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ABSTRACT

A long-standing problem in the study of avian flight is determining how
biomechanics and physiology are associated with behaviour, ecological
interactions and evolution. In some avian clades, flight mechanisms are
strongly linked to ecology. Hummingbirds, for example, exhibit traits that
support both hovering flight and nectar foraging. In most avian clades,
however, features such as wing shape are highly variable among taxa
without clear relationships to biomechanics, energetics or ecology. In
this Commentary, we discuss challenges to understanding associations
between phenotype and performance in avian flight. A potential pitfall in
studies that attempt to link trait specialization with performance is that
the most relevant traits and environments are not being considered.
Additionally, a large number of studies of the mechanisms of avian flight
are highly phenomenological. Although observations are essential for
hypothesis development, we argue that for our discipline to make
progress, we will need much more integration of the observational
phase with developing crucial tests of competing hypotheses. Direct
comparison of alternative hypotheses can be accomplished through
analytical frameworks as well as through experimentation.

KEY WORDS: Bird flight, Competing hypotheses, Manoeuvrability,
Strong inference, Wing morphing

Introduction: challenges to studying

phenotype-performance relationships in avian flight

Avian flight is an extraordinary behaviour. Observing birds during
feeding, competition, mate displays and predator avoidance
naturally elicits hypotheses about how their morphology,
physiology and biomechanics support their flight characteristics.
Despite decades of research with increasingly sophisticated tools,
however, many of these ‘obvious’ hypotheses are either weakly or
not at all supported. For example, a perennial research question asks
how the morphology of the wing, which varies dramatically in size
and shape across species, has been shaped by selection to the
ecology and energetics of flight (Greenewalt, 1975; Magnan, 1922;
Norberg, 1990; Pennycuick, 2008; Rayner, 1988; Savile, 1957). As
flight is a particularly power-intensive form of locomotion, one
would expect there to be a tight link between flight and wing traits
across clades. Surprisingly, phylogenetically informed analyses
have yet to find anything more than a weak association between
wing shape and flight styles across avian families (Baliga et al.,
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2019; Baumgart et al., 2021; Taylor and Thomas, 2014; Wang and
Clarke, 2015).

When there is only a weak association between phenotypic traits
and ecology, despite a priori predictions, it suggests that either our
predictions are based on flawed reasoning or we have failed to
measure critical phenotypic or ecological variables. An illustration
of'this challenge comes from work on cichlid fishes, which exhibit a
remarkable variety of feeding morphologies in a hyper-diverse
lineage. The morphological diversification suggests that this
radiation was driven by intense competition for resources. Studies
by Karel Liem and others in the 1970s and 80s, however, indicated
that many cichlids retained dietary flexibility, despite possessing
specialized morphologies (see Liem, 1980). This phenomenon,
wherein species with specialized feeding morphologies consume
generic resources, has become known as Liem’s paradox
(Greenwood, 1984; Liem, 1980; Mayr, 1984; Robinson and
Wilson, 1998). The most common explanation for Liem’s
paradox is that feeding specializations can evolve if they allow
species to utilize ‘fallback foods’, especially if the costs for
maintaining a generalist diet are low (Benkman and Miller, 1995;
Liem and Kaufman, 1984; McKaye and Marsh, 1983; Robinson and
Wilson, 1998; Smith, 1990). Thus, species’ traits may reflect
adaptation not just for general circumstances but also for periods of
intense challenge that may not be easily observed.

Another potential confound in comparative studies of avian flight
is Simpson’s paradox, in which a trend that is observed within
groups disappears or even reverses when the groups are combined
(Pearson et al., 1899; Simpson, 1951). For example, the scaling
relationships of morphology, wingbeat kinematics and power
against body mass in hummingbirds differ when analysed
intra- versus inter-specifically (Skandalis et al., 2017) (Fig. 1).
Within hummingbird species, as body mass increases, larger
hummingbirds beat their wings faster and have higher induced
power requirements for hovering. Evolution, however, has scope to
compensate for unfavourable scaling. Across hummingbirds, larger
species also have larger wings with the consequence that the
interspecific relationships of wing velocity and induced power
requirements do not scale with body mass. Such differences in
scaling within and between groups is possible for multiple aspects
of the avian phenotype. Potential targets of selection include wing
shape, size and material properties as well as variation in skeletal
and muscle morphology.

