Under pressure: the behavioral richness of hummingbirds in competitive landscapes

Alyssa J. Sargent

A dissertation draft
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy
University of Washington

2026

Reading Committee:
Alejandro Rico-Guevara, Chair
Berry Brosi

Briana Abrahms

Program Authorized to Offer Degree:

Biology



© Copyright 2026

Alyssa J. Sargent



University of Washington
Abstract
Under pressure: the behavioral richness of hummingbirds in competitive landscapes
Alyssa J. Sargent

Chair of the Supervisory Committee:
Alejandro Rico-Guevara
Biology

Competition for resources is a unifying struggle across the animal kingdom. Hummingbirds, facing
fierce races for nectar while balancing record-high metabolic demands, are an exceptional case
study for this conundrum, and the decisions that these tiny birds must make to survive each day are
complex. Where to travel, and which rival is worth attacking? Does it pay off to stay near home,
saving energy for inevitable battle, or to fly further afield—facing new perils—to find food? With
new approaches and miniature biologgers, we can get a glimpse into how each individual
hummingbird might approach these challenges, even and especially when surrounded on all sides
by competitors. I have three chapters in my dissertation dedicated to this concept: (1) A published
review of the principal strategies with which hummingbirds commute within landscapes
(“traplining™) or monopolize flowers (“territoriality”) when competing for finite resources, and the
flexibility with which they adapt their behavior while doing so. This review also offers predictions
regarding the traits we expect to be associated with these main strategies, along with proposed
methods of testing them. (2) An ethical study of how hummingbirds behave when equipped with
backpack-style biologgers, in order to ensure that the radio-trackers—which we would use to study
hummingbird movement and foraging strategies in the wild—do not drastically alter the very

behaviors we would hope to measure in the first place. This chapter was based on a time-budget



experiment in which each bird underwent both a tagged and an untagged treatment; we found that
birds spent significantly more time preening when tagged. (3) A case study showcasing how
differently six tagged hummingbird species can utilize an array of feeders while coexisting under
increasingly competitive conditions at an agricultural-forested site in Colombia. In this
experiment, we progressively removed and reinstated feeders equipped with radio-frequency
identification (RFID) antennas and found that, as scarcity mounted and the birds were funneled
onto fewer and fewer options, individuals and species that had little time at the feeders to begin
with were more likely to cease visiting them entirely. Overall, my dissertation offers an integrative
perspective with which to examine hummingbird foraging and its mutability to the surrounding
energetic, risk, and competitive landscapes, accounting for not only morphology and
biomechanics, but also the effects of the tools that we use to investigate these strategies, as well as

the unique behavioral signature of each individual hummingbird in question.
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Dissertation overview

Hummingbirds (Trochilidae) comprise a riveting avian family that has long captured the
imagination and attention of humankind. The smallest birds in the world, these tiny pollinators are
legendary for their array of iridescent colors and remarkable abilities. Indeed, hummingbirds
featured so heavily in Mayan creation stories that scholars coined the term “hummingbird myths”
to subsume a host of archetypal tales in which a hero would magically transform one of these birds,
in order to bring about divine marriage between himself and the daughter of an earth god
(Mazariegos 2010). The Mexican god Huitzilopochtli (which translates to “hummingbird on the
left”), meanwhile, was also described as wearing a hummingbird disguise; hummingbirds’ capacity
for “deadening” and “awakening” through torpor; their capacity for long-distance migration like
that of the Aztecs; their mutualistic relationship with flowers (which were associated with
warriors), and their swiftness in flight and subsequent success in combat were all mythologically
tied to this deity (Montero Sobrevilla 2020). Of course, humanity’s captivation with these birds has
not always been positive: in the Victorian period, millions of hummingbirds were taxidermized for
both personal collections and as glittering fashion accessories (Murfin 2026); even now, illegal
trade of hummingbirds persists in Mexico, with their bodies being used for chuparosa “love
charms” (Trail 2022). At large, hummingbirds spark positive public perceptions today for their
distinctive traits (Andrade et al. 2022).

Amongst scientists, too, hummingbirds have exerted a powerful fascination, for many of the same
reasons. Their versatility—evidenced by their spanning Canada to Patagonia, sea level to the high
Andes, metropolises to cloud forests (English et al. 2021)—and sheer morphological variety across
their ~366 representative extant species (Leimberger et al. 2022) present a compelling case study
for adaptation and selective pressures (e.g., Rappole and Schuchmann 2003; Stiles 2008;
Abrahamczyk and Kessler 2015). Relative to their body mass and length, hummingbirds have the
highest metabolic rates (Suarez 1992) and movement velocities (Clark 2009) recorded amongst
vertebrates; relative to the telencephalon, they have the largest hippocampal formations (critical for
spatiotemporal memory) documented within birds (Ward et al. 2012). What is more, they are the
only birds capable of sustained wing-derived hovering, thanks to their unique ability to invert their
wings during the upstroke (Hedrick et al. 2011) and their remarkably high proportions of
supracoracoideus muscles (Deeming 2023). In short, the Trochilidae family is exceptional in many
respects, and has garnered a great deal of research already.

On the behavioral front, however, there is still much to explore. How hummingbirds navigate
competition has been of particular interest to ecologists over the years: not only do these pollinators
rely on nectar to fulfill their energetic demands—a resource that, in natural systems, is ephemerally
available in minute volumes and spatially scattered as per the plants that produce it—but they can
also congregate in huge numbers at resource hotspots, leading to intense races and battles for floral
access (Sargent et al. 2021). By employing different strategies, hummingbirds can find ways to
overcome competitive pressures (or at least mitigate or avoid them). But what constitutes a
“strategy”? The hummingbird foraging literature is rooted in a handful of archetypal behavioral
syndromes first defined in relation to hummingbirds over 50 years ago (e.g., Pitelka 1942; Janzen
1971; Stiles 1975), when researchers lacked the technology to track the movement and resource
visitation of unique individuals and largely based their characterizations on observations of only a
few birds per study, as opposed to direct evidence or quantitative data (see Tello-Ramos et al.
2015). These concepts have been developed relatively little since and remain the default framing
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for many researchers to this day (e.g., Rombaut et al. 2022; Rios-Orjuela et al. 2026), with
hummingbirds still classified according to these strategies at the species, sex, or even clade level
(Tello-Ramos et al. 2015; Sargent et al. 2021; Falk et al. 2025 preprint). Yet hummingbirds display
remarkably flexible behavior depending on the energetic and risk landscapes around them,
abandoning or modifying their tactics as needed (Kodric-Brown and Brown 1978; Hixon et al.
1983; Stiles 1985; Carpenter 1987; Justino et al. 2012; Sargent et al. 2021). The emerging
perspective is thus that hummingbirds may instead operate on a spectrum of foraging strategies
(Sargent et al. 2021), or even that they have a “menu” of foraging options from which to select,
depending on the context in which they find themselves (Altshuler et al. 2004).

My research largely focuses on exploring this potential spectrum. With the advent of ultra-
miniaturized biologging devices, we can now record high-resolution spatiotemporal data for
individual hummingbirds of any species—which, up until several years ago, was reserved to only
the larger species of hummingbirds (Hadley and Betts 2009; Williamson and Witt 2021; Sargent et
al. 2026)—and thereby tease apart the characteristics of these different strategies, along with the
traits, mechanisms, and conditions that shape them (Sargent et al. 2021). Of course, we must also
ensure that the biologgers do not distort the behaviors that we hope to measure in the first place
(e.g., Sargent et al. 2026). My dissertation thus operates along multiple axes (conceptual, ethical,
and experimental) to deepen our understanding of the hummingbird foraging continuum, and how
hummingbirds respond to competition on all sides, in a safe and empirical manner. My three
chapters are as follows:

Chapter I: Locomotion and energetics of divergent foraging strategies in hummingbirds: a
review. This chapter is my integrative, published review of the different ways that hummingbirds
purportedly monopolize or seek to deplete flowers before their competitors when competing for
finite resources. The current hummingbird foraging literature is almost entirely structured around
two specific strategies: territoriality (in which a hummingbird will engage in interference
competition to defend smaller, concentrated patches of more generalized resources through high-
powered aerial combat) and traplining (in which a hummingbird will engage in exploitation
competition to commute in efficient circuits to dispersed, more specialized resources, without
defending them). I revisit the historical studies that shaped this ostensible dichotomy, as well as the
current studies that have relied upon it, and argue that hummingbird behavior is in fact highly
flexible and shaped by the competitive landscape, and therefore more likely to exist on a
continuum. Through a biomechanical and morphofunctional lens, I examine the locomotor and
energetic traits that dictate hummingbird foraging, and provide predictions for how body size, burst
power, maneuverability, flight muscle mass, and basal metabolic rate might relate to both
territoriality and traplining. Drawing on tried-and-true methods (e.g., wing loading, respirometry)
alongside recent technological advances (e.g., biologging, 3D flight tracking), I propose methods
to test each prediction, to enhance our understanding of the selective pressures shaping these
potential extremes of a hummingbird foraging spectrum.

Chapter II: Variable evidence of radio-tag backpacks affecting hummingbird time budgets in
captivity. Despite the rapid miniaturization of biologgers—enabling wildlife-tracking research on
increasingly smaller taxa—and their corresponding ubiquity in the field of ecology, the ethical
study of these devices has not kept pace. In this chapter, I assess whether backpack-style radio-
transmitters significantly affect the behavior of hummingbirds in captivity. I designed a 3-hour
time-budget experiment within a flight arena in Colombia to compare how much time 25 Black-
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throated Mangoes (Anthracothorax nigricollis) each spent flying, hover-feeding, preening, and
perching when tagged versus untagged; furthermore, I complemented this experiment with an
aviary-style “entanglement” test, to determine whether the birds would snag on vegetation while
harnessed with the radio-transmitter. Hummingbirds spent significantly more time preening when
tagged; they also flew significantly more in their second treatment (tagged and untagged treatments
were randomized), fed significantly longer if they were lighter, and preened significantly more in
the afternoon than the morning. Birds did not get entangled within the aviary, even during
overnight trials. My experimental model, which relied on an inexpensive and portable setup that is
suitable for remote field conditions, is relatively straightforward to fine-tune to other small avian
taxa and device types and can be applied more broadly as a pre-deployment “behavioral validation”
checkpoint—a sorely needed addition to the field of biologging ethics.

Chapter III: The unequal cost of scarcity: how individual hummingbirds across an
assemblage respond to experimental feeder removal. This final chapter is the empirical
culmination of my dissertation and many years of preparatory work: a 21-day, individual-level
experiment within a thriving hummingbird assemblage in the Colombian Andes. Using a network
of 16 RFID-enabled feeders and a mirrored “removal and reinstatement” design (7 three-day
periods: 16 - 12 - 8 - 4 - 8 - 12 - 16 feeders), I examined the impacts of variable artificial
resource availability and a subsequent competitive bottleneck on the feeder-visitation patterns of
109 individuals spanning six species. Through eight a priori questions operating along individual,
species, and assemblage levels, I found that baseline access—a bird’s share of feeder time in the
first three-day period, prior to any experimental manipulation—remained a stable trait as the study
progressed. Indeed, this metric predicted several other “downstream” results, with low-access
birds more likely to drop out during the bottleneck (and not necessarily return), be more absent
from feeders during energetically critical morning and evening windows, visit feeders less often
and in shorter bouts, and exhibit less repeatable behavioral patterns. Thus, the costs of scarcity and
corresponding competition did not fall equally on all birds: low-access individuals and certain
species bore the brunt of the experiment, suggesting that hummingbird assemblages might buffer
against rapid losses of resources through hierarchical filtering.

As a whole, my dissertation offers an integrative lens through which to reexamine the foraging of
these critical vertebrate pollinators. The strategies employed by hummingbirds are shaped not only
by morphology, metabolism, and biomechanics, but also by individual variation and the
surrounding energetic and risk landscapes; if we are to properly tease apart the behavioral
spectrum, we therefore must implement a wide variety of tools and approaches in the coming years.
I have focused on developing custom roadmaps and experiments that utilize cutting-edge
technology to begin this process. My work has direct implications for the ethical practices with
which we study small, flighted animals, as well as the management of artificial resources: with
maintaining bird feeders a global pastime, and natural resources dwindling worldwide, now more
than ever we must determine how individuals, species, assemblages, and even full communities
will respond to unexpected scarcity—and the shape that the ensuing competition will take.
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Abstract

Hummingbirds have two main foraging strategies: territoriality (defending a patch of flowers) and
traplining (foraging over routine circuits of isolated patches). Species are often classified as
employing one or the other. Not only have these strategies been inconsistently defined within the
behavioral literature, but this simple framework also neglects the substantial evidence for flexible
foraging behavior displayed by hummingbirds. Despite these limitations, research on
hummingbird foraging has explored the distinct avenues of selection that proponents of either
strategy presumably face: trapliners maximizing foraging efficiency, and territorialists favoring
speed and maneuverability for resource defense. In earlier studies, these functions were primarily
examined through wing disc loading (ratio of body weight to the circular area swept out by the
wings, WDL) and predicted hovering costs, with trapliners expected to exhibit lower WDL than
territorialists and thus lower hovering costs. While these pioneering models continue to play a role
in current research, early studies were constrained by modest technology, and the original
expectations regarding WDL have not held up when applied across complex hummingbird
assemblages. Current technological advances have allowed for innovative research on the
biomechanics/energetics of hummingbird flight, such as allometric scaling relationships (e.g.,
wing area—flight performance) and the link between high burst lifting performance and
territoriality. Providing a predictive framework based on these relationships will allow us to
reexamine previous hypotheses, and explore the biomechanical trade-offs to different foraging
strategies, which may yield divergent routes of selection for quintessential territoriality and
traplining. With a biomechanical and morphofunctional lens, here we examine the locomotor and
energetic facets that dictate hummingbird foraging, and provide a) predictions regarding the
behavioral, biomechanical, and morphofunctional associations with territoriality and traplining;
and b) proposed methods of testing them. By pursuing these knowledge gaps, future research could
use a variety of traits to help clarify the operational definitions of territoriality and traplining, to
better apply them in the field.

Introduction

A foraging strategy is the summary of an animal’s behavioral adaptations that allow it to
successfully acquire food (Vogel et al. 2017). In natural habitats, the availability and distribution of
resources are continuously in flux, and animals must continually adapt their foraging strategies to
meet their dietary needs. As such, these strategies play a vital role in determining fitness and are
shaped heavily by natural selection (Hassell and Southwood 1978). Unlike most heterotrophs,
nectar-feeding animals exploit an ephemeral, self-replenishing resource that is stationary and
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relatively predictable during blooming, yet scattered across the landscape at very different scales
depending on the plant’s reproductive strategy (Janzen 1971; Betts et al. 2015). All of these factors
influence the diverse foraging adaptations displayed by nectarivores. Hummingbirds, in particular,
stand out as one of the most energetically constrained animals, requiring a copious caloric supply
given their ability to perform prolonged hovering, which is one of the most energy-demanding
forms of locomotion (Weis-Fogh 1972; Chai and Millard 1997; Suarez and Gass 2002).
Hummingbird foraging strategies should reflect this energetic constraint, especially given the
variability of flight requirements that contrasting strategies entail, providing a context to
understand the links between behavior, biomechanics, performance, and functional morphology.

The majority of research on hummingbird foraging has focused on two functional groups:
territorialists and trapliners, which have been treated dichotomously (Feinsinger and Chaplin 1975;
Neill 1987; Gill 1988; Cotton 1998a; Hadley et al. 2018; Torres-Vanegas et al. 2019). The concept
of territoriality was perhaps first indicated by Aristotle concerning eagles, but proposed more fully
by Valli da Todi in 1601, regarding nightingales establishing “freeholds” to dominate and defend
from conspecifics (Birkhead 2008). Since Valli da Todi’s pioneering work, territoriality has
become a central pillar in behavioral ecology, particularly in birds (Nice 1941; Fretwell and Calver
1969; Greenberg and Gradwohl 1986; Drury et al. 2020), among which hummingbirds have been
recognized for their exceptional pugnacity (Lyon et al. 1977; Hixon et al. 1983; Cotton 1998b;
Evens and Harper 2020). Territorial hummingbirds face prominent interference competition (see
Glossary), and will defend large patches of clumped floral resources over an extended period (Fig.
1A) (e.g., Feinsinger and Chaplin 1975; Feinsinger et al. 1979). By threatening or attacking other
hummingbirds attempting to feed, territorialists maintain feeding access to a localized source of
energy (Stiles 1975; Altshuler, Stiles, et al. 2004). In the case of males, territories and their
resources can also be used to attract females (Temeles and Kress 2010), which may utilize
alternative foraging strategies such as traplining or territory parasitism (see Glossary) (Kodric-
Brown and Brown 1978; Temeles et al. 2005).

The term “traplining” was first coined by Janzen (1971 and pers. comm.), who likened the
systematic foraging of hummingbirds—and the long-distance, periodic foraging sequences of
Euglossine bees—to that of a fur trapper checking their line of traps spread across the landscape
(Thomson et al. 1997); however, the concept was discussed as early as 1872 by Darwin with
reference to bumble bees (Freeman 1968). A traplining hummingbird, occasionally classified as
“non-territorial” (Feinsinger and Chaplin 1975; Powers and McKee 1994; Gass and Garrison
1999), faces prominent exploitative competition (see Glossary) and will routinely visit flowers
widely dispersed across the landscape (Fig. 1B) (e.g., Stiles 1975; Tiebout 1991; Garrison 1995;
Volpe et al. 2014). In so doing, trapliners attempt to systematically harvest a flower’s replenished
nectar before competitors and (as demonstrated in bumblebees) fly the shortest routes between
floral resources to conserve energy (Ohashi et al. 2007). Thus, foraging classifications carry
accompanying assumptions about the ways in which a bird will collect, invest, and expend energy
(Powers and McKee 1994; Tello-Ramos et al. 2015). Many scientists have conceded that these
broad categories are an oversimplification, but, because they are useful for the purpose of
identifying trends (Stiles 1978; Altshuler, Stiles, et al. 2004; Hadley et al. 2018), hummingbirds are
generally classified plainly as territorialists or trapliners. Yet as pointed out by Tello-Ramos et al.
(2015), these classifications are often established without empirical evidence.
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The scant verification of hummingbird traplines is rooted in the logistical challenge of tracking
such small, quick birds across large spatial scales. Our understanding of hummingbird traplining is
largely based on regularity in floral visitation to a limited subset of flowers (Temeles et al. 2006).
However, more recent work has demonstrated that Rufous Hummingbirds (Selasphorus rufus),
highly territorial and aggressive (Cornell 2017; Healy and Calder 2020), will form visitation
circuits on small experimental flower arrays (Tello-Ramos et al. 2015, 2019). Tello-Ramos et al.
(2015, 2019) argue that a bird does not need to switch between territoriality and traplining, defining
the latter as “foraging behavior where animals repeatedly visit rewarding locations in a predictable
sequence.” This seems compatible with how traplining is defined in reference to other taxa (Ohashi
and Thomson 2009; Lihoreau et al. 2011, 2013; Woodsworth et al. 1981; Garber 1988; Deygout et
al. 2009; Gilbert and Singer 1975). As such, the definition of traplining long applied by
hummingbird biologists—i.e. commuting between dispersed resources without defending them
(e.g., Linhart 1973; Cotton 1998a; Hadley and Betts 2009; Torres-Vanegas et al. 2019)—is
somewhat atypical. Given the ongoing debate and in order to avoid confusion among hummingbird
biologists, we elect to equate the term territoriality with stationary interference, to reflect a bird’s
defense of the resources within a specific area, and traplining with traveling exploitation, to
convey long-distance movements without resource defense (see Glossary and Rico-Guevara et al.
this issue).

Our perception of foraging poses a challenge to tease apart, but morphological traits may provide
insight into the underpinnings of behavior, by imposing limits on the strategies a bird can
physically or successfully employ relative to competitors (Feinsinger et al. 1979). As foraging is a
complex trait in hummingbirds, in part due to the aerodynamic and kinematic complexities of
forward, backward, turning, and hovering flight (Altshuler and Dudley 2002; Warrick et al. 2005;
Tobalske et al. 2007; Sapir and Dudley 2012; Segre et al. 2016; Dakin et al. 2019), variation in
wing morphology and body size drives much of the differences in performance, and presumably
behavior. However, this research is often purely correlative, as opposed to empirically
demonstrating how morphological variability drives foraging decisions under different ecological
conditions. Previous work on hummingbirds has attempted to corroborate the relationship between
flight morphology and behavior (Feinsinger and Chaplin 1975; Feinsinger et al. 1979), but the
basis of these relationships is contentious (Altshuler, Stiles et al. 2004). Examining the patterns
between hummingbird morphology and foraging strategies will likely shed light on why each
individual, sex, or species performs the way it does in specific competitive skills or under particular
energetic constraints. Here, we bring together our contemporary knowledge of the aerodynamics of
hummingbird flight and attempt to reconcile it with the complexity of their foraging behaviors, to
begin to piece together the current state of the field.

To do so, it is important to take an integrative approach, examining not only behavior and ecology,
but also the physical mechanisms associated with each foraging strategy. In short, at what must a
territorial or traplining hummingbird excel for their preferred strategy to be successful under the
kind of competition (i.e. interference/exploitation) they face more frequently? Or, for a
hummingbird with a given set of morphofunctional traits, which strategy yields higher rewards
under a given competitive context? As the interplay between natural and sexual selection is
complex, topics such as bill morphology, coloration, breeding strategies, and vocalizations warrant
separate and thorough treatment outside of the scope of this paper. Here, to assess how form and
function together determine hummingbird locomotion and energetics, we will: 1) Discuss the
flexibility of nectar-foraging behaviors, and environmental factors that dictate changes in
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behavior; 2) In the context of energetics, review body size and aerodynamic models as they relate
to foraging and flight, and outline testable predictions regarding how selection might influence the
various foraging strategies; and 3) Conclude with a general discussion of remaining knowledge
gaps, and highlight the value in clarifying our operational definitions of hummingbird foraging
strategies.

Energetics and competition yield flexible foraging

Despite the fact that territoriality and traplining have garnered the majority of hummingbird
biologists’ attention, a number of other nectar-foraging strategies have been proposed for this
speciose group of birds (over 330 species) (McGuire et al. 2014). As the given foraging strategy of
an individual hummingbird depends on factors that are both fixed (e.g., species and/or sex) and
contextual (e.g., resource distribution, latitude, altitude, opportunity given the absence or
subordination of competitors, and time of day or year), it is helpful to review these additional
strategies (Stiles 1985; Altshuler and Dudley 2002; Altshuler 2006). Feinsinger and Colwell
suggested in 1978 that five major nectar-foraging categories exist among hummingbirds: 1)
territorialists; 2) high-reward trapliners; 3) low-reward trapliners; 4) territory parasites,
broken into filchers (small hummingbirds parasitizing fringes of an individual’s territory) and
marauders (large hummingbirds able to withstand territorialist attacks in order to parasitize its
resources); and 5) generalists (see Glossary for definitions). Feinsinger (1976) has also described
haphazard foraging (see Glossary), suitable for areas with flowers in greater abundance but lower
diversity, yet the distinction from generalism is somewhat unclear (Garrison 1995). Though
Feinsinger and Colwell’s terms provided a useful initial framework, assigning specific
hummingbirds to these categories has been difficult, and thus these classifications have largely
fallen into disuse (Neill 1987; but see Stiles 1985; Altshuler 2006), leaving almost all research
focused on territoriality and traplining.

Before we can begin to predict the traits associated with quintessential territoriality and traplining,
it is important to explore the conditions under which a hummingbird would actually employ either
strategy. Foraging behavior is often rooted in the energetic, competitive, and risk landscapes, and
hummingbirds show remarkable plasticity, altering their foraging behavior and defense tactics
depending on the context (Kodric-Brown and Brown 1978; Hixon et al. 1983; Justino et al. 2012).
A territory must yield enough nectar (e.g., volumes, concentrations, and ultimately net energy
gain) to support at least the costs of foraging, defense, and (when applicable) energetically-
expensive mating and displays (Brown 1964; Stiles 1971; Wolf and Hainsworth 1971; Linhart
1973; Ewald and Carpenter 1978; Powers 1987). Meanwhile, the resources on a trapline must
reach an energetic threshold to support breeding activities (when applicable) and be worth
revisiting after traveling long distances, but not defending—which will depend on the size and
energy expenditure of the individual in question (Feinsinger and Chaplin 1975; Stiles 1978;
Kodric-Brown and Brown 1978; Tiebout 1991; Gass and Roberts 1992; Garrison and Gass 1999).
Thus, the spatial and temporal distribution of resources heavily influence foraging strategies and
competition within an avian community (Maurer 1984).

As floral density and productivity increase, territorialists reduce the size of their territories, within
which they spend more time, feed more often, and engage in increasingly energetically-expensive
defense maneuvers (Kodric-Brown and Brown 1978; Ewald and Carpenter 1978; Hixon et al.
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1983; Carpenter 1987; Justino et al. 2012; Lanna et al. 2017). Yet floral preference also plays a role
in defense: as different plants bloom, the dominance hierarchy of a given assemblage shifts,
suggesting that birds choose which resources to defend based on their reward qualities (Marquez-
Luna et al. 2019). On the other hand, some individuals may abandon territoriality entirely when
facing either highly lucrative territories, which demand a greater number of successful battles due
to intense competition (Carpenter 1987), or areas without sufficient nectar stores to support
defense (Cotton 1998b). When confronted with experimental nectar robbing—in which
researchers perforated and drained all defended flowers on the birds’ territories—territorialists not
only expanded their defended areas, but also flew farther and consumed more insects (Hazlehurst
and Karubian 2018). Females and smaller hummingbirds are more likely to be displaced or to take
up territory parasitism (Kodric-Brown and Brown 1978; Abrahamczyk and Kessler 2015). Due to
the intense energetic demands of nesting, females are especially unlikely to hold territories over the
course of the breeding season; during this period they tend to parasitize the fringes of male
territories (Wolf 1975) and consume a disproportionately greater quantity of arthropods (Rico-
Guevara 2008).

Research on the behavioral flexibility of traplining species has remained relatively sparse, due to
the aforementioned logistical challenges of tracking small birds across long distances. Studies of
traplining and its relationship to resource availability have largely been confined to aviary-feeder
arrays (Garrison and Gass 1999), or experiments with artificial flowers (Tello-Ramos et al. 2015).
However, foraging decisions made by trapliners are similar to those of territorialists. Under
conditions of heightened nectar availability or concentration, traplining species will limit the
distances that they forage and increase visitation rate to more profitable feeders (Garrison and Gass
1999; Lanna et al. 2017). Additionally, traplining hummingbirds appear to visit feeders more
frequently when they perceive competition, as exploitative strategies entail visiting a resource
before others (Garrison and Gass 1999). While these controlled studies are beneficial for their
tractability, studies of free-living trapliners would greatly increase our understanding of their
energetics, for hummingbirds can and will travel much longer distances than those within an
aviary.

It is common for certain species or individuals to utilize both territoriality and traplining at
different times (Arizmendi et al. 2020; Schuchmann et al. 2020; Taylor 2020; Weller et al. 2020;
Fernandez et al. 2021), flexibility likely dictated by resource availability. Species that exhibit
sporadic strategies and occasional low-reward traplining are dubbed “facultative trapliners”
(Feinsinger and Colwell 1978). Even florally specialized trapliners, such as the Green Hermit
(Phaethornis guy), will occasionally defend larger clumps of flowers for transitory periods of time,
if they supply enough energy (Stiles 1985). It may be more appropriate to characterize the foraging
strategies of different species by season (Stiles 1985), but hummingbirds can switch their
behaviors over even finer temporal scales (Thomas et al. 1986). This prevalence of flexible
foraging behavior suggests that unequivocally classifying hummingbirds by a single strategy could
be limiting, a challenge we must consider when establishing morphological correlates with
different behaviors.

We argue that territorialists and trapliners (following the definitions in the glossary) face divergent
forces of selection, yielding birds specialized for either strategy. We predict that 1) this
specialization is based around different mechanisms of managing inter- and intraspecific
competitors (Maurer 1984), such that adaptations for territoriality and traplining are molded by
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interference and exploitative competition, respectively (Fig. 2) (Bourlot et al. 2014). Quintessential
territorialists and trapliners can still be influenced by both forms of competition (e.g., a non-
territorial individual’s use of particular resources could be affected by others engaging in
interference behavior), whether from conspecifics (Temeles et al. 2006) or heterospecifics
(Temeles and Kress 2010; Mendiola-Islas et al. 2016). Though the extent to which these
competitive contexts vary by species and assemblage remains poorly understood, to excel in one
strategy requires competitive behaviors that may compromise a bird's ability to excel in another. In
his model of interference and exploitation in avian communities, Maurer (1984) assumes that an
individual cannot utilize resources while actively interfering with another individual’s access to
those resources (compatible with the concepts of stationary interference and traveling
exploitation). Thus, we expect evolutionary trade-offs through morphological, kinematic, and
behavioral traits (Fig. 2). Note that while we predict that these two strategies face divergent
selective forces, this is not incompatible with a foraging continuum, such that individuals can and
should be described based on the percent time they spend employing different strategies over a
given temporal scale (e.g., season, year).

