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“Life shrinks or expands in proportion to one’s courage.”

For all the women scientists who came before me,

and opened doors...

You expanded the (and my) world.

Thank you.

Artwork by Isabella Sinclair (1842-1900). Naturalist and scientific illustrator who published
the first book with colored images of Hawaiian flowering plants (Indigenous Flowers of the

Hawaiian Islands). She was one of the first to be concerned about the e↵ects of invasive species
on Hawaiian biodiversity. The plate here depicts Ōhia lehua (Metrosideros polymorpha), an
endemic plant from Hawaii.
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Abstract

Islands have long captivated evolutionary and ecological biologists, especially
since Darwin’s pivotal insights on natural selection during his visit to the Galapa-
gos Islands. While islands account for only 6% of the Earth’s land area, they har-
bor 20% of global species diversity, hosting many endemic species and unique mor-
phological diversity, providing textbook examples of adaptive radiation. However,
island biodiversity has been severely a↵ected during the Anthropocene, with three
out of four island species becoming extinct, with the disappearance of the dodo
(Raphus cucullatus) in the 17th century being one of the first recognized human-
caused extinctions on islands. The extinction of a species can profoundly a↵ect an
entire ecosystem, leading to changes in both ecological and evolutionary dynam-
ics. Focusing on the evolution of morphological traits, I combined theoretical and
empirical approaches to explore the ecological and evolutionary consequences of
extinctions on island communities. In Chapter 1, I explored the interplay between
colonization, extinction, and coevolution, and how these intersecting dynamics
shape species’ traits and the structure of mutualistic networks on islands. For
that, I used a stochastic mathematical model, integrating Island Biogeography
Theory with coevolutionary dynamics. My results show that as extinction rates
increase, the number of interactions needed for a species to achieve maximum per-
sistence on the islands also rises, but only up to a threshold. Moreover, islands
with higher extinction rates have species with greater trait similarity. In Chapter
2, I used data from historical Hawaiian honeycreepers, a group of Hawaii-endemic
birds that have lost several species in the last century. I test whether greater
morphological variation and larger niche breadth increases resilience to extinction
in each species. Using geometric morphometrics and stable isotope ratios, I show
that within guilds, species that have gone extinct exhibited lower morphologi-
cal variation. Lastly, in Chapter 3, I used phylogenetic comparative methods to
investigate the evolution of beak shape in the Hawaiian honeycreepers and the
loss of unique adaptive peaks with species extinctions. I show that the extinc-
tion of Hawaiian honeycreepers is leading to a drastic reduction in the occupied
morphospace, resulting in a homogenization in their trait space, which can di-
rectly impact ecosystem functioning and the provision of ecosystem services, such
as seed dispersal. Taken together, my dissertation broadens the understanding
of how extinction can a↵ect both ecological and evolutionary dynamics of island
communities.
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Chapter 1

“We especially need imagination in science. It is not all

mathematics, nor all logic, but it is somewhat beauty and poetry”

(Maria Mitchell 1, 1818-1889).

1First American scientist to discover a comet (“Miss Mitchell’s Comet”) and first female
astronomy professor. She strongly advocated for science and math education for girls and she
became involved in both anti-slavery and su↵rage movements.
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Chapter 1
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Island Biogeography Theory of
Coevolution in pollination networks

1 Abstract

Island ecosystems have been pivotal in understanding community assembly and
biodiversity, from the competing roles of colonization and extinction, to the influ-
ence of spatial structure, species interactions, and evolutionary processes. Network
theory has helped our understanding of how ecological interactions shape island
biogeography dynamics, using empirical and theoretical studies to explore species-
rich island community structures. Mutualistic networks on islands di↵er from
those on the mainland by supporting fewer species and more super-generalists, re-
sulting in a more nested community structure. Coevolution, the reciprocal adap-
tation between interacting species, can shape traits and interactions within these
networks, influencing their assembly. Here we explore how colonization, extinction,
and coevolution can intersect to shape species traits and the structure of mutu-
alistic networks. Using a stochastic dynamic model, we integrate Island Biogeog-
raphy Theory with coevolutionary dynamics, examining pollination networks to
understand trait-matching in evolving communities. Our results show that highly
nested and connected mainland communities contribute to greater instability on
islands, particularly under intermediate extinction rates. While super-generalist
species persist longer, their persistence does not greatly exceed those species with
fewer interactions beyond a threshold, which itself varies with the extinction rate.
Additionally, coevolution leads to greater trait-similarity within communities on
islands. Our findings highlight the critical role of coevolution in shaping island
communities, especially on small islands where the extinction rate is expected to
be elevated.

2 Introduction

Island ecosystems have long played a critical role in our understanding of commu-
nity assembly, o↵ering insights into the dynamic processes shaping biodiversity.
MacArthur & Wilson (1967) proposed the influential Theory of Island Biogeog-
raphy, describing how colonization and extinction processes can influence island
biodiversity over time, leading to species turnover and the eventual attainment of
equilibrial community richness. Many empirical studies have demonstrated where
these theoretical insights align with observations of island community assembly,
as well as inherent limitations. For example, factors such as archipelago structure
and history (Whittaker et al., 2008; Aguilée et al., 2021), speciation (Valente et al.,
2020), and the structure and dynamics of species interactions (Gravel et al., 2011)
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are critical components that also shape island communities, expanding beyond the
original scope of the theory.

Species interactions not only constrain the distribution of species, but can also
facilitate species coexistence (Vellend, 2008; Palmer et al., 2013). The e↵ects of
multiple species interactions and the complex structure of ecological systems can
be investigated using tools from network theory (e.g. Donatti et al., 2011; Valdovi-
nos & Marsland III, 2021; Birskis-Barros et al., 2021). In this sense, ecological
communities can be represented as networks in which species represent nodes of
the network and if they interact, are connected by edges, or links. An edge con-
necting two species can represent many di↵erent types of relationships, but is often
used to denote energetic or biomass flow transferred between a consumer and re-
source species engaged in a trophic interaction (Hale et al., 2020; Valdovinos et al.,
2023). Advances in network theory have deepened our understanding of how eco-
logical interactions shape island biogeography dynamics, with both empirical and
theoretical studies applying these concepts to explore the structure of species-rich
island communities (Sugiura, 2010; Castro-Urgal & Traveset, 2014; Massol et al.,
2017; Vidal et al., 2020). For example, Gravel et al. (2011) demonstrated the im-
portance of integrating food web structure into the classical Island Biogeography
Theory model to improve predictions of real community composition on islands.
By incorporating the assumption that a consumer species must have at least one
prey species present to colonize the island and that losing all prey results in ex-
tinction, they showed that the structure of the food web can play a crucial role in
determining the species richness of island communities (Gravel et al., 2011).