In this Commentary, we discuss several examples in which long-
standing questions about mechanisms of animal flight were resolved
either through new methods or through new frameworks for
investigation and analysis. Although there is no single solution, we
recommend that integrating biomechanics, physiology and ecology
will require at least three approaches. First, it is important to measure
behavioural and ecological variation, regardless of frequency or
ubiquity. Key insights can come from new logging technologies that
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Fig. 1. An example of Simpson’s paradox from hummingbirds. (A) Wing area S, (B) wing velocity U, (C) load factor and (D) induced power P4 plotted
against body weight (note, data are shown on a log scale). The scaling of morphology, wingbeat kinematics and power requirements for flight was distinct at
intra-specific versus inter-specific levels. Individual observations and within-species fits are coloured and shaded by species within clade, according to the
cartoon phylogeny on the right. The thick black line in each panel provides the among-species fit, which is distinct from the within-species slopes. Symbols
represent different sources of data. Figure reproduced from Skandalis et al. (2017).

allow for measurement of rare behaviours (Tanigaki et al., 2024).
Second, this greater understanding of relevant behaviours should be
used to develop multiple hypotheses of which phenotypes are most
relevant for performance and fitness. Finally, strength of support for
these different hypotheses can be distinguished either through a
crucial experiment or through competitive analytical frameworks
(Fudge, 2014; Platt, 1964). This concept has been introduced
before, dating back at least to 1897 (Chamberlin, 1897), but we
recommend that greater application of this competitive hypothesis
testing is needed to facilitate the next phase of investigations in the
biomechanics, physiology and ecology of avian flight.

Observing behavioural variation in space and time for
generating hypotheses in avian flight

Prior to delving directly into a manipulative experiment to
investigate a new aspect of avian flight, the essential first step is
to make observations of bird behaviours across space and time.
Breadth is important for the simple reason that restricted
observations may cause one to miss a key selective force. Another
important issue is that most biological processes are non-linear. The
consequence is that as one adds breadth of sampling, it is also
important for the analysis to consider Jensen’s inequality, where
performance at average conditions is seldom equal to average
performance across a range of conditions. A discussion of Jensen’s
inequality and its consequences was presented in an earlier

Commentary in Journal of Experimental Biology by Denny
(2017). It is obviously not possible to obtain full resolution of an
organism’s life history, but we highlight a few examples in which
efforts at more fulsome ranges of observations yielded new insights.
The environment, either directly or indirectly through species
interactions, is a source of selection in natural populations. Because
the environment changes over time, so does the strength of selection
it exerts. A classic example of this phenomenon in birds comes from
work on Galapagos finches, albeit not from a flight trait. Galapagos
finches have experienced rapid morphological diversification in size
and feeding morphology. On Daphne Major in the late 1970s, both
resident finch species (Geospiza fortis and Geospiza scandens)
exhibited generalist diets with some overlap (Boag and Grant,
1984). Seasonal variation caused shifts in their diets. After the
breeding season, the two species fed primarily on seeds, but with
different proportions of seed sizes in their diets. A major drought in
1977 caused a reduction in seed abundance and a bias for larger,
harder seeds (Boag and Grant, 1981). This shift in seed size
distribution drove strong selection in G. fortis for larger beaks that
could crack the successively harder seeds that remained.
Long-term evolution studies, especially those capturing seasonal
variation like that on the finches of Daphne Major, are rare for flight
traits. However, alongside seasonal variation, unpredictable and
extreme events (drought, storms) can also shape phenotypic traits
(Grant and Grant, 2002; Grant et al., 2017). Bumpus (1898)
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documented selection in house sparrows on total length, wingspan,
humeral length, femoral length and weight, although these
conclusions were based on the survival of immobilized individuals
that happened to be brought to the Anatomical Laboratory of Brown
University during a severe winter storm. Brown and Brown (1998)
reported selection on wing and tail asymmetry of cliff swallows during
an extreme cold spell. Taken together with work on Galapagos
finches, these results illustrate that environmental selection can vary
both within and across years, and that measuring temporal variation in
the environment can be key to understanding phenotypic evolution,
including traits related to avian flight.