Body size

Hummingbirds vary widely in size, a trait that affects not only competitive interactions but also
associated selective pressures. While individual hummingbirds can weigh over 23g, such as in the
aggressive Giant Hummingbird (Patagona gigas) (Heynen et al. 2020; but see Wester and Clalen-
Bockhoff 2006 for reports of nonagonistic behavior), males of the Bee Hummingbird (Mellisuga
helenae) defend territories and can weigh as little as 2g (Vazquez 2009; Jiménez et al. 2014). Body
size has been consistently linked with interspecific dominance hierarchies among hummingbirds,
with larger size conferring greater defense capacity through displacement of smaller birds (Lyon
1976; Pimm et al. 1985; Carpenter et al. 1993). The largest and most frequently aggressive
hummingbirds often reside at the top of their hierarchies (Antunes 2003; Abrahamczyk and Kessler
2015; Lanna et al. 2017; Lopez-Segoviano et al. 2018; Marquez-Luna et al. 2019). This is even
demonstrated within parasitic interactions—the larger an intruder is, the less likely the territory
holder is to attack, suggesting that hummingbirds must weigh the cost of defense (e.g., potential
injury) against the benefit of exclusive access to resources (Dearborn 1998). It appears that all
dominant species may meet a minimum mass threshold (4g) and scale up from there (Bribiesca et
al. 2019). Excluding hermits, only the ‘bees’ (long-distance migrants) consistently fall below this
threshold (Rodriguez-Flores et al. 2019). We predict that 2) territorialists will face selection for
large body size (Fig. 2) (Feinsinger and Colwell 1978; Altshuler 2006).

It is important to recognize that the relationship between body size and territoriality is context-
dependent. Many small species are territorial (e.g. the Rufous Hummingbird; average mass ~3.3g)
(Cornell 2017; Healy and Calder 2020), and species that are both aggressive and abundant (e.g.,
brilliants and mangos) appear to fall within an intermediate size range (Bribiesca et al. 2019).
Furthermore, latitudinal migrants tend to be smaller than—and subordinate to—their residential
counterparts, and are more likely to be non-territorial (Rodriguez-Flores and Arriaga 2016). This
finding is driven by overwintering ‘bees’ (Bribiesca et al. 2019), which display vastly different
hierarchical positions on their breeding grounds (Marquez-Luna et al. 2019). For a species to excel
in migration, they may need to compromise competitive ability, or vice versa (Rodriguez-Flores
and Arriaga 2016; Bribiesca et al. 2019).
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Trapliners may face selective pressure for commuting rather than combat, and due to their
noncontinuous access to each plant in their foraging sequences, their body size is likely more
constrained by the amount of energy the flowers can provide (Hainsworth and Wolf 1972b). Low-
reward trapliners, adhering to foraging circuits across smaller, more generalist flowers, may face
selection for smaller body size (Feinsinger and Colwell 1978). While this possibly reduces
competition, agonistic interactions, and their metabolic needs (Feinsinger and Colwell 1978),
smaller hummingbirds compete with insects over plants containing low volumes of concentrated
nectar (Dalsgaard et al. 2008, 2009). Hermits, ranging in size from less than 3g (Hinkelmann and
Boesman 2020) to over 10g (Stiles 2004; Betancourth-Cundar et al. 2020), are generally
considered high-reward trapliners (Linhart 1973; Stiles 1975) and have been found to hide even
when in the presence of comparatively smaller (shorter and/or lighter) species, so long as those
birds are dominant (Lanna et al. 2017). Plants that are functionally specialized for pollination by
specific hummingbirds are characterized by longer corollas, greater nectar stores, and wider
spacing, and are associated with larger hummingbirds (Dalsgaard et al. 2008, 2009) that tend to
trapline across longer distances (Hadley et al. 2018). We predict that 3) this apparent divergence in
size between high- and low-reward trapliners will be maintained across a wider selection of species
(Fig. 2) (Feinsinger and Colwell 1978).

Large hummingbirds, regardless of foraging strategy, must consume more total nectar than smaller
birds (Lanna et al. 2017). Larger hummingbirds tend to feed on larger flowers with greater nectar
stores (Snow and Snow 1972), have longer foraging bouts, and probe more flowers per bout than
smaller birds (Mendonca and Anjos 2006). On the other hand, previous work on the scaling
relationship between energetics and body size has shown that, compared to smaller species, larger
ones tend to have both higher mechanochemical efficiency while hovering (i.e. are better able to
convert chemical energy to mechanical energy needed to sustain flight) (Groom et al. 2018) and
similar mass-specific daily energy expenditure (Shankar, Powers et al. 2020). Thus, larger
territorialists and trapliners (Hadley et al. 2018; Lopez-Segoviano et al. 2018) may face energetic
trade-offs regarding their size, as well as similar caloric demands to sustain their weight in flight.
However, these different strategies, and the amount of activity associated with each, presumably
affect a hummingbird’s ability to meet such energetic requirements (Powers et al. 2003). Future
research on the relationship between body size and the energetics of various foraging strategies is
warranted.

Flight models and aerodynamics

When focusing on natural selection as it pertains to foraging behavior, it is essential to consider
aerodynamics and power requirements, as they affect a given hummingbird’s ability to commute
and/or succeed in combat. Early wing disc loading (WDL, see Glossary) models were assumed to
accurately predict a bird’s respective hovering costs, and therefore act as proxies for flight
performance (Hainsworth and Wolf 1972a; Weis-Fogh 1972; Epting and Casey 1973; Ellington
1984b). These models thus offered a new basis for foraging comparisons, with hummingbirds
expected to evolve a relative wing size/shape that would reduce their energy use (Feinsinger and
Chaplin 1975). Hence, a territorialist would exhibit high WDL (relatively shorter wings with
respect to mass), which would demand more energy to hover but might confer greater agility for
aggressive encounters; a trapliner was expected to exhibit low WDL (relatively longer wings) to
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increase foraging efficiency (Feinsinger and Chaplin 1975; Feinsinger and Colwell 1978; Epting
1980).

When applied across hummingbird assemblages, however, WDL proves overall to be an
insignificant predictor of hovering costs. Rather than have high WDL (shorter wings), successful
competitors actually appear to have significantly lower WDL (longer wings) than subordinates
(Altshuler, Stiles, et al. 2004). Larger hummingbirds, generally more dominant (e.g.,
Abrahamczyk and Kessler 2015; Lanna et al. 2017; Bribiesca et al. 2019), have relatively greater
burst power (see below) and relatively larger wing areas (lower wing loading, see Glossary) which
may contribute to heightened territorial performance due to enhanced maneuverability (see
Glossary) (Skandalis et al. 2017; Dakin et al. 2018). Due to their commuting flights, traplining
hummingbirds may face selection for smaller wings (but see Stiles 2008), which require faster
speeds for comparable lift generation (Norberg 1995). Further research is needed to disentangle the
effects of relative wing size and shape on commuting. Surprisingly, females and juvenile males
(which are generally submissive) of the ‘bee’ clade tend to have relatively longer (lower WDL) and
broader wings than those of adult males, although this appears to be more related to male mating
displays than competitive dominance (Stiles 1995; Stiles et al. 2005). Aside from this,
hummingbirds with relatively larger wings and greater capacity to produce power will maneuver
less predictably (due to greater acceleration and more rapid/complex turns), but also while flying
more slowly, suggesting a trade-off between entropy and velocity (Berberi et al. 2020). We predict
that 4) territorialists will display greater maneuverability at the expense of higher forward flight
costs; in contrast, trapliners may sacrifice maneuverability in favor of lower forward flight costs to
optimize their long-distance commutes (Fig. 2) (Rico-Guevara et al. 2019). This is similar to the
predictions made by Feinsinger and Chaplin (1975) yet emphasizes the evolution of larger wings
for turning and acceleration rather than for reducing hovering costs (which may be less in
territorialists), and makes use of a recently established operational definition of maneuverability
(Dakin et al. 2018). We propose that the morphological foundations for maneuverability and flight
energetics are related to wing loading rather than wing disc loading, a shift that has significant
methodological ramifications (measuring tracings/collections of extended wings as opposed to the
chord of closed/folded wings, respectively) (Stiles et al. 2005).

Burst power (BP, see Glossary), or the maximum power output that can be elicited by a
hummingbird, has been found to be an important contributor to flight performance (Chai et al.
1997; Altshuler, Dudley, and McGuire 2004; Altshuler et al. 2010; Segre et al. 2015) and a more
reliable metric than WDL models (Altshuler and Dudley 2002; Altshuler, Stiles, et al. 2004; Stiles
et al. 2005; Altshuler 2006). BP has been significantly correlated with interspecific defense, with
territorialists producing more BP than non-territorialists (a large category which includes
trapliners, generalists, marauders, and filchers) (Altshuler 2006; but see Araya-Salas et al. 2018 on
intraspecific interactions). BP is one of the most important predictors of maneuverability, more so
than wing morphological traits (Segre et al. 2015; Dakin et al. 2018). Birds with greater BP exhibit
greater translational velocity and horizontal accelerations, faster rotations, and more efficient
complex turns (Segre et al. 2015, 2016; Dakin et al. 2018). During agonistic interactions, which are
generally short but intense chases and/or fights, a territorialist is likely constrained by their
maximum capacity for muscle strain and power (Hedrick et al. 2012). In an unrestricted natural
chase, a hummingbird is more likely to reach its lab-based maximum flight force and kinematic
power than its maximum flight speed (Sholtis et al. 2015). We predict that 5) across species within
a complex assemblage, territorialists will consistently produce more burst power than trapliners
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(Fig. 2). It should be noted that studies on load-lifting and flight performance are focused on males
(e.g., Segre et al. 2015; Dakin et al. 2018); corresponding data on females are lacking and needed.

The extent to which a hummingbird can produce BP may depend on the size of the flight
musculature (Altshuler and Dudley 2002). If territorialists are indeed facing selection for maximal
power to aid in aerial combat and active interference, this may take the form of selection for
relatively larger flight muscles (pectoralis and supracoracoideus). We predict that 6) controlling for
body size, territorialists will have larger flight muscles than trapliners (Fig. 2), which do not engage
in chases as frequently (Lanna et al. 2017). Energetic costs can constrain muscle size, as basal
metabolic rate (a measurement of energetic costs of maintenance) is strongly correlated with
skeletal muscle size (Weber and Piersma 1996; Chappell et al. 1999; Petit et al. 2014; Vezina et al.
2017). Given that hummingbirds possess relatively large flight muscle mass (up to 33% of total
body mass) (Altshuler and Dudley 2002), we predict that 7) traplining species may forgo larger
muscles to reduce basal metabolic rate (BMR) more than territorialists (Fig. 2).

Future directions and concluding remarks

While the predictions outlined here may seem incompatible with the concept of a foraging
continuum, we argue that an individual bird, and much less a given sex/species, is not limited to
one strategy or the other. Hummingbirds adjust their foraging behavior regularly, whether due to
extrinsic factors like floral availability or presence of competitors (Ewald and Carpenter 1978;
Powers et al. 2003; Justino et al. 2012; Abrahamczyk and Kessler 2015; Marquez-Luna et al.
2019), or intrinsic factors such as energetics, breeding season, or migratory patterns (Wolf 1975;
Rodriguez-Flores and Arriaga 2016; Bribiesca et al. 2019; Marquez-Luna et al. 2019). This
behavioral plasticity, as well as the existence of intermediate traits and foragers (Abrahamczyk and
Kessler 2015; Arizmendi et al. 2020; Puga-Caballero et al. 2020; Schuchmann et al. 2020; Weller
et al. 2020), provide essential context for understanding the conditions under which a hummingbird
might employ territoriality versus traplining. We believe that the process of describing these birds
should rely on the percent time (across a season or year) that an individual engages in various
strategies, but this has yet to be quantified. Furthermore, very little work has been done to explore
alternative foraging strategies, and the majority of research has centered around the much more
accessible territorialists. This has greatly affected our ability to draw accurate conclusions
regarding hummingbirds’ energetics and life histories. Our understanding of this continuum could
greatly benefit from further research on the additional strategies proposed by Feinsinger and
Colwell (1978).

Along with the flexibility of hummingbird behavior, we highlight the morphological traits that
impose hard limits to what can be accomplished via modification of kinematics—which, in turn, is
limited by myology and physiology. We have established testable predictions regarding the
behavioral, locomotor, and energetic facets of territoriality and traplining (Fig. 2). By focusing on
these predictions, future research could greatly enhance our understanding of the natural selection
forces at play on a highly specialized, energetically constrained group of birds. Such research
would provide a basis for examining potentially conflicting selective forces to maximize both
energetic efficiency and ability to compete for resources, and ways in which to systematically
study presumed trade-offs, on a broad, family-level scale. Subsequent studies should focus on traits
that display inextricable links between sexual and natural selection—such as bill morphology,
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coloration, and vocalizations—and their implications for foraging strategies. Testing the
predictions outlined here, starting with the suggested methods in Figure 2, is a step closer to
understanding such selective processes.

Recent studies of hummingbird flight performance have employed high-speed cameras (Sholtis et
al. 2015), X-ray videography with micro-computed tomography (Hedrick et al. 2012), and
automated tracking systems (Segre et al. 2015, 2016; Dakin et al. 2018). All of these tools have
improved our ability to build upon earlier studies, and often answer questions that cannot be
addressed without them. Future work could leverage these technological advances to explore the
relationship between wing morphology and flight performance as they pertain to foraging
strategies. Despite additional methodological innovations (e.g., doubly-labeled water, radio-tags,
open-flow respirometry systems) (Powers et al. 2003; Groom et al. 2018; Hazlehurst and Karubian
2018; Shankar et al. 2019; Shankar, Schroeder et al. 2020), our current understanding of how the
energetic costs of locomotion vary across foraging strategies is poor, especially in the context of
wing morphology and the relative proportion of time spent hovering, commuting, and/or chasing
competitors. Tracking technologies (Hadley and Betts 2009; Hazlehurst and Karubian 2018),
combined with advanced camera/video traps (Rico-Guevara and Mickley 2017; Tinoco et al. 2017;
Sonne et al. 2019) and motion-detection software (Weinstein 2015), enable assessing trapliner
movements and energetics in much greater detail, and across larger scales, than ever before.

Using the wealth of research on foraging constraints and behavior of hummingbirds, we have the
ability to clarify the operational definitions of territoriality and traplining from a quantitative
perspective. Future work will aim to examine, describe, and formulate tests for divergent strategies
that could be implemented on free-living hummingbirds, in order to explore their foraging
spectrum. This research may resolve inconsistencies, both conceptually and in the field, and
formulate suggestions that could be extrapolated to the classifications of other nectarivores.
Despite a plethora of studies, hummingbird foraging still remains enigmatic, with many lingering
questions that we now have the technological capabilities to resolve.
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Glossary and figures

Glossary

Burst power (BP)
Maximum power output that can be elicited from the flight musculature; assessed by having a
hummingbird take off vertically and lift increasing amounts of weight until it is unable to lift any more

Competition

Interaction between con- or heterospecifics over a limited resource (at the community level)
Exploitative competition
The actions of one individual indirectly preventing another from accessing a resource (e.g.,
depletion of a flower)
Interference competition
The actions of one individual directly preventing another from accessing a resource (e.g., chases)

Foraging
Searching for and obtaining food
Strategy generalist
Hummingbird that employs a flexible foraging strategy depending on resource availability
Haphazard foraging
Foraging and encountering flowers in a more random fashion
High-reward trapliner (traveling exploitation)
Hummingbird that visits dispersed, nectar-rich flowers in repeated circuits
Low-reward trapliner (traveling exploitation)
Hummingbird that visits dispersed, low-reward flowers in repeated circuits
Floral specialist
Hummingbird that has coevolved to rely on specific flowers via bill-corolla matching
Territorialist (stationary interference)
Hummingbird that defends patches of flowers
Territory parasite
Hummingbird that parasitizes a territorialist’s resources
Large marauder
Large hummingbird that ignores the attacks of a smaller territorialist
Small filcher
Small hummingbird that feeds surreptitiously in areas generally unattended by a territorialist

Maneuverability
Ability to change speed and direction

Wing disc loading (WDL)
Ratio of body weight (N) to the circular area swept out by the wings

Wing loading
Ratio of body weight to wing area
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Figure 1. Traditional understanding of major hummingbird foraging strategies. (A) Quintessential territorialist represented by the
Sparkling Violetear (Colibri coruscans), which feeds from numerous generalist plants, including Elleanthus (left), Siphocampylus
(middle), and Guzmania (right). (B) Quintessential trapliner represented by the White-tipped Sicklebill (Eutoxeres aquila), which is a
nearly obligate mutualist with plants like Heliconia. Scale bars included to show spatial scale of visited flowers. Figure created with

BioRender.com.
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Burst power (5)*

Maneuverability
(4

Flight muscle
mass (6)*

Basal metabolic
rate (7)*

Interference (Feinsinger and
Chaplin 1975; Feinsinger,
Colwell, et al. 1979)

Large size confers competitive
edge (Abrahamczyk and
Kessler 2015; Bribiesca et al.
2019)

Greater (Altshuler 2006)

Greater

Greater

Greater

Exploitation (Feinsinger and
Chaplin 1975; Feinsinger,
Colwell, et al. 1979)

Large if florally specialized
(Hadley et al. 2018), otherwise
small (Feinsinger and Colwell

1978)

Lower (Altshuler 2006)

Lower

Lower

Lower

Behavioral and advanced tracking

(Hazlehurst and Karubian 2018),
nectar competition estimations
(Gill and Wolf 1979)

Phylogenetically controlled
analyses of morphometrics and
literature surveys (e.g., PCA,;
Labocha and Hayes 2012)

Asymptotic load lifting (Altshuler et

al. 2010; Segre et al. 2015)

3D flight tracking, wing loading
measurements (Sholtis et al.
2015; Dakin et al. 2018)

Targeted dissections (Altshuler
and Dudley 2002) coupled with
basal metabolic rate studies

Closed-chamber respirometry
(Fernandez et al. 2011) coupled
with flight muscle mass studies

*Relative to body size

Figure 2. Predicted behavioral, biomechanical, and morphofunctional associations with
territoriality and traplining. Quintessential territorialist (left) represented by Sparkling
Violetear; trapliner (right) represented by White-tipped Sicklebill. See embedded sources for more
information. Mass data acquired from Hainsworth 1977; Betancourth-Cundar et al. 2020.
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Abstract

Background: With wildlife-tracking devices miniaturizing rapidly to enable ever-more research
on ever-smaller taxa, there is a newfound urgency for affordable, field-accessible biologging ethics
studies. We designed a 3-hour time-budget experiment to investigate how radio-transmitter
backpacks affect hummingbirds’ behavior in Colombia.

Methods: Using a large flight arena, we individually filmed 25 Black-throated Mangoes
(Anthracothorax nigricollis) under two randomized treatments, tagged and untagged, to
characterize and quantitatively compare behavior. We created time-budget breakdowns of our
behaviors of interest—flying, hover-feeding, preening, and perching—then fit a series of linear
mixed-effects models to determine the effects of tagging and additional experimental and
environmental variables on behavior. We also designed an aviary-style “Entanglement
Experiment” (n = 30) to determine if any individuals would snag on vegetation while equipped
with the backpack harness, and tested 6 additional birds in this enclosure overnight for any longer-
term negative effects.

Results: When tagged, individuals on average spent overall less time flying (with fewer and
shorter bouts); and more total time feeding, preening (with more and longer bouts in both cases),
and perching (with fewer but longer bouts)}—however, this difference in total duration was only
statistically significant in the case of preening. Our best-supported models also highlighted the
importance of the following additional effects: whether or not the bird was undergoing its first or
second 1.5-hour treatment (birds flew significantly more in their second treatment), bird mass
(lighter birds fed significantly longer overall), and the time of day (birds preened significantly
more in the afternoon than the morning, and more in the evening than the afternoon). No
individuals in this captive study became entangled in vegetation or exhibited any adverse overnight
effects from harness wear.

Conclusions: In our captive study, radio-transmitter backpacks significantly affected the amount
of time that hummingbirds spent preening, and additional environmental variables helped explain
behavioral differences in each bird’s treatments. While being in a confined space doubtlessly
affected the behavior of individuals, our experimental model is relatively straightforward to fine-
tune to other small avian taxa and is suitable for remote conditions, providing a useful basis for
examining species-specific effects of biologging prior to starting field studies.
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Background

As biologging devices become ever-smaller and increasingly prevalent, the number of studies on
animal movement, behavior, and physiology has risen substantially, providing a wealth of
environmental and ecological information [1,2]. This surge has brought biologging ethics—the
study of animals’ welfare while equipped with auxiliary devices—to the forefront of automated
tracking concerns [3-7], and for good reason. Biologgers have been tied to a slew of negative
effects, impacting behavior [8], sensory organs [9], foraging [10], reproduction [10-12], energetics
[10,13,14], and survival [12,15,16].

Device mass is commonly considered the root of many of these issues and, as a means of
addressing them, many biologging studies conform to the “3—-5% rule”: a widely accepted ethical
standard wherein devices must weigh below 3-5% of the animal’s body mass [17-19]. Many
researchers have, however, criticized this rule for its lack of evidential support [6,11,16,20,21] and
its overly simplistic approach [21]. How and where a biologger is attached to an animal can also
present complications [15,16,22]—and the 3-5% rule accounts for neither biomechanics (e.g.,
relative wing area to body size) nor life history (e.g., aquatic vs. terrestrial lifestyles [3,16]). Volant
animals, in particular, must compensate for the additional mass and drag of tracking devices by
adjusting their flight kinematics (e.g., increasing stroke amplitude and/or wingbeat frequency
[23,24]), which not only increases energy expenditure, but also reduces flight performance
[6,11,25,26].

Nevertheless, many avian biologging studies do not report or test for tag effects [4]; there is still a
pressing need for species-specific experimental designs [27,28]. Though tools such as
respirometers and wind tunnels can provide highly detailed information on device effects as they
relate to physiology, they do not provide any information regarding birds’ potential for
entanglement in vegetation or longer-term impacts (e.g., multi-hour assessments across which
many more behaviors can be evaluated); furthermore, this equipment can be both costly and
complex [29,30], and is not always suitable for the remote field settings where many automated
tracking studies take place [2]. Conversely, time budgets (which break down the proportion of
time an animal spends conducting various behaviors) can act as a useful, field-accessible tool for
biologging welfare studies. As a biologger may increase the energy needed to perform a specific
activity, or prevent it entirely [3], time budgets allow researchers to compare between tagged and
untagged individuals from the same population [4,5,28].

Hummingbirds are notoriously energy-constrained birds [31-33]; as such, researchers applying
auxiliary devices to hummingbirds should consider welfare and time budgeting of critical
importance (see [28] for a fundamental example). It is well-established that hummingbirds are
capable of remarkable feats of strength: lifting well over their body mass in maximum performance
tests (e.g., [34,35]); sustaining flight in heavy rain, a mere 20 seconds of which can increase their
body mass by 20% [36]; and, in the case of females, developing and carrying eggs up to 15% of
their own body mass [37]. However, these displays of burst or short-term power may not be
indicative of more prolonged weight-carrying capabilities, and/or the ability to fly with external
aerodynamic impediments [2]. Biologgers have only recently miniaturized enough to tag these tiny

42



birds [28,38—41], and ethical studies of their effects have been sparse [28]. The fresh introduction
of backpack harnesses to hummingbird research [39] has allowed for an advantageous
combination: tags with lengthy detection distances (unlike passive integrated transponders
[42,43]) that can be deployed for far longer periods than those affixed with glue (such as battery-
powered radio-transmitters [38]). Yet hummingbird backpacks are still relatively novel, and we
lack any ethical quantifications of how they affect the behavior of individual birds.

With the hypothesis that wearing tags is costly for hummingbirds [28], we designed a time-budget
experiment to determine the behavioral impacts of a backpack harness with a custom chassis, along
with a field-accessible test to examine hummingbirds’ propensity to get entangled in vegetation
while fitted with it (see [44] for a documented case of entanglement and mortality in Hawaiian
honeycreepers when equipped with radio-transmitters). In this study, we compared the behavior of
hummingbirds when they were equipped with a radio-transmitter versus when they were not. We
predicted that, when tagged, individuals would: (1) fly less to reduce energetic expenditure [28];
(2) perch more for the same reason; (3) feed more to increase energetic intake from ad libitum
syringes (but see [45] for the opposite results in a free-living study of goldeneyes); and (4) preen
more in attempts to physically remove the radio-transmitters, despite the energetic cost [11,45-47].

Methods

Study overview.

After performing a pilot-iteration of this study in Ecuador (detailed in Supplementary Material:
Ecuador Pilot, Harness and Device Chassis Design, and Table S1), we conducted all of our
experiments in the dry season of August and September 2022 at Centro de Investigacién Colibri
Gorriazul (hereafter referred to as “Gorriazul”) in Colombia. Gorriazul is situated at roughly 1,700
m elevation, midway up the western slope of the Eastern Cordillera of the Colombian Andes, in a
matrix of pristine rainforest and agricultural properties (4.38168°, -74.35136°).

We chose to work with the Black-throated Mango (Anthracothorax nigricollis), on account of its
large body size (8.10 + 0.53 g) and significant abundance onsite; to further reduce confounding
effects that may impact behavior, we worked selectively with adult birds that had typically male-
associated plumage. It is worth noting that there are recorded cases of female polymorphism
—“male-like females”—within this species [48—50], but we lacked the resources to genetically sex
individuals. We captured all birds using baited drop-net traps [51], either processing them
immediately post-capture or rapidly placing them in bird bags as a form of sensory deprivation to
reduce stress [3].

Tagging procedure.

We first identified, aged (based on plumage and bill corrugations), sexed (based on plumage), took
baseline morphometric measurements for, and scored the body conditions of each newly captured
bird [51]. Next, we injected each individual with an interscapular, subcutaneous passive integrated
transponder (BioMark)—also referred to as a radio-frequency identification (RFID) tag—and
closed the insertion site with surgical glue (VetBond) as described by Bandivadekar et al. [42].
These 8 mm, 35 mg RFID tags proved to be more informative identifiers than tarsal bands—for
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which hummingbird-specific tools are prohibitively difficult to access or fabricate, especially
given the lack of methods standardization for tropical species. After implantation, we released each
bird and monitored its return to our feeders, which were equipped with short-range RFID antennas.
By cross-checking RFID readings with capture data, we selectively recaptured individuals after a
minimum of 7 days, weighed them, and verified that insertion wounds had healed. Only then did
we proceed with further experimentation, as described in the following sections.

To equip an individual with a radio-transmitter (Cellular Tracking Technologies “LifeTag”)
backpack harness (Fig. 1), we replicated the process of Williamson and Witt [39] and spent
approximately 5-7 minutes per harness application (restraining the birds using a strip of cloth and a
small clip for the final double surgeon’s knot, Supplementary Material: Fig. S1). See Table 1 for
all body mass and tag specifications. When prepared with our custom chassis and attachment
materials, total attachment mass averaged 0.44 + 0.02 g. See Supplementary Material: Harness
and Device Chassis Design for an in-depth description of our chassis fabrication process, which
we optimized for ultra-lightweight and durable field applications, as well as a discussion of its
practical benefits. We focused our experiment solely on the biologging ethics of these radio-
transmitters, given that RFID tagging is a relatively common hummingbird marking technique and
has therefore been more thoroughly explored [35,42,43,52-55].

Experimental overview.

Testing each hummingbird individually and directly post-capture (i.e., no holding time between
capture and experimentation), we conducted two different types of radio-transmitter backpack
experiments on Black-throated Mangoes. The first consisted of a 3-hour, time-budget “Behavior
Experiment” (n = 27) in a flight tent pitched indoors to monitor hummingbird mass, feeding, and
behavior in a controlled space. The second consisted of 1-hour (n = 30) or overnight (n = 6)
“Entanglement Experiment” in an aviary-style tent pitched outdoors to monitor hummingbirds’
flight and behavior when simultaneously exposed to natural vegetation. After completing a
Behavior Experiment, if there was adequate time to finish all work at least 1 hour prior to local
sunset—to provide each individual sufficient time to feed and readjust in the wild before roosting
—we immediately proceeded to test the bird in the 1-hour Entanglement Experiment (birds tested
overnight did not undergo additional experimentation beforehand). As such, we retained birds in
captivity for either 1 hour (Entanglement Experiment only, n = 8); 3 hours (Behavior Experiment
only, n = 5); 4 hours (Behavior and Entanglement Experiments, n = 22); or, in the case of birds
tested overnight (n = 6), up to 24 hours. Below, we break down each experimental approach in
detail.

Behavior experiment design.

Our flight arena was a six-person Coleman tent (3.0 x 2.4 x 1.8 m) that we pitched directly inside
the research center. Inside, we placed a tripod mounted with two Raspberry Pi load cells, one for a
feeder syringe (provided sucrose solution was 15-20% w/w, measured with a refractometer at the
beginning of each trial) and one for the only perch available (Supplementary Material: Fig. S2).
We also equipped the tent with a) a GoPro Hero 7 Black (720p resolution) in the side pocket to
surveil each bird via live feed, to ensure that it fed and perched successfully without displaying
signs of distress (see below); and b) a thermometer with a wire sensor threaded through the door, to
monitor interior temperature and ensure that it did not get too hot throughout the day. On average,
our flight arena was only 2.07 + 0.83 °C warmer than ambient temperature during our tests (as



determined via our Ambient Weather Station on-site), and remained at least 5 degrees below the 32
°C maximum recommended by Russell et al. [51]. We separated the tent from researchers via a
dividing sheet (draped from the ceiling) in the middle of the room, to prevent visual stimulation and
further stress for the birds [3]. We used a Minolta MN8ONV camcorder (1080p resolution, 30 fps)
and a backup JVC camera (1080p resolution, 60 fps), which performed well without overheating
during our extended filming periods in tropical conditions. Additionally, owing to substantial drift
from the load cells, we elected to weigh each individual and the syringe before and after each
experiment; we also checked all individuals for any sign of harness-induced skin abrasion at the
conclusion of all testing.

To establish baseline behavior in captivity and quantify the “degree of departure from the norm”
[3] when tagged, we tested each individual (n = 27) inside the flight arena under two treatments,
randomized in order: tagged and untagged with a radio-transmitter harness (following similar
methodologies established by Zenzal et al. [28]). After offering each individual nectar from a
handheld syringe to prompt its flower-like recognition, we began the experimental procedure: for
each 1.5-hour treatment, we released the bird into the arena, allowed it 30 minutes to acclimate, and
then filmed its behavior for 1 hour. We defined acclimation failure as a bird displaying signs of
distress (remaining stationary on tent floor or gaping bill, as characterized by Russell et al. [51]),
and/or an inability to identify either the nectar-filled syringe or the perch we provided, in these first
30 minutes. In such cases, we terminated the trial early, then hand-fed and released the individual.

