

Mass (g) @ 20.2 (10) 67 (16) 53 (10) 110 (22)
Wing length (cm) ® 13.57 (6) 7.54 (28) 632 (5) 6.83 (15)
Beak length (cm) ® 4.52 (6) 2.91 (28) 2,01 (5) 1.4 (15)
Hand-wing index ® 645 625 63.1 16.9
Lwp (g/em?) © 0.021467 0.023313 0.027490

Local abundance ) 16 89 20 29
Local frequency ¥ 144 53.8 183 183
Behavioral dominance BD © BD © NBD © BD
Year-round residence M® rR® rR® R®
Territoriality * o o * .

Morphometric data include means of mass, wing length, beak length and hand-wing index for the four nectarivorous species, and wing disc loading (Lyp) for the three hummingbirds; in
parenthesis the number of individuals considered without distinction of gender. Information for the birds’ populations in the city of La Paz includes relative abundance and relative frequency.
Behavioral data include classifications as behaviorally dominant (BD) to non-behaviorally dominant (NBH), year-round resident (R) to seasonally migrant (M), and territoriality/
kleptoparasitism classified on an arbitrary scale between mainly territorial (***), occasionally territorial (**), and frequently kleptoparasitic (*) because species could move plastically
between both strategies.

®Data obtained from Dunning (2008). ®Data obtained from Tobias et al. (2022). Calculated only for hummingbirds using the formula: Lyp = (25WL)2 (Feinsinger and Chaplin, 1975).
with data from Tobias et al. (2022). ®Data available in Villegas and Garitano-Zavala (2010) for the city of La Paz, this information was obtained from 104 observation stations randomly
distributed from the hardest core to the peri-urban habitats of the city of La Paz, where local abundance is the sum of abundances measured across all the observation stations and frequency is the
percentage of observation stations in which each species was observed. ©'Classification proposed by Bribiesca et al. (2019). @Classification inferred from information in Hilty (2011) and our own
field observations. ®Classification following the proposal of Williamson et al. (2024) for the Giant Hummingbird populations that correspond to La Paz; ®Classification inferred from the
behavioral descriptions of Fjeldsd and Krabbe (1990), Schuchmann (1999) and Hilty (2011), and our own field observations.