Spatial variation in selective pressures can be another important
driver of phenotype. How birds use space is often not well
quantified. A recent example comes from a radio telemetry study of
two species of thrushes (7urdus) in Brazil (Da Silveira et al., 2016).
Although both were originally considered habitat generalists, fine-
scale tracking revealed a strong preference for foraging in forest
edges. Knowledge of habitat use can guide the study of ecological
competition and associated changes in morphology. A recent
example comes from vultures. Turkey vultures are more likely to
forage in forested, canopy-covered areas, whereas black vultures
more frequently use open areas. As a result of niche partitioning,
turkey vultures spend more time foraging and have a greater wing
length to body mass ratio that should allow for more efficient
soaring (Byrne et al., 2019). A final point to consider about spatial
variation is that co-evolutionary interactions, which can drive
changes in phenotype, can also be spatially heterogeneous
(Thompson, 2005). This principle is well documented in feeding
morphology. Several notable examples include hummingbird bill
morphology co-evolving with flower corollas (Soteras et al., 2018;
Temeles and Kress, 2003).

Although each of these examples illustrates how careful
observations suggest potential mechanisms of avian function,
these studies do not span the full range of approaches that include
both observations and experimental perturbations that directly test
predictions from the hypothesis. Quantifying avian behaviour
across space and time is becoming feasible with technologies that
include GPS tracking, marker-based tracking and RFID logging.
Although there are a number of tools available to quantify
biomechanical and physiological performance (e.g. high-speed
videography, computational fluid dynamics, respirometry and
doubly labelled water), it can be challenging to explicitly link
these measurements with fine-scale behaviour. Advances in both
behavioural quantification and experimental manipulations
continue and, as molecular genetic tools become more accessible
in birds, these approaches should connect better. In the meantime,
however, observations across the environment provide the raw
materials to refine hypotheses and predictions that are then
amenable to experimental tests.

Refining hypotheses in avian flight through experimental and
natural perturbations
A strategy that can be helpful for matching behavioural and
mechanistic measurements in avian flight is to introduce
experimental manipulations that challenge biomechanical limits.
The goal of these experiments is to magnify differences in
biomechanical performance between individuals, developmental
stages or species to clarify relationships between ecological forces
and phenotype. This strategy has helped to advance several
discoveries in flight biomechanics.

An example of a flight trait that has been studied and manipulated
in several bird species is tail length. Extreme tail lengths, such as

those in widowbirds, are counterintuitive because these seem to
interfere with the birds’ day-to-day activities. This paradox led
Darwin (1871) and Fisher (1930) to postulate that extreme tail
length was due to female choice. To probe this hypothesis, Malte
Andersson (1982) and Staffan Andersson (1992) manipulated tail
lengths of male widowbirds and examined impacts on reproductive
success. They also considered other factors that could influence
female choice or tail length selection pressures such as territory
quality and intraspecific competition. The studies found a strong
positive correlation between male reproductive success and tail
length, supporting Darwin’s and Fisher’s hypothesis that female
choice drives exaggeration of ornate tails. This hypothesis has also
been addressed through manipulations of tail length in barn
swallows, with the similar conclusion that longer tails are derived
from sexual selection rather than natural selection (Moller et al.,
1998).

The studies of widowbirds and barn swallows did not include
direct measurements of how tail length affects flight performance.
Norberg (1994) combined observations of barn swallows in flight
with wind tunnel measurements from a restrained swallow with a
spread tail. This collection of measurements suggested that
elongated outer tail feathers can improve manoeuvrability.
Measurements of flying Anna’s hummingbirds with manipulated
tails in a wind tunnel were performed by Clark and Dudley (2009).
Several manipulations were made including shortening tails,
removing tails and adding the elongated tail of the male red-billed
streamertail hummingbird. In each case, metabolic rate was
measured through oxygen consumption during forward flight in a
wind tunnel. Both elongated and shortened or removed tails
negatively impacted hummingbird flight speed, but only elongated
tails increased metabolic costs. Overall effects on metabolic costs
and forward flight speed were modest. Clark (2011) also used tail
manipulations in conjunction with high-speed videography to
measure the effects of tail length on low-speed escape manoeuvres
in red-billed streamertail hummingbirds. He found that low-speed
manoeuvres were not significantly influenced by elongated tails,
further supporting the hypothesis that ornate tails are not strongly
constrained by flight costs.