Behavior experiment analysis.

Scoring behaviors.

We analyzed all treatment videos frame-by-frame using the Behavioral Observation Research
Interactive Software (BORIS) [56], which creates time-budget breakdowns from logged behaviors
of interest. Over the course of each given treatment’s (tagged or untagged) observation period, we
quantified a bird’s flight, hover-feeding, preening, and perching through the metrics of total
duration, bout number (number of times a behavior was performed), and bout duration (length of
each individual bout). Frame-counting could begin while the bird was conducting any behavior
(e.g., mid-flight). We defined the start and end of each ethological category as the first and last
frames, respectively, in which the bird visibly changed its behavior. As such, we considered the
bird to be “hover-feeding” whenever its bill was in contact with the syringe feeder, “preening” at
any time that its bill was in contact with its feathers (following Zenzal et al. [28]), “perching” at any
point when its feet were in contact with the perch (both during and between preening bouts), and
“flying” whenever the bird was airborne but not hover-feeding (including any flights to the syringe,
or between feeding bouts); see Supplementary Material: Video S1 for examples. We conducted
all remaining analyses using R version 4.3.1 [57].

To determine the reliability of our ethological video analyses and the protocols with which we
differentiated behavior types, we used the irr package to conduct an inter-rater reliability analysis
[58], which is used to quantify the level of consistency between different raters (observers). As per
Harvey [59], continuous data call for an intra-class correlation coefficient; we calculated this
statistic using a consistency type, single-measure, two-way random-effects model for 24
measurements (6 raters scoring the same 4 videos), each of which we checked for normality. Here,
we compared raters’ calculated durations (of flying, hover-feeding, preening, and perching) for the
subset of videos in a single statistical test [59].
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Tag effects and model selection.

Our predictions were as follows: when tagged, individuals would overall: (1) fly less, (2) perch
more, (3) hover-feed more, and (4) preen more. Using the Ime4 [60], ImerTest [61], and glmmTMB
[62] packages, we fit a series of general and generalized linear mixed-effects models to
characterize the relationship between how much time (total duration) birds spent performing a
given behavior and radio-transmitter backpacks, as well as additional environmental or
experimental variables. These included: treatment type (2 levels: tagged and untagged);
individual’s mass at the start of the trial (continuous, in grams); treatment number (2 levels:
treatment 1 and treatment 2); tent’s average internal temperature for the treatment (continuous, in
Celsius); percent sucrose of the provided nectar throughout the trial (continuous); and period of
day wherein the majority of the treatment took place (3 levels: morning, 6:00—11:59; afternoon,
12:00-15:59; and early evening, 16:00—on). Compared to a null model that only incorporated a
random effect of individual (which we included in all other models), our global model was as
follows:

behavior ~ treatment type * treatment number + weight + temperature +
period of day + sucrose concentration + (1|individual)

Where behavior was flying, hover-feeding, or preening (we did not model time spent perching,
which was the inverse of the combined durations of flying and hover-feeding; the behaviors are
mutually exclusive). Given that Zenzal et al. [28] found a significant interaction between their
experimental order and whether a bird was tagged, we incorporated an interaction between
treatment type and number in our own models (and also tested the two parameters additively). We
ran this global model structure for each behavior, then tested simpler models stepwise to reduce the
model to its simplest form.

Using the DHARMa package [63], we checked for the most appropriate model error structure for
each behavioral category through dispersion, outlier, homoscedasticity, and zero-inflation tests;
we also assessed the structure and distribution of our residuals with QQ-normality and residual vs.
fitted-value plots. While a Gaussian distribution provided the optimal fit for flight models, feeding
and preening models were best suited for a tweedie distribution. Furthermore, feeding models were
zero inflated (in 8% of the observation periods, individuals did not feed at all), and through
likelihood ratio testing we confirmed that model fit was significantly improved with a zero-
inflation parameter. This was not the case for preening, despite more zero values (44%); here, a
zero-inflation parameter worsened model fit.

We conducted all model selection using Akaike’s information criterion corrected for small sample
sizes (AICc), considering any model within 2 AAICc of the top-supported model competitive. For
top models, we present the p-values (for which we used a Benjamini-Hochberg multiple-testing
correction [64]) and effect sizes (-estimates) of individual parameters; if their 95% confidence
intervals did not overlap zero, we considered them to be significant influences on behavior [65].

Entanglement experiment design.

Our aviary consisted of a large, open-floored, mesh-walled tent (Tailgaterz, 3.3 x 2.7 x 2.0 m),
pitched outside (Supplementary Material: Fig. S3) and containing 5 hummingbird feeders in
syringe- and bottle-form. To identify any harness-induced entanglement [44], we also ensured that
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the tent contained numerous shrubs and large branches, which doubled as both perches and flight
obstacles.

In the case of the 1-hour trials, we monitored individuals continuously to verify active flight within
the tent without ensnarement; when conducting overnight trials, we ensured that all birds were
acclimated to the tent at least one hour prior to sunset, then monitored individuals until they
successfully fed from the feeders, and then once every hour until sunset. Once we had determined
that the bird had fallen asleep, we left it undisturbed until early morning, as hummingbirds are
inactive at night [66,67]. We then inspected the bird for any signs of harness-induced abrasion or
chafing, removed the backpack harness, weighed the individual, and released it—except in the case
of a single, extended trial that we ran for 24 hours (as a supplemental check against any longer-term
effects), wherein we resumed hourly checks until an early afternoon release. In all cases, we
monitored individuals from afar (with the occasional aid of binoculars) to reduce their stress levels.
At the end of each trial, we recaptured the bird from the enclosure for release. Given how critical
predator evasion is for potential prey organisms, we considered a hummingbird’s flight
performance unimpaired [22] if each tagged bird could successfully evade us (a proxy for
predators) for over 60 seconds without becoming entangled. As these trials were purely
observational with a binary outcome (successful free flight or ensnarement), we did not conduct a
statistical analysis on this component of the study.

Results

Time-budget summaries and tag effects.

We had two cases of acclimation failure, in which one bird failed to feed from the syringe and a
second failed to locate and rest upon the perch; subsequently, both individuals displayed signs of
distress in the first 30 minutes of the trial. As such, we did not include either bird in our dataset
(although we note that neither suffered lasting distress, and flew away vigorously upon their
immediate release). With 25 successful trials each containing two 1-hour video-recorded
observation periods, our complete dataset comprised 50 total hummingbird observation hours.
Over the course of each 3-hour trial, individual hummingbirds drank an average of 3.65 + 1.62
grams of sugar water from the syringe—nearly half their body mass. From start to finish, the birds
themselves experienced mass changes ranging from a loss of 1.13 grams to a gain of 1.82 grams;
their average change in mass, however, was an increase of 0.48 grams (standard deviation + 0.59
grams). In no cases did the hummingbirds’ flight patterns, standard forward flight or hovering
alike, appear impeded by the addition of the radio-transmitter backpack harness.

The proportion of the treatment period that individuals spent conducting each behavior differed
depending on whether the bird was tagged or not (Table 2, Fig. 2): when tagged, individuals spent
on average 3.46% less time flying, 0.19% more time hover-feeding, 1.48% more time preening,
and 1.78% more time perching without preening. As can be seen here, favoring perching over
flying did not exclude the concomitant possibility of more hover-feeding, given that birds’ brief
flights transitioning between the perch and syringe constituted a nominal proportion of overall time
budgets. In Tables 3 and 4, we present the average number of times individuals flew, fed, preened,
and perched in each treatment (number of “bouts”), and the lengths of those bouts, respectively.
When tagged, birds had, on average, 23 fewer flight bouts that averaged 0.57 seconds shorter, 1
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less hover-feeding bout that averaged 0.53 seconds longer, 12 more preening bouts that averaged
0.69 seconds longer, and 24 fewer perching bouts that averaged 268.2 seconds longer than when
untagged.

Model selection.

We present all our model-ranking results, each of which accounted for the random effect of
individual, in Table 5, and the parameter summaries of our top-supported models in
Supplementary Material: Table S2. For time spent flying, the best-supported model included the
additive effects of randomized treatment type and treatment number (Fig. 3A). Though the effect
of whether the bird was tagged or not did not significantly improve model fit (95% CI = -6.72 —
305.49; p = 0.070), individuals flew, on average, for 25.54% of their tagged treatment and 29.00%
of their untagged treatment. On the other hand, individuals averaged 23.95% of their first treatment
flying, and later 30.59% in their second—a significant increase of 6.64% (95% CI = 62.64 —
374.84; p = 0.011). Three additional flight duration models, incorporating the following additive
effects, exhibited a competitive ranking (within 2 AAICc of the top model): (1) treatment number,
treatment type, and bird mass; (2) treatment number only; and (3) treatment number, treatment
type, bird mass, and nectar concentration. However, we found that the additional parameters in
these more complex models had only modest effects.

For feeding duration, the best-supported model included only a single fixed effect: bird mass (Fig.
3B). In general, lighter birds fed significantly more (95% CI = -0.51 — -0.07; p = 0.011). No other
models were competitive (the null model was second-best, with a AAICc of 7.62). With individuals
hover-feeding for an average of 1.15% of their tagged treatment and 0.96% of their untagged
treatment, treatment type was not included in the top-performing model.

For time spent preening, meanwhile, the best-supported model included the additive effects of
treatment type and the period of day when the treatment took place (Fig 3C). Here, the effect of
treatment type significantly improved model fit (95% CI = -2.36 — -0.39; p = 0.011); individuals
preened for an average of 1.97% and 0.49% of their tagged and untagged treatments, respectively.
As the day went on, the birds spent progressively more time preening: on average, birds spent
0.24% of their treatments preening when they occurred in the morning, 1.19% when they were in
the afternoon, and 3.81% in the evening. This constituted a significant, 0.96% increase from
morning to afternoon (95% CI = -3.17 — -0.80; p = 0.002), and a 2.62% (non-significant) increase
from afternoon to evening (95% CI =-0.36 — 1.81; p = 0.192). In the case of preening models, only
one other model incorporating the additive effects of treatment type, period of day, and nectar
concentration had a competitive ranking; similarly with the flight models described above, the
additional parameter of concentration only had a modest effect.

Inter-rater reliability.

With 6 raters scoring the same 4 videos, our single-score intraclass correlation coefficient was
0.998 (95% CI = 0.996 —0.999; p = 4.08e-97). This coefficient exceeds the 0.80 threshold specified
by Gwet [68] and fulfills “excellent” consistency standards, suggesting a well-defined ethogram
and little ambiguity in our behavioral categories [59].

Entanglement experiment.
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In all Entanglement Experiment trials, the hummingbirds flew, perched, fed, preened, and slept
without getting entangled in vegetation, including during our recapture efforts, nor did they show
any signs of distress [51]. Our overnight trials lasted from 15.4—24 hours (average of 18.57 + 3.06
hours). Similarly to the Behavior Experiment, there were no perceptible tag effects; the birds
appeared to fly without issue. With a more spacious, natural environment than in the Behavior
Experiment, the hummingbirds were less constrained and could perform longer forward flights, as
well as explore their surroundings to a greater degree. To this end, the birds appeared visibly
calmer, perching and feeding more readily than their Behavior-Experiment counterparts. We had
no cases of acclimation failure in these tests, nor did we observe any signs of harness-induced
chafing or abrasions.

Discussion

Behavior experiment.

Our work provides a straightforward experimental design for field-accessible biologging ethics—
randomized, tagged and untagged treatments that incorporate both acclimation and video-
recording periods for subsequent time-budget breakdowns—which can be reproduced with
numerous taxa, particularly small avian species. To our knowledge, this is the first investigation to
combine the use of multiple biologgers (RFID tags and radio-transmitters) to the study of
hummingbirds. The collective mass of these two tags averaged 5.93% of our tested Black-throated
Mangoes’ body masses (Table 1). While exceeding the 5% standard intended for deployments in
the wild [69], we note that hummingbirds, on account of their small size, have a higher strength-to-
bodyweight ratio than larger birds and are therefore proportionally stronger [70-72] (yet this is not
to say that they would be unaffected by potential aerodynamic changes induced by biologgers).
Although individuals behaved according to our predictions when equipped with radio-tag
backpack harnesses (on average flying less, but hover-feeding, preening, and perching more), this
difference was only statistically significant in the case of preening. The effect of tagging was
included in the best-supported models for both flying and preening duration (which also included
the additive effects of treatment number and period of day, respectively), while the best-supported
model for feeding duration included only bird mass.

The impact of radio-transmitters on flight duration demonstrated here is consistent with findings
that Ruby-throated Hummingbirds spend up to 11% less time flying when outfitted with a variety
of radio-tags [28], although in our case the difference was less pronounced (in this experiment,
individuals averaged 3.46% less time flying when tagged). Along these lines, the effect of tagging
was non-significant in our model, in contrast to treatment number: birds flew significantly more in
their second treatment. It is possible that, as the birds became more accustomed to the enclosure
(reduced neophobia), they grew more comfortable exploring [73]; research has shown that
“approach latency” (the speeds at which animals approach novelty) can vary between avian species
[74]. A more likely explanation is that the hummingbirds experienced increasing stress as the trials
went on. This could be due to additional time in captivity—chronic stress experiments have
demonstrated that corticosterone and daytime activity levels can steadily increase to peak in birds
after multiple days in captivity [75], although we did not observe any signs of undue distress (as
outlined by Russell et al. [51]) in our video analyses. Furthermore, the acute stress of being
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captured, handled, and processed twice in relatively quick succession may have increased
individuals’ agitation [76-78], compelling them to remain in a high-alert state throughout their
second treatment.

The effect of tagging did not factor into the best-supported model for feeding duration; individuals
only spent an average of 0.19% more time feeding when tagged. Regarding the significant effect of
bird mass in our top model, it is likely that the lighter hummingbirds that we tested had smaller
energy reserves (e.g., body fat, nectar in their crop or digestive system) and maximized their short-
term energy intake via the undefended resource provided in the experiment [79-81]. This would
allow them to better accumulate fat [82] and reduce the need for risky torpor [83]. Pre-trial,
individuals differed among themselves by up to 24% in body mass (7.12-9.31 grams), and over the
course of the experiment consumed vastly different quantities of nectar—as little as 3.7% (0.28
grams by a 7.48-gram bird) and as much as 85% (6.62 grams by a 7.77-gram bird) of total body
mass.

In contrast to the other behaviors, the effect of tagging was significant in our best-supported
preening model, with individuals spending, on average, 1.48% more time preening while tagged.
This increase is not surprising given the established link between preening and externally fitted
biologgers [45—47], suggesting that radio-tagged hummingbirds will similarly expend more energy
attempting to physically remove the harness and/or tag from their bodies. More unexpected,
meanwhile, was the effect of period of day in our top model. Birds preened significantly more in
the afternoon than in the morning (an average increase of 0.96%), and more in the evening than in
the afternoon (a non-significant average increase of 2.62%). The reasoning for this relationship is
less clear. Reported trends in hummingbird activity as they relate to time of day are somewhat
conflicting, with some studies suggesting that feeding activity—which will detract from possible
preening time—peaks in morning and evening [84], and others demonstrating steady decreases in
feeding activity throughout the day, specifically in the case of ad libitum nectar provision [85,86].
Yet there is little information regarding how time spent preening relates to time of day, and further
study is warranted. Zenzal et al. [28] point out that birds equipped with auxiliary markers of any
kind will exhibit temporary increases in preening levels before resuming habitual behavior; our
results suggest that prolonged monitoring can help to explore circadian effects on time budgets,
especially as they relate to biologging ethics.

Entanglement experiment.

Our research procedure also enabled us to explore the safety of our backpack harness design. As
biologger attachment design can play a major role in tag-induced entanglement and mortality [44],
we focused on an observational approach to reflect (as closely as possible) routine hummingbird
behavior while in an aviary-like setting. Here, we found that no Black-throated Mangoes suffered
vegetative entanglement—even during our recapture efforts at the end of each trial, which we
considered a proxy for their ability to evade large predators—nor did we observe any negative
effects from overnight wear. See Supplementary Material: Harness and Device Chassis Design
for a discussion of this particular harness’ limitations and risks with respect to other hummingbird
species that we tested in our pilot study.

Limitations and future directions.
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We currently lack the tools to continuously monitor the behavior of free-living (uncaptured)
hummingbirds [87], particularly in ways that will enable comparison between tagged and untagged
individuals (e.g., individuals to act as controls against birds equipped with accelerometers).
Rigorous studies of hummingbird biologging ethics must therefore be conducted in confined
settings, yet captivity can have significant effects on avian behavior [88,89]; we advise caution
when extrapolating our results to entirely wild studies [28]. Although our entanglement enclosure
was more reflective of a hummingbird’s everyday habitat and may have allowed for more “natural”
behavior, outdoor filming would have posed both logistical (e.g., camera exposure to rain and
humidity [90,91]) and analytical (e.g., visually identifying hummingbirds against non-uniform or
low-contrast backgrounds [92,93]) challenges. Even in an indoor setting, we found the video-
analysis stage to be painstaking, owing to the majority of birds undertaking hundreds of rapid
flights in each 1-hour treatment (an average of 339 + 230 when tagged and 362 + 241 when
untagged), as well as due to software-related issues (e.g., BORIS crashing often).

Longer-term biologging experiments, on the other hand, would allow for a much more
comprehensive examination of both behavior and harness-induced issues. The first several hours
(and days) in captivity are a critical period of adjustment for birds, in which stress can be so acute
as to result in mortality [94,95]. Although birds in our experiment had perching rates comparable to
those reported in partial time budget observations conducted in the wild [31,96], and we
incorporated a much longer acclimation and observation window than in similar studies [28],
lengthening these periods even further may allow for results that more meaningfully reflect natural
hummingbird behavior. A longer experiment would additionally allow for both a more realistic
examination of any device-induced skin abrasion (which may only be evident after prolonged
exposure) and, in an aviary setting, the likelihood of vegetative entanglement (especially after the
prolonged energetic cost of bearing a biologger, which can exhaust animals over time [97]). Of
course, beyond the scope of captivity, capture-recapture studies would allow for an estimation of
free-living survival rates associated with this attachment method [11].

In general, follow-up studies could take a multitude of valuable directions. Incorporating
additional aspects of hummingbird biology beyond behavior—such as kinematic and
biomechanical compensation for additional weight load through the use of wind tunnels or high-
speed cameras [6,23,30,98], or maneuverability via flight-trajectory tracking within enclosures
[99]—would help address other pressing concerns, including escape response speeds and
accelerations as proxies for survivability [100]. We also elected to sample only males, given that
we had no plans to deploy such potentially long-term (harnessed) 5.5% bodyweight tags on
females, which already bear the substantial weight of developing eggs during nesting seasons [37].
However, given the possibility of sex-specific impacts of biologgers [101,102], future studies
would benefit from working with female hummingbirds as well. Finally, high-quality labelled time
budget datasets, such as the one produced through this study (which has a consistent background
and focal organism, and starkly differentiated behaviors), would provide necessary training and
testing data for machine learning algorithms in identifying animal behaviors, opening the door to
fresh advancements between ecology and computer vision alike [103].

Conclusions
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Our research approach allowed us to compare the time budgets of captive Black-throated Mangoes
when they were and were not equipped with radio-transmitter backpack harnesses. While we found
that hummingbirds overall flew less, but perched, hover-fed, and preened more when tagged (in
addition to adjusting the number of bouts and bout durations of these different behaviors), this
difference was only statistically significant in the case of preening. Through our mixed-effects
modeling, we characterized the effects of tagging and additional variables on how long
hummingbirds conducted these behaviors. We found that the top-supported model for flight
included the additive effects of treatment type and treatment number (a significant effect), while
feeding’s top model included only bird mass (a significant effect), and the best-supported model
for perching included the additive effects of treatment type and period of day (both significant
effects). Our tests are fairly straightforward to replicate and/or adjust depending on species-specific
needs, providing remote- and field-accessible methodology that can be applied more broadly as a
pre-release checkpoint when tagging small-bodied birds—a sorely needed addition to the field of
biologging ethics. With that said, we advise caution when interpreting the findings of this study
beyond the scope of captive experiments.
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Tables

Table 1. Black-throated Mango body masses and tag specifications, with means and standard
deviations, across all trials (Behavior and Entanglement).

Item Mean mass (grams) Mean percent body mass
Individual before trial 7.92 + 0.55 -
Individual after trial 8.26 + 0.64 -
Individual across trial (averaged) 8.10 £ 0.53 -
CTT tag 0.39 £ 0.01 4.87 £ 0.30
CTT tag + harness 0.44 + 0.02 5.49 + 0.40
CTT tag + harness + RFID 0.48 + 0.02 5.93+0.42

Table 2. Total durations and percent of time (mean and standard deviations) that individuals spent
conducting key behaviors during each treatment (tagged and untagged).

Tagged Untagged
Behavior Duration (s) Percentage Duration (s) Percentage
Flying 890.34 + 612.27  25.54+17.19 1030.98 + 748.74  29.00 £ 21.37
Perching Without Preening  2499.54 + 634.62 71.33 £ 16.87 2485.74 + 782.04 69.55 + 21.75
Preening 69.33 + 108.07 1.97 + 3.03 17.31 £ 30.48 0.49 £ 0.86
Hover-Feeding 40.12 + 19.42 1.15 £ 0.55 34.19 + 20.39 0.96 + 0.58
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Table 3. Number of times that individuals conducted key behaviors (“bouts”) when tagged and
untagged (mean and standard deviation for both.

Behavior Number of Tagged Bouts Number of Untagged Bouts
Flying 339 + 230 362 + 241
Perching 322 + 231 346 + 231
Hover-Feeding 18+ 14 19+ 20

Preening 22 +41 10+ 16

Table 4. Length, in seconds, for each behavioral “bout” conducted by individuals when tagged and
untagged (mean and standard deviation for both).

Behavior Duration of Tagged Bouts (s) Duration of Untagged Bouts (s)
Flying 8.44 + 23.18 9.01 + 30.87

Perching 284.88 + 794.19 16.68 + 25.92
Hover-Feeding 2.88 £2.52 2.34 +£1.46

Preening 2.81+4.77 1.12 +1.53
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Table 5. Model rankings for different behavioral durations (flight, hover-feeding, and preening), with each
model including the random effect of individual. Error model structures and zero-inflation terms are
specified. Column headings represent: model rank (Rank), effects included in model (Model, with the
following effect classifications: “Type” for treatment type, “Number” for treatment number, “Temp” for
temperature within the tent, “Sucrose” for concentration of provided nectar, “Time” for period of day,
“Null” for the random effect of individual, and “Global” for all variables), number of estimated parameters
(k), log-likelihood (LL), Akaike’s information criterion corrected for small sample sizes (AICc), delta AICc
score (AAICc), and Akaike weight (Weight; indicates the level of support in favor of any given model being
the most parsimonious candidate). All competitive models (within 2 AAICc for a given behavior) are

bolded.
Rank Model k LL AICc AAICc Weight
Flight (Gaussian)
1 Number + Type 5 -380.88  773.13 0.00 0.32
2 Number + Type + Mass 6 -380.02  773.98 0.85 0.21
3 Number 4 -382.65  774.20 1.07 0.19
4 Number + Type + Mass + Sucrose 7 -378.99 774.65 1.51 0.15
5 Number * Type + Mass + Sucrose 8 -378.62 776.75 3.62 0.05
6 Type 4 -384.41 777.71 4.58 0.03
7 Null (random effect only) 3 -385.62 777.77 4.64 0.03
8 Number * Type + Mass + Sucrose + Time 10 -378.21 782.06 8.92 0.00
9 Global 11 -378.10 785.15 12.02 0.00
Feeding (Tweedie, zero-inflated)
1 Mass 6 -200.26  414.47 0.00 0.95
2 Null (random effect only) 5 -205.36  422.08 7.62 0.02
3 Mass + Type 7 -202.99  422.65 8.18 0.02
4 Mass + Type + Temp 8 -202.30  424.10 9.64 0.01
5 Mass + Type + Temp + Sucrose 9 -201.31 425.13 10.66 0.00
6 Type 6 -205.81  425.57 11.10 0.00
7 Mass + Type + Temp + Sucrose + Number 10 -201.30  428.24 13.77 0.00
8 Mass + Type * Number + Temp + Sucrose 11 -200.76  430.46 15.99 0.00
9 Global 13 -200.33  436.78 22.31 0.00
Preening (Tweedie)
1 Time + Type 7 -169.74  356.15 0.00 0.53
2 Time + Type + Sucrose 8 -168.96 357.44 1.29 0.28
3 Time + Type + Sucrose + Temp 9 -168.62 359.75 3.60 0.09
4 Time 6 -173.08  360.11 3.96 0.07
5 Time + Type + Sucrose + Temp + Mass 10 -168.38 362.40 6.25 0.02
6 Type 5 -176.52 364.40 8.26 0.01
7 Time + Type + Sucrose + Temp + Mass + Number 11 -168.15 365.26 9.11 0.01
8 Null (random effect only) 4 -179.83  368.54 12.40 0.00
9 Global 12 -168.15  368.74 12.59 0.00
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Figures

Figure 1. The radio-transmitters and birds tested in this study. (A) Adult male Black-throated
Mango wearing radio-transmitter backpack with custom chassis. (B) Close-up view of completed
chassis attachment (composed of carbon fiber reinforced polymer) on solar-powered radio-
transmitter. Tag ID is cut out of the bottom chassis component; solar cell is left exposed. Four
corner holes left open for the StretchMagic harness and white mark (bottom left) is dried superglue
used to secure the fishing line knot.
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Figure 2. Comparing Black-throated Mango behaviors when tagged and untagged. The
percentage of time that individuals spent performing various behaviors is represented by pink (left-
hand side for each pair) for their tagged treatment and yellow (right-hand side) for their untagged
treatment. Note that “perching only” refers to perching without simultaneous preening.

65



(A) °

3000 e
[
S Treatment Type
@ 2000
S S Bl Tagged
9 ' Untagged
S 1000
T

L4 °

0
1 2
Treatment Number
(B)
g 75 e ®
K L ° ° Treatment Type
© )
<§ 50 @ O—w | & ° et 1 ~e- Tagged
Ne; ¢ L . Untagged
o 25 o3 ° s " —
o)
w
0 ° °
7.5 8.0 8.5 9.0
Bird Body Mass (g)
(C)
o 300
[
2 Treatment Type
®
g 200 B8 Tagged
< - E Untagged
© 100 ¢ )
a I
0 —— ;& o
Morning Afternoon Evening

Period of Day

Figure 3. Hummingbird behaviors in relation to primary variables of interest. Each plot represents the
best-supported model for a given behavior, assessed via AICc and likelihood ratio tests. Note that each
plot’s y-axis has a unique range based on the behavior in question. (A) Flight duration model: includes the
effects of whether the bird was tagged or untagged, and whether it was undergoing its first or second
treatment. (B) Feeding duration model: includes only the body mass of the bird. (C) Preening duration
model: includes whether the bird was tagged or untagged, and whether the treatment occurred in the
morning, afternoon, or evening.
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Supplementary material
Ecuador pilot.

Study site, species, & methods.

In the dry season of August and September 2022, we conducted an observational pilot study of radio-
transmitter backpack harness ethics at Un poco del Choc6 Estacién Biologica (UPDC). At roughly 1,200 m
elevation in a transition zone between the Choc6 and Tropical Andes hotspots, UPDC is situated alongside
the Pachijal River in moderately disturbed, primary lower montane rainforest. We chose to study the Green-
crowned Brilliant (Heliodoxa jacula), White-necked Jacobin (Florisuga mellivora), and White-tipped
Sicklebill (Eutoxeres aquila) on account of their large body sizes and their varied systematics (each species
occupies one of the nine major clades of hummingbirds: Brilliants, Topazes, and Hermits, respectively [1]).
In this case, we did not selectively capture adults or males (see Table S1). While we sexed individuals based
on plumage characteristics, we note that there are recorded cases of male-plumaged females in White-
necked Jacobins [2], and that White-tipped Sicklebills are sexually monomorphic [3].

For this experiment, we captured, measured, and radio-transmitter harnessed all hummingbirds as outlined
in the main text, but here we identified individuals based on bands as opposed to passive integrated
transponders. Our experimental setup was a similar, reduced version of that described in the main text: we
constructed our flight arena (Coleman tent) inside the research center, containing a hummingbird feeder
(provided sucrose solution measured with a refractometer at the beginning of each trial) and a perch. At the
start and end of each trial, we recorded the temperature at the peak of the tent interior using a handheld
thermometer. We next released the tagged individual into the flight tent, then manually observed and logged
the presence of our behaviors of interest (flying, perching, feeding, and preening) over the trial duration as
follows: continuously for hours 0-2 and, if applicable, 5-minute checks once every 15 minutes for hours 2—
4, 5-minute checks once every 30 minutes for hours 4-6, and then 10-minute checks once every 60 minutes
for the remainder of the trial (see Table S1). In the case of overnight trials, however, we left birds
undisturbed until early morning after determining that they had fallen asleep (using a red light to minimize
any disturbance).

Note that, as we used a hummingbird feeder as opposed to a syringe, birds perched rather than hovered while
feeding. Additionally, given that sicklebills are not known to visit feeders, and the ones in our trial were no
exception, we fed each individual by hand once every 30 minutes—an interval that we selected to balance
sufficient energetic intake against the stress of recapture inside the tent.

Results & significance.

In total, we captured, tagged, and monitored 6 Green-crowned Brilliants (1 adult female, 4 adult males, 1
juvenile of unknown sex), 4 White-necked Jacobins (4 adult males), and 3 White-tipped Sicklebills (all
juveniles of unknown sex). Given that this study was observational and our methods differed substantially
from those implemented in Colombia, we have elected to reserve our basic results to the supplementary
materials here (Table S1), and we include them primarily to showcase that there were no drastic behavioral
deviations from that which we observed with Black-throated Mangoes, despite the birds’ systematic
differences.