While trophic interactions describe antagonistic relationships between con-
sumers and their resources, mutualistic interactions account for reproductive ser-
vices provided to the resource species. Mutualistic interactions often describe an
interaction between species where one receives a service (the service receiver) while
the other receives a reward for facilitating the service (the service provider). In
plant-pollinator interactions, this service is reproductive, where the pollinator de-
livers pollen to the stigma of female plants, while the reward is energetic, often
in the form of nectar. This results in a fitness benefit to both species, and plays
a fundamental role in generating and maintaining local biodiversity (Bronstein,
2015). Mutualistic interactions can serve to minimize competition between species
(Elias et al., 2008; Bastolla et al., 2009) and in some cases increase the diversity of
the community (Valiente-Banuet & Verdú, 2007). The abundance of mutualistic
interactions can be substantial in many systems. For example, more than 90%
of tropical plants depend on animals for dispersing their seeds, and many plants
depends on animals to pollinate their flowers (Bawa, 1990; Jordano, 2000).

Mutualistic systems can be depicted by a bipartite network (Memmott, 1999),
consisting of two sets of nodes – here denoting service providers, or pollinators, and
service receivers, or plants – and where links between them identify a mutualistic
dependence. These networks have been observed to display consistent patterns
in their structure, suggesting a common yet enigmatic process governing their
assembly (Bascompte et al., 2003; Krishna et al., 2008; Encinas-Viso et al., 2012;
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Minoarivelo & Hui, 2016). Specifically, networks of mutualistic species tend to
have a highly nested structure, where specialist species interactions tend to be
subsets of generalist species interactions (Jordano, 1987; Lewinsohn et al., 2006;
Bascompte & Jordano, 2007). Nestedness is an important structural characteristic,
as it lowers the intensity of interspecific competition, increasing the number of
species that can coexist (Bastolla et al., 2009), promoting diversity. Of particular
importance in island systems — where species arrivals and extinctions occur at
an accelerated pace — is how these dynamics influence the structure and function
of mutualistic communities. Understanding how such dynamics shape the nested
architecture of mutualistic networks can shed light on the processes that support
ecological resilience in island ecosystems.

Compared to mainland mutualistic systems, those on islands are less diverse,
have a lower ratio of pollinator to plant species and a higher number of supergen-
eralists (i.e.species with many interactions)(Olesen et al., 2002; Traveset et al.,
2016; Trøjelsgaard & Olesen, 2016). These supergeneralists can play a critical
role in shaping the structure of mutualistic networks by increasing the density of
interactions (i.e., higher connectance) and promoting network nestedness (Kaiser-
Bunbury et al., 2010; González-Castro et al., 2012; Traveset et al., 2016). For
example, Trøjelsgaard et al. (2013), used island ages as a proxy for the temporal
assembly process and showed that recently formed island communities hosted a
larger number of generalist pollinators, whereas more established island commu-
nities had larger numbers of specialized pollinators and plants.

Remote oceanic islands have provided unique opportunities to integrate eco-
logical and evolutionary dynamics, enhancing our understanding of how diverse
ecological communities are formed and maintained (Gillespie, 2016). On islands,
speciation plays a crucial role in generating species diversity, with island com-
munities shaped by the interplay of immigration, speciation, and extinction rates
(Losos & Ricklefs, 2009; Whittaker et al., 2008). Losos & Schluter (2000) demon-
strated that on smaller islands, speciation events are rare, such that immigration
is the primary source of new species. However, on larger islands (greater than
3,000 Km2), speciation surpasses immigration as the dominant driver of species
diversity, with the rate of speciation increasing proportionally with island area
(Losos & Ricklefs, 2009). Additionally, the number of species generated through
speciation only exceeds those arriving through immigration when the speciation
rate is greater than half of the extinction rate (Chen & He, 2009). Although very
insightful, we still need to scale down to better understand how evolutionary dy-
namics shape species traits and alter the adaptive landscape, while communities
are still being shaped by ecological dynamics, such as immigration and extinction,
on islands.

As mutualistic species interact they alter the fitness landscape, influencing the
selective forces operating across species (Cosmo et al., 2023). And because species
are connected in a network, the coevolutionary changes impacting species that do
not interact directly with a particular pollinator or plant (the indirect e↵ects) can
often be just as influential as those that do (Guimarães et al., 2017). These pro-
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cesses may feed back to alter the forces governing the dynamics of colonization and
extinction, introducing a great deal of complexity to coevolving mutualistic island
communities. For example, coevolution can favor trait-matching between species,
such as the size of the nectar tube in plants and the size of the proboscis among
insect pollinators (Ehrlich & Raven, 1964; Thompson, 1994; Pauw et al., 2009).
Indeed, this is the subject of Darwin’s famous insight into the proboscis length of
the then unknown pollinator of the star orchid Angraecum sesquipedale (Arditti
et al., 2012). However, a key challenge lies in understanding how coevolution in-
fluences not only a pair of interacting species, but a diverse and ever-changing
community. Coevolution can lead to trait matching between species of di↵erent
guilds, even when they are components of a larger and more complex mutualistic
network (Newman et al., 2014; Biddick & Burns, 2018). Over time, the evolu-
tion of traits mediating mutualistic interactions can have profound impact on the
eventual structure of the community (Stang et al., 2009; Nuismer et al., 2013;
Chamberlain et al., 2014). In fact, trait-matching between plant and pollinating
birds has been shown to be directly predictive of island network structure (Biddick
& Burns, 2018), while indirect interactions are fundamental to the coevolutionary
dynamics of mutualistic networks, especially in nested communities (Guimarães
& Deyn, 2016).