The most common type of experimental challenge for studying
bird flight is the use of wind tunnels, which has been reviewed
elsewhere (Hedenstrdm and Lindstrdm, 2017). Here, we highlight
several less common methods for using physical challenges to gain
insight into avian flight mechanisms.

Dial and Jackson (2011) asked whether flight traits varied across
the lifespan of Australian brush turkeys. They focused on the
behaviour of wing-assisted incline running (WAIR), in which birds
use their wings to increase foot contact with the ground for walking
up steep inclines. Hatchling brush turkeys are unusually adept at
WAIR as a predatory avoidance behaviour and consistently
outperform adults. Challenging the limits of WAIR for Australian
brush turkeys across the lifespan revealed that wing loading and
WAIR capacity are inversely correlated, with minimal wing loading
predicting maximum performance as hatchlings. For these precocial
birds, predatory selection is greatest as hatchlings and declines
as birds reach adulthood, coinciding with neuromuscular
development, a large change in body mass (0.2-1.8 kg) and a
transition from forelimb-propelled locomotion to hindlimb-
propelled locomotion.

A change in elevation is a natural physical challenge to avian
flight because this corresponds to systematic decreases in air density
and oxygen partial pressure, as well as average decreases in
temperature and increases in wind speed. It is well established that
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elevation corresponds with shifts in avian flight traits. For example,
a study of 105 North American bird species with considerable
individual sample size and phylogenetic resolution demonstrated
that relative wing length increases with greater elevation among
species (Youngflesh et al., 2022). Earlier studies of Andean
hummingbirds demonstrated that with increasing elevation, species
increase in body mass, wing area and wing stroke amplitude during
hovering flight (Altshuler and Dudley, 2003; Altshuler et al., 2004).
A surprising result was that the increase in wing area and wing
stroke amplitude were sufficient to offset much of the cost of
hovering at lower air density such that the mechanical costs of
hovering were not significantly affected by elevation among
species. In addition to elevation, the birds were also challenged
using transient load lifting, in which a hummingbird had a rubber
harness attached to a string of weights. As the birds ascended to
escape, they lifted progressively more weight until reaching a
maximum lift. At all elevations, hummingbirds reached maximum
load lifting when the wing stroke amplitude reached ~180 deg. Any
further increases in wing stroke amplitude would cause wing
interference, both physically and aerodynamically. Taken together,
the combined physical challenges of elevation and transient load
lifting revealed that although the costs of hovering flight are
constant across elevations, the excess mechanical power for other
behaviours declines systematically with increased elevation.

Competitive frameworks

The concept of using competing hypotheses was most famously
explained by John Platt (1964) in his article titled, ‘Strong
Inference: Certain systematic methods of scientific thinking may
produce much more rapid progress than others’. An updated framing
of this seminal paper is available in another Commentary in Journal
of Experimental Biology by Doug Fudge (2014). As Fudge
explains, the idea of having multiple working hypotheses was
elucidated as early as 1897 by Thomas Chamberlin (1897).

Platt’s insight was that some disciplines of science were
advancing rapidly through important and challenging questions
by systematically applying the following steps: ‘(1) devising
alternative hypotheses; (2) devising a crucial experiment with
alternative possible outcomes, each of which will exclude one or
more of the hypotheses; (3) carrying out the experiments so as to get
a clean result; (1') recycling the procedure’. Why is this approach
different from other approaches? The answer is that it is often not
informative to perform an experimental manipulation that simply
perturbs a system using whatever technology happens to be
available. A more powerful technique for moving beyond simple
associations is to devise a framework where the result of the
experiment(s) can be interpreted in a context that indicates causality.
Here, we review two of the attempts that our laboratory has made to
apply this framework.