Average trial lengths, in hours, were as follows: 11.50 + 10.91 for brilliants, 1.56 + 0.89 for jacobins, and
4.00 + 2.00 for sicklebills. While brilliants lost an average of 0.06 + 0.20 grams across their trials, jacobins
and sicklebills gained an average of 0.17 + 0.15 and 0.74 + 0.67 grams, respectively. Out of these 13 total
individuals, 3 brilliants and 1 jacobin did not preen at all. This result is not inconsistent with what we found
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in Colombia: 12 of our 25 mangoes exhibited no preening during their tagged observation period (although
it is possible that they preened during their 30-minute acclimation period, which we did not film). Beyond
this behavior, all individuals exhibited flying, perching, and autonomous feeding (except one, see below),
or, in the case of sicklebills, were hand-fed. None of our birds, including those undergoing overnight trials,
displayed any of the signs of distress characterized by Russell et al. [4].

As described in the main text, we did observe one instance of harness issues, when a White-necked
Jacobin’s attempts to preen beneath the harness (sized according to the suggestions of Williamson and Witt
[5]) resulted in its bill becoming stuck under the StretchMagic. Indeed, after immediately removing the
harness and replacing it with a snugger one, the jacobin began preening again and became stuck once more
moments later. We removed this second harness and released the bird promptly, resulting in a curtailed,
0.22-hour trial wherein the bird did not feed at all. Based on these events, we suspect that, owing to birds’
many cervical vertebrae [6] and subsequent capacity for head flexion [7], there is an inherent risk to utilizing
three-loop harnesses with such proportionally long-billed birds.

Although there have been some studies of Green-crowned Brilliant and White-necked Jacobin behavior,
they are largely focused on aggression and dominance [2,8,9]. Research on White-tipped Sicklebills,
meanwhile, has been more limited to sighting and feeding records [10-12], given the elusive nature of the
sicklebill species [7,13]. While our results do not provide in-depth insight into the daily behaviors of these
species either, they are a first step towards understanding how diverse hummingbirds may respond to
biologging devices. We strongly believe that comprehensive studies of species-specific effects in relation to
biologgers are not only warranted, but critical.

Harness and device chassis design.

Assemblage.

Adapting from Williamson and Witt [5], we designed our harness to operate with a device that a) is solar-
powered and can withstand multi-year deployments in the field, and b) does not come with prefabricated
loops—and thus, any long-term means of attachment to an individual bird. As such, we opted for a top and
bottom custom chassis (structural framework) that we could thread around our radio-transmitter (Cellular
Tracking Technologies “LifeTag”), effectively pinning it in place while keeping the solar cell fully exposed.
We designed our chassis to ensure minimal chafing and drag [14], emphasizing a thin, streamlined nature,
rounded corners, and open spaces where possible, to reduce weight without compromising durability.

We designed each chassis (14 mm wide, 22 mm long) individually in Autodesk AutoCAD, a 2D drafting
software with DXF file support (other free and open-source options include QCAD and Inkscape), to
include 1) 1-mm diameter holes for the harness and thread, and 2) each tag’s unique identification number
(Fig. S4). Using a diode-pumped, solid-state, pulsatile laser operating at a wavelength of 355 nm, with a
spot size (minimum cut width) of 10 pm, we laser cut each chassis from carbon fiber reinforced polymer
(CFRP), which was fabricated with a layup of “prepreg” (fibers pre-impregnated with a thermosetting resin
matrix) 27 gsm carbon fiber sheets. We stacked 3 sheets and cured them at 80 psi/150 °C, in 0-90-0
configuration to make the chassis stronger in one direction than the other (more rigid along the length, 0°;
more flexible along the width, 90°). The resulting cured sheet is ~90 pm in thickness. It is worth noting that
LifeTags are manufactured with a thin coating of epoxy for waterproofing purposes, which acts as an
insulating barrier between the conductive CFRP chassis and the tags’ circuit components.

We recommend conducting assembly in a setting with access to tools such as a fine-precision scale (~10 mg
accuracy), which we used to weigh the tag throughout the construction process. For thread, we chose
ultrathin, braided fishing line (KastPro), with a minute application of cyanoacrylate superglue at the tip to
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avoid fraying. Leaving the four corner holes open for the harness material (0.7 mm StretchMagic), we
looped the fishing line through the chassis holes dotted around the LifeTag’s perimeter, particularly across
its width and in diagonals across the sides, to ensure tight contact between each chassis layer and the tag
(Fig. 1 main text). Throughout this process, we used blunt-end (to avoid fraying), electrostatic-discharge-
safe tweezers to guide the fishing line. We opted to add glue via a wire applicator to any knots tied with the
fishing line, major points where the thread interacted with the tag, and any places where the tag interacted
heavily with the chassis. Notably, we previously used marine epoxy (UV- and water-resistant) but have
since discovered that it is heavy, short-lived, and peels easily.

All told, the addition of the chassis, thread, and glue added a total of ~53 mg to each tag (Table 1 main text).

Significance, limitations, and future research.

With the increasing accessibility of miniature animal tracking devices, researchers must continue to refine
safe, ultralight attachment methods [5]. When fabricating micromaterials for wildlife applications, there is a
continuous tradeoff between weight, durability, and ergonomics (e.g., an overly thin harness thread could
cut into a bird’s skin, while a slim and narrow chassis, prone to breakage, could impose fewer deleterious
device effects). When working with small-bodied birds or insects, there are often few alternatives to glue-on
attachment methods, which have unpredictable longevity—although there are countermeasures to increase
retention, such as plucking feathers for direct contact with the bird’s skin, and gluing or sewing the tag to a
gauze or fabric base to increase the connected surface area [15]. In this way, glue-based attachment may be
sufficient for miniature radio-transmitters with rapid beep rates and correspondingly short lifespans (< 2-3
months; Lotek, Cellular Tracking Technologies).

In solar-powered tags, however, multi-year deployments are entirely possible (as they are for GPS tags, e.g.,
[5]), and a flexible, alternative design is essential. As the addition of loops/tubes for harness threading can
be too complicated for the manufacturing process or can make tags prohibitively heavy, our chassis design
minimizes weight while maximizing longevity and UV capture. CFRPs have a high strength-to-weight ratio
—which allows for a very strong yet lightweight chassis—and have a high corrosion resistance, making the
chassis resilient to the elements. The combination of cyanoacrylate glue and thread also ensures a longer
lifespan, as the former is brittle once cured and does not hold well to bending stresses, while the latter could
unravel without additional securement. This ultra-lightweight chassis design, which is easily customizable
depending on research needs and tag size/shape, allows us to study a greater expanse of small, previously
untestable animals.

Given the rapid technological advancement in the world of biologging [16], we are confident that tags and
their associated attachment methods (such as our chassis) can continue to be further improved and
streamlined, not only in weight, but also in footprint. Researchers biologging ever-smaller volant animals
must ensure that the full range of wing amplitude (e.g., see [17] for hummingbird-specific figures) is in no
way obstructed by their devices. Indeed, since conducting this study in 2022, commercially available tags
have already been greatly miniaturized, making the tagging process for animals—flighted or not—much
safer and more straightforward. As an additional note, although Williamson and Witt [5] found no evidence
of deleterious effects for hummingbirds wearing backpack harnesses after 1-2 years, we advise minimizing
deployments and maximizing recapture efforts at the termination of each study, owing to the ethical trade-
off of individuals wearing tags for multiple years, or even a lifetime.

Future studies may also benefit from an updated harness design, particularly for short-, straight-billed
species. In Ecuador, we observed a White-necked Jacobin’s bill become wedged under the neck-loop while
preening (see Table S1), impairing the bird’s subsequent attempts at flight. With exposed culmens
measuring 16.63 + 0.80 mm in length, our White-necked Jacobins had shorter/straighter bills than their
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experimental counterparts (Black-throated Mangoes: 22.44 + 1.01 mm, Green-crowned Brilliants: 24.03 +
1.17 mm; the extreme curvature of White-tipped Sicklebills’ beaks prevented them from becoming stuck).
A backpack harness that conjoins over the sternum rather than incorporating a neck-loop—similar to those
used with many raptors [18,19]—may be more suitable; however, a thorough ethical study of this approach
is warranted.

Regardless of the design, any space between the bird’s body and the harness itself—with or without the
neck-loop—may lead to entanglement issues, even if it is as small as a few millimeters (as per the
recommendations of Williamson and Witt [5]). Our personal observations indicate that hummingbirds are
least aware of their surroundings and most likely to come into contact with other objects while in combat
with rival individuals. Given that hummingbirds—particularly territorial individuals, like in most of our
focal species [8,20,21]—rely on extreme maneuverability, agility, and energy-use for frequent aggressive
encounters [22,23], we propose that a valuable follow-up entanglement test would also involve dyadic
“competition trials” that spur agonistic behavior, like those designed by Gaffney [24].
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Supplementary tables.

Table S1. Overview of Ecuadorian pilot study. Column headings represent: species names in Latin (Species); bird’s sex classification of F. for
female, M. for Male, or U. for unknown (Sex); bird’s age classification of Ad. for adult or Juv. for juvenile (Age); trial replicate for a given species
(Trial); total time in hours that each bird was tested wearing the backpack harness, with * indicating that the trial included overnight testing ( Trial
length [h]); trial’s temporal classification of Morn. for morning, Aft. for afternoon, or Eve. for evening, or some combination thereof (Period of day);
temperature in Celsius within the tent, averaged across beginning and end of each trial (Temp. [°C]); w/w sugar-water content of provided nectar (%
sucrose); behaviors present throughout trial, checked with X to indicate presence, - to indicate absence, or Handfed to indicate the individual was fed
by hand (Behaviors Exhibited: Flying, Perching, Feeding, Preening); any point that an individual’s bill became caught in the neck-loop of the harness
(Harness Issues), and the amount of weight in grams that the bird gained/lost throughout the trial (Weight change [g]).

Trial Period of Temp. % Behaviors Exhibited Harness Weight
Species Sex Age Trial length (h) day (°C) sucrose  Flying Perching Feeding Preening issues change (g)

F. Ad. 1 2 Aft. 26.2 22 X X X - - +0.31

M. Ad. 2 2 Aft. 23.6 22 X X X - - -0.09

M. Ad. 3 2 Morn. 25.0 22 X X X - - -0.09

H. jacula

M. Ad. 4 15% Eve — Morn. 18.6 22 X X X X - -0.27

U. Juv. 5 24* All 18.3 22 X X X X - -0.18

M. Ad. 6 24* All 19.8 22 X X X X - -0.01

M. Ad. 1 2 Morn. 27.6 21 X X X X - +0.06

F. M. Ad. 2 Eve. 21.2 21 X X X - - +0.32
mellivora M. Ad. 3 Morn. 18.8 22 X X X X - +0.29
M. Ad. 4 0.22 Aft. 23.8 22 X X - X X -0.02

U. Juv. 1 Aft. 24.0 21 X X Handfed X - - 0.09

E.aquila U. Juv. 2 Aft. 22.0 21 X X Handfed X - +1.43
U. Juv. 3 6 Morn. — Aft. 21.6 23 X X Handfed X - +0.71
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Table S2. Parameter estimates, standard errors (SE), 95% confidence intervals (CI), and Benjamini-Hochberg-corrected p-values (p) for the top-
ranked models described in the main text for flight, hover-feeding, and preening durations, as determined using Akaike’s information criterion
adjusted for small sample sizes (AICc). All parameters with significant effect sizes (95% confidence intervals not overlapping zero and, subsidiarily,
a p-value < 0.05) are bolded.

Parameter Estimate SE Lower 95% CI Upper 95% CI p
Flight ~ Treatment Number + Treatment Type (Gaussian)
B Intercept 776.60 138.10 498.01 1055.19  7.83e-06
B Untagged 149.39 76.61 -6.72 305.49 0.0703
B Treatment 2 218.74 76.61 62.64 374.84 0.0111
Feeding ~ Bird Weight (Tweedie, zero-inflated)

B Intercept 5.98 0.88 4.27 7.70  3.71e-11
B Weight -0.29 0.11 -0.51 -0.07 0.0111
Preening ~ Time of Day + Treatment Type (Tweedie)

B Intercept 4.41 0.41 3.59 5.23  1.80e-15
B Untagged -1.37 0.50 -2.36 -0.39 0.0111
B Morning -1.98 0.60 -3.17 -0.80 0.0023
B Evening 0.72 0.55 -0.36 1.81 0.1916
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Supplementary figures.

Figure S1. Materials used for harness application process. From top-left clockwise: (A) calipers to measure
harness, (B) superglue to secure knots, (C) cloth strip and clamp to swaddle bird while tying final harness
knot, (D) scissors to trim StretchMagic harness once tied, (E) LifeTags with prefabricated neck-loops of two
sizes to customize for each individual bird, (F) prepared syringe with sugar water for if the individual
showed any sign of stress (e.g., blinking slowly), and (G) scale with cardboard tube to weigh each individual
(cutouts were to accommodate the tag on the back post-harnessing).
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Figure S2. Load cell setup in enclosed-environment tent. We coated the syringe on the left-hand side with
red tape and added yellow tape to its tip to mimic floral appearances, thereby drawing the hummingbird’s
attention more readily. We deliberately spaced the perch (right-hand side) far enough from the feeder such
that the bird could not perch and feed simultaneously.
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Figure S3. Aviary-style enclosure (3.3 x 2.7 x 2.0 m) used for entanglement and overnight harness tests.
Feeders and local vegetation are included inside.
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Figure S4. Example AutoCAD mock-up for top and bottom chassis of a specific radio-transmitter.
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Supplementary video.

Video S1. Sample behaviors delineated in BORIS video processing. Video clips include flying, hover-
feeding, preening, and perching (2 bouts). Video can be found in official Animal Biotelemetry publication

here.
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Abstract

Background: Hummingbirds, renowned for their aggression and resource monopolization,
provide a useful case study for questions regarding highly competitive systems. We designed a 21-
day experiment to examine how their visitation patterns might shift within and across species when
confronted with variable artificial resource availability and an associated competitive bottleneck.

Methods: Operating within a thriving hummingbird assemblage in the Colombian Andes, we
progressively removed and reinstated feeders equipped with radio-frequency identification (RFID)
antennas in a mirrored fashion (7 three-day periods: 16 - 12 - 8 -~ 4 - 8 - 12 — 16 feeders).
Throughout these three weeks, we tracked the visits of 109 RFID-tagged individuals that spanned
six species. We analyzed their behavioral responses via eight a priori questions that encompassed
individual, species, and assemblage levels, focusing on components such as how a bird’s feeder
access at the start of the experiment changed under scarcity and elevated competition, whether
birds with little baseline access were more likely to cease visiting for at least one day (“drop out”),
if birds partitioned diurnal hours to better access the resources, whether visitation strategies formed
a spectrum and what it consisted of if so, and if a species’ niche breadth along multiple axes would
make it more or less vulnerable to scarcity.

Results: Daily feeder visits rose roughly 2.3x under scarcity. Across the experiment, birds with
greater initial access were estimated to maintain ~4.7x more time at the feeders and be ~800x less
likely to drop than low-access birds. Rather than temporally partition to increase feeder access,
birds compressed their activity windows under scarcity—especially low-access birds, which
started up to 278 minutes later and ended up to 167 minutes earlier than high-access ones—while
species with shorter activity windows (narrower niche breadths) were far more likely to drop out at
some point. Visitation strategies did indeed form a continuum of repeatable individual signatures,
even as the assemblage shifted towards greater feeder fidelity, fewer and less revisitation-heavy
visits, and shorter bouts when there were fewer options. Many of these aspects of behavior did not
fully recover as we reinstated feeders—Ilikely due, in part, to 35 of the original 109 individuals
remaining undetected once the experiment had ended.

Conclusions: The costs of scarcity fell most heavily on low-access individuals and certain species,
with experimental carryover prevalent in many of our metrics by the end of the 21 days. Our results
suggest that hummingbird assemblages accustomed to using feeders might buffer against sudden
resource loss through hierarchical filtering, which raises questions of whether certain subsets of the
Trochilidae are similarly vulnerable in natural floral systems, which currently face many
anthropogenic threats and are in constant flux.
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Introduction

Competition is a central force that shapes the life of every organism (Keddy 2001), with animals
only able to stably coexist if they differ in their abilities to consume or control access to limited
resources (Titman 1976; Tilman 1987). Asymmetric competition, in particular, arises when one
party is dominant over the other (Keddy 2001); under sufficient stress, these competitive
asymmetries can translate to “hierarchical filtering,” wherein the superior competitors of a
population or assemblage are more equipped to withstand the adverse conditions, while the inferior
ones are squeezed out of the system entirely (Milles et al. 2023). In light of the Anthropocene
(Lewis and Maslin 2015), replete with rapid, human-driven land use (Foley et al. 2005) and climate
change (Walther et al. 2002; Parmesan and Yohe 2003), that pressure is now ubiquitous,
unnaturally inflating competition over a shrinking pool of resources (Valeix 2011; Ferry et al.
2016; Gilbert et al. 2022; Delgado-Martinez et al. 2023). It is essential that we ramp up our efforts
to understand how individuals and species will behaviorally cope when faced with instability or
scarcity (Twinomugisha et al. 2006), and which will become “winners” and “losers” in the process
(Di Cecco and Hurlbert 2022).

Hummingbirds offer a compelling case study for investigations of asymmetric competitive abilities
under variable resource availability, for reasons that are inherently intertwined. First and foremost,
these tiny birds are under extreme energetic pressure: with the highest mass-specific metabolic
demands across vertebrates (Suarez et al. 1990; Suarez et al. 1991; Suarez 1992), a single
hummingbird can consume as many as 187 small meals and up to 1.6-5.4x its own bodyweight in
fluid just to get through one day (Beuchat et al. 1979; Krebs and Harvey 1986; Powers and Nagy
1988; Weathers and Stiles 1989; Beuchat et al. 1990; Powers and Conley 1994; McWhorter and
Martinez del Rio 1999). A hummingbird must therefore have frequent and prodigious access to
nectar to survive (Elting et al. 2026). In times of abundance, hummingbird assemblages can be
large (Abrahamczyk and Kessler 2010; Remolina-Figueroa et al. 2022), crowded (Stiles and Wolf
1970; Lara et al. 2011; Lanna et al. 2017), and shaped by fiercely competitive dominance
hierarchies (Rodriguez-Flores and Arizmendi Arriaga 2016; Bribiesca et al. 2019; Marquez-Luna
et al. 2019; Tellez-Colmenares et al. 2025 preprint), wherein certain species can more consistently
exclude others from resources by virtue of agonistic behaviors and superior competitive ability
(Smith and Parker 1976; Pimm et al. 1985; Tellez-Colmenares et al. 2025 preprint). Yet in times of
scarcity, these assemblages shrink—with many species emigrating or being otherwise excluded
from the system (Abrahamczyk and Kessler 2010; Abrahamczyk and Kessler 2015)—and the
subset that remains must quickly adapt to the new energetic landscape (Justino et al. 2012).

How these dynamics play out on an individual scale, however, has been comparatively
understudied. Even within a single species, hummingbirds can vary substantially in their
dominance capabilities (Tellez-Colmenares et al. 2025 preprint) and foraging strategies (Gowda et
al. 2012; Betts et al. 2015; Falk et al. 2025 preprint); indeed, individuals themselves display
remarkable behavioral plasticity and are capable of shifting between multiple feeder-visitation or
movement strategies quite rapidly (Falk et al. 2025 preprint; Rueda-Uribe et al. 2026). While this
individual flexibility undoubtedly extends to conditions of resource loss and the increased
competition that accompanies them (Ewald and Carpenter 1978; Garrison and Gass 1999; Justino
et al. 2012; Sargent et al. 2021), only a handful of studies have actually tracked unique
hummingbird responses to a perturbation (Hadley and Betts 2009; Volpe et al. 2014; Hazlehurst
and Karubian 2018)—and fewer still have done so across an assemblage. This is due in large part to
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the fact that biologgers have only recently miniaturized enough to track these tiny birds (Sargent et
al. 2026), as well as the reality that manual or automated radio-telemetry experiments on such a
scale would be both costly and logistically challenging (Sargent et al. 2021); as such, what the
individual hummingbird experience might look like during scarcity, and which specific birds might
get filtered out of the system, are largely unknown.

Radio-frequency identification (RFID) technology—which uses electromagnetic fields to detect
uniquely coded RFID tags at sub-second levels—serves as an alternative, more cost-effective
means of addressing this gap (Harrison and Kelly 2022). Hummingbirds are prone to visiting and
relying on artificial sugar-water feeders (Sonne et al. 2016), which offer tractable means of
conducting ecologically relevant experiments on free-living hummingbirds (e.g., Pimm 1978;
Maglianesi, Bohning-Gaese, et al. 2015; Weinstein and Graham 2016); with each feeder equipped
with an RFID antenna, we can automatically log the feeding visits of individuals that have been
permanently implanted with an ultraminiature RFID tag (often referred to as a passive integrated
transponder). This technology thus operates at extremely precise spatiotemporal resolutions and
allows us to capture which birds visit which feeders, at what times, and for how long, and thereby
examine the idiosyncratic foraging patterns of many individuals simultaneously (Rousseu et al.
2014; Bandivadekar et al. 2018; English et al. 2022; Falk et al. 2025 preprint). Here, we designed a
field experiment to determine how individual hummingbirds, representing a multi-species
assemblage in the Colombian Andes, would respond as we progressively removed and reinstated
feeders from an array of 16 units. We organized our analysis around eight a priori questions that
spanned individual, species, and assemblage levels, as detailed in Box 1 below.

Box 1. Our eight behavioral questions and their corresponding predictions.

Competition and access under scarcity

Q1. Will competition measurably rise at feeders
when there are fewer available? Will feeders have
more visitors and visits during scarcity?
Prediction: Yes to both: reduced resource
availability concentrates competition at the
remaining options (Boag and Grant 1984; Valeix
2011; Ferry et al. 2016; Delgado-Martinez et al.
2023).

Q2. Will “high-access” individuals from period A
maintain proportionally higher access throughout
the experiment, even during scarcity? Within
species, will access correlate with body mass?
Prediction: Yes: high-access birds will maintain
higher access, like in persistent dominance
hierarchies (Rodriguez-Flores and Arizmendi
Arriaga 2016; Marquez-Luna et al. 2019); within
species, larger birds will hold more access given
their physical advantage (Bribiesca et al. 2019).

Q3. Will “low-access” individuals from period A be

Temporal niche

Q5. Will individuals establish temporal partitioning,
influenced by access? Will low-access birds rise
earlier or stay later (especially during scarcity)? Will
this represent active partitioning, or clustering at
dawn/dusk driven by circadian rhythms?
Prediction: Low-access birds will rise earlier and
stay later, representing active temporal partitioning
rather than passive circadian-driven clustering:
subordinate competitors can shift to marginal
foraging windows when in the presence of
dominants (Lara et al. 2009; Maziarz et al. 2023).

Foraging strategy

Q6. Will individuals adjust their foraging strategies
across the experiment? Will strategies be stable
across periods, or will they shift? Which
components will be repeatable individual traits?
Prediction: Individuals will adjust foraging
strategies—which will form a continuum—under
scarcity, with flexibility across conditions (Sargent



excluded from the system as feeders dwindle?

Prediction: Yes: low-access birds will drop out
under scarcity, given that interference competition
can lead to lower-ranking individuals being
excluded (Pimm et al. 1985; Carpenter et al. 1993;
Camfield 2006), especially when resources dwindle
(Powers and McKee 1994).

Preference reestablishment

Q4. Will individuals reestablish preference for
particular feeders as they are reinstated, or will
new individuals establish greater access to the
returned feeders?

Prediction: Original individuals will reclaim their
preferred feeders, given that hummingbirds
maintain strong fidelity to specific nectar sources
within their foraging ranges (Garrison and Gass

et al. 2021). Some behavioral traits will be more
repeatable than others (Bell et al. 2009).

Q7. Will birds stay at each feeder for less time and
make fewer, more targeted visits when feeders are
scarce, or will competition drive the opposite
pattern?

Prediction: Competition will lead to fragmented,
shorter visits (Lanna et al. 2017) and prevent birds
from visiting as frequently (Weinstein and Graham
2016), yet birds will maintain high selectivity
(Sandlin 2000; Bandivadekar et al. 2018).

Species-level vulnerability

Q8. At the species level, will the breadth of a
species’ foraging niche (temporal, spatial, or
selectivity axes) predict its vulnerability to dropping
out under scarcity?

1999; Gowda et al. 2012; Bandivadekar et al. Prediction: Yes: species with broader foraging
2018). niches are less vulnerable to resource loss (Lindberg
and Olesen 2001; Carscadden et al. 2020).

Methods

Site overview and study species

We conducted all of our experimentation in the dry season of September 2025 at Centro de
Investigacién Colibri Gorriazul (hereafter referred to as “Gorriazul”) in Colombia. Gorriazul is
situated at roughly 1,700 meters elevation, midway up the western slope of the Eastern Cordillera
of the Colombian Andes, in a matrix of pristine rainforest and agricultural properties (4.38168°, -
74.35136°). At Gorriazul, there is a well-established network of 16 sugar-water feeders (Fig. 1a)
that cover a small area of 154.9 square meters (pairwise distances between feeders range from 0.5—
24.2 meters). A longstanding, abundant community of hummingbirds of roughly 1018 species
feeds from both these feeders and many native flowers in the surrounding landscape.

Since 2017, the research team at Gorriazul has been collecting data on nearly 2,000 individual
hummingbirds captured onsite (using baited drop-net traps and mist-nets). The majority of these
birds have been identified, aged, and sexed based on plumage, bill corrugations, bill serrations,
and/or visible brood patches (if applicable), and measured for baseline morphometrics. Over half
of these individuals have also been subcutaneously injected with a 35 mg radio-frequency
identification (RFID) tag (methods described in Sargent et al. 2026): in our study, these tags
comprised 0.31-0.80% of birds’ bodyweights (mean 0.56%)—well below the “3-5%” ethical
standard applied in most biologging studies (e.g., Wilson et al. 2002; Phillips et al. 2003; Portugal
and White 2018). This tagged community provides a rich basis for RFID-enabled, feeder-based
behavioral research (experiment described in the following section).

The hummingbirds present and visiting feeders during our experiment ranged considerably in body
size and dominance capabilities (Tellez-Colmenares et al. 2025 preprint), representing the
following species (arranged in ascending average body mass, as procured from our capture data):



Indigo-capped Hummingbird (Saucerottia cyanifrons, 4.97 g), Rufous-tailed Hummingbird
(Amatzilia tzacatl, 5.24 g), Andean Emerald (Uranomitra franciae, 5.40 g), Lesser Violetear
(Colibri cyanotus, 5.53 g), Green Hermit (Phaethornis guy, 6.20 g), Brown Violetear (Colibri
delphinae, 6.86 g), White-vented Plumeleteer (Chalybura buffonii, 7.03 g), Sparkling Violetear
(Colibri coruscans, 8.14 g), and Black-throated Mango (Anthracothorax nigricollis, 8.27 g). We
also note that there were several Bananaquits (Coereba flaveola, 10.9 g) active in the system during
this time, which are small, nectarivorous passerines. Hereafter, we will refer to all species by their
Latin names (with “Co.” denoting Colibri throughout; we use Coereba in full to distinguish the two
genera).

Experimental overview and inclusion criteria

For this 21-day study, we equipped each feeder with a custom RFID antenna (Fig. 1b), designed at
the Humboldt University of Berlin; each unit was furnished with an Adafruit Feather
microcontroller, an SD card, and an Adafruit lithium-ion polymer battery (its sole power source),
all housed within a watertight snap-lock container. Once hummingbirds were roosting each night,
we swapped the batteries with fully charged replacements, downloaded the stored detection data,
and returned each SD card to its respective unit. Note that these units operated only from 5:00 AM
to 19:00 PM each day, both to conserve battery and given the rarity of nighttime foraging by
hummingbirds (Eberts et al. 2019; but see Goertz et al. 1980; Bandivadekar et al. 2018).

Our experiment comprised 7 three-day periods of a mirrored design, in which we progressively
removed and reinstated the number of available feeders: A and G had all 16 feeders active; periods
B and F had 12; periods C and E had 8; and D, the midpoint, was the period of maximum scarcity
with only 4 feeders (Fig. 2). Prior hummingbird research has demonstrated that three days provide
a sufficient window for hummingbirds to acclimate to novel feeder configurations (Pimm 1978;
Weinstein and Graham 2016). We used a randomizer to select which feeders to remove as soon as
periods A, B, and C had ended, and, during each reinstatement phase, we returned the same
physical feeders to their original locations (as a means of control and to determine if birds would
reestablish preferences or patterns for previously visited feeders). During the course of the
experiment, we did not conduct any additional tagging or otherwise manipulate the feeders, which
we refilled each evening with identical sucrose solution (approximately 15-20% w/w in
concentration).

In our data-cleaning process, we first discarded 51 corrupted rows from the raw RFID logs that
were generated by “tag collisions”: when multiple tags enter an antenna’s read field and attempt to
transmit data simultaneously, thereby interfering with one another’s signals (Wallace et al. 2020).
We next filtered out any sub-second detections (deeming them “quick touches”), retaining only
visits with a total duration of > 1 second from first to last detection. We then aggregated
consecutive detections of the same individual into a single visit if the inter-detection interval was <
3 seconds; if the gap was > 3 seconds, we treated the succeeding detection as the start of a new visit.
On the individual level, our inclusion criteria included: (1) birds with > 10 visits in period A, to
avoid heavily weighting the effects of scarcity on birds that hardly (or incidentally) used the
feeders even in times of abundance; and (2) species with > 5 individuals after this period A filter—
while a low threshold, it allowed us to examine how a greater proportion of the assemblage
responded to the experiment, while still maintaining sufficient sample sizes for our species-level
estimates to converge in our mixed-effects models (Bolker et al. 2009).
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After filtering, we retained 109 individuals that spanned Saucerottia cyanifrons, Amazilia tzacatl,
Colibri cyanotus, Colibri delphinae (n = 6, which we retained with caution), Chalybura buffonii,
and Anthracothorax nigricollis. Ultimately, we dropped the covariates of sex and age from our
analysis: S. cyanifrons and Am. tzacatl are sexually monomorphic and are therefore impossible to
sex with surety via plumage (leaving many of our individuals characterized as “unknown”), and
there were only a handful of juveniles (n = 7 pre-filtration, n = 5 post-filtration) visiting the feeders
during our experiment.