Here we aim to understand how mutualistic networks assemble into island
communities. We integrate colonization and extinction dynamics into a stochastic
model of trait coevolution to uncover how the reciprocal nature of the selective
forces driving trait-matching between interacting species influence the assembly
process, and vice versa, to alter the composition and stability of evolving communi-
ties. Specifically, we aim to address three main questions. First, how do extinction
rates influence the structure of mutualistic networks and the mean trait of species
on islands? Second, does the structure of the mainland community (source) influ-
ence that of assembling island communities? And third, does coevolution, when
governing the extinction process, play a significant role in shaping the structure
of mutualistic networks of island communities? Our investigation contributes to a
deeper understanding of community assembly processes and informs conservation
e↵orts aimed at preserving ecosystem function and biodiversity in island systems.

3 Methods

We begin with an interaction network between two groups of species: those deliv-
ering a reproductive service while receiving trophic rewards (e.g. pollinators), and
those receiving a reproductive service and providing trophic rewards (e.g. polli-
nating plants). This bipartite network is specified by the adjacency matrix A,
where the rows i of the matrix represent plant species and the columns j repre-
sent animal pollinator species for a given mutualistic system. If two species engage
in a mutualistic interaction, the matrix element aij = 1; and is zero otherwise.
Throughout we will simulate evolutionary dynamics of species assembling into an
island community. While the composition of species in the island community de-
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pends on those who have successfully colonized, their interactions with each other
are assumed to be as observed in the full empirical community on the mainland.
Within each system, we evaluate the dynamic structure of the island community
as species colonize and go extinct, and as the mutualistic traits of species coevolve
over time, where species’ traits are assumed to determine the e�cacy of each pair-
wise mutualistic interaction. Each species’ trait is represented by a quantitative
character where trait-matching between plant and pollinator is presumed to maxi-
mize fitness. In other words, in a simple interaction pair, without the confounding
e↵ects of the community, the traits of plant and pollinator species will eventually
evolve to match, where, for example, the size of the pollinator’s proboscis will
evolve to fit the the length of the plant’s nectar tube, and vice versa.

3.1 The dynamics of coevolutionary assembly

We investigate the combined e↵ect of trait coevolution in a mutualistic system as
it assembles and evolves from an established mainland community. Throughout,
we assume that the traits of species in the mainland community have reached a
coevolutionary steady state prior to the assembly process (cf. Guimarães et al.,
2011), and that the mutualistic structure of species present in the assembling com-
munity are invariant with respect to the mainland. So while the presence/absence
of interactions between coexisting species are the same as those on the mainland,
the existence of an interaction is contingent on the co-occurrence of both species
in the assembling community, and the interaction is absent if one of the pair is not
present on the island. To establish mainland communities, we used 50 empirical
pollinator-plant networks from the Web of Life database (http://www.web-of-
life.es/), introducing a wide range of network topologies and localities, ranging
from Argentina to Canada (Table S1). We did not include empirical island net-
works, as we intended the network assemblage to represent mainland systems from
which simulated island communities were assembled.

The mainland community represents the pool from which the island community
is assembled. After finding the deterministic steady state of the mainland com-
munity following Guimarães et al. (2011), we allowed a species i to assemble into
a novel community, arriving with the mean trait value Zi, initially obtained from
the corresponding steady state mainland value. While the mainland steady state
is found deterministically, assembly of the island community follows a stochastic
process, where species colonize, coevolve, and su↵er extinction with probabilities
that change with the richness of the community. Following the MacArthur-Wilson
Species Equilibrium Model (MacArthur & Wilson, 1963), colonization rates are
assumed to decrease as the number of species on the island increase, whereas
extinction rates - as well as coevolutionary rates - increase with the number of
colonized species. We next detail how colonization, coevolution, and extinction
change with the state of the assembling community, and whether and to what
extent they depend on species’ mutualistic traits.

Colonization. The assembly process is initiated by colonization, where a mu-
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tualist pair, consisting of both a plant and pollinator, is randomly selected from the
mainland network to colonize the system. The colonization of subsequent species
requires the presence of at least one mutualist partner in the island community.
So while the mainland community defines the full suite of potential mutualistic
partners for a given species, it is only capable of colonizing the island community if
at least one of those potential partners is present on the island. Each colonization
event consists of a single species being transported to the island system. Once the
species colonizes the island, it realizes the subset of its potential mutualistic in-
teractions allowed by its mutualistic partners in the island community, potentially
facilitating additional future colonizations.

Coevolution. The trait coevolutionary process follows that of Guimarães
et al. (2011), where we track the mean value of a quantitative trait for each
species i, Zt

i , which evolves in one generation t to the next (t+1), and is initialized
from the species-specific steady state mainland value. The trait Zi is assumed to
have heritability h2 and its total additive phenotypic variance in the population
is given by �2

f , which is assumed to be the same across species. Heritability is
defined as h2 = �2

g/�
2
f , where �2

g is the total additive genetic variance, and we
assume throughout that �2

g is constant over time and equal for all species. Trait
values for each species change over time due to both mutualistic selection exerted
by species j, denoted as Mij, and environmental selection on species i, Ei, such
that the trait dynamic can be written in discrete time as

Zt+1
i = Zt

i + h2�2
f (M

t
ij + Et

i ). (1)

We assume that mutualistic selection favors trait-matching, such that

M t
ij =

NX

j=1

qtij�
t
ij, (2)

where �ij is the ‘trait mismatch’ between species i and j, where �t
ij =

q
(Zt

j � Zt
i )2.

We note that �t
ij = 0 if the trait values of interacting species are equally matched,

reaching a fitness maximum, and �t
ij � 0 if they are mismatched. qtij is the impact

that each interaction has on the mutualistic selection di↵erential, such that

qtij = mi
aije

�↵(�t
ij)

PN
j=1 aije

�↵(�t
ij)
, (3)

where mi is the strength of mutualistic selection, aij is the corresponding element
of the adjacency matrix, and ↵(�t

ij) is a scaling parameter controlling the sensi-
tivity of mutualistic selection to trait matching. In other words, qij is the relative
evolutionary e↵ect of species j on species i in relation to all of its interacting
partners, ranging from 0 (no interaction) to 1. Because the island community is a
subset of that of the mainland, the mutualistic selection (Mij) exerted on species
i will di↵er accordingly, favoring trait-matching of species present in the island
community at a given point in time (see Eq. 2), diverging from the mainland
steady state where all species are present.
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The environmental e↵ect on the mutualistic trait for species i selects towards
an environmental optimum ✓i. For simplicity, we assume that species i on the
mainland and the island will have the same ✓i value, suggesting that the mainland
and on the island environments are similar. Environmental trait optima are ran-
domly chosen from a uniform distribution between 0 and 1 for each species and
kept constant over the course of a given simulation. The environmental e↵ect on
selection is then defined as

Et
i = (1�

NX

j=1

qtij)(✓i � Zt
i ), (4)

where 1�PN
j=1 q

t
ij is the strength of the environmental selection.