We applied the Platt approach to improve understanding of how
the manoeuvring flight of hummingbirds is influenced by
challenges to flight along an elevational gradient (Segre et al.,
2016). In the first phase of the study, we transported the same
individual Anna’s hummingbirds to both high and low elevations
and measured their manoeuvring performance. This perturbation
revealed that many metrics of manoeuvrability declined with
altitude. Because the decline in manoeuvring flight performance at
high elevation could be due to either lower air density or lower
oxygen partial pressure, we conducted an experiment with a
different group of Anna’s hummingbirds that would allow us to
distinguish between these alternatives. Using a large, sealed
chamber, we used gas mixtures to manipulate the air while

measuring manoeuvring performance. Replacing normal air with
nitrogen caused a systematic decrease in oxygen availability while
maintaining near-constant air density. Replacing normal air with
heliox (79% helium, balance oxygen) systematically reduced air
density while maintaining constant oxygen availability. This
experiment provided a clear result that the decreases in
hummingbird manoeuvrability were associated with the decrease
in air density rather than oxygen partial pressure.

For many questions in avian flight mechanics, especially
evolutionary questions, it may not currently be feasible to design
a manipulative experiment to distinguish among alternative
hypotheses. In these cases, data analysis can be constructed in a
way that is analogous to a crucial experiment in that it allows for
competing and comparing alternative hypotheses. We applied this
approach to gain insight into the evolution of the avian wing, and
specifically to understand why static measurements of wing shapes
are not well correlated with flight style or body mass (Wang and
Clarke, 2015). We hypothesized that dynamic measurements of
wing range of motion may be more constrained by the demands of
flight and therefore more closely matched to flight style (Baliga
et al., 2019). This type of evolutionary comparative question is not
amenable to experimentation, but we were able to measure both
static wing shape and dynamic range of motion from a sufficiently
large number of species to test alternative hypotheses in a
phylogenetic context. With the overall analytical approach in
place, we tested several aspects of range of motion: extension,
linkage trajectory and out of plane motion (bending and twisting).
Dynamic range of motion was more informative than static wing
shape in all cases, and it was also more evolutionarily labile.
Additional insight included that some features of range of motion
(linkage trajectory) were almost exclusively associated with flight
style whereas others (out of plane motion) were almost exclusively
associated with body mass.

We highlight these two studies because they provide examples in
which placing alternative hypotheses in competition helped
advance understanding of a long-standing problem. They also
illustrate that when a ‘crucial’ manipulative experiment is not
available, alternative hypotheses can also be compared through an
analytical framework. One important caveat is that testing
alternative hypotheses through competition is only useful if the
hypotheses are plausible explanations of observed data, and ideally
have some level of previous support. In the next section, we discuss
how to design tests that distinguish among plausible alternative
hypotheses.

Approaches for testing alternative hypotheses

In another Commentary paper in Journal of Experimental Biology,
Fudge and Turko (2020) provide detailed guidance for designing a
crucial experiment. They point out that a difficult transition in
Platt’s (1964) approach is to move from step 1 (generating
alternative hypotheses from observations) to step 2 (designing a
crucial experiment). The bridge, they explain, is to generate high-
quality predictions that are both critical and persuasive. A prediction
is critical if when found to be false, it would cause one to reject the
hypothesis. The concept of a critical prediction is therefore an
essential component of falsifiability (Popper, 1959). A prediction is
persuasive if when found to be true, it would increase confidence in
the hypothesis. Although it has long been recognized that good
predictions are critical, unless a prediction is also persuasive, it may
yield relatively little insight. Fudge and Turko’s (2020)
Commentary includes worked examples and a checklist for
answering new questions. It is key reading for the experimental

4

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



COMMENTARY

Journal of Experimental Biology (2025) 228, jeb247992. doi:10.1242/jeb.247992

approach. We will focus on analytical approaches that are in many
ways parallel to their recommendations for experiments.