Metric definitions

All metrics are italicized upon first introduction in the text. We conducted all analyses in R version
4.4.1 (R Core Team 2022). Throughout the manuscript, we use the terms “removal arc” to signify
periods A—C, “reinstatement arc” to signify periods E—G, “baseline” to refer to period A, and “peak
scarcity” or “bottleneck” to refer to period D.

Daily basic and transition metrics. For each individual bird on each day of the experiment
(henceforth referred to as a “bird-day”), we calculated or extracted the following variables: total
visit count, total time at feeders, mean visit duration, unique feeders visited, and present-or-absent
(a binary category, with 0 indicating that the bird had visited at least once on that day, and 1
indicating that the bird had not and was therefore absent from the system). From sequential visits
from each bird-day, we also calculated switch rate (the rate at which a bird would switch to a
different feeder, rather than returning to or remaining at the same feeder from its preceding visit)
and return-given-switch (the proportion of switches that a bird made to a feeder it had already
visited earlier that same day). Next, we calculated two visitation metrics based on Shannon entropy
(Shannon 1948; Brereton and Fernandez 2022): transition entropy, to assess how varied a bird’s
feeder transitions were, based only on the immediately preceding feeder (e.g., Feeder 01 to Feeder
02); and feeder-use entropy, to assess how spread out its visits were, based on the proportions of
visits that it made to each of the available feeders each day (regardless of order). We normalized
both of these entropy measures from 0—1 (with O being total predictability and 1 being maximum
uncertainty). Additionally, we classified each of these bird-day metrics as occurring on day 1, 2, or
3 of each respective period, in order to test for within-period patterns.

Feeder preference metrics. We next calculated favorite feeder proportion: the proportion of visits
that a bird made in a single day to its most-visited feeder (see Weinstein and Graham 2016, who
used proportion of time at a focal feeder as a similar metric in Andean hummingbirds).

Feeder preference stability. To calculate stability of feeder preferences, we first compiled a daily
vector of each bird’s visit counts across all 16 physical feeder positions (setting removed and
unvisited feeders as zeroes), then determined how similar those daily vectors were to one another
via pairwise Spearman’s rank correlation (similarly applied in Magnhagen et al. 2014; Ward-Fear
et al. 2018). We only compared days with identical feeder availability, calculating the average
coefficient for each period (within-period stability) and for mirrored periods A vs. G, B vs. F, and C
vs. E (mirrored-period stability, excluding within-period pairs). Given that Spearman’s p ranges
from —1 to +1, we Fisher-z-transformed (Zar 2007) these correlation values to an unbounded scale
in order to stabilize the variance and meet our linear-model assumptions (as in Nelson and Mooney
2025). We next calculated transition matrix similarity, the cosine similarity between flattened
(vectorized) daily transition probability matrices (similarly applied in Gelardi et al. 2019). These
two analyses were complementary in that preference stability captures whether birds used the same
feeders, while transition matrix similarity captures whether birds used them in the same order.
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Feeder-level community metrics. Here, we treated each feeder as the unit, rather than the bird. We
first calculated top-claimant retention, a binary metric categorizing whether a feeder had received
the most visits from the same individual bird in both halves of a mirrored-period pair (0 if no, 1 if
yes). We next calculated similarity of visitor sets, the Jaccard overlap between two periods’ visitor
pools (similarly applied in Chung et al. 2019), which we set as (birds visiting both periods) / (birds
visiting at least one of the two periods). Lastly, we calculated visitor distribution similarity,
constructing vectors of how many total visits each bird made to a given feeder across a full period,
then calculating the cosine similarity between periods. These two similarity metrics were also
complementary: the former captures whether the same birds visited (presence/absence), and the
latter captures whether or the same birds visited in similar proportions (counts).

Access hierarchy. We next calculated relative access: the proportion of feeder time that each bird
had on a given day across all of the detected individuals (cf. Rousseu et al. 2014, who quantified
hummingbird monopolization through feeder visit/time data). We used birds’ period A averages of
daily total feeder time for two additional metrics: (1) scaled period A rank, which was simply each
bird’s mean rank in period A, rescaled to 0—1 (with O being highest access and 1 being lowest); and
(2) access tertiles, wherein we classified birds into low-, mid-, and high-access levels, which we
treated as a fundamental baseline covariate in our downstream analyses. Finally, we classified birds
present in period G but absent in period A as behavioral “recruits” (since we did not tag any new
birds during the experiment itself).

Time-niche metrics. For each bird-day, we recorded the timestamps of an individual’s first and
last visits (similarly to Calder 1975), from which we calculated activity span (the hours between
these two timestamps, as a measure of the size of birds’ foraging windows). We also used the
suncalc package (Thieurmel and Elmarhraoui 2022) to produce daily sunrise/sunset times at
Gorriazul across the experiment. For our descriptive statistics, we defined a “feeder-hour” as each
hour that each available feeder was accessible to hummingbirds, with a maximum of 14 diurnal
hours each day (5:00 AM to 19:00 PM, the first and last hour, respectively, in which individuals
were registered across the experiment). From there, we calculated active feeder-hours: the daily
total and proportion of possible feeder-hours (number of feeders x 14) with at least one logged
visit, which we then averaged for each period.

System crowding. We calculated traffic pressure, the total number of visits made to each feeder,
summed across all birds, as a daily measure of hummingbird throughput. In order to separate actual
changes in traffic from the methodological artifact of removing feeders (assuming the same
number of visits get funneled to fewer feeders, traffic pressure should spike during scarcity by
default), we also calculated an availability-scaled version by dividing traffic pressure by the
number of feeders offered on each respective day. Next, we calculated competition inequality, the
Gini coefficient of total feeder time across birds. This metric differs from relative access in that it
measures inequality on a scale of 0—1 (similarly applied in Tenczar et al. 2014; Rotics and Clutton-
Brock 2021), with 0 being entirely even feeder time across birds and 1 being all the feeder time
monopolized by a single bird. Given that there were many hummingbirds at Gorriazul that were
untagged but still visiting the feeders, both of these crowding metrics are underestimates.

Bird-experienced crowding and partitioning indices. Finally, we created metrics to test for
active partitioning (i.e., birds timing their visits to avoid crowds). To do so, we measured crowding
from the bird’s perspective, rather than that of the feeder (as described above). For each bird-day,
we first calculated observed crowding: the average number of tagged birds that were detected at the
same feeder within the same 30-minute bin (excluding the focal individual), providing an average
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of how many “neighbors” a given bird shared its feeders with. Adapting from Castro-Arellano et al.
(2010), we next built a null model against which to compare this observed crowding—null
spatiotemporal expected crowding—wherein we randomized both the feeder and timing of each
bird’s visits across its active window. From these two components, we lastly calculated the
spatiotemporal partitioning index for each bird’s daily experience: the difference between null —
observed, with positive values being less crowding than expected (avoidance), values near zero
being crowding levels indistinguishable from the null expectation, and negative values being more
crowding than expected (clustering at crowded feeder-times). Here, the partitioning index was
robust to the fact that not all individuals at Gorriazul were tagged, given that both observed and null
crowding were underestimated in the same way.

Statistical approach

Using the Ime4 (Gaussian and binomial families; Bates et al. 2015) and gImmTMB (beta family for
proportion responses; Ferrari and Cribari-Neto 2004; Brooks et al. 2017) packages, we fit a series
of models that included ordinary linear models, as well as general and generalized linear mixed-
effects models with a random effect of bird identity. For most questions, we had a candidate set of
9-10 models: null (random effect only), period only, and additive and interactive combinations of
period, species, and access tertile; where appropriate (see per-question analyses below), we
substituted mirror-group (A vs. G, B vs. F, and C vs. E) or day-of-experiment (1-21) for period. We
note that period and day-of-experiment were too collinear (r > 0.97) to include as separate
predictors in the same models; we elected to retain the former as our principal predictor, given our
experimental design. Aside from day-of-experiment, all variables were categorical: period (7
levels: A, B, C, D, E, F, or G), mirror-group (3 levels), species (6 levels), and access tertile (3 levels:
low, mid, or high).

In order to conduct model selection with Akaike’s information criterion (AIC, or denoted as AICc
when corrected for small sample sizes), we fit our candidate models using maximum likelihood—
since Restricted Maximum Likelihood (REML) is not comparable across models with different
fixed effects—and considered any model within 2 AAIC of the top-supported model competitive.
We then refit our final models with REML to obtain unbiased estimates of the variance parameters.
Where relevant (see per-question analyses below), we ran a post-hoc test with our final model,
adding day-within-period both as an additive term and as an interaction with period, to determine
whether it would improve the fit (similar to the approach in Trigo et al. 2022); we also treated this
variable as categorical (3 levels: 1, 2, or 3).

Using the emmeans package (Lenth 2021), we extracted estimated marginal means (EMMs,
model-adjusted estimates of the response for each level of predictor variable) and contrasts
(differences between EMMs) from our top-supported models. For mirrored-period contrasts (A vs.
G, B vs. F, and C vs. E) and tertile contrasts (low/mid/high-access), we did not adjust p-values for
multiple comparisons, considering the inflation risk of false positives to be minimal with only three
contrasts per set; for species pairwise contrasts, however, we applied a Tukey Honestly Significant
Difference (HSD) test to control for the error rate across the 15 pairs of our 6 species (as in Duque
et al. 2020). Finally, we used the DHARMa package (Hartig et al. 2024) to check for the most
appropriate model error structure through uniformity, dispersion, outlier, and quantile deviation
tests; we also assessed the structure and distribution of our residuals with QQ-normality and
residual vs. fitted-value plots.

Per-question analyses
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Q1: Competition under scarcity

We assessed competition under scarcity using two metrics: log-transformed, availability-scaled
traffic pressure; and competition inequality. Here, our unit of analysis was the whole site of
Gorriazul on a single day (n = 21 days). As we had only one observation per day (making random
effects inapplicable) and continuous dependent variables, we modeled both metrics using ordinary
least squares (OLS; Zar 2007), with period as the predictor. We tested day-within-period as an
additive term only (we could not test for an interaction with just one observation for each period-
day combination). Note that for figure annotations, we fit log-transformed traffic pressure at the
feeder-day level (n = 222: one row for each active feeder per day, rather than one row per day for
the whole site) but displayed raw values for interpretability. Refer to supplementary section S1 for
a discussion of two related system-level crowding metrics, which we excluded from the main text
given their strong correlation with traffic pressure.

Q2: Access hierarchy stability and body mass effects

Access hierarchy stability. Here, we tested whether relative access was a stable trait across the
experiment, fitting a beta generalized linear mixed model (GLMM) on bird-days for which the
individual had a relative access score greater than 0 (n = 1,765 bird-days across 109 birds). We
tested day-within-period as both an additive and interactive term in this case. To compare the A vs.
G experimental “bookends” directly, we calculated Spearman’s rank correlation coefficients for
each bird, examining whether their mean relative access at the start predicted their mean relative
access at the end. We ran this test two ways: on the 81 birds active in both periods; and on the full
period-A sample (n = 109), assigning any dropouts a value of 0 in period G for their absence.

Body mass and access. Across our six retained species, the tagged birds in our experiment ranged
from 4.38-9.28 g. To test whether or not body mass predicted feeder access, we ran complementary
tests on three distinct windows: period A (the baseline that we used to define tertiles, n = 108 birds
with body mass data); period D (peak scarcity, n = 85); and the full experiment, averaged across
periods (n = 108). For each of these windows, we calculated: (1) a Spearman’s rank correlation
between body mass and mean relative access for each bird (this test pooled inter- and intraspecific
variation, as species was not held constant), (2) a likelihood-ratio test of whether body mass
improved the fit of a species-only OLS model of mean relative access (with the control for species,
this model isolated the intraspecific variation), and (3) the body mass coefficient and its standard
error from the aforementioned OLS. Lastly, we tested whether body mass predicted feeder access
differently across periods by fitting a Gaussian LMM of birds’ mean relative access per period (n =
634 bird-periods across 108 birds), comparing a period*weight interaction term against an additive
alternative via a likelihood-ratio test. Note that here we could not test for day-within-period effects
(only one row per bird per period) or the interspecific relationship between body mass and access:
with just six species, mass and species identity are effectively confounded, and any pattern
ostensibly related to mass could equally have been driven by some other species-level trait that
covaries with mass (e.g., bill morphology, position in the dominance network, foraging strategy). A
greater number of species would be necessary to explore interspecific mass effects.

Q3: Dropout across experiment

We used our binary present-or-absent metric to identify “dropout” birds that had absences for any
days of the experiment. We note that, with this RFID-based metric, we cannot differentiate between
birds present at Gorriazul but not visiting the feeders (whether by choice or by exclusion) and birds
that had left the area entirely. Because we were interested in how dropout probability varied
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continuously with baseline access, we used our scaled period A rank metric rather than our three
discrete tertiles. We then fit a binomial GLMM that encompassed all 109 birds on all 21 days (n =
2,289). The two models that performed best as per AICc—both of which included an interaction
between period and species—were quasi-separated: no individuals from Co. delphinae or S.
cyanifrons had any absences during period A, leading to period*species coefficients that diverged
towards negative infinity and standard errors > 40. We thus proceeded with the third-best model,
which did not include a period*rank interaction and therefore had just a single estimate of rank
effect across the whole experiment; as such, we could not directly test the relationship between
scarcity and access-based dropout—only whether low-ranked birds were more likely to be
dropouts overall. As we were more interested in dropout trajectories across the full experiment than
within periods, we did not test for day-within-period effects in Q3.

Q4: Preference and visitation reestablishment in mirrored periods

Note that we did not test for day-within-period in our Q4 analyses, since each response variable
below (within-period stability, mirrored-period stability, transition matrix similarity, and feeder-
level community turnover) was aggregated above the day level.

Feeder preference stability. To determine if birds had consistent feeder preferences across the
experiment, we fit Gaussian linear mixed models (LMMs) with our two stability metrics: within-
period stability (n = 591 across 104 birds) and mirrored-period stability (n = 245 across 93 birds).
For the sake of interpretability, we elected to back-transform these model effects from Fisher-z to
the correlation scale, and we report them like so in our results. We note that one limitation of
Spearman’s rank-order correlation is that it is sensitive to the amount of items being ranked (in our
case, the number of available feeders) because a misplaced rank can have a disproportionate effect
when the number is small—i.e., random pairs of bird-day vectors are more likely to produce high
correlations just by chance. To account for this sensitivity, we built a permutation null (a “pre-
network permutation” as described by Farine and Carter 2022): for 1,000 replicates, we randomly
reassigned each bird-day’s visits to that period’s available feeder set (preserving the bird’s daily
visit count and rank structure, but removing its preference signal) and recalculated our stability
metrics (as similarly applied in Aplin et al. 2015). We then interpreted all results as the difference
between observed — null values, rather than just observed p. Refer to supplementary section S2 for
a discussion of an availability-corrected preference index that we calculated as well, but ultimately
excluded from the main text given its strong correlation with a multivariate feeder-fidelity axis that
we use in Q6 and Q8.

Transition !rix similarity. As with preference stability, we examined transition matrix
similarity across the experiment with Gaussian LMMs (standard candidate set), this time fitted
only on within-period similarity at the bird-period level (n = 516 across 101 birds). To account for
differences in feeder availability—fewer options lead to fewer possible transitions, leading to
mechanically higher transition similarity—we retained period as a variable in these models.

Community turnover at the feeder level (A vs. G). To assess whether each feeder’s visitor pool
remained consistent (as opposed to individual preferences), we focused on three metrics: similarity
of visitor sets, visitor distribution similarity, and top-claimant retention. Here, we elected to
compare periods A and G, as they each had the full set of 16 feeders and bookended the experiment.
We built a permutation null (1,000 replicates) for each of the three metrics, permuting observed
bird-feeder associations within each period (while still preserving each feeder’s and each bird’s
total number of visits over the period), then calculated two-sided empirical p-values to test whether
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the observed and null values differed (cf. Aplin et al. 2015; Farine and Carter 2022). Additionally,
we examined the negligible contribution of behavioral “recruits” to turnover, which we report in
the supplementary section S2.

Constrained-availability null for system-level behavioral consistency. In order to complement
our test of individual preferences on the system level, we assessed whether the across-period
variance for our two entropy metrics—feeder-use and transition entropy, both of which we
normalized—exceeded that which would arise from random use of the available feeders. Across
1,000 simulations, we reassigned each visit’s feeder by drawing randomly from that period’s
available feeder set, while preserving each bird’s daily timing and number of visits (cf. Aplin et al.
2015; Farine and Carter 2022). To aggregate to the system level, we calculated these entropies for
each bird-day on the shuffled data, found the bird’s average for each period, then the period average
across all birds, and finally calculated variance across the seven periods as our test statistic. We
compared our observed across-period variance to our null distribution via two-sided p-values (the
proportion of simulations that produced a value different from that observed) and z-scores
(similarly to Castro-Arellano et al. 2010). We note here that other metrics (competition, access
hierarchy, and dropout) would be invariant to reassigning feeder identity in this way, so we did not
apply this method to them.

Q5: Time niches and temporal partitioning

Time niche metrics. We fit Gaussian LMMSs on our three time-niche metrics, across n = 1,765
bird-days: activity span (hours), first-activity time (minutes after sunrise), and last-activity time
(minutes before sunset, which we reflected so that larger values would indicate later end-of-day
activity). Distributional transformations did not improve our diagnostics, so we modeled all three
metrics on their respective raw scales. As a sensitivity check, we refit our models on a more
conservative dataset: for first-activity time, only bird-days with at least one visit before noon (n =
1,426, to avoid counting evening visits in this window); for last-activity time, only bird-days with
at least one visit after noon (n = 1,692, to avoid counting morning visits in this window). For each
of our three metrics, we also tested day-within-period as both an additive and an interactive term
with period.

Test for active temporal partitioning. We fit Gaussian LMMs on our two crowding metrics—
observed crowding and the spatiotemporal partitioning index—across n = 1,765 bird-days from all
109 birds, using the full 10-model candidate set (including day-within-period as additive and as an
interaction with period). We tested four contrasts here: the three mirrored-period comparisons (A
vs. G, B vs. F, C vs. E); and a baseline-vs.-bottleneck comparison (A vs. D), to capture crowding at
its maximum. As another sensitivity check, we refit both models on more conservative, midday
dataset: only visits at least 90 minutes after sunrise and at least 90 minutes before sunset (42,905 of
59,182 visits, retaining 95% of bird-days), to ensure that our results were not being driven by birds
crowding unavoidably near dawn and dusk simply due to circadian or energetic demands. We
report this sensitivity check in supplementary section S3.

Q6: Foraging strategies and individual repeatability

Foraging strategy via PCA. Adapting from Falk et al. (2025 preprint), we used a PCA to identify
independent axes of variation in hummingbird foraging through six daily metrics: visit count, mean
visit duration, switch rate, return-given-switch, normalized feeder-use entropy, and favorite feeder
proportion (we tested but ultimately removed a seventh metric that strongly correlated with feeder-
use entropy; see supplementary section S4). We excluded one bird from our PCA (a Colibri
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delphinae that only used one feeder throughout period A and therefore had undefined switching
metrics), leaving us in total with n = 108 birds and n = 1,520 bird-days in our foraging strategy
analyses. While only PC1 (42.6%) and PC2 (27.7%) had eigenvalues > 1 and thereby met the
Kaiser criterion (Kaiser 1960), we elected to retain PC3 (14.2%, eigenvalue 0.85) for
interpretability. Together, the three PCs (which we interpreted as encompassing feeder fidelity,
visit frequency and revisitation, and visit duration, respectively) explained 84.5% of variance. As a
sensitivity check, we used the Hopkins statistic (Hopkins and Skellam 1954) and k-means
clustering (testing for 2—6 clusters; Rousseeuw 1987) to determine if birds formed discrete clusters,
with and without four outlier birds with extreme PC scores. Lastly, we modeled each PC score with
the standard candidate set of Gaussian LMMs, including both day-within-period tests.

Individual repeatability. We next investigated how repeatable birds were on each PC axis, based
on their average scores for each period (n = 594 bird-period means across 108 birds, median 7
periods per bird). Using the rptR package (Stoffel et al. 2017), we derived intraclass correlation
(ICC) coefficients—how much of the total population’s variance is explained by differences
between individuals (Nemiroff and Despland 2007; Bell et al. 2009; Gwet 2014)—from the
between- and within-bird variances of our LMMs. We fit two simplified Gaussian LMMs on each
PC axis: an “adjusted” model that included the random effect of individual and the fixed effect of
period, and a null “unadjusted” model that included only the random effect of individual (by
subtracting the two’s ICC coefficients, we could quantify how much changes at the period level
inflated the apparent within-bird variation). We then bootstrapped 95% CIs (1,000 replicates) and
tested the significance of the random effect of individual with a likelihood-ratio test. After this, we
characterized the repeatability within other hummingbird groups by separately rerunning the
models on each of the three access levels and each of the six species (bootstrapping 95% ClIs for
each as before, but obtaining p-values for the random effect through 1,000 permutations). With the
same adjusted-vs.-unadjusted approach, we also estimated repeatability of activity span at the bird-
period level (n = 641) and at the bird-day level (n = 1,765). See supplementary section S4 for an
additional analysis of individual variability, wherein we calculated each bird’s standard deviation
in PC1 across periods. Furthermore, note that we did not test for day-within-period effects with our
simplified models here.

Q7: Foraging adjustments under scarcity

To determine how birds would alter specific components of their visitation patterns under scarcity,
we employed the same dataset as in our Q6 PCA analyses (n = 1,520 bird-days across 108 birds)
and modeled the primary representative metric that contributed the most to each of the three PCs:
favorite feeder proportion (beta GLMM; because beta regression cannot handle exact zeroes or
ones, we adjusted any values of 1 to 0.999 and any values of 0 to 0.001), daily visit count (log-
transformed, Gaussian LMM), and mean visit duration (log-transformed, Gaussian LMM). For
each metric, we included both day-within-period tests. While we considered testing whether travel
costs had an effect on visit duration, we ultimately did not include pairwise distances between
available feeders in our model given the small differences across periods (mean 6.4-9.9 m).

Q8: Niche breadth and dropout by species

In order to test whether species with greater niche breadths would be less vulnerable to our imposed
environmental disturbance (Lindberg and Olesen 2001; but see Carscadden et al. 2020), we
selected three axes from earlier questions: feeder selectivity (PC1 from Q6’s foraging strategy
PCA, wherein higher values represent concentration on fewer feeders; i.e., a narrower selectivity),
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temporal niche (activity span from Q5, wherein shorter spans represent a narrower temporal niche
breadth), and movement regularity (within-period transition matrix similarity from Q4, wherein
higher values represent more consistent feeder-to-feeder transitions across days; i.e., a narrower
movement repertoire). We pulled species” EMMs from the top-performing model for each
respective question and pulled species’ dropout probabilities from the Q3 model, then calculated
Spearman’s rank correlations between each (inverting activity span so that higher values indicated
a narrower temporal niche breadth to match that of the other axes).

While we considered compositing the three axes, they were not strongly correlated with one
another (feeder selectivity vs. temporal niche: 0.26; feeder selectivity vs. movement regularity:
0.43; temporal niche vs. movement regularity: 0.26) and we expected them to relate to dropout
differently, so we chose not to obscure the signal through averaging. We note here that our
statistical power was limited with only 6 species; as such, we interpreted the Spearman’s
correlations cautiously and descriptively (prioritizing direction and magnitude over significance).
Lastly, to confirm that the correlation between activity span and dropout was a true pattern across
all our species and not just the result of any one outlier, we ran a jackknife test (Friedl and Stampfer
2006; as similarly applied in Lindsay et al. 2026), recalculating the Spearman’s p after excluding
each of the six species one by one. As we did not fit any models here, day-within-period tests were
not relevant.

Results

Sample sizes and descriptive statistics

Across our 21-day experiment, our feeder units logged a total of 72,010 raw, uncorrupted RFID
detections from 152 individual hummingbirds. All told, we retained 64,213 (89.2%) of these
detections—which we aggregated to 59,182 actual visits for our analyses—and 109 (71.7%) of the
individuals: we filtered out 7,797 detections that were shorter than 1 second, 35 birds that had
fewer than 10 detected visits in period A, and 8 additional birds that met the activity threshold but
belonged to species with too few individuals to support species-level analyses (Uranomitra
franciae n = 3, Colibri coruscans n = 3, Coereba flaveola n = 2). One species, Phaethornis guy,
failed both criteria: only one individual visited the feeders during the experiment, and that bird had
fewer than 10 visits in period A. Across the 18 days succeeding period A (periods B-G), 1,454 of
the 1,962 bird-days (74.1%) had at least one visit, with the remaining 25.9% representing daily
absences (the dropout phenomenon that we analyzed in Q3).

The number of birds actively visiting the feeders on a single day fluctuated throughout the
experiment, dropping from a peak of 104 individuals in period A (pre-manipulation) to a low of 67
in period E, and only partially recovering to 74 by period G (despite us having restored all the
feeders at that point). Hummingbirds’ active feeder-hours, meanwhile, were inversely related to
feeder availability, rising from 76% in period A to 98% in period D, then gradually dropping back
to 62% in period G (see supplementary Table S1).

Our descriptive statistics for the different access tertiles help anchor much of our remaining
analysis. The average time that birds spent at the feeders each day in period A, which we used to
define the three levels, were as follows: 199 seconds for low-access birds (means ranging from 11—
335), 522 for mid-access (range of 337-683), and 1,130 for high-access (range of 693-3,593).
Across the full experiment, high-access birds spent approximately 5x more time at feeders, made
roughly 4x more visits, and used on average 1.3 more feeders than low-access birds each day
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(Table 1). However, the hierarchy exhibited different responses to scarcity and reinstatement: when
comparing to period A, mean daily feeder time dropped by period D across the board (low —38%,
mid —42%, high —48%), but varied in recovery by period G (low +1.5%, mid —23%, high —43%);
see Table 2.

Our six focal species were not evenly distributed across the access hierarchy: while 13 of 18 Ch.
buffonii were low-access, and 8 of 15 Co. cyanotus were high, the remaining species did not fall by
majority into any one tertile—indeed, the 6 Co. delphinae individuals split perfectly evenly into
each (Table 3). Across the full experiment, species’ average time at the feeders each day spanned
390642 seconds, only a 1.6x range (Table 4). Relative to period A, losses in mean daily feeder
time varied: the species with the shallowest and steepest drops by period D were Co. delphinae
(—19%) and Ch. buffonii (—63%), respectively, while the species with the greatest and worst
recoveries by period G were Am. tzacatl (—18%) and S. cyanifrons (—47%), respectively (Table S2).
An. nigricollis, meanwhile, gained access in period E relative to period C (+15%).

Q1: Competition under scarcity

Intensity of competition. The average number of visits that each feeder received during the course
of a full day rose from 268 in period A to 626 in period D, then declined to 135 by period G (Fig.
3a). The top-performing model was log(traffic pressure) ~ period, with an AICc weight of 0.94;
adding day-within-period as an additive term did not improve model fit (AAICc = 5.35). Crowding
was significantly higher in period D than in any other period (all p < 0.0001, Tukey-corrected), and,
when comparing mirrored pairs, was higher across the removal arc than the reinstatement arc (A >
G, B> F, C > E; all contrasts p > 0.002).

Inequality of access. Competition inequality hovered around 0.40 in most periods, but rose as high
as 0.45 in period D and 0.46 in period E (Fig. 3b). The top-performing model was competition
inequality ~ period (AICc weight = 0.89); here, too, adding day-within-period as an additive term
did not improve model fit (AAICc = 4.30). When comparing mirrored pairs, inequality only
significantly differed at 8 feeders, with fewer birds accounting for a larger share of total feeder time
in period E than in period C (A vs. G: p = 0.80, B vs. F: p = 0.68, C vs. E: p = 0.0002).

Q2: Access hierarchy stability and body mass effects on access

Access hierarchy stability. Period-A-derived access tertiles strongly predicted relative feeder
access across the experiment (Fig. 4). The top-performing model was relative access ~
period*species + access tertile + (1 | individual), with AAIC 11.96 over the next-best option and
highly significant access tertile and period*species terms (p < 0.0001); neither test of day-within-
period effects improved model fit. Through our diagnostics, we determined that the residuals
deviated from uniform distribution and had more outliers than expected (though the dispersion test
was not significant). As such, we report the following EMMs and contrasts with caution: on an
average day, low-access birds each accounted for 0.36% (95% CI: 0.30—0.42%) of total feeder time
across the assemblage, while mid-access birds accounted for 0.91% (0.79-1.05%), and high-access
birds accounted for 1.69% (1.48-1.93%)—a 4.7x difference between low and high (all three tertile
contrasts on the logit-scale: p < 0.0001). Averaged across periods, no species pairs remained
significant after the Tukey correction—with shares ranging from 0.61% (S. cyanifrons) to 0.91%
(Co. delphinae), a 1.5x difference—but periods D, E, and G had 5, 3, and 2 significant species
pairs, respectively (D: all p > 0.019, E: all p > 0.025, G: both p > 0.035), which reflected S.
cyanifrons and Am. tzacatl receiving less relative access than other species (and S. cyanifrons
receiving less than Am. tzacatl in period G).
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When comparing the three mirrored pairs, mean relative access was only significantly higher in
period G than A (p = 0.0003), likely due to the dropout effect examined in Q3; neither B vs. F, nor C
vs. E, were significant (both p > 0.6). This result was complemented by our Spearman’s rank
correlation test, which showed that relative access at the start of the experiment was strongly
correlated with relative access at the end of it, both with (p = 0.54, n = 109, p < 1079) and without (n
= 81, Spearman’s p = 0.59, p < 10~8) the 28 birds that had dropped out in period G.