Combining equations 1, 2, 4, along with h2 = �2
g/�

2
f we obtain the full trait

dynamic
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Primary extinction. Local extinctions are introduced as a stochastic process,
where species are removed from the island community, but can recolonize at a later
point in time. We distinguish primary extinctions from secondary extinctions, the
latter of which occurs subsequent to a primary extinction. We examined two
primary extinction scenarios: random extinctions, where all species have the same
probability of going extinct, and trait-based extinctions, where the probability of
extinction increases with the mismatch of plant and pollinator traits (higher �i).

Following optimal foraging assumptions (Krebs et al., 1983), we assume that
increased mismatch between a mutualistic pair results in lower interaction e�-
ciency. We can formalize this notion by assuming that lower interaction e�ciency
means a longer average handling times performing mutualistic services, reducing
the species’ net reward (Pimm & Pimm, 1982; Maglianesi et al., 2014; Klumpers
et al., 2019b). While we do not simulate individual interactions in our model,
we can use this formalization to derive the probability of extinction as a function
of trait mismatch between species i and j, �ij. If we assume that mutualistic
interactions between a pollinator i and its set of mutualistic partners results in
some net profitability (measured as either energetic or reproductive reward), its
expectation can be written as

E{Pi} =
g

E{Ti}
, (6)

where we formalize E{·} as an expectation and denote g as the gain, assumed
to be constant, and E{Ti} as the expected time a species spends in a pollination
interaction. The time a pollinator i expends visiting N partner species, Ti, is a
function of its trait mismatch relative to the plants j it is pollinating, and can be
written as

Ti = a+
b

N

NX

j=1

�ij. (7)
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Here, a represents the mean handling time if mutualistic partners are perfectly
matched (�ij = 0), and b represents the e↵ect of dissimilarity on increases to
the temporal cost, where for simplicity we assume a linear relationship. We also
assume for simplicity that each potential mutualistic partner has equivalent values
of a and b.

As species’ traits vary, the dissimilarity of a pollinator’s trait with respect to
its mutualistic partners can be treated as a random variable. A species i thus
has a distribution of dissimiliarity values with its set of mutualistic partners, and
because these values are constrained between 0 and 1, we can assume they can
be described by a beta distribution with expectation E{�i} and variance Var{�i}.
From this, we first derive the expected interaction time a pollinator spends with
its mutualistic partners, E{Ti}, and approximate the expected profitability as

E{Pi} =
g

E{Ti}
⇡ g(na2 + 2nabE{�i}+ b2(nE{�i}2 +Var{�i})

n(a+ bE{�i}3)
, (8)

where the expectation and variance of a species’ dissimilarity with its interacting
partners describes its dissimiliarty distribution at a given point in time (see Supple-
mental Materials for a detailed derivation). While we have illustrated derivation of
the expected profitability for a mutualistic service providers, the profitability for
service receivers can be estimated in the same way, though with the appropriate
change in units, which may be reproductive rather than energetic. We note that
this specification serves two important purposes. First, it provides a mechanistic
linkage between a quantity with specific ecological and energetic importance (prof-
itability) to the more abstract notion of trait mismatch. Second, while we do not
directly connect energetic parameters to empirical systems here, Eq. 8 provides
a means to do so, bridging the theory explored here to potential application to
mutualistic communities in nature.

The expected profitability for species i, E{Pi}, is the expectation of a profitabil-
ity distribution that remains unspecified. Regardless, we can assume that as the
expected profitability declines (as, for example, mutualistic partners become more
mismatched), the probability of extinction will increase. If the the unspecified
profitability distribution is Gaussian in nature (where Pi ⇠ Gauss{E{Pi}, �Pi}),
the probability that a species’ profitability will fall below some critical threshold
�, inducing extinction, can be written

pexti =
1

2
Erf

 
E{Pi}� �p

2�Pi

!

, (9)

where Erf() is the error function. This exercise allows us to directly translate the
dissimilarity distribution for a species i to a probability of extinction as a function
of trait mismatch, which in this case increases sigmoidally with trait dissimilarity.

Secondary extinction. Following primary extinctions, which could either
be determined by randomly selecting species for extinction, or by calculating the
probability of extinction based on trait mismatch (Eq. 9), secondary extinctions
may result. Secondary extinction occurs when a species loses all of its interacting



31

partners, leaving it disconnected from the island community. In the case of a pol-
linator, this means that its energetic gain is eliminated; in the case of a pollinating
plant, this means that its reproductive potential cannot be met. We assume that
secondary extinctions follow primary extinctions in the same time step, implicitly
assuming plants are annual, rather than perennial species. Moreover, this means
that mutualistic interactions are facultative, except in the case where only a single
interaction remains. By including both primary and secondary extinctions, we ac-
knowledge the possibility of extinction cascades, where the loss of a single species
can ripple through and cause extinctions across many others.

Table 1: Parameters, descriptions, and set values or range.

Parameters Description Values
Zt

i Mean trait value of species i at time t var.
h2 Heritability 0.1
mi Strength of mutualistic selection 0.4
↵ Scaling factor of trait matching 0.2
✓i Environment optima for species i (0,1)
rcol Colonization rate 1
revol Coevolution rate 1
rext Extinction rate 0.3, 0.6, 0.9
a Mean handling time 1
b E↵ect of dissimilarity 1
g Energetic gain of mutualistic interaction 100

3.2 Stochastic assembly algorithm

We implement colonization, coevolution, and extinction processes using a Gillespie
Algorithm (see Supplementary Materials for details), where the rates rjqj of all
possible events j (here, colonization, coevolution, and extinction) are computed
in a given step, where rj are assigned constants to modify the likelihood of event
j, and where qj represents the number of species prone to event j. The time at
which the next event happens is calculated by drawing a random number from
an exponential distribution with mean 1/

P
j rjqj. A randomly selected event

then occurs from the set of possible events such that the probability of event
x is qxrx/

P
j qjrj, whereas the time interval over which this occurs is given by

�t = 1/
P

j qjrj. The e↵ect of the event is then implemented and the list of
possible events is updated for the next step. This algorithm o↵ers a much better
approximation to the true stochastic continuous time process than a simulation in
discrete time steps, while providing a much higher numerical e�ciency (Gillespie,
1977).