It is possible to use statistical tests to compete alternative
hypotheses about avian flight using non-experimental data. There
is, however, no one specific test to do this. Rather, there are
approaches that can facilitate hypothesis comparison. We begin by
making a point that is logically obvious but may seem controversial.
When two distributions based on sufficiently sampled data are so
distinct that there is no overlap whatsoever, then a statistical test of
their difference is not needed. The general rule in biology is that
many of the datasets are subject to multiple sources of variation and
are therefore inherently messy. This is the case for most avian
behavioural data, for example. It is therefore essential to perform at
least two checks to ensure that the data are suitable to the question, a
repeatability check and a sensitivity check. Repeatability involves a
statistical analysis of the consistency of repeated measures. If
measurements of the same trait from the same individual have
low or zero repeatability, then that trait is not suitable for further
study (Segre et al., 2015). Sensitivity analyses determine how the
uncertainty of statistical models relates to uncertainty in the
underlying variables. These analyses involve recalculating
outcomes under reasonable, alternative assumptions (Harvey
et al, 2019). If the results are highly dependent on the
assumptions, then there is a fundamental problem with the data
collection and/or the hypotheses.

Biological data are often not well summarized by the mean and
standard deviation. It can therefore be challenging to determine
whether measured samples are from distinct distributions
(alternative hypothesis) or from the same distribution (null
hypothesis). A permutation test is a powerful non-parametric
method that requires no assumptions about the distribution of the
population(s) (Ernst, 2004). It assesses the significance of an
observed effect against repeated random shuffling of the data. For
example, if you have 30 measurements of traits from different
individuals (or different species), you can create a shuffled
distribution by randomly pairing the traits from different
individuals (or species). This null distribution is biologically
plausible because it is based on the real data. If the strength of the
association for the actual data is similar to the association strength of
the shuffled data, there is no meaningful association among your
variables of interest. This approach can also allow one to distinguish
among alternative hypotheses by comparing the results of their
respective permutation tests. Permutation tests are commonly used
in some disciplines within the life sciences and it is also possible to
perform permutation tests within a phylogenetic framework (Adams
and Collyer, 2015).

We provide two examples from our own work in which we
applied multiple permutation tests to distinguish alternative
hypotheses about bird flight (Fig. 2). In a comparative study of
manoeuvring performance among species (Dakin et al., 2018), we
used two shuffled distributions to help determine whether each of 25
hummingbird species could be distinguished based on either
manoeuvring performance or morphology. If we randomly
guessed the identities of these species, we would anticipate being
correct 4% of the time, but such random guesses would ignore the
data entirely. Instead, we created two null distributions, one by
shuffling manoeuvring traits and the other by shuffling
morphological traits. Models fitted to these null distributions
correctly predicted species <20% of the time. The actual
manoeuvrability data were, in contrast, able to predict the correct
species 34% of the time. Although this was lower accuracy than
what was provided by the morphological data (65% accuracy), the

B
D Randomized . Empirical

Morphology
- Extension
I J ! ROM
0 50 100
% Correctly
identified species Wing
Manoeuvres shape
log Body
—o— mass
I T 1 I T T 1
0 50 100 0 25 50 75

% Correctly
identified species

% Species with correctly
identified flight behaviour

Fig. 2. Examples of permutation tests to compare hypotheses about
hummingbird manoeuvrability and avian wing morphing. (A) Both
morphology (top) and manoeuvrability are sufficient to correctly identify
hummingbird species compared with chance. Shuffled data are shown as
grey distributions. Reproduced with permission from Dakin et al. (2018). (B)
Range of motion (ROM) correctly identifies avian species’ flight behaviours
more reliably than wing shape or body mass. Reproduced with permission
from Baliga et al. (2019).

highly dynamic measurements of manoeuvrability were much more
informative than expected by chance. In another example, from our
comparative study of wing range of motion (Baliga et al., 2019), we
used three permutation tests to ask how 1 of 9 flight behaviours
could be predicted from range of motion, static shape or body mass.
This revealed that the range of motion data were the most
informative by far. In the permutation tests, these data had the
highest accuracy (>50%) and were the only distribution that had no
overlap with the shuffled (null) distribution. These examples
illustrate how inherently noisy data may contain hidden information
that is only revealed when compared with a biologically plausible
null distribution.