Body mass and access. When capturing the combined effects of inter- and intraspecific variation,
body mass and mean relative access were uncorrelated: Spearman’s p values ranged from —0.11 in
period A (n = 108, p = 0.26), to +0.09 in period D (n = 85, p = 0.43), to —0.02 across the full
experiment (n = 108, p = 0.84). When isolating the intraspecific effect through the species-only
OLS model, however, body mass did in fact improve the model fit for period A—with heavier
individuals obtaining less relative access at baseline on average (B = —0.004 g™ relative access, SE
=0.001, p = 0.005)—but not for period D at maximum scarcity (B = —0.001 g™ relative access, SE
=0.002, p = 0.68) or across the experiment at large (f = —0.003 g™ relative access, SE = 0.002, p =
0.13). The LMM confirmed that the intraspecific effect of body mass varied across periods:
relative access ~ period*weight + species + (1 | individual) outperformed the additive alternative
(likelihood-ratio test x2 = 16.10, df = 6, p = 0.013, n = 634 bird-periods across 108 birds).

Q3: Dropout across experiment

The rate of daily absences rose steadily from 4.9% in period A to 38.5% in period E (Fig. 5; see
supplementary Figs. S1 and S2 for individual attendance heatmaps and trajectories, respectively).
Here, the best-performing model that was not quasi-separated was absence ~ period + scaled
period A rank + species + (1 | individual), with baseline access rank strongly predicting dropout
(access rank coefficient 7.57, p < 0.0001). Averaged across periods and species, model-predicted
absence probability was 0.07% (CI: 0.01-0.34%) for top-ranked birds, 2.8% (1.2-6.4%) for
median-ranked birds, and 55.7% (26.0-81.9%) for bottom-ranked birds—an 800x difference
between top and bottom. The dropout probability for a median-ranked bird began at 0.12% in
period A, rose as high as 19.2% in period E, and only partially recovered to 9.9% in period G. When
comparing mirrored pairs, model-predicted absence was significantly lower across the removal arc
than the reinstatement arc (A < G, B <F, C <E; all z > 5.8, all contrasts p < 0.0001).

For species, predicted absence probabilities ranged from 0.16% (Co. delphinae) to 18.0% (S.
cyanifrons), but only one pair survived the Tukey correction (S. cyanifrons > An. nigricollis, p =
0.024). While Ch. buffonii had the highest raw absence rate (33.9%) of any species, this was largely
due to its clustering in the low-access tertile: with rank controlled for in the model, Ch. buffonii’s
predicted dropout was only 3.8%. Conversely, S. cyanifrons (raw 27.9%, modeled 18.0%) and Co.
cyanotus (raw 25.1%, modeled 13.2%) had high model-predicted dropout probabilities for their >
50% clustering in the high-access tertile.

Q4: Preference and visitation reestablishment in mirrored periods

Feeder preference stability. Within-period mean preference stability ranged from 0.69 p (period
G) to 0.94 p (period D). The top-performing model was Fisher-z(p) ~ period + (1 | individual), with
an AICc weight of 0.71; access tertile, species, and species*period interactions all failed to improve
model fit (all AAICc > 3.39). As prefaced, however, this raw ranking is misleading without a
permutation null to correct for availability. The differences between observed and null-expected p
values across the seven periods were as follows: A, 0.86; B, 0.34; C, 0.13; D, 0.07; E, 0.31; F, 0.51;
and G, 0.79. Thus, real signal of individual preferences was stronger when the birds had a greater
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number of options from which to select. The larger gap in period F than period B (0.51 vs. 0.34),
meanwhile, suggests that birds consolidated their preferences after the bottleneck.

For mirrored-period preference stability, the raw mean observed p was 0.49 for A vs. G, 0.59 for B
vs. F, and 0.72 for C vs. E. Here, Fisher-z(p) ~ mirror-group + (1 | individual) performed best
(AICc weight = 0.73); again, access tertile, species, and species*mirrored-period interactions all
failed to improve model fit (all AAICc > 2.74). All three mirrored pairwise contrasts were
significant, but, consistently with within-period stability, the permutation null inverted rankings.
The differences between observed and null-expected p values for each of the mirrored periods were
as follows: A vs. G, 0.49; B vs. F, 0.18; C vs. E, 0.06. Again, real preserved preference was greater
when there were more options.

Transition matrix similarity. For within-period similarity in the daily transitions that
hummingbirds made between feeders, transition matrix cosine similarity ~ period + species + (1 |
individual) was the top-performing model (AICc weight = 0.84); access tertile did not improve fit.
Species EMMs ranged from 0.39 (Ch. buffonii) to 0.64 (Co. delphinae); in our contrasts after the
Tukey correction, Co. delphinae individuals had greater consistency within periods than both Ch.
buffonii (p = 0.013) and Am. tzacatl (p = 0.046). Within-period transition matrix similarity did not
significantly differ between mirrored periods: Avs. G, p=0.42; Bvs. F, p=0.56; Cvs. E, p=0.11.
For maps of how a representative individual from each species used the available feeders across the
experiment, see supplementary Fig. S3.

Community turnover at the feeder level (A vs. G). When comparing between the first and last
periods of the experiment, observed turnover at the feeders significantly exceeded that which
random reshuffling would produce, with similarity of visitor sets (0.34 observed vs. 0.46 null, two-
sided p < 0.001) and visitor distribution similarity (0.46 observed vs. 0.56 null, two-sided p <
0.001) both falling significantly below their permutation nulls. This was not the case for top-
claimant retention: 3 of the 16 feeders had the same primary visitor in both periods, versus the ~1.9
expected by chance, a minor difference that was not significant (two-sided p = 0.13).

Constrained-availability null for system-level behavioral consistency. Birds did not use the
available feeders randomly: across-period variance in both normalized feeder-use entropy and
transition entropy fell significantly below their null distributions (z = —4.77 and z = —11.0 with
1,000 simulations, respectively; both two-sided p < 0.001). See supplementary Fig. S4 for the
observed values plotted against their respective constrained-availability null distributions.

Q5: Time niches and spatiotemporal partitioning

Time niche metrics. Averaged across all birds, activity span (Figs. 6a, 7a) peaked in period B at
8.55 hours and dropped to a low of 5.59 hours in period E (with 7.94, 6.65, and 6.61 hours for A, D,
and G, respectively). Activity span ~ period*species + period*access tertile + period*day-within-
period + (1 | individual) performed best, with the day-within-period interaction greatly improving
fit (AICc weight = 1.00, AAICc = 50.46 over the next-best). High-access birds had spans ranging
from 6.49-10.34 hours, significantly longer than those of low-access birds—which visited feeders
across 2.14-4.61 hours each day and compressed those windows under scarcity—in every period
(all contrasts p < 0.0001). After the Tukey correction for species, only An. nigricollis had
significantly longer activity spans than S. cyanifrons in period A (p = 0.020), but species varied
more under scarcity: 6 of 15 pairs were significant in period E, with An. nigricollis, Co. cyanotus,
and Co. delphinae maintaining relatively long spans, while those of other species tightened. An.
nigricollis continued to maintain longer spans than S. cyanifrons in periods C—G (peaking in D, p <
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0.001). The day-within-period interaction also revealed that birds progressively contracted their
active windows for each additional day of peak scarcity in period D.

Across all individuals, average first-activity time (Figs. 6¢c, 7c) was earliest in period B at 180
minutes after sunrise and latest in period E at 324 (with 222, 229, and 245 minutes in A, D, and G,
respectively). The top model was first-activity time ~ period*species + period*access tertile +
period*day-within-period + (1 | individual), with the day-within-period interaction substantially
improving fit once more (AAICc = 56.73). High-access birds started their mornings significantly
earlier than low-access birds in every period (all contrasts p < 0.0006), with the gap largest in
period A—high started 278 minutes, or ~4.6 hours, earlier than low—but dwindling across the
experiment (155 and 121 minutes in periods D and G, respectively). Post-Tukey, species varied the
most in period E (8 of 15 pairs significant), with Am. tzacatl and S. cyanifrons starting the latest at
~500 minutes after sunrise; in fact, S. cyanifrons started consistently later than other species across
most of the experiment (significant in 5 of 7 periods). Within periods, birds shifted to earlier start
times at the start of the experiment in period A, but did the opposite in period G.

Averaged across all birds, last-activity time (Figs. 6b, 7b) was latest in period A at 44 minutes
before sunset and earliest in period D at 126 (with 106 minutes in period G). Here, the best model
was last-activity time ~ period*species + period*access tertile + period*day-within-period + (1 |
individual), with the day-within-period interaction improving fit again (AICc weight = 0.88,
AAICc = 4.57). Consistent with the results above, high-access birds ended their evenings
significantly later than low-access birds in every period (all p < 0.0012), but here the gap was
largest during scarcity—high ended ~164 min later than low in periods C—-D—and smallest in
periods A and E (93 and 94 minutes, respectively). With the Tukey correction, species differed in
periods B and D-G, primarily reflecting Ch. buffonii ending earlier than other species, including
Am. tzacatl and An. nigricollis in periods E-G and S. cyanifrons in period E (all p < 0.016). Within
period G at full reinstatement of all feeders, birds shifted to later end times each day.

With the models refitted on our conservative “each-side-of-noon” dataset, high-access birds still
had earlier first-activity times in 6 of 7 periods (they no longer significantly differed in period G),
and S. cyanifrons still started later than other species in 5 out of 7 periods. Yet while high-access
birds still had later last-activity times than low-access birds in every period, only 4 species pairs
remained significant across all 7 periods after the Tukey correction (compared to 11 in the
unfiltered model).

Test for active temporal partitioning. In our test for crowding at feeders from the bird’s
perspective, the top-performing model was observed crowding ~ period*species + access tertile +
period*day-within-period + (1 | individual); here, the day-within-period interaction greatly
improved fit (AAICc = 324.74 over the additive alternative). The model-estimated average
crowding for each period was highest in period D at ~32 other birds per half-hour window at a
given feeder, and lowest in period G at ~11. When comparing mirrored pairs, model-estimated
crowding was significantly higher across the removal arc than the reinstatement arc (A> G, B > F,
C>E; all p<0.0001), and significantly higher by roughly 12.5 birds in the peak scarcity of period
D than period A (p < 0.0001). Low-access birds experienced significantly more crowding than mid-
or high-access birds (both p < 0.018), while mid- and high-access did not significantly differ (p =
0.33). After the Tukey correction, 9 and 6 species pairs remained significant in periods A and B,
respectively, with S. cyanifrons experiencing the greatest crowding and Co. delphinae the least; in
periods C—G, only S. cyanifrons experienced more crowding than Ch. buffonii. Within our removal
arc periods A—C, crowding was highest on day 1 and dropped over days 2-3, with the opposite
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pattern in periods E-F. See supplementary section S3 for a discussion of the high consistency in
results between our unfiltered and midday-only datasets.

In our spatiotemporal partitioning index test of whether the crowding detailed above was greater
than would be expected by chance, the best-performing model was spatiotemporal partitioning ~
period*species + period*day-within-period + (1 | individual). Averaged across the experiment, the
model estimated that individuals experienced ~5.7 more tagged birds at the same feeder within the
same half-hour window than would be expected if both their feeder choices and visit timings had
been random across their active windows—in period A, this number was at its highest at ~8, and in
period D, it was at its lowest at ~3. When comparing mirrored pairs, clustering relative to random
was now significantly greater in A, F, and C than their respective counterparts G, B, and E (all
contrasts, p < 0.029); A also now had significantly more clustering than D (p < 0.0001). Post-Tukey,
there were 11 and 5 significant species pairs in periods A and B, respectively, driven largely by S.
cyanifrons crowding the most relative to random and Co. delphinae crowding the least; in periods
C and onward, there were < 2 significant pairs in any period. Here, the within-period patterns
paralleled those that we found with observed crowding. See supplementary section S3 for our
midday-only refit, which agreed with the vast majority of these results. We also note that, while a
competitive model within AAICc = 0.91 also included access tertile as an additive term (and was
otherwise identical), birds from different access tertiles did not significantly differ in their
spatiotemporal partitioning (all contrasts, p < 0.099).

Q6: Foraging strategies and individual repeatability
Foraging strategy via PCA.

PC1 (“feeder fidelity”; Fig. 9a). PC1 explained 42.6% of daily visit variation and was correlated
with more heavily visiting a preferred feeder (favorite feeder proportion, 59%), having more
predictable feeder usage (normalized feeder-use entropy, —56%), and switching less (switch rate,
—53%). The top-performing model was PC1 score ~ period*species + access tertile + day-within-
period + (1 | individual), with an AICc weight of 0.98. Averaged across birds, model-estimated
feeder fidelity was at its lowest in period B (—0.01) and its highest in period G (0.61), but otherwise
ranged from 0.33-0.48 in the other periods. When comparing mirrored pairs, feeder fidelity was
significantly greater in G and F than their respective counterparts A and B (both contrasts, p <
0.033), while C and E did not significantly diffe—nor did A and D. Although access tertile
improved model fit, high- and low-access birds did not have detectably different levels of feeder
fidelity. For species comparisons, however, Co. delphinae (n = 5) was a strong outlier with high
fidelity, differing significantly from as many as four of the five other species in periods C—F after
the Tukey correction. Feeder fidelity was, on average, lowest on the first day of each of the 7
periods (0.24), then elevated on the second and third (both 0.46). See supplementary Fig. S5 for our
PC1/PC2 loaded biplot.

PC2 (“visit frequency and revisitation”; Fig. 9b). PC2 explained 27.7% of daily visit variation
and was correlated with more visits (visit count, 67%), returning to previously visited feeders more
often (return-given-switch, 57%), and shorter visits on average (mean visit duration, —44%). Visit
duration contributed only moderately here (as per loading thresholds described in Stevens 2002;
Hair Jr et al. 2010), but loaded much more strongly on PC3, as described below. The best-
performing model was PC2 score ~ period*species + period*access tertile + period*day-within-
period + (1 | individual), with an AICc weight of 1.00. Averaged across birds, model-estimated
visit frequency and revisitation were at their highest in period B (0.21) and their lowest in period E
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(—=0.90), then remained low in periods F and G. When comparing mirrored pairs, PC2 scores were
significantly greater across the removal arc than the reinstatement arc (A> G, B>F, C>E;all p <
0.0001), but A and D did not significantly differ. For this axis, high-access birds had more frequent
visits with more revisitation than low-access birds in every period (all contrasts, p < 0.023).
Averaged across periods, no species pairs remained significant after the Tukey correction, but in
periods D—G, An. nigricollis and Co. delphinae visited more often and with higher revisitation rates
than numerous other species. In periods B and C, PC2 scores dropped across each of the three days
as birds adjusted to the feeder removals.

PC3 (“visit duration”; Fig. 9¢). PC3 explained 14.2% of daily visit variation and was strongly
correlated with longer visits on average (mean visit duration, 88%), and more weakly correlated
with returning to previously visited feeders more often (return-given-switch, 38%) and more visits
(25%). This axis largely captured the variation in visit length that was not absorbed by PC2. In this
case, the top-performing model was PC3 score ~ period*species + access tertile + period*day-
within-period + (1 | individual), with an AICc weight of 1.00; the day-within-period interaction
greatly improved fit (AAICc = 36.46 over the additive alternative). Averaged across birds, visits
were estimated to be at their shortest in period D (—0.54) and their longest in G (0.09). In mirrored
pairs, PC3 scores were only significantly greater in period G than A (p = 0.032); in period A,
meanwhile, birds had significantly longer visits than in D (p < 0.0001). Averaged across periods,
low-access birds made significantly shorter visits than mid- and high-access birds (both p <
0.0004), as did mid-access birds compared to high-access ones (p < 0.0001); no species pairs,
meanwhile, remained significant post-Tukey. When broken down by period, S. cyanifrons made
shorter visits than Am. tzacatl, Ch. buffonii, and Co. cyanotus in period E (all p < 0.04) and Co.
delphinae in period D (p = 0.036), while Am. tzacatl made longer visits than An. nigricollis in G (p
=0.0012). In periods D and G, visits became progressively shorter across days.

Clustering check. The Hopkins statistic was extremely high (0.996), indicating that the data were
not spatially random (Hopkins and Skellam 1954). However, our k-means test indicated that this
structure did not equate to distinct clusters: mean silhouette widths in our tests for 2—6 clusters
ranged from 0.26-0.33, which all fall into Rousseeuw’s (1987) “weak structure” zone. To
determine if this pattern was driven by extreme outliers, we reran the clustering check after
excluding 4 birds with |z| > 2.5 on any of the PCs (n = 104 retained); the Hopkins statistic dropped
to 0.885 and silhouette widths remained in the weak structure zone (best k = 2, width = 0.334). As
such, hummingbird visitation strategies were better described as a continuum along the three PC
axes, rather than as discrete behavioral syndromes.

Individual repeatability. Birds were highly repeatable on all three PC axes (R > 0.58) relative to
average behavioral intraclass correlation coefficients (Bell et al. 2009). The random effect of
individual identity was highly significant across the board (all three likelihood-ratio test p-values <
107%) and explained 58-72% of variance in each axis after accounting for the effect of period in the
adjusted model (PC1 R = 0.58; PC2 R = 0.67; PC3 R = 0.72). Examining the differences between
the adjusted and unadjusted models’ ICC values, period effects inflated within-bird variance the
most with visit frequency and revisitation (gap of 0.129), intermediately with visit duration
(0.045), and the least with feeder fidelity (0.008; most independent of period-level shifts). Low-
access birds were less repeatable across PC1, PC2, and PC3 (R values 0.34, 0.29, and 0.30,
respectively) than mid- (0.68, 0.64, 0.43) and high-access (0.57, 0.66. 0.79) birds (Fig. 10). Every
species was significantly repeatable on every PC, with the exception of Co. delphinae on PC1 (R =
0.16, permuted p = 0.085)—although we note that our permutation tests for that species were
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extremely underpowered with only 5 individuals. In terms of magnitude, meanwhile, only An.
nigricollis (n = 32) was strongly repeatable on all three PCs (R values 0.69, 0.67, and 0.68,
respectively); while none of the remaining 5 species were consistently less repeatable than the
others, each had at least one axis for which R dropped below 0.5. Birds were also highly repeatable
in their activity spans on the period level (adjusted R = 0.78, 95% CI 0.713-0.825) and the day
level (adjusted R = 0.67, 95% CI 0.597-0.724).

Q7: Foraging adjustments under scarcity

For the fraction of visits that birds made to their most-visited feeders (Fig. 11a), the top-performing
model was favorite feeder proportion ~ period*species + day-within-period + (1 | individual),
with an AICc weight of 0.97. Averaged across birds, model-estimated favorite feeder proportions
were at their highest in period D at 0.74 and their lowest in period B at 0.62 (0.64 and 0.69 in
periods A and G, respectively); when comparing mirrored pairs, birds made significantly more
visits to their primary feeder in G and F than their respective counterparts A and B (both contrasts,
p < 0.009), while C and E did not significantly differ. Access tertile did not factor into the top
model, but post-Tukey, Co. delphinae still had significantly greater top-feeder shares (0.82 mean,
0.92 in period D) than every other species when averaged across periods (p < 0.008 for all pairs
except S. cyanifrons with p = 0.042). When broken down by period, this signal was strongest in
period D, but absent in periods A and B. Across the three days of each period, birds shifted
progressively more visits to their favorite feeder (day 1 vs. day 3, p = 0.004).

With visit frequency (Fig. 11b), the model that performed best was log(visit count) ~
period*species + period*access tertile + period*day-within-period + (1 | individual), with an
AICc weight of 1.00 (AAICc = 61.52 over the day-within-period additive alternative). As per
model predictions, visits made by individuals each day (geometric means, back-transformed from
the log scale) were at their lowest at ~14 in period E and their highest at ~30 in period B (~29 and
~18 in periods A and G, respectively). In mirrored pairs, birds had significantly fewer visits across
the reinstatement arc than the removal arc (A > G by 1.64x, B > F by 1.74x, C > E by 1.66x; all p <
0.0001). Mid- and high-access birds visited consistently more than low-access birds across each of
the 7 periods (all contrasts, p < 0.0001, with high birds making 2.8—-4.4x as many visits); indeed,
high-access birds also visited significantly more than mid-access ones in periods A-F (all p <
0.014). With the Tukey correction, An. nigricollis and Co. delphinae both made more visits than S.
cyanifrons across the whole experiment (both contrasts, p < 0.011); by period, 6 of 15 species pairs
were significant in periods D and E. Periods B, C, and D had declines in visit count from day 1 to
day 2, then a stabilization or partial recovery in day 3.

For visit duration (Fig. 11c), the top model was log(visit duration) ~ period*species + access
tertile + period*day-within-period + (1 | individual), with an AICc weight of 1.00 (AAICc =77.93
over the day-within-period additive alternative). Model-predicted mean daily visit durations (once
again geometric means, back-transformed from the log scale) averaged 15.0 seconds during the
removal arc, were at their lowest point in period D at 12.3 seconds, then averaged 17.7 seconds
across the reinstatement arc. In mirrored pairs, birds had significantly longer visits across the
reinstatement arc than the removal arc (G > A by 1.15x, F > B by 1.18x, E > C by 1.22x; all p <
0.0001). Across the full experiment, high-access birds made 1.35x longer visits than low-access
birds (p = 0.0003) and 1.26x longer visits than mid-access ones (p = 0.0025), while low- and mid-
access birds did not significantly differ from one another. Only one species pair remained
significant after averaged Tukey contrasts: Am. tzacatl made longer visits than An. nigricollis (p =
0.002), a pattern that surfaced more specifically in periods C—G. Additionally, Co. delphinae had
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shorter visits than 4 other species in period G. While there was no significant change in visit
duration across the three days of periods A or D, periods B and C showed increases, and periods E—
G showed decreases.

Q8: Niche breadth and dropout by species

Temporal niche strongly predicted dropout (Table 5). Activity span (sign-inverted, so that higher
values represent narrower temporal niche breadths) and dropout probability (the model-predicted
probability of absence each period) were highly correlated at Spearman’s p = +0.829 (p = 0.042).
The two species with the longest activity windows, Co. delphinae (averaging 7.91 hours) and An.
nigricollis (averaging 7.33 hours), had the lowest dropout probabilities (0.16% and 0.84%,
respectively); the species with the shortest window, S. cyanifrons (averaging 4.14 hours), had the
highest (17.98%). The rank orderings were otherwise concordant except for Am. tzacatl, which
dropped out less (3.11%) than its short-to-intermediate activity window (averaging 5.78 hours)
alone would predict. With each of the six species omitted in turn via the jackknife test, Spearman’s
p values remained high at 0.70-1.00 (suggesting that no single species drove the correlation), but p-
values were 0.188 when we excluded An. nigricollis, Co. delphinae, or S. cyanifrons (which we
interpret as power loss due to our small sample of n = 6 species, rather than fragility of the
underlying trend).

Feeder selectivity and movement regularity, on the other hand, were negatively correlated with
dropout but did not significantly predict it (Table 5), with PC1 “feeder fidelity” scores at p = —0.429
(p =0.397) and transition matrix similarity values at p = —0.143 (p = 0.787). Of the six species, Co.
delphinae had the highest average PC1 scores (1.75), the highest transition matrix similarity values
(0.64), and, as mentioned above, the lowest predicted dropout (0.16%).

Discussion

Our work provides a straightforward experimental design for the study of competitive dynamics
between free-living animals that visit artificial resources: progressively removing and reinstating
RFID-enabled feeders in a mirrored design (here, 16 —» 12 -~ 8 - 4 - 8- 12 - 16) to track
visitation patterns under graduated levels of food availability. In our 21-day study in the Colombian
Andes, we recorded the feeding patterns of 109 tagged individuals from six representative species
that made 59,182 total visits across 1,765 bird-days. Our eight questions assessed hummingbirds’
behavioral responses on the following levels: individual (access stability, dropout, feeder fidelity,
foraging strategy), species (dropout, niche breadth), and assemblage (crowding and inequality,
spatiotemporal partitioning, community turnover). To our knowledge, this is the first investigation
to apply RFID technology to such a wide swath of representative hummingbird species,
particularly in response to a manufactured resource bottleneck and subsequent recovery.

Q1: Competition under scarcity

Our predictions for Q1 were fully supported. In times of resource scarcity, animals will turn to their
remaining options (Boag and Grant 1984), often congregating at them and generating intense
competitive conditions (Valeix 2011; Ferry et al. 2016; Delgado-Martinez et al. 2023). As we
predicted, our experiment produced exactly such a bottleneck: with 109 individuals funneled onto
progressively fewer feeders, traffic pressure surged from an average of 268 total visits to each
feeder each day at baseline (period A, with the full suite of 16 feeders) to 626 during peak scarcity
(period D, only 4 feeders)—an increase of roughly 2.3x. Nevertheless, hummingbird throughput
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failed to recuperate as we restored feeders, remaining lower across the reinstatement arc than every
mirrored period of the removal arc (e.g., only 135 daily visits on average to each feeder in period G,
roughly half that of period A). This asymmetric recovery is consistent with findings that
hummingbirds will respond rapidly to decreases in feeder availability, but return to their former
patterns more slowly once those feeders are returned (Pimm 1978); rather than rapidly equilibrate,
populations are often more likely to experience long, transient dynamics in response to
disturbances (Hastings 2001), including in the foraging behaviors adopted (Karakocg et al. 2017).

Competitive inequality, on the other hand, was greater in the reinstatement arc only at 8 feeders (E
> C); once we returned to 12 and 16 units, the distribution of feeder time across registered birds was
similar to that of the removal arc. A likely explanation for this discrepancy is the dropout effect
examined in Q3: dropout was at its peak in period E, with many low-access rivals filtered out and a
greater proportion of high-access birds (more prone to gaining disproportionate or exclusive access
to the feeders) left active in the system. Resource monopolization is extremely well-documented in
hummingbirds (e.g., Grant 1993; Rousseu et al. 2014), and is more favorable when a) there is
sufficient nectar to support energetically expensive defense (Cotton 1998; Justino et al. 2012;
Rousseu et al. 2014; Sargent et al. 2021), but b) the territory or resource is not so lucrative that a
bird is in constant combat to maintain it (Gill and Wolf 1975; Carpenter 1987). It is possible that the
intermediate number of feeders offered in periods C and E, operating in conjunction with
widespread dropout, generated especially apt conditions for resource monopolization.

Q2: Access hierarchy stability and body mass effects on access

Our predictions for Q2 were partially supported. We chose to focus on access—the daily feeder
time of each bird—as our primary metric of interest throughout this analysis, as it is an objective
measure of which individuals can actually acquire a resource, and to what degree, without a priori
behavioral assumptions. While hummingbird dominance hierarchies provide a useful basis for
understanding asymmetric competitive abilities and dynamics by pinpointing the repeated victors
(and losers) of aggressive interactions over contested resources (Rodriguez-Flores and Arizmendi
Arriaga 2016; Bribiesca et al. 2019; Marquez-Luna et al. 2019), dominance rank is not necessarily
interchangeable with access rank: a subordinate bird can still obtain more time at a feeder than a
dominant one simply by visiting persistently (Tellez-Colmenares et al. 2025 preprint). However,
continuous measures of individual feeder time over a sustained period remain relatively rare in
free-living hummingbirds, with research more commonly focusing on short-term time budgets
(e.g., Pimm et al. 1985; Powers and McKee 1994) or additional mechanics that underlie access,
such as how spatial memory of rewarding feeder locations can positively affect the probability of
territory ownership (Araya-Salas et al. 2018) and how sucrose quality can affect the likelihood of
resource defense (Powers and McKee 1994; Camfield 2006). In Great Tits, meanwhile, total time
spent at RFID-enabled feeders has predicted food consumption and been repeatable across days, as
well as been correlated with dominance scores and displacement counts (Cole and Quinn 2011); in
this way, access provides a closer proxy for fitness, and we expected it to inform many of the
downstream results across the experiment.

We predicted that baseline access would differ across the tagged individuals visiting in period A,
and that birds that began as “high access” would remain so, even during times of scarcity and
recovery. Average daily access did indeed vary widely in period A, with the extreme ends of the
spectrum being as few as 11 and as many as 3,593 seconds (59.9 minutes) of feeder time. With the
assemblage stratified into period-A tertiles, low-access birds averaged 3.3 minutes at the feeders

102



each day, mid-access birds averaged 8.7, and high-access birds averaged 18.8. The relative access
of birds at the start and end of the experiment were strongly correlated, and our tertiles predicted
access across the study at large: had feeder time been split evenly across all 109 birds, each bird
would have received a share of 0.92%; instead, low-access birds received an average share of
0.36%, mid-access received 0.91%, and high-access birds received 1.69%, as per our model
estimates—a 4.7x difference. Access was therefore a striking and consistent behavioral trait
throughout our manipulation.

While some species skewed towards different levels of baseline access in period A—72% of tagged
Ch. buffonii, for instance, were in the low tertile, while 53% of Co. cyanotus were in the high tertile
—the rest were more evenly distributed across the three bins. As prefaced above, these trends in
access are not perfectly concordant with interspecific dominance rankings: a free-living study
carried out at Gorriazul’s feeders in 2016 (Tellez-Colmenares et al. 2025 preprint) showed that Ch.
buffonii occupies a mid-to-upper position in the assemblage dominance network, while Co.
cyanotus ranks lower-to-mid (although we note that the fieldwork for our study was conducted
nearly a decade later and advise caution when interpreting this “mismatch”). By peak scarcity,
every species averaged less daily time at the feeders than they had at baseline, a loss most
pronounced in Ch. buffonii (—63%) and least pronounced in Co. delphinae (—19%); by full
reinstatement, every species had only partially recovered. Interestingly, the most and least
complete recoveries belonged, respectively, to Am. tzacatl (—18%) and S. cyanifrons (—47%), the
two smallest and most subordinate species (Tellez-Colmenares et al. 2025 preprint)—both of
which had received significantly less access than other species in the periods of greatest scarcity
and competitive inequality (D—E). Across the full experiment, our model estimates of each species’
average share of total feeder time ranged from 0.61% (S. cyanifrons) to 0.91% (Co. delphinae),
only a 1.5x spread. Intraspecific variation thus played a greater role in shaping the access spectrum
than interspecific variation. This result contributes to a growing body of work suggesting that even
a single individual, let alone a species, can exhibit multiple feeder-visitation or foraging strategies
within a short span of time (Sargent et al. 2021; Falk et al. 2025 preprint).