To explore the dynamics of the system, we simulated each network for 5000
time steps (where an event occurs at each step in accordance with the Gillespie
algorithm), which we visually confirmed was enough to avoid transient e↵ects. For
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each of the 50 empirical mainland plant-pollinator networks, we implemented 1000
replicates for both random and trait-based extinction scenarios and our results
report the mean of these 1000 replicates for each network. Throughout, we set the
rate of colonization rc = 1 and the rate of evolution revol = 1. We varied the e↵ect
of increasing primary extinction rates relative to those set for colonization and
coevolution, from low (rext = 0.3), to medium (rext = 0.6), to high (rext = 0.9).
For the summary of model parameters see Table 1.

4 Results

4.1 The structure of island communities

Our theoretical framework generally reveals fast initial assembly of the commu-
nity, where species richness S sharply increases to oscillate around a steady state
value S⇤, the value of which varies across mainland networks (Figure 1A and
S1). Because di↵erent mainland communities range widely in species richness,
we compare the e↵ects of assembly across networks by assessing relative richness
S/P , or the richness attained on the island S relative to that of the mainland
P . While island communities assemble to, and oscillate around, a steady state in
species richness relatively quickly, the amplitude of fluctuations also varies from
network to network. While temporal fluctuations (i.e. oscillations) in relative
island community richness may be expected to be larger for less diverse networks,
the coe�cient of variation (CVS), defined as CVS = SD{S}/S⇤ presents a more
comparable depiction of relative fluctuation size.

Figure 1: A) Example of island species richness dynamics over time for three dif-
ferent networks under medium extinction rate. Richness values of each network is
relative to the source (mainland) networks B) A boxplot depicting the distribu-
tion of the coe�cient of variation (CV) of species richness across networks, where
each data point in the distribution represents the mean CV calculated from 1000
simulations, evaluated assuming low, medium, and high extinction rates
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We assessed the CVS for each assembled network, discarding the first 3000
event steps to avoid the e↵ects of initial conditions. A higher CVS implies greater
community instability (larger fluctuations relative to the mean richness), whereas
a lower CVS indicates a more stable community. Our results show that a higher
extinction rate leads to more unstable communities, as expected, for both the ran-
dom and trait-based extinction scenario (Figure 1B and S2). For each extinction
rate, we conducted Mann-Whitney U-test to determine whether there were signifi-
cant di↵erences in the CVS values between the two extinction scenarios. Although
both extinction scenarios have an elevated CVS with increased extinction rates,
we found no significant di↵erences between the two conditions (Low: W = 1222,
p = 0.88; Medium: W = 1137, p = 0.80; High: W = 818, p = 0.86). For example,
when extinction rates are high, the mean CVS for the trait-based extinction sce-
nario is 0.74, whereas that of the random scenario is 0.73. Although the e↵ects of
the two di↵erent extinction scenarios are roughly similar on average, we observe
slightly more variability for the trait-based extinction scenario, particularly when
extinction rates are high (Figure 1B and S3).

Since the source that nourishes the island community is the mainland commu-
nity, we next explore whether fluctuations in island community richness, measured
as CVS, correlate with the structure of di↵erent mainland networks. We character-
ized the structure of both island and mainland communities by calculating three
common measures of network structure: modularity, nestedness (NODF), and
connectance (Almeida-Neto et al., 2008; Blondel et al., 2008). We used the func-
tion networklevel in bipartite package in R (Dormann et al., 2008). Connectance
is defined by the relative link density (L/S2, where L is the realized number of
links in the island system and S the number of species), whereas nestedness and
modularity capture larger-scale patterns of organization in the system, and are
often anti-correlated with each other. Nestedness measures to what extent more
specialized species are subsets of more generalized species, where a high value
indicates that such a pattern predominates. Modularity captures to what extent
smaller groups of interacting species are more tightly connected to each other than
to other groups, providing insight into how compartmentalized the community is.
Typically, nested communities have lower modularity, and modular communities
have lower nestedness. Our results show that the e↵ect of mainland network struc-
ture on island stability, measured as CVS, is generally weak but is the strongest at
intermediate extinction rates (Figure 2). Higher values of NODF and connectance
result in greater fluctuations on the islands, while modularity has a negative rela-
tionship only at medium extinction rates (Flow = 2.95, plow = 0.08; Fmed = 63.12,
pmed < 0.05; Fhigh = 13.82, phigh = 0.41). For NODF, a significant relationship is
observed across all extinction rates, with the strongest e↵ect at medium extinction
(Flow = 10.33, Fmed = 38.52, Fhigh = 8.17, p < 0.05). Similarly, connectance sig-
nificantly influences stability at all rates, with the strongest correlation at medium
extinction (Flow = 36.04, Fmed = 63.12, Fhigh = 13.82, p < 0.05).

As extinctions rates transition from medium to high, many communities ex-
perience complete collapse. We counted how often island communities crashed
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Figure 2: Exploring how mainland network structure a↵ects island community
instability (CVS) at three di↵erent extinction rates: A) Low (blue), B) Medium
(pink), and C) High (green).
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(i.e.all species went extinct) across 1,000 simulations for each network. As ex-
pected, increasing extinction rates led to more collapses in the system (Figure
S4). We then investigated whether the structural features of mainland commu-
nity networks measured above correlated with a higher likelihood of collapse for
the island community. Our results show that the structure of the mainland does
not play a great role in the number of island collapses for either extinction sce-
narios (Figure S5).