Another challenge for studies of avian flight performance is
that there are often multiple sources of variation, and it is difficult
to know a priori which sources are meaningful. Statistical
models with more parameters will almost always explain more
variance than models of the same type with fewer parameters.
Models with many parameters may be too tightly tuned to a
specific dataset and therefore not be generalizable. This is
referred to as overfitting. It is therefore essential to compare the
explanatory power among alternative hypotheses by comparing
the goodness of fit or predictive power among corresponding
statistical models while penalizing for model complexity
(Burnham and Anderson, 2010). An important choice is the
number of models to compete because as more models are fitted,
the chances of obtaining a false positive (type I error) increase.
There is no diagnostic test to select the number of models, but
best practice is to use as few models as possible to capture the
variables that are expected to be most meaningful. Alternative
models should be limited to those with predictions that are both
critical and persuasive (Fudge and Turko, 2020). A good null
model is often an intercept-only model because this assumes that
the predictor variables have no value.

Model comparisons were essential features for research in our
laboratory on hummingbird manoeuvrability and the comparative
biology of avian wing morphing. To identify which variables
predicted each metric of hummingbird manoeuvring performance,
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we competed models that included the random effect of individual
bird and the fixed effects of body mass, wing length, wing aspect
ratio and the amount lifted during maximal load lifting (Segre et al.,
2015). This analysis revealed the importance of burst muscle power
for many metrics of manoeuvring performance in hummingbirds.
Including the null model was particularly helpful in our study of
wing morphing (Baliga et al., 2019). In the case of wing shape, the
intercept-only model had the highest support, which indicated that
neither body mass nor flight behaviour had any explanatory power
for this metric.

Recommendations for implementing a competitive
hypothesis framework

The framework of using alternative hypotheses to study avian flight
requires that all of the alternative hypotheses are biologically
plausible. Aside from a reasonable null hypothesis, there is no value
to including alternative hypotheses for which there is no support,
either from new observations or from previous studies. Although
this instruction may seem obvious at first glance, it needs to be kept
in mind throughout because it can be challenging to develop a single
hypothesis with critical and persuasive predictions, and much more
so for multiple hypotheses. Strong inference is usually described as
progressing directly from observation to experimental design to
measurement and analysis. In reality, developing the correct set of
questions, experiments and analyses is a non-linear process. For
example, we have found that our questions often improve
considerably as we begin an experiment.

The central goal of competing alternative hypotheses against each
other is to break one or more of them. Hypotheses that withstand
multiple attempts to disprove them are by definition strongly
supported. New technologies typically provide new mechanisms to
perform manipulative experiments. Our understanding of the
biomechanics and physiology of bird flight has clearly advanced
through the increased availability of biologgers (Hedenstrom and
Hedh, 2024), flow measurements (Usherwood et al., 2020; Warrick
etal., 2005) and force measurements (Lentink et al., 2007; Tobalske
et al., 2003). Breaking hypotheses is a regular feature of research
with genetic model organisms such as Drosophila melanogaster,
zebrafish and mouse. Genetic tools provide powerful techniques for
testing both necessity and sufficiency through a combination of
imaging, activation, inactivation and reporting. Tools from model
organisms are becoming more available in non-genetic models,
including birds (Roberts et al., 2012; Xiao et al, 2018).
Implementing such techniques can be challenging and time
consuming but they have considerable potential to test predictions
that are both critical and persuasive.

What does it mean when a hypothesis that was supported by
observations or previous research is broken? The phenomenon is
a common feature of complex systems because of confounding
or latent variables. Bird flight is a complex behaviour that is not a
simple product of discrete traits. Often, multiple traits determine
the performance of behaviour (so-called many-to-one mapping).
These traits may trade-off with one another, contribute additively
or exhibit more complex interactions to determine performance
and fitness. Similarly, most traits influence performance across
multiple behaviours (one-to-many mapping). When a hypothesis
is disproven through a manipulative, crucial experiment, the result
provides the foundation for the next round of study. As explained
so powerfully by Platt (1964), this framework can greatly
accelerate research when applied consistently and we believe the
time is ripe for committing to this approach in the study of avian
flight.
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