We also expected body mass, one of the strongest predictors of dominance in birds (Miller et al.
2017; Francis et al. 2018; Tellez-Colmenares et al. 2025 preprint), to mediate access to the feeders.
Larger size confers a physical advantage in combat and has long been tied to interspecific
dominance hierarchies in hummingbirds (Dearborn 1998; Justino et al. 2012; Bribiesca et al. 2019;
Marquez-Luna et al. 2019; Echevarria and Buitron-Jurado 2025); however, we could not test the
interspecific effect of body mass directly with only six focal species, and therefore focused on the
intraspecific effect (albeit more speculatively). Contrary to our expectations, heavier birds within a
species obtained slightly less relative access at baseline, although this effect dissolved as the
experiment progressed. The most plausible explanation is that lighter hummingbirds merely had
smaller energy reserves (e.g., body fat, nectar in their crop or digestive system) and visited more to
maximize their nectar intake (Hainsworth et al. 1981; Carpenter et al. 1991; Chin and Lentink
2016; Eberts et al. 2019; Sargent et al. 2026), producing an ostensible “advantage” in period A that
could not be sustained under higher competition. Another possibility is that competitive ability
simply does not relate to variation in body mass within species as it does across them—
intraspecific traits such as age, sex, and individual experience can also contribute to how well a bird
accumulates energy (Carpenter et al. 1993). While we cannot distinguish between these two
explanations with our data, we can surmise that body mass was not a strong mediator of access at
Gorriazul at the intraspecific scale.
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Q3: Dropout across experiment

Our prediction for Q3 was fully supported. Competitive displacement has been well-documented
in hummingbirds (Kodric-Brown and Brown 1978; Altshuler 2006), with dominant individuals or
species often expelling subordinates to poorer-quality alternatives (Lyon 1976; Pimm 1978; Pimm
et al. 1985; Carpenter et al. 1993; Mendonca and Anjos 2005; Camfield 2006). Indeed, theory
predicts that in systems with asymmetric competitive abilities, weaker rivals can be excluded from
the resources entirely (Keddy 2001; Lomnicki 2009), a concept that has been borne out in
hummingbirds when resource availability is low (Powers and McKee 1994). We thus expected
access rank to be a strong driver of feeder absence, with low-access birds more likely to drop out
under scarcity.

Daily absence rate rose steadily from 4.9% at baseline (period A) to 38.5% in period E, and dropout
probability did indeed vary starkly across the access spectrum, estimated at 0.07% for top-ranked
birds, 2.8% for median-ranked birds, and 55.7% for bottom-ranked ones—a range of roughly 800x.
Dropout was significantly higher across the reinstatement arc than the removal arc, and only 74
tagged birds were still actively visiting by the final day of the experiment, leaving 35 of the original
109 individuals (32%) unaccounted for; in short, returning feeders did not restore attendance to its
baseline levels. With RFID data, we cannot ascertain how dropouts coped when away from our
feeders, but when faced with superior competitors or scarcity, hummingbirds have been shown to
expand their search areas (Hazlehurst and Karubian 2018), shift to lower-quality resources or sites
(Camfield 2006; Lanna et al. 2017), and even subsist on arthropods alone when necessary
(Montgomerie and Redsell 1980). For low-access birds that had only been averaging a few minutes
of feeder time to begin with, the feeder array may thereby have reached some risk threshold (Hurly
2003) wherein it was no longer worth visiting. As noted in the methods, our models only enabled us
to conclude that low-ranked birds were more likely to be dropouts overall; we could not test the
period*access-rank interaction directly.

Species, meanwhile, varied widely in their dropout patterns. While Ch. buffonii individuals had the
highest raw absence rate (33.9%), this was largely driven by their clustering in the low-access
tertile: after controlling for rank, Ch. buffonii’s predicted dropout was only 3.8%. Predicted
absence probabilities across all six species were lowest in Co. delphinae (0.16%) and highest in S.
cyanifrons (18.0%). In fact, Co. delphinae had a lower probability of dropping out than we would
expect given that its constituents were perfectly split across each of the three access bins, while S.
cyanifrons’ dropout probability was higher (exactly half of its individuals classified as high-access
in period A). Co. cyanotus, our most consistently high-access species, also had a higher dropout
probability (13.2%) than we would expect based on rank alone. Taken together, these results
suggest that, while access may have structured the absences of some species, it was not the sole
driving force of dropout for all of them. Species-specific traits (e.g., dominance, activity patterns)
and strategies likely also mediated dropout or exclusion (Pimm 1978; Pimm et al. 1985; Powers
and McKee 1994).

Q4: Preference and visitation reestablishment in mirrored periods

Our predictions for Q4 were partially supported. Hummingbirds can quickly establish preferences
for specific resources (Hurly 2003), maintaining both a strong fidelity to them (Bandivadekar et al.
2018) and a remarkable spatial memory of their whereabouts (Healy and Hurly 2013; Araya-Salas
et al. 2018), even when they are not actively providing nectar (Gowda et al. 2012). As such, we

104



expected birds to have preferred feeders that they would visit more consistently and then reclaim
during the reinstatement arc, rather than be displaced by newcomers. At the individual level, birds
did indeed return to their preferred feeders after the bottleneck. After accounting for chance
correlations between daily visit vectors, the real, preserved signal of these preferences was stronger
when the birds had a greater number of options from which to select: within periods, retained signal
was highest with 16 feeders in A (0.86) and G (0.79), but lowest with 4 feeders in D (0.07); in
mirrored periods, it was highest between A and G (0.49), but lowest between C and E with only 8
feeders each (0.06).

Although species did not factor into our preference stability models, they did vary in the daily
transitions that they made between feeders within periods: Co. delphinae, the species with the
greatest overall consistency in feeder-to-feeder transitions from day to day (0.64), significantly
differed from Ch. buffonii (the species with the weakest overall consistency; 0.39) and Am. tzacatl.
We expect that hummingbirds with preferred resources—whether through stationary interference,
traveling exploitation, or some intermediate point on the foraging spectrum (Gowda et al. 2012;
Rico-Guevara et al. 2021; Sargent et al. 2021)—would more readily reestablish familiar feeder-
visitation patterns (Tello-Ramos et al. 2015) than those employing more haphazard, opportunistic
strategies (e.g., Feinsinger 1976; Sandlin 2000). Co. delphinae, which also had the least model-
predicted dropout and the greatest multivariate feeder fidelity (Q6), may fit the former profile more
aptly; Ch. buffonii, with the most raw dropout, the steepest proportional loss in daily feeder time by
peak scarcity (Q2), and consistently earlier last-activity times than other species in most periods
(Q5), may fit the latter. Across all species, birds were internally consistent when comparing the
within-period transition matrix similarity of mirrored periods (e.g., A and G). Access tertile,
meanwhile, did not improve the fit of either model, suggesting that any access-driven differences in
feeder preference or transition consistency were too small or noisy to register.

At the feeder level, however, turnover between the start and end of the experiment largely exceeded
that which random reshuffling of bird-feeder associations would produce: different sets of birds
visited the feeders, and the same birds visited to different degrees, although the rate at which
feeders retained the same top visitor did not significantly differ from chance. These results together
suggest that preference stability across the assemblage was not sufficient to keep the same
individuals monopolizing the same feeders. Lastly, at the system level, hummingbirds used the
available feeders nonrandomly, with variance across periods in the spread of a bird’s visits and the
variation in its feeder transitions both falling significantly below their null distributions. One
possible means of reconciling these three tiered results—stable individual fidelity to feeders and
transitions, unstable feeder visitors, and stable system-wide feeder use—is again the dropout effect
examined in Q3: with roughly a third of the original 109 hummingbirds no longer attending the
feeders, the visitor pool at each feeder shifted by default, even when the birds that did not drop out
generally returned to their original preferences. Avian RFID data have demonstrated elsewhere that
it is common for some individuals to contribute disproportionately to a given feeder’s visits
(Galbraith et al. 2017; Bandivadekar et al. 2018), rendering visitor pools highly sensitive to which
birds remain active.

Q5: Time niches and spatiotemporal partitioning

Our predictions for Q5 were not supported. Niche theory posits that competitors may temporally
partition their use of shared resources as a means of stably coexisting (Schoener 1974; Kronfeld-
Schor and Dayan 2003); in these cases, subordinates adjust their activity patterns to access the
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resource only when dominants are absent (Craig and Douglas 1984; Cotton 1998; Lara et al. 2009;
Stone et al. 2019; Maziarz et al. 2023), such as during afternoon windows in some hummingbird
systems (Antunes 2003). We therefore expected low-access birds to extend their activity windows
—rising earlier in the mornings and departing later in the evenings than high-access individuals—
in order to obtain sufficient energy from the feeders, particularly under scarcity.

On the contrary, low-access birds significantly diverged from high-access ones in every single
period, with shorter spans (2.14—4.61 hours per day vs. 6.49—10.34 hours), later start times (a gap
of up to 278 minutes, or 4.6 hours), and earlier end times (a gap of up to 164 minutes, or 2.7 hours)
across the board. In fact, as scarcity intensified, all birds compressed their activity windows from
both ends, even condensing from day to day within period D itself (3.7 - 2.0 - 2.5 hours),
reflecting hummingbirds’ ability to rapidly adjust their behavior to changes in nectar availability
(Pimm 1978; Garrison and Gass 1999; Hazlehurst and Karubian 2018), and consistent with
spatiotemporal niche compression documented in other human-disturbed systems (Gilbert et al.
2022). Interestingly, however, the gap between low- and high-access birds’ first activities shrank
across the experiment (121 minutes in period G), but the gap between their last activities widened
under peak scarcity (164 minutes in period D). Amongst species, meanwhile, An. nigricollis stood
out for having generally longer spans than S. cyanifrons, which started later than others across most
of the experiment, while Ch. buffonii ended earlier than both of them (as well as Am. tzacatl) in
some periods.

Crepuscular hours are of great energetic importance to hummingbirds and are associated with
spikes in foraging activity (Wagner 1946; Pearson 1954; Beuchat et al. 1979; Stiles and Wolf 1979;
Lopez-Calleja et al. 1997; Bandivadekar et al. 2018). Hummingbirds rapidly deplete their lipid
reserves while they sleep (Halter 2026)—even awaking in an energy deficit when they have not
consumed enough nectar (Tooze and Gass 1985; Hiebert 1991; Tiebout 1991; Gass et al. 1999)—
and must quickly refuel in the mornings; prior to roosting in the evenings, hummingbirds often
crop load to accumulate fat and support their overnight metabolism (Powers et al. 2003; Eberts et
al. 2019), thereby reducing the need for risky torpor (Shankar et al. 2020). It is possible that low-
access birds attempted to visit in these marginal hours and were rebuffed, or simply elected to
forage elsewhere in the more competitive windows of the day to avoid combat-induced injury (e.g.,
Kodric-Brown and Brown 1978); either way, high-access birds visited during these metabolically
critical hours, and low-access birds largely did not. This result aligns with the reality that temporal
partitioning is rare in animal communities in practice (Schoener 1974; Lara et al. 2011). Moreover,
the feeders in our experiment—which have been continuously stocked at Gorriazul each evening
for over a decade (Tellez-Colmenares et al. 2025 preprint)—do not meet the typical conditions that
favor temporal partitioning, as they do not self-replenish within a single day (e.g., as flowers can),
which would otherwise enable a second party to strategically visit after the first had depleted them
and vacated the area (Craig and Douglas 1984; Kronfeld-Schor and Dayan 2003).

While activity data showed us that low-access birds did not relegate themselves to more extreme
hours of the day, we also guessed that birds might partition on a finer scale, staggering their visits
within their own active windows. Yet this was not the case either. In absolute terms, crowding was
highest during peak scarcity (period D) at an estimated ~32 rivals per half-hour window at a given
feeder (significantly higher than in baseline, period A, by ~12.5 birds), and lowest during the
experiment’s end (period G) at ~11. However, the spatiotemporal partitioning index showed that
birds packing together in this way was largely an artifact of feeder availability: across the full
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experiment, individuals experienced ~5.7 more tagged birds at the same feeder within the same
half-hour window than would be expected if both their feeder choices and visit timings had been
random, but ~8 (the most) in period A and ~3 (the fewest) in period D. In short, with more feeders,
there are far more possible bird-feeder-time combinations, so observed crowding registers more
strongly against the null than at peak scarcity, when crowding is more likely regardless of feeder
choice or timing. Nonetheless, birds experienced more crowding than would be expected by
chance, even during midday alone (supplementary section S3), ruling out the possibility of mere
circadian-driven crowding at sunrise and sunset. Low-access birds experienced significantly more
absolute crowding than mid- and high-access birds, but did not actively cluster more or less than
them under random visitation. For crowding on the species front (both absolute and relative to
chance), S. cyanifrons experienced the most, and Co. delphinae the least, across several periods.
Feeders support markedly crowded, contentious conditions (Lanna et al. 2017; Lawson et al. 2018;
Manikowska-Slepowronska and Slepowronski 2025), and our system was no exception; this
assemblage appears to coexist by partitioning primarily along some niche other than time, such as
the competitive displacement discussed in Q3 (Amarasekare 2003).

Q6: Foraging strategies and individual repeatability

Our predictions for Q6 were fully supported. The emerging perspective in ecological literature is
that the standard binary classifications of territoriality and traplining oversimplify hummingbird
foraging strategies (Altshuler et al. 2004), which, given the highly flexible behavior of these tiny
birds in response to energetic and risk landscapes (Kodric-Brown and Brown 1978; Hixon et al.
1983; Stiles 1985; Carpenter 1987; Justino et al. 2012), are more likely to exist on a spectrum
(Rico-Guevara et al. 2021; Sargent et al. 2021; Falk et al. 2025 preprint). Despite this plasticity,
individuals can be strikingly consistent in their own behaviors (e.g., some individuals are bolder
than others), but this repeatability varies depending on the behavior in question (Bell et al. 2009).
As such, we expected individuals to fall along a continuum of feeder-visitation space and to retain
their own idiosyncratic signatures while modifying their strategies under scarcity, but for some
components of their behavior to be more repeatable than others. With our PCA, we characterized
individual foraging behavior along three axes, which collectively explained 84.5% of daily visit
variation and described “feeder fidelity” (PC1, 42.6%), “visit frequency and revisitation” (PC2,
27.7%), and “visit duration” (PC3, 14.2%).

Birds did indeed form a visit-strategy continuum, as opposed to discrete behavioral clusters. Even
Co. delphinae—which stood out during scarcity and recovery as having particularly higher feeder
fidelity, more frequent visits, greater revisitation, and longer bouts than some other species—lay on
the continuum extreme, rather than composing its own cluster. Our work thus joins a growing
number of RFID-based studies that have demonstrated spectra in hummingbird feeder visitation:
when visiting feeders spaced at least 90 meters apart and spanning > 1 kilometer total, White-
necked Jacobins (Florisuga mellivora) in Panama exhibited continuous movement characteristics
that ranged from territoriality to non-territoriality (via PCA on similar daily movement metrics;
Falk et al. 2025 preprint); while Ruby-throated Hummingbirds (Archilochus colubris) in Quebec
displayed a continuum of strong defense to no apparent defense, according to their fidelity to
different feeders over time and the number of visits made by competitors (Rousseu et al. 2014).
Notably, our PC1 scores did not significantly differ across access tertiles, suggesting that feeder
fidelity here did not necessarily equate to monopolization in the Gorriazul assemblage—perhaps
due to the intense competition from Q1 and due to interspecific dynamics that were non-applicable
in Rousseu et al.’s (2014) system. Along the other PCs, high-access birds had more frequent visits
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with more revisitation than low-access birds in every single period, and on average made
significantly longer visits than mid- and low-access birds (while mid-access birds made longer
visits than low-access ones). Only An. nigricollis otherwise had more visits and revisitation than
other species, while S. cyanifrons had shorter visits than some, and Am. tzacatl had longer ones.
Once again, day-within-period effects were significant across each axis, indicating that birds
adjusted their foraging strategies both on a daily basis and across periods.

As expected, hummingbirds were also highly repeatable along all three PCs (PC1 R =0.58, PC2 R
=0.67, PC3 R = 0.72). In fact, they were far more repeatable in their behavior than most animals
are, as per average estimates from Bell et al.’s (2009) meta-analysis: R = 0.37 across 98 species and
13 categories of behavior, and R = 0.40 across 6 species for foraging behaviors specifically (an
average we derived from their supplementary materials). The variation in repeatability from axis to
axis also matched our predictions, as some types of behavior (e.g., aggression) are more repeatable
than others (e.g., activity), while the high overall magnitude may be partially explained by the
compressed nature of our experiment (21 days total), for individuals are generally more repeatable
over short (< 1 year) periods (Bell et al. 2009). Hummingbirds ultimately retained their individual
signatures—in other words, their relative positions in the strategy space—even as the assemblage
at large shifted towards greater fidelity, fewer and less revisitation-heavy visits, and shorter bouts
under scarcity (e.g., the most frequent visitors remained the most frequent). Our experimental
design explained the most variation in visit frequency and revisitation, a medium amount in visit
duration, and the least in feeder fidelity, which was the most stable individual trait and the least
affected by our periods. Birds also had individual temporal signatures, being highly repeatable in
their activity spans on both the period level (R = 0.78) and the day level (R = 0.67).

Notably, repeatability was not uniform across the assemblage. Low-access birds were less
consistent across all three axes than mid- and high-access ones; it is possible that birds with less
stable access to the feeders were consequently more haphazard foragers (Feinsinger 1976) that
could not establish preferences or routine visitation patterns as easily (or vice versa), or
deliberately adjusted their strategies to obtain some measure of time at the feeders when faced with
monopolizing competitors (the “necessity drives innovation“ hypothesis, as detailed by Cole and
Quinn 2011). Of course, birds with more inconsistent strategies may simply have been more likely
to drop out (which would align with the low-access dropout seen in Q3), making this result a
selective effect and not a behavioral one. Amongst species, only An. nigricollis—also consistently
one of the most dominant of the assemblage (Tellez-Colmenares et al. 2025 preprint)—was highly
repeatable on all three axes.

Q7: Foraging adjustments under scarcity

Our predictions for Q7 were fully supported. Hummingbirds frequently engage in aggressive
interactions to physically exclude rivals from resources (Sargent et al. 2021; Tellez-Colmenares et
al. 2025 preprint). In crowded systems such as ours (Q5), dominant individuals regularly struggle
to maintain their monopoly against the rush of competitors: chasing off one subordinate produces a
momentary, undefended window that a second subordinate can take advantage of until being
ousted in turn (Lanna et al. 2017). Hence, lower-ranking individuals must often accept repeated
displacement as the cost of accessing a resource, while dominants must often interrupt their own
bouts to expel intruders if they wish to control it (Lanna et al. 2017)—Ileaving neither party a long
opportunity to feed. We thus predicted that visits would be shorter under scarcity across the board.
Presumably, experimentally reducing feeder availability would restrict overall access even further
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by funneling more individuals onto fewer options and thereby intensifying competition (as in Q1,
Valeix 2011; Ferry et al. 2016; Delgado-Martinez et al. 2023); as such, we also expected birds to
make fewer visits under scarcity. Finally, hummingbirds can have strong fidelity to specific flowers
and feeders (as in Q4, Gowda et al. 2012; Bandivadekar et al. 2018) and can maintain this
selectivity even under high competitor densities, so long as they have complete information about
the quality of the nectar (Sandlin 2000). Given that all of our feeders offered identical nectar each
day, there was no such information deficit in our system that might spur opportunism (Sandlin
2000), and so we predicted that birds would remain highly selective throughout. Note that while
some individuals abandon territorial behavior entirely when competition is too steep (Carpenter
1987; Justino et al. 2012), others do not (Lanna et al. 2017); based on our observations of the
Gorriazul assemblage (e.g., Tellez-Colmenares et al. 2025 preprint), we expected these
interference dynamics to persist across the experiment.

As we removed units from the array, birds did indeed make shorter, fewer visits that were more
concentrated on their preferred feeders each day. From baseline to peak scarcity, visit durations
dropped by 20% (15 seconds to 12 seconds), visit counts fell by 52% (29 to 14 per day), and
favorite feeder proportion rose by 16% (0.64 to 0.74). In the reinstatement arc, none of these
metrics returned to their respective removal arc levels: visits actually lengthened by 15-22%, but
remained fewer in number and more concentrated at preferred feeders. This increase in visit
duration may reflect the inverse relationship documented in Falk et al.’s (2025 preprint) RFID
work, wherein hummingbirds can compensate for reduced visitation by making those visits longer,
and vice versa—a pattern also captured by our own PC2 (loadings: visit count +0.67, mean visit
duration —0.44). As in Q5 and following from Q6, day-within-period effects were significant for all
three metrics, with favorite-feeder proportion rising across days, and, within most removal periods,
visit counts declining and visit durations lengthening.

Beyond assemblage-level patterns, our access- and species-based estimates largely reflected those
of Q6, simply with greater specificity. High-access birds consistently made 1.35x longer and 2.8—
4.4x more visits than low-access birds, as well as 1.26x longer visits than mid-access ones, with
significantly more visits than them in all but the final period. Meanwhile, mid- and low- access
birds were indistinguishable in their visit durations, but the former made more visits than the latter
in all 7 periods. The fraction of visits that birds made to their most-visited feeders, however, did not
differ between access tertiles, which parallels our finding from Q6’s PC1. Across species, Am.
tzacatl made longer visits than An. nigricollis throughout the majority of the experiment, while in
the very last period, Co. delphinae made shorter ones than almost all other species. Averaged across
the experiment, An. nigricollis and Co. delphinae also made more visits than S. cyanifrons. As per
Q6, Co. delphinae individuals unsurprisingly stood out for their fidelity: their share of visits to their
top feeder averaged 82% across the experiment—exceeding that of every other species—and rose
to 92% at peak scarcity. These values are very similar to the average 87% of visits that RFID-
tagged Anna’s (Calypte anna) and Allen’s (Selasphorus sasin) Hummingbirds made to their most-
visited feeder during a study in urban California (Bandivadekar et al. 2018), suggesting that even
hummingbirds spanning latitudes, elevations, habitats, and clades can share a primary-feeder
strategy, one that is apt to intensify under conditions of scarcity.

Q8: Niche breadth and dropout by species

Our prediction for Q8 was partially supported. For a species to successfully coexist with others, it
must often have its own “niche”: that is, it must be ecologically distinct for the given environmental
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conditions (Chesson 1991; Chesson 2000). A niche can be defined around numerous axes,
including the use of different resources—e.g., food, space, time (Pimm 1978; Stiles 1985;
Kronfeld-Schor and Dayan 2003; Tinoco et al. 2017; Carscadden et al. 2020; Rojas et al. 2026)—
and has important ramifications for vulnerability: a species with greater breadth along a niche axis
(a generalist) should be less susceptible to environmental disturbance than a species with narrower
breadth (a specialist), according to both theory and empirical work (Lindberg and Olesen 2001;
Devictor et al. 2008; Colles et al. 2009; Clavel et al. 2011; Carscadden et al. 2020; Di Cecco and
Hurlbert 2022). As such, we expected species with narrower temporal, feeder selectivity, and
movement regularity niche breadths to be more likely to drop out under scarcity.

In fact, this prediction was only true of temporal niche: species with shorter activity spans dropped
out much more, with a very strong correlation of Spearman’s p = +0.829. On the other hand,
species that were narrower in their feeder selection and feeder-to-feeder transitions from day to day
had less dropout, but neither of these correlations were significant. Recent work has demonstrated
that some niche breadths can better predict avian vulnerabilities than others (Di Cecco and Hurlbert
2022); here, feeder selectivity may have been more indicative of competitive establishment—a
bird that consistently uses a preferred feeder is plausibly better positioned to monopolize it
(Rousseu et al. 2014; Sargent et al. 2021)—and increased selectivity under reduced resource
availability has been well-documented in hummingbirds (Maglianesi, Bliithgen, et al. 2015;
Tinoco et al. 2017). A narrow movement repertoire, meanwhile, may have been linked to foraging
efficiency, with fewer, regular routes between profitable resources saving a bird cognitive load and
the time and energy of searching for alternatives (Tello-Ramos et al. 2015; Tello-Ramos et al.
2019; Sargent et al. 2021). Thus, when predicting the vulnerability of different hummingbirds to
feeder scarcity, the identity of the axis in question is of great relevance.

Breaking down temporal niche breadth further is fairly straightforward. Co. delphinae, with the
longest estimated average activity span of 7.91 hours, had the lowest dropout probability at 0.16%
(similar to An. nigricollis, with 7.33 hours and 0.84%), while S. cyanifrons had the shortest
estimated average activity window of 4.14 hours and the highest dropout probability at 17.98%. In
fact, the only species with a mismatched rank ordering was Am. tzacatl, which had a smaller
probability of dropping out (3.11%) than its shorter, intermediate activity windows (averaging 5.78
hours) alone would predict. Despite being subordinate in the Gorriazul assemblage, Am. tzacatl
individuals are persistent visitors (Tellez-Colmenares et al. 2025 preprint)—which in our data
translated to longer overall visits than some other species—which may provide them some manner
of buffer during times of scarcity. In general, having a greater temporal niche breadth may afford a
bird more opportunities to forage during quiet moments, or to compensate for poor floral rewards
in the surrounding landscape or lost access from failed fights earlier in the day, thereby lowering
the probability of being fully excluded; along these lines, hummingbirds more flexible in their
daily behaviors may be more equipped to handle environmental changes (Shankar et al. 2019).

Limitations and proposed solutions

We faced several limitations inherent to RFID technology in our experiment. The first is
undercounts (Hughes et al. 2021): the antennas cannot detect more than one tagged individual
visiting simultaneously (Wallace et al. 2020), so we lost roughly 50 detections to corrupted reads;
more pressingly, there were many untagged birds also visiting the feeders during our experiment,
leaving our results representative of merely a portion of the assemblage (yet still silently affected
by the rest of it). The second is that while RFID antennas capture visits, they cannot capture the
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agonistic interactions that shape them (e.g., Tellez-Colmenares et al. 2025 preprint), such that we
can only make inferences about dominance and territoriality—e.g., how competitive displacement
may relate to dropout—rather than demonstrate either directly (a constraint also acknowledged in
RFID-based hummingbird studies more broadly; Falk et al. 2025 preprint). To address these
restrictions, we collected a parallel dataset throughout the experiment: adapting from the methods
of Tellez-Colmenares et al. (2025 preprint), we recorded one “core” feeder that was offered all 21
days of the experiment for three one-hour windows (9:00-10:00 AM, 14:00-15:00 PM, 16:30-
17:30 PM) each day. After aligning the RFID records with these videos, we can approximate
population-level abundance of tagged and untagged birds alike, as well as individual-level contest
dynamics of tagged birds, and then finally extrapolate beyond these specific feeder-hours to
assemblage-level responses to our manipulation.

Somewhat relatedly, while RFID antennas offer extremely precise spatiotemporal detections, they
do not provide any information beyond their limited detection ranges (Falk et al. 2025 preprint),
which are often just a few centimeters. When a tagged bird was absent from our feeders, we had no
knowledge of its behavior or whereabouts (as acknowledged in Falk et al. 2025 preprint). The
landscape surrounding our array—particularly the property of Gorriazul itself—is home to many
native, hummingbird-pollinated flowers. Dropout or not, low- or high-access, individuals may well
have been visiting these natural resources to fulfill their energetic requirements throughout the
experiment. Thus, our access hierarchy in Q2 only enables us to describe how tagged birds divided
the feeders—not the total nectar available. Pollen sampling from captured birds (Betts et al. 2015)
and records of hummingbird-flower interactions in the surrounding landscape, such as from
censuses (Lopez-Segoviano et al. 2018) or timelapse videos (Weinstein and Graham 2016; Barreto
et al. 2025), would allow for a more comprehensive examination of how hummingbirds coped with
reduced feeder availability. An additional dimension to this question is whether individuals
expanded their home ranges or territories in search of nectar (Hazlehurst and Karubian 2018),
otherwise adjusted their movement strategies (Mailly et al. 2025; Rueda-Uribe et al. 2026), or if
they abandoned the area entirely. To address this uncertainty, we collected a second parallel
dataset: in the week preceding our experiment, we captured 58 of the RFID-tagged individuals that
were visiting the feeders, equipped each one with a Bluetooth radio-transmitter, and then tracked
its movements across a 300 x 300 meter Bluetooth automated radio-telemetry grid that was
centered roughly on the station. Building from previous radio-telemetry work in hummingbirds
and other nectarivores (Hadley and Betts 2009; Volpe et al. 2014; Smetzer et al. 2021), we will
thereby determine if hummingbirds exhibited flexible movement syndromes in response to our
experiment, regardless of whether they were actively visiting the feeders or not.