We next assess how the dynamic structure of islands corresponds to their dy-
namics. Island network structure was assessed for the last 1000 time steps of each
simulation, at intervals of 100 time steps, and averaged across 1000 replicates,
which we repeated for each network. The assembling island communities assemble
and evolve structures that diverge from their mainland progenitors, with a relative
species richness that declines with increasing extinction rate (Figure 3A). We also
observe that island communities have lower modularity and a correspondingly ele-
vated nestedness and connectedness than mainland networks (Figure 3B-D). The
degree of nestedness and connectance increases with higher extinction rates, while
our metric of modularity appears not to vary much across extinction rates. It is
also clear that at higher extinction rates, island communities reveal lower variabil-
ity in modularity (SDmain = 0.11; SDisle = 0.07 and 0.07, trait-based and random
extinction, respectively), nestedness (SDmain = 17.85; SDisle = 11.06 and 11.12,
trait-based and random extinction, respectively) and connectance (SDmain = 0.14;
SDisle = 0.09 and 0.09, trait-based and random extinction, respectively) than their
mainland progenitors (see Figure 3 B-D). We performed a Kruskal-Wallis test to
test the di↵erence between the three groups, fallowed by a pairwise comparisons.
We found significant di↵erence between mainland and island structure, but the
di↵erent extinction scenarios do not reveal large structural di↵erences (Table S2).

4.2 Species Persistence on islands

The assessment of mainland (source) and island (realized) structure illustrates
how larger-scale patterns of interactions may influence the dynamics of the island
community. As a next step, we assessed the role of species-specific characteristics,
such as the number of interacting mutualistic partners, on these dynamics.

Since community trajectories fluctuate around di↵erent steady states S⇤, we
calculate persistence as the percentage of each species’ occurrence on the island
over the temporal span of the simulation. We examine the persistence of species
within each mutualistic community relative to the number of its potential mu-
tualistic partners in the mainland community, which we denote as the ‘potential
degree’. The potential degree of each species describes its inherent ability to spe-
cialize or generalize across mutualistic partners, which may or may not be realized
as colonizations and extinctions change the composition of species in island com-
munities. We observe that a species’ persistence on the island increases sharply
with its potential degree, saturating to a fixed persistence value for species with
very high potential degree (Figure 4A and S6). This pattern indicates that spe-
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Figure 3: Structure of assembled networks on the island compared to the main-
land for di↵erent extinction rates. Each point represents the mean from 1,000
simulations for each of the fifty pollination networks. A) Relative richness; B)
Modularity; C) Nestedness (NODF); D) Connectance.



37

cialist species with low degree have low persistence, as their few interactions limit
their ability to weather changes in community composition across the assembly dy-
namic. Vitally, these low-degree species are prone to both primary and secondary
extinctions, as they are more frequently losing their few partners. The steep in-
crease in persistence with each additional interaction means that the observed
‘generalization advantage’ saturates at a relatively low interaction degree.

We can determine the number of interactions corresponding to 50% of the max-
imum persistence across low, medium, and high extinction rates by identifying the
half-saturation point of a saturating function fitted to the persistence data (lines
in Figure 4A). We observe the mean of the approximated half saturation points
in units of degree is ca. 0.8 assuming a low extinction rate, with e↵ectively no
di↵erence between trait-based and random extinction scenarios (Fig. 4B). A low
half-saturation degree means that a relatively small number of interactions pro-
mote a substantial increase in persistence. In this case, because the half-saturation
degree is < 1, a single interaction enables, on average, persistence in the system for
> 50% of the evaluated simulation time. As the rate of extinction increases, the
potential for even generalists to persist is eroded, and the half-saturation degree
increases to ca. 2.51 (Fig. 4B). Accordingly, increasing extinction rates increases
the number of interactions needed to maximize species’ persistence on islands.
Lastly, our results indicate that as extinction rates increase, the variability in the
half-saturation degree also increases, demonstrating that certain networks require
more interactions than others to reach the 50% threshold of maximum persistence.

Figure 4: A) Species persistence relative to the potential species degree for a single
island community under low, medium, and high extinctions rates. Each point is
a species and we used the same mainland network as the source. B) A boxplot
depicting the distribution of the approximated half saturation across networks,
where each data point in the distribution represents the mean calculated from
1000 simulations, evaluated assuming low, medium, and high extinction rates.
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4.3 Coevolutionary assembly dynamics of island commu-
nities

To better understand the e↵ect of coevolution on assembled island communities,
we calculated average trait dissimilarity taken across the community (�̄). We
computed the average species trait dissimilarity �̄ at the last time step of our
simulation across 1000 replicates for all mainland networks under both extinction
scenarios, and across increasing extinction rates. At the community level, a low
mean trait dissimilarity value means that species on the island community have
traits that are, on average, more similar. While the random extinction scenario
removes species randomly, regardless of trait dissimilarity, the trait-based extinc-
tion scenario assumes species more dissimilar than their mutualistic partners are
more prone to primary extinctions.

Figure 5: A)Higher extinction rates decreases trait mismatching among species
on the island community. Trait dissimilarity is the mean trait mismatch of the
island community of 1000 simulations across 50 networks. B) � is the paired
di↵erence of trait dissimilarity of the same networks in a trait-based minus the
random extinction scenario for the 50 pollination networks. Low, medium, and
high extinction rates represent rext = (0.3, 0.6, 0.9), respectively.

First, we observe that the interplay between coevolutionary dynamics and the
assembly process results in island communities that have average trait dissimilar-
ity values that di↵er greatly from their mainland counterparts, and this di↵erence
grows as the extinction rates increase (Figure 5A). Second, there is a clear di↵er-
ence in �̄ between trait-based and random extinction scenarios. The ANOVA test
showed that mainland, island with trait-based, and random extinction di↵ered sig-
nificantly across all three extinction rates (Flow = 5.31, Fmed = 1.82, Fhigh = 9.51,
p < 0.05)and the post-hoc test further revealed significant di↵erences between the
three groups. As the extinction rate increases, the mean dissimiliarty of mainland
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and island communities under the random extinction scenario also increases (Fig-
ure 5A). When extinctions are a function of trait dissimilarity, we observe that the
mean dissimilarity values are much lower in island systems compared to mainland
communities (Figure 5A). Over the course of the assembly process, species that
are dissimilar are more likely to su↵er extinction, with communities becoming
increasingly similar. Because both the trait-based and random extinction sce-
narios employ the same coevolutionary process, which favors trait matching, the
decrease in dissimilarity in trait-based extinction communities can be interpreted
as the result of the assembly, rather than the coevolutionary dynamic.

Second, we note that the assessment of community dissimilarity across net-
works may mask to what extent individual networks increase or decrease in dissim-
ilarity as extinctions move from random to trait-based. Comparing the di↵erence
between community dissimilarity values for the random and trait-based extinc-
tion scenarios on a per-network basis, where ��̄ = �̄trait � �̄rand, negative values
indicate that networks assembling under the trait-based extinction scenario result
in lower community dissimilarity, while positive ��̄ indicates that the trait-based
extinction scenario results in higher community dissimilarity values. We observe
a clear shift to lower negative values for ��̄ from low to high extinction rates
(Fig. 5B). This result demonstrates that on a per-community basis, the e↵ect of
trait-based extinctions serves to lower the trait dissimilarity of interacting species,
an e↵ect that grows with increasing extinction rates.

5 Discussion

We investigate the assembly and coevolution of island communities from a main-
land source pool by integrating a coevolutionary model premised on trait-matching
with a stochastic assembly dynamic. By combining these approaches we aim to
disentangle the potential influence of both ecological and evolutionary dynamics
in shaping the structure and function of assembling island communities.

Beyond capturing the expectation that island richness is inversely related to
the rate of extinction, we also observed that the relative size of fluctuations in
richness (measured as CVS) over the course of assembly increased with extinction
rate, while di↵ering widely among island communities (Figure 1 and S3). When
the extinction rate is low, the island can assemble a larger range of species, how-
ever the assembly dynamics and resulting fluctuations may be relatively insensitive
to both structure (interactions) and function (trait matching between mutualis-
tic partners). As the extinction rate increases, the community reaches a steady
state composed of fewer species, though the dynamics may increasingly reflect the
selective process being imposed. When extinction rates are too high, the island
is in a constant state of flux – from both the primary extinctions but perhaps
even more-so the secondary extinction cascades. Higher extinction rates also led
to networks that were more nested and connected, but less modular, providing
insight into the roles of structure in determining dynamics. The idea that the
structural properties of ecological networks — such as connectance, modularity,
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and nestedness — play a crucial role in determining the robustness of ecological
communities, i.e. how the community respond to a extinction cascade a↵ect, have
been explored for di↵erent type of ecological interactions, with mixed results. For
instance, connectance has been shown to either increase or decrease robustness de-
pending on specific model assumptions (Dunne et al., 2002; Thebault & Fontaine,
2010; Lever et al., 2014), while modularity can enhance robustness by confining
cascading e↵ects to specific modules or, conversely, increase vulnerability within
those modules (Tylianakis et al., 2010). Nestedness, however, is often considered
a proxy for robustness (Memmott et al., 2004), though the positive relationship
between nestedness and robustness has only been clearly demonstrated when spe-
cialists have a higher probability of extinction than generalists (Burgos et al.,
2007). The observation that increased extinction rates contribute to a wide range
of CVS across networks suggests that inherent di↵erences in network structure
play a key role in generating destabilizing fluctuations. Notably, when species
extinctions are influenced by trait dissimilarity, this variability in the relative size
of fluctuations is amplified compared to when extinctions are random (Figure 1B).
This indicates that while coevolutionary processes within our framework help re-
duce trait dissimilarity, extinction events based on trait di↵erences can heighten
fluctuations in certain island communities, resulting in less stable systems.

Because island systems pull from the species and associated structures of main-
land communities, the notion that multiple spatial scales contribute to the regional
processes shaping community assembly (Freckleton & Watkinson, 2002; Leibold
et al., 2004; Fukami, 2004) is inherently captured within our assembly frame-
work. Here, the structure of the mainland communities giving rise to assembled
islands provides insight into the potential interactions available to species, the
realization of which depends on the state of the island community at a given
point in time. Our result shows that when extinction rates are intermediate –
not so low that they have little e↵ect, and not so high the community is con-
stantly crashing – the influence of mainland structure on island communities is
strongest. Mainland communities that are more nested, more connected, and less
modular tend to generate island communities that are more unstable (Figure 2B).
That both increased connectance and nestedness correlate with larger fluctuations,
while increased modularity has the opposite e↵ect, and that there is e↵ectively no
di↵erence between trait-based and random extinction scenarios, suggests three
potentially intertwined e↵ects. First, mainland structure does not appear to de-
termine observable di↵erences between systems with and without trait-dependent
extinctions, suggesting the relationships are instead primarily driven by the as-
sembly process rather than coevolution-mediated changes in traits. Second, small-
world type interaction structures, where the indirect paths connecting species are
short, may more e↵ectively drive larger extinction cascades, as the influence of
one species’ extinction can directly impact more species in the network (Watts &
Strogatz, 1998; Guimaraes Jr, 2020). Third, and the converse of the second e↵ect,
such cascades are likely dampened by more modular networks, where the impact
of a cascade may be severe within a module, but be less likely to expand outside
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of it (Stou↵er & Bascompte, 2010; Dáttilo, 2012).
We also demonstrate that the persistence of supergeneralists is not incredibly

higher than that of generalists with fewer interactions, and this is reflected by the
saturating function that best fits persistence as a function of species’ degree (Fig-
ure 4A). Specialists, on the hand, have a higher turnover rate. Because specialists
can more readily evolve to match their partner’s trait value, this suggests that it
is the ecological processes – a combination of both the ability to colonize and a
resistance to secondary extinction cascades – that instead shapes the generalist
advantage. Moreover, our model prediction that benefits saturate with increas-
ing numbers of interactions is a pattern that is also observed in natural systems.
Olesen et al. (2011) explored the temporal dynamics of mutualistic networks over
a span of 12 years and uncovered a similar pattern: species with fewer interac-
tions had higher turnover rates, and while those with more interactions persisted
longer, the gains followed a saturating relationship, such that larger numbers of
interactions delivered diminishing returns. A common assembly process proposed
by Barabási & Albert (1999), known as “preferential attachment”, describes the
assembly of nodes in a network that tend to attach to those with many connec-
tions, where the ‘rich get richer’. Processes that are analogous to preferential
attachment can also govern network disassembly, where less-connected species are
more prone to local extinction, and this has been shown to give rise to more nested
networks (Tylianakis et al., 2018). While our assembly process does not follow a
preferential attachment algorithm as potential interactions are predetermined by
a mainland source, less connected species are more prone to secondary extinction
cascades, potentially contributing to the increased nestedness we observed in our
assembling island communities (Figure 3). Intriguingly, this tendency for less-
connected species to be lost during network disassembly has also been observed
in empirical mutualistic networks (Aizen et al., 2012; Burkle et al., 2013).

Our work advances upon previous findings by integrating the ecological pro-
cesses of colonization and extinction with the dynamics of coevolution into a uni-
fied framework, where the emergence of island structure and dynamics from a
mainland progenitor can be evaluated with respect to the influence of both. Em-
pirical observations of mainland versus oceanic island mutualistic systems have
not revealed clear structural di↵erences between them, as oceanic islands are less
diverse, but do not show significant di↵erences in the connectance, nestedness, or
modularity of their interactions compared to mainland systems. (Traveset et al.,
2016). Importantly, they compared many island networks to mainland networks,
without taking into account pairwise comparisons (mainland/source–island) or
characteristics such as island size and distance from the mainland, both of which
are known to impact the balance between colonization and extinction (MacArthur
& Wilson, 1967). Along these lines, our framework shows that structural di↵er-
ences between mainland and island systems can be sensitive to extinction rate,
where structural divergence between mainland and island systems increase with
the rate of extinctions (Figure 3). When extinction rates are low, the similarity
between island and mainland community structure increases (Figure 3B-D).
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Lastly, our results show that coevolution leads to greater trait-similarity in
island communities experiencing trait-based extinctions, particularly when extinc-
tion rates are high (Figure 5). Despite high species turnover, we observe that the
coevolutionary dynamic serves to promote the persistence of species with simi-
lar traits, resulting in communities with greater trait-matching. However we do
not find this trait-matching dynamic to leave a clear imprint on the assembled
structure of island communities, as is demonstrated by the similarity of assem-
bled islands with random versus trait-based extinctions (Figure 3). We note that
coevolutionary e↵ects in our framework may be lessened by the fact that each
simulation consists of only a single mainland source and island community. As
such, following a given species extinction, its recolonization e↵ectively resets its
trait value to that of the mainland, erasing any memory of previous evolutionary
change. In natural systems where the island is part of a larger archipelago, there
may be a greater likelihood of an ecological rescue by other island populations,
connected by dispersal, that have retained this coevolutionary memory. By pre-
serving the memory of coevolutionary processes, such dynamics could magnify the
e↵ects of coevolution and its influence in the assembly process, and this would be
an obvious next step for future work.

Although studies directly linking coevolution to community assembly are lim-
ited (but see Leibold et al., 2022), there have been substantial e↵orts demonstrat-
ing how coevolution operates across varying spatial scales. Because local commu-
nities experience di↵erent selection pressures, coevolutionary dynamics at larger
spatial scales can generate a geographic mosaic (Benkman, 1999; Gomulkiewicz
et al., 2000; Thompson et al., 2017; Thompson, 2019). Geographic mosaics can
function to maintain a larger diversity of phenotypes in a given region, directly im-
pacting how the structure of mutualistic interactions varies across time and space
(Thompson & Cunningham, 2002; Anderson & Johnson, 2008; Thompson, 2019).
Because spatial mosaics are connected via dispersal, each serves to provide a flow
of new species or phenotypes to the other. For example, Medeiros et al. (2018)
used a mathematical model to show that increasing gene flow between mutual-
istic communities leads to higher trait-matching and trait convergence between
interacting species. In other cases, when two populations evolve in response to
very di↵erent environmental optima, gene flow can serve to flood populations with
suboptimal phenotypes, resulting in migrational meltdown (Ronce & Kirkpatrick,
2001; Yeakel et al., 2018)

The traits of plants and pollinators involved in pollen delivery and sequestra-
tion directly impact both the time and energy invested in each interaction, such
that lower dissimilarity promotes pollination e�ciency (Klumpers et al., 2019a),
and this is expected to increase fitness (Anderson & Johnson, 2008). That island
networks with random extinctions are more dissimilar, and those with trait-based
extinctions are less, clearly demonstrates that coevolutionary forces are shaping
the nature of species interactions (Figure 5B). Yet, as we have stated, this co-
evolutionary process does not leave a clear signature in the structure of island
communities. Because only primary extinctions are a function of trait dissimi-
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larity between interacting partners, we suggest that it is not primary extinctions
but secondary extinction cascades that drive the structural di↵erences we observe
between islands and their mainland source communities (Figure 3B-D). So while
coevolutionary dynamics shape the trait landscape within the community, on aver-
age pushing the system towards trait-matching, whatever structural imprint such
a process might leave is erased by the large footprint of cascading extinctions
following an initial extinction event.

By combining both the ecological processes of assembly with coevolution, we
show that island communities, characterized by smaller size, and higher instability
and turnover, can provide important insights into the drivers of structure and dy-
namics. Importantly, we show that the e↵ects of coevolutionary trait-matching in
complex mutualistic systems can be subtle, yet persistent, when communities are
undergoing continuous reorganization and shu✏ing. Island communities contain
an important source of biodiversity, and understanding the interplay between the
ecological and evolutionary processes at work is crucial for elucidating the factors
driving species diversity, assembly, and dynamics in relatively isolated habitats.
This knowledge not only enhances our comprehension of biodiversity patterns but
also informs conservation e↵orts by providing insights into how to preserve and
manage these unique ecosystems in the face of environmental challenges and hu-
man impacts.
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geographic mosaic of coevolution in mutualistic networks. Proceedings of the

National Academy of Sciences, 115, 12017–12022.

Memmott, J. (1999). The structure of a plant-pollinator food web. Ecology letters,
2, 276–280.

Memmott, J., Waser, N.M. & Price, M.V. (2004). Tolerance of pollination net-
works to species extinctions. Proceedings of the Royal Society B: Biological

Sciences, 271, 2605–2611.

Minoarivelo, H.O. & Hui, C. (2016). Trait-mediated interaction leads to structural
emergence in mutualistic networks. Evolutionary Ecology, 30, 105–121.

Newman, E., Manning, J. & Anderson, B. (2014). Matching floral and pollinator
traits through guild convergence and pollinator ecotype formation. Annals of

Botany, 113, 373–384.

Nuismer, S.L., Jordano, P. & Bascompte, J. (2013). Coevolution and the Archi-
tecture of Mutualistic Networks. Evolution, 67, 338–354.

Olesen, J.M., Eskildsen, L.I. & Venkatasamy, S. (2002). Invasion of pollination
networks on oceanic islands: Importance of invader complexes and endemic
super generalists. Diversity and Distributions, 8, 181–192.

Olesen, J.