Longer-term feeder experiments, meanwhile, may more robustly reflect hummingbird behavior
over time; how hummingbirds use both flowers and feeders varies substantially across seasons and
years (Stiles 1985; McCaffrey and Wethington 2008; Marquez-Luna and Arizmendi 2025).
Previous hummingbird feeder experiments have been constructed around three-day windows—
either for data collection (Pimm 1978) or acclimation (Weinstein and Graham 2016)—and we did
the same for our experimental design, including the period A “baseline” that we used as a basis for
describing pre-manipulation access levels. While the effects of access across the experiment were
consistently strong, suggesting that this three-day period was sufficient to capture meaningful
differences between birds, a longer baseline might be more informative. This would allow
researchers to: (1) better account for temporal fluctuations in individual behavior (Bell et al. 2009)
and varying natural conditions (Robb et al. 2008); and (2) directly test whether access reflects an
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individual’s likelihood of dropping out, through the use of less restrictive inclusion criteria (i.e.,
allowing some degree of absence in the first period so the GLMM does not quasi-separate) or a
repurposed continuous-time survival or capture-recapture model (see Bandivadekar et al. 2018 for
a Cormack-Jolly-Seber model of hummingbird RFID detections). Along these lines, longer RFID
monitoring post-manipulation, as in studies spanning months and years (Bandivadekar et al. 2018;
English et al. 2022; Falk et al. 2025 preprint), would allow for a more thorough investigation of
experimental carryover on behavior (Pimm 1978) and whether absent birds remain displaced or
return to the feeders in the subsequent days or weeks.

Finally, while our inclusion criteria were as minimal as possible to ensure that we could retain a
wide representation of the assemblage while still estimating species-level effects, Phaethornis guy,
Colibri coruscans, and Uranomitra franciae nevertheless failed to meet them. Each of these
species occupies a distinct position in the assemblage and contributes to its diversity. P. guy is a
medium-sized hermit that is both a trapliner (Stiles 1975; Stiles and Wolf 1979; Hadley and Betts
2009) and the most subordinate species in the Gorriazul dominance network (Tellez-Colmenares et
al. 2025 preprint), and thus visits the feeders very sparingly (Avalos et al. 2012). In contrast, Co.
coruscans is the second-heaviest and one of the most dominant species in the assemblage (Tellez-
Colmenares et al. 2025 preprint), and is considered a quintessential territorialist (Sargent et al.
2021). U. franciae, meanwhile, is small, and—differentiating from S. cyanifrons and Am. tzacatl—
uncommon and non-aggressive at the Gorriazul feeders, rarely initiating aggressive interactions
(Tellez-Colmenares et al. 2025 preprint). In excluding these three species, we ultimately forewent
visitation data from birds that are more extreme in their foraging and dominance strategies, and
conceivably would have contributed unique signatures across our eight questions as well. On this
front, we also excluded several tagged bananaquits (Coereba flaveola) that had visited the feeders
during our experiment but failed our inclusion thresholds—Ileaving a passerine competitor
uncharacterized. Repeating this experiment after tagging an even greater proportion of the
population might allow for an investigation into all 9 species, thereby capturing a more complete
picture of the hummingbird foraging continuum.

Broader implications and conclusions

Maintaining bird feeders is a global pastime and, as what amounts to essentially a “massive
ecosystem-scale intervention” (Galbraith et al. 2017), is the subject of ongoing biological and
conservation debates (Jones and Reynolds 2008). Artificial sugar-water feeders provide a
substantial energetic subsidy to hummingbirds throughout the Americas, offered across residential
gardens (Meehan et al. 2020), private nature reserves (Brockmeyer and Schaefer 2012; Ramirez-
Burbano et al. 2022), and research stations (Sonne et al. 2016; Sargent et al. 2026), with potentially
sweeping ramifications on fitness and behavior (Robb et al. 2008; Galbraith et al. 2017). In our
system, we found that feeders were dominated by a small subset of individuals—as has been
documented in RFID studies of passerines (Galbraith et al. 2017) and urban North American
hummingbirds (Bandivadekar et al. 2018)—with some species faring better than others, while the
majority of the assemblage only obtained a small share of the total visit time. When we removed
feeders, that share shrank even further. In fact, many low-access birds ceased visiting entirely.
Hummingbird assemblages that actively rely on feeders may thus be structured around competitive
dominance (Keddy 2001) and “hierarchical filtering”: a buffering mechanism wherein some
individuals or subgroups can perform consistently better, more successfully withstanding adverse
conditions and providing a “floor” against extinction, while inferior competitors suffer
disproportionate losses (Milles et al. 2023). In this way, a sudden drop in feeder availability—and
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possibly the irregular provisioning that has been documented across many households (Davies et
al. 2012; Mady et al. 2021)—could inordinately affect low-ranking individuals. Such
circumstances could have potentially cascading effects on the local pollination services that are so
critical (Brockmeyer and Schaefer 2012; Tinoco et al. 2017; Ratto et al. 2018), particularly if the
natural resource availability is also low (e.g., due to seasonality; McCaffrey and Wethington 2008;
Marquez-Luna and Arizmendi 2025) and the birds cannot compensate even when redirecting all of
their foraging to the surrounding flowers. Regardless, feeder scarcity did not lead to equal
redistribution here, but rather competitive exclusion (Kneitel 2008).

The partial recovery exhibited across the assemblage is also noteworthy. Our removal of 12 of 16
feeders over a 7-day window (feeders removed on the evenings of days 3, 6, and 9) resulted in
wide-scale changes in behaviors that did not return to their previous levels, even once we had
returned all feeders to their former positions (on the evenings of days 12, 15, and 18). Dropout was
the most pronounced of these effects, with approximately a third of the original visitors
unaccounted for by the final day of the experiment. Although feeders are theoretically a steady food
source (often stocked each day year-round; Jones and Reynolds 2008), and in hummingbirds can
sustain both range expansion (Greig et al. 2017; Alexandre et al. 2025) and unnaturally large
populations (Wethington and Russell 2003) while simultaneously attracting birds away from native
flowers (Arizmendi et al. 2007; McCaffrey and Wethington 2008; Ramirez-Burbano et al. 2022;
but see Brockmeyer and Schaefer 2012; Sonne et al. 2016), the populations that depend on them
may be more vulnerable than they appear. Of course, we recognize that feeders are an extreme case
in that they are “bonanza” resources (Arizmendi et al. 2007) that are effectively unlimited in a way
that natural resources are not (McCaffrey and Wethington 2008; Sargent et al. 2021); nevertheless,
it is possible that hummingbird populations reliant on flowers would also be slow to recover under
natural variation or scarcity, such as due to climate warming (McKinney et al. 2012; Correa-Lima
et al. 2019; Remolina-Figueroa et al. 2022; Remolina-Figueroa et al. 2022; Sonne et al. 2022;
Remolina-Figueroa et al. 2026), drought (Smith 1982; Stiles 1992; Arroyo et al. 2020), or land-use
change (Tinoco et al. 2017; Hadley et al. 2018; Prieto-Torres et al. 2021; Guevara et al. 2023). Now
more than ever, it is critical to understand how hummingbirds will respond to environmental
disturbances so that we might develop conservation strategies tailored to these tiny pollinators
(English et al. 2022).

Our work here can be distilled to five overarching takeaways: (1) A bird’s share of feeder time at
the beginning of the experiment remained a stable trait as the study progressed, predicting several
other “downstream” results; ultimately, the access hierarchy was robust to resource manipulation.
(2) The costs of scarcity and corresponding competition were largely borne by low-access birds—
which disproportionately dropped out of the feeder system—and some species that were more
vulnerable, possibly due to different life-history traits. (3) Birds did not temporally partition to
quieter times of day to reduce competition, but rather compressed their activity spans even more,
especially low-access birds. (4) Foraging strategies across the assemblage formed a continuum,
with birds retaining their own idiosyncratic signatures while modifying their strategies under
scarcity. (5) Recovery from the manipulation was partial and slow, with many components of
behavior (throughput, dropout, turnover, visit durations, top-feeder shares, and visit frequencies)
failing to rebound completely once we had reinstated all the feeders. In summary, it appears that
hummingbird assemblages reliant on feeders might buffer against rapid resource loss through
hierarchical filtering, which structures which birds remain, and how the assemblage has
reorganized, once the disturbance has come to an end.
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Tables

Table 1. Simple experiment-wide descriptive statistics for each access tertile, calculated as across-
bird averages of daily individual means. Total time (s) represents summed duration of all visits, in
seconds; SD represents the standard deviation of total time; visit duration (s) represents mean visit
duration in seconds; feeders/day represents the number of units visited; and activity span (h)
represents hours between the first and last visit made.

Tertile nbirds Total time(s) SD  Visits/day Visit duration (s) Feeders/day Activity span (h)

low 37 169 81 11.8 16.8 2.5 3.66
mid 36 429 133 31.5 16.5 3.5 7.54
high 36 850 410 47.6 20.8 3.8 8.50

Table 2. Total feeder time (in seconds) for each access tertile by period, calculated as across-bird
averages of daily individual means. Column header parentheticals indicate the number of feeders
available each period. As captured in Q3 and Q5, every group’s visitation time in reinstatement
periods fell below their baseline counterparts (A vs. G, B vs. F, and C vs. E), with the exception of
low-access birds in period A vs. G (199 s vs. 202 s, respectively).

Tertile A (16f) B (12f) C (8f) D (4f) E (8f) F (12f) G (16f)
low 199 218 161 123 121 162 202
mid 522 538 441 303 339 410 403
high 1,130 1,107 779 593 624 698 649

Table 3. Number of individuals in each species that ranked as low-, mid-, and high-access, based
on per-bird mean total feeder time during period A (the “baseline”). Chalybura buffonii clustered
strongly in the low tertile (13/18 birds), while Colibri cyanotus clustered in the high tertile (8/15).
Species are arranged in ascending average body mass.

Species low mid high Total
Saucerottia cyanifrons 2 5 7 14
Amatzilia tzacatl 10 8 6 24
Colibri cyanotus 3 4 8 15
Colibri delphinae 2 2 2 6
Chalybura buffonii 13 2 3 18
Anthracothorax nigricollis 7 15 10 32

Total 37 36 36 109
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Table 4. Simple experiment-wide descriptive statistics for each species, calculated as across-bird
averages of daily individual means. Species are sorted by ascending average body mass; columns
are defined as in Table 1.

Species nbirds Total time (s) SD Visits/day Visit duration (s) Feeders/day Activity span (h)
S. cyanifrons 14 503 309 32.5 18.1 3.1 5.66
Am. tzacatl 24 419 253 25.7 21.0 3.2 5.68
Co. cyanotus 15 642 392 34.8 19.5 3.6 7.17
Co. delphinae 6 545 360 40.7 13.5 2.2 7.75
Ch. buffonii 18 390 634 18.3 20.2 2.8 5.01
An. nigricollis 32 478 274 34.8 14.7 3.6 7.91

Table 5. Species’ niche breadths and vulnerabilities to dropout. Estimated marginal means from the best
models for each niche axis include activity span from Q5, PC1 scores from Q6, and transition matrix
similarity from Q4; model-derived dropout probabilities are from Q2. Species are sorted by descending
dropout probability.

Species Terquoral niche Feeder selectivity Mf)\.'ement rfsgu.lar.ity . Model-derivefl'
(activity span, h) (PC1 score) (transition matrix similarity) dropout probability
S. cyanifrons 4.14 0.51 0.519 17.98%
Co. cyanotus 6.17 —-0.09 0.531 13.22%
Ch. buffonii 6.18 -0.08 0.385 3.76%
Am. tzacatl 5.78 0.05 0.431 3.11%
An. nigricollis 7.33 0.17 0.475 0.84%
Co. delphinae 7.91 1.75 0.636 0.16%
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Figures

Figure 1. Field site setup. (a) Overhead map of our 16 RFID-enabled feeders (blue points) at Centro de
Investigacion Colibri Gorriazul, 12 of which we steadily removed and reinstated throughout the experiment.
(b) Custom RFID antenna from units designed at the Humboldt University of Berlin, mounted on one of our
feeders (individual in frame is a male An. nigricollis). Photographs courtesy of Samantha-Lynn Martinez.
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Figure 2. Design of the 21-day feeder manipulation experiment. Each column represents one day, grouped into consecutive three-day
periods (represented by letters A—G); each row represents one RFID-enabled feeder. Colors indicate each “group” of feeders, randomly
selected for removal (or not) in different periods of the experiment, creating our mirrored removal-and-reinstatement design: Periods A
and G had all 16 feeders active (baseline and reinstatement bookends), B and F had 12, C and E had 8, and D had only 4 (peak scarcity).
We reinstated the same physical units that we had removed after periods C, B, and A in periods E, F, and G, respectively.
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a. Per-feeder crowding b. Inequality of feeder time among individuals
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Figure 3. System-level competition across the experiment. (a) Violin plots of daily feeder visit distributions in each period, with points
representing the total number of visits received by each feeder on each day (n = 222 feeder-days) and black bars representing period
medians. Crowding at each feeder peaked in period D, significantly exceeding all other periods (p < 0.0001 each, Tukey-corrected), but
then fell, with fewer visits to each feeder in the latter half of the experiment (brackets indicate significant mirrored-pair contrasts: ** p <
0.01, *** p < 0.001); for these statistical tests, we used the site-wide daily mean (n = 21 days) of visits to each feeder, adjusted for
availability, but we plotted raw values for interpretability. (b) Lorenz curves showing the cumulative percentage of birds against the
cumulative percentage of feeder time that they had, with the diagonal representing perfect equality, and greater bowing from the diagonal
indicating greater inequality. Despite having an identical feeder count, period C had significantly higher inequality than E.
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Figure 4. Individual relative access to feeders across the experiment. Each point represents each bird’s share of each day’s total feeder time (with
all birds summing to 100%—note that equal sharing across all 109 birds would allot each individual ~0.9%); trend lines represent generalized
additive models (GAM) that flexibly fit group-level trajectories. (a) Individual share, stratified by access tertile. High-access birds averaged a 1.69%
share of assemblage feeder time, while mid- and low-tertile birds averaged 0.91% and 0.36%, respectively. (b) Individual share, stratified by species.

Co. cyanotus and Co. delphinae gained access in periods D—E, while S. cyanifrons and Am. tzacatl lost access.

132



a. By access tertile
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Figure 5. Daily attendance across the experiment. The proportion of birds present each day, split by (a) period-A access tertile and (b) species.
Ribbons show 95% bootstrapped confidence intervals. L.ow-access birds dropped out significantly more than high-access ones, and there was greater
absence in reinstatement periods than in their baseline removal counterparts (i.e., birds did not all return even once we had restored all 16 feeders).
Species ranged widely in their predicted absence probabilities, but post-Tukey, only A. nigricollis dropped out significantly less often than S.
cyanifrons.
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Figure 6. Foraging windows, morning start times, and evening end times across access tertiles. (a) Each bar is one bird’s average first-to-last-
visit window across the experiment, sorted by time of first visit. High-access birds occupied wider windows that extended towards dawn and dusk,
while low-access birds concentrated their visits around midday. (b, ¢) Average last-visit and first-visit timestamps, respectively, across the 21 days.
Panels (b) and (c) apply an “each-side-of-noon” rule: last-visit times include only bird-days with activity past noon, and first-visit times include only
bird-days with activity before noon. Low-access birds ended earlier than high-access birds in every period (all p < 0.008) and started later than both
mid- and high-access birds during baseline, scarcity, and late reinstatement. High-vs.-mid contrasts were significant only in periods C and D.

134



a. Individual foraging windows

1

1
sunrise sunset

I

(sorted by time of first visit)

average individual bird foraging windows

1 of 15 species pairs differ in forafgings an:
A. nigricollis longer than S. cyanifrons //3 <0.001)

|

\‘

9:00 10:00 11:00 12:00 16:00

time of day

13:00 14:00 15:00 17:00 18:00

time of last visit

time of first visit

b. Last visit (afternoon only)

number of feeders
4

16 12 12 16
19:00
18:00 = = =
17:00
16:00
15:00
14:00
13:00
averaged across periods: n.s.;
per-period pairs in B, D, G (p < 0.05)
12:00

c. First visit (morning only)

12:00
4 of 15 species pairs differ
in-morning start time (p <.0.05)
11:00 . . # >
10:00

9:00

period

B Saucerottia cyanifi buffonii

W Colibri M Chaly

B Amazilia tzacatl W@m  Colibri delphir ;A

Figure 7. Foraging windows, morning start times, and evening end times across species. (a) Each bar is one bird’s average first-to-last-visit
window across the experiment, sorted by time of first visit. An. nigricollis had significantly wider windows than S. cyanifrons. (b, ¢) Average last-visit
and first-visit timestamps, respectively, across the 21 days. Panels (b) and (c) apply an “each-side-of-noon” rule: last-visit times include only bird-
days with activity past noon, and first-visit times include only bird-days with activity before noon. In the mornings, S. cyanifrons started later than An.
nigricollis, Ch. buffonii, and Co. delphinae (all p < 0.046), and Am. tzacatl started later than Ch. buffonii (p = 0.04). Averaged across periods, end-of-
day timing did not differ significantly among species in afternoon-restricted data, but some pairs were significant in specific periods.
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a. hourly visit distribution
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Figure 8. Temporal foraging across access tertiles (left column) and species (right column). (a) Hourly distribution of visits across the day,
shown as the proportion of each group’s visits falling into each 30-minute bin; smoothed trend lines are GAM fits. The temporal pattern was largely
overlapping across tertiles and species. (b) Temporal overlap under our spatiotemporal partitioning index. Negative values indicate more co-
occurrence with other birds than random draws of feeder and visitation time would predict. Colored lines show group daily means with 95%
bootstrapped Cls (500 replicates) across the 21 days. Temporal overlap peaked closest to zero (least co-occurrence above random expectations) in
period D. Access tertile did not factor into the main model (additive term nearly tied, AAICc = 0.91), but here we show the rejected period*access
term (AAICc = 17.7) for visual clarity. Species differed most in periods A and B, but that variation shrank under scarcity.
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Figure 9. Foraging strategies across periods on three principal-component axes. Average PC scores of
access tertiles (left column) and species (right column), with 95% ClIs from mixed-effects models; dots
show individual bird-period means. (a) PC1 (feeder fidelity vs. exploration) had no tertile effect after
controlling for species; Co. delphinae was an outlier with high feeder fidelity in periods C-F. (b) PC2 (visit
frequency and revisitation) had a strong period*tertile interaction, with high-access birds consistently
scoring higher (more visits, more revisitation) than low-access birds in all periods; species pairs emerged in
periods D—G. (c) PC3 (visit duration) captured variation separate from PC2; high-access birds made longer
visits than low- and mid-access birds across the experiment, and there were only significant species pairs in

scarcity and reinstatement periods.
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Figure 10. Individual foraging strategy consistency before and after scarcity. Each point represents one bird, colored by its period-A
access tertile and positioned by its mean principal component score during the removal arc (x-axis, periods A—-C, 168 feeders) and the
reinstatement arc (y-axis, periods E-G, 8-16 feeders). Points exactly on the diagonal represent birds that returned to their pre-scarcity
value; points above the diagonal are birds that shifted upward on the PC; points below are birds that shifted downward. (a) PC1 (feeder
fidelity): birds exhibited a modest overall shift upward, indicating that the population drifted slightly towards more feeder-faithful
patterns after scarcity. (b) PC2 (visit frequency and revisitation): with nearly all points below the diagonal, birds shifted toward fewer
visits with less revisitation after scarcity. (c¢) PC3 (visit duration): birds exhibited another modest upward shift, indicating that the
population trended slightly towards longer visits after scarcity. Low-tertile birds were roughly half as repeatable as mid/high birds on
PC1 and PC2, with the span widest on PC3 (R = 0.30 low-access, 0.43 mid-access, and 0.79 high-access).
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Figure 11. Raw foraging metrics across the experiment, by access tertile (top row) and species (bottom row). Each foraging metric contributed
to one of the three principal-component axes: (a) proportion of visits to main feeder (PC1), (b) visit frequency (PC2), and (c) average visit duration
(PC3). Points represent individual bird-period averages; lines represent each group’s period mean with 95% bootstrapped CIs (500 replicates).
Favorite feeder proportion did not significantly differ between access tertiles, but Co. delphinae had significantly more concentrated visits than all
other species. High- and mid-access birds had significantly greater visit frequency than low-access birds, as did An. nigricollis and Co. delphinae over
S. cyanifrons, while high-access birds had significantly longer visits than mid- and low-access birds, as did Am. tzacatl over An. nigricollis.
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Supplementary materials
Supplementary methods and results

S1. Q1 extension: additional competition under scarcity analysis

In addition to traffic pressure (as defined in the main methods), we calculated two complementary,
site-wide crowding metrics based on the visits logged at each feeder each hour: (1) time pressure,
total time in seconds—a time-based equivalent to traffic pressure; and (2) occupancy pressure, the
number of unique individuals detected, which lets us distinguish between “one bird visiting many
times” (high traffic pressure, low occupancy pressure) and “many different birds visiting” (high
traffic and high occupancy pressure). As with traffic pressure, we also scaled both metrics by
dividing the daily totals by the number of feeders that were available.

Both metrics were highly correlated with traffic pressure across the experiment: time pressure at
Spearman’s p = 0.957, and occupancy pressure at p = 0.921 (these two metrics were also highly
correlated with each other at p = 0.907). Both time and occupancy pressure exhibited similar trends
across the experiment, with a peak in period D and then a drop to or below removal arc levels
throughout the reinstatement arc. Because of the strong correlation between the three metrics, we
elected to report only traffic pressure in the main results.

S2. Q4 extension: additional feeder preference and community turnover analysis

Feeder preference. Given that raw visit proportions can be misleading without accounting for
feeder availability—e.g., visiting one of two feeders 50% of the time does not necessarily signify
equal preference as visiting one of 16 feeders 50% of the time—we also calculated an availability-
corrected preference index for each bird-feeder-day with Chesson’s a (Chesson 1978, 1983). Here,
o represents the ratio of observed vs. uniform expectation (with “observed” being how much a bird
actually used a feeder, and “uniform expectation” being how much the bird would have used the
feeder if it spread all of its visits evenly across the available options): values of 1 indicate use that is
proportional to availability, values > 1 indicate preference, and values < 1 indicate avoidance (as
similarly applied in Cloyed & Eason 2017). We then normalized these values across the number of
available feeders, such that values summed to 1 per bird-day, in order to properly compare between
bird-days that had different feeder counts.

Across all bird-days of the experiment (n = 2,289), preferences averaged at 0.67 (with a median of
0.65)—well above that expected under uniform use. Like with “favorite feeder proportions” in Q7,
the preference index rose from 0.64 in period A to 0.73 in period D, then remained high throughout
the reinstatement arc (e.g., period G: 0.69). At the bird level, mean preference index and PC1 score
(from Q6) were strongly correlated (Spearman’s p = 0.894, n = 108) at the bird level. Thus, feeder
preferences did in fact elevate during scarcity, without simply being a methodological artifact of
availability.

Community turnover at the feeder level. Our recruitment analysis revealed 9 birds that were
present in period G but not period A, which, all told, comprised 8.9% of the 101 birds active in
period G (with no data filters applied) and included 4 Co. coruscans. These “recruits” were
modestly active (with a median of 18 visits in period G vs. 51.5 visits for the 92 individuals
detected in both periods) and contributed to only a small portion (mean 2.6%) of the per-feeder
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visits in period G. Recruits therefore did not meaningfully account for the turnover that we
observed at feeders.

S3. Q5 extension: additional dawn/dusk sensitivity check for partitioning analysis

Our midday subset analysis supported the full-day findings that we present in the main text. For
observed crowding, the tertile contrast between high- and low-access birds remained significant (p
= 0.0052). For spatiotemporal partitioning, the grand mean was very similar at ~5.45 more tagged
birds at the same 30-minute feeder window than would be expected under random feeder choices
and visit timings, tertile effects remained non-significant, species still varied in their clustering
when resources were abundant, and three of the four period contrasts remained significant (just C
vs. E lost significance, p = 0.23). All told, the consistency across the two datasets suggests that our
Q5 findings are not simply an artifact of circadian-driven crowding at sunrise and sunset.

S4. Q6 extension: additional PC metrics and SD companions

Feeder-use inequality. We also calculated feeder-use inequality: the Gini coefficient of a bird’s
daily visit distribution across the available feeders (cf. Tenczar et al. 2014, Rotics & Clutton-Brock
2021). As with competition inequality, values ranged from O (entirely even visits across feeders) to
1 (all visits to a single feeder). In order to properly differentiate between a bird unevenly visiting
just a few vs. many feeders (e.g., concentrating most visits on one of two feeders vs. one of 12
feeders would both return a high Gini coefficient), we included unused but available feeders as
zeroes in our calculation. Ultimately, however, we elected to exclude this metric from our PCA, as
it correlated strongly (r = —0.82) with our feeder-use entropy metric.

Bird-level PC1 SD as a companion to PC repeatability. To explore each bird’s variability in
feeder fidelity, we calculated individual standard deviations in PC1 scores across periods (both raw
and after subtracting the mean period effect, in order to isolate the variation specific to individuals),
only including birds that were present for at least 3 periods (n = 96). These standard deviations
ranged from 0.27-1.70 when raw (with a median of 0.86) and from 0.26-1.62 (with a median of
0.82) when adjusting for period. The two were very strongly correlated (r = 0.97)—i.e., removing
the period signal made very little difference to individual variability, which is consistent with the
fact that PC1 values were nearly identical when we did and did not adjust for period (difference of
0.008) in our repeatability analyses. Similarly to the small amount of interspecific variation in
individual PC1 consistency that we report in the main text, we also found little intraspecific
variation here: mean residualized SDs ranged from 0.78-1.12 within all species.
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Supplementary tables

Table S1. Activity at feeders during each period. Active birds (individuals registered at feeders
each day) and active feeder-hours (total feeder-hours with at least one registered visit each day)
columns are calculated across the three days within each period. The percent use sub-column
represents the following calculation: (mean active feeder-hours) / (number of feeders x 14 possible
diurnal hours) x 100.

Active feeder-hours

Period Feeders Active birds (range) Active birds (mean) Mean Percent use
A 16 102-105 104.3 170.3 76.0
B 12 94-98 96.0 151.7 90.3
C 82-92 86.3 100.7 89.9
D 4 75-82 78.7 55.0 98.2
E 8 62-75 67.0 91.3 81.5
F 12 73-88 82.3 111.0 66.1
G 16 70-80 74.3 138.3 61.7

Table S2. Mean time (in seconds) spent by species at available feeders during each period,
averaged across each visitor’s three-day average. Rows are sorted by descending period A total
time; see column headers for the number of feeders in each period.

Species A@ef) B(12f) C@Bf) D@f) E@Bf F@A2) G@16f)
Colibri cyanotus 773 780 746 613 623 529 556
Colibri delphinae 762 1,099 567 615 443 479 444
Saucerottia cyanifrons 752 660 555 293 310 431 402
Anthracothorax nigricollis 597 585 453 391 519 489 483
Amatzilia tzacatl 508 621 473 279 294 417 416
Chalybura buffonii 491 522 297 181 172 231 323
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Supplementary figures

(a) Saucerottia cyanifrons (n = 14) (b) Amazilia tzacatl (n = 24)
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Figure S1. Individual attendance heatmap, across the 21-day experiment. Each row is one individual (sample sizes in panel headers) and each
column is one day, with periods grouped into three-day contiguous blocks. Colored cells indicate presence (the bird was detected at the available
feeders at least once that day) and gray cells indicate absence (no detections). Within panels, birds are arranged by ascending presence (birds detected
the fewest days are at the top), and the species panels themselves are arranged by ascending mean body mass (lightest to heaviest).
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a. persistent (n = 43 total) b. dropout (n = 66 total)
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Figure S2. Bird visitation trajectories and dropout by access tertile. The three rows are split by access tertile (high, mid, and low) and the two
columns are split into birds that were (a) present every day of the experiment (“persistent); and (b) absent on at least one day (“dropout”). Each thin
line represents the visit trajectory (daily time spent at feeders across the experiment) of one bird: solid segments indicate contiguous presence, dashed
segments span any days when a bird was absent but later returned, and dots mark “entries” and “exits” from the system. Bold lines show the mean visit
trajectory of each subgroup. Note that there are no individuals in panel A with dashed absences by definition, and that the y-axes differ by tertile row
to better display the variation within each group (absolute visitation time differed by ~5x across tertiles). Dropout varied greatly by access tertile
(42%, 44%, and 95% of high-, mid-, and low-access birds dropped out at some point of the experiment, respectively).
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Figure S3. Sample individual foraging maps across the experiment. The visitation patterns of one representative bird per species (the bird present
on all 3 target days with the most visits across those days), shown on day 1 (period A: baseline, 16 feeders), day 11 (period D: peak scarcity and
midpoint of experiment, 4 feeders), and day 21 (period G: return to full abundance and final day of experiment, 16 feeders). Black points indicate
feeders that were active that day; gray points indicate feeders that we had removed. Colored points and lines show each bird’s visits and the trajectory
between them, with color indicating time of day (sunrise to sunset), and numbers above each visited feeder show how many times that bird visited.
Strategies varied within and across individuals and species.
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a. Feeder-use entropy
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Figure S4. Observed foraging consistency vs. constrained-availability null. (a) Feeder-use entropy: the variance in birds’ feeder
preference distributions across periods. (b) Switching entropy: the variance in birds’ feeder-to-feeder transition patterns across periods.
The magenta line represents the observed value, while the null distribution had shuffled feeder identity within the available set of units

each period (n = 1,000 simulations). The negative z-score on each panel indicates that the birds showed more consistent feeder-use and
transition patterns than would be expected by chance.
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PCA biplot: foraging strategy axes
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Figure S5. PCA biplot of foraging strategies and its two major axes: feeder fidelity (PC1) and visit frequency and revisitation (PC2). This
biplot shows how our six daily foraging metrics loaded onto PC1 (which captured 43% of variance) and PC2 (which captured 28% of variance). Each
dot, colored by access tertile, represents one bird’s mean PC position across the whole experiment. High PC1 values reflect strong feeder fidelity,
whereas low PC1 values reflect more exploratory or diffuse visitation. High PC2 values, on the other hand, reflect many visits with high revisitation,

with low PC2 values reflecting few visits and low revisitation. We report PC3 in the main text.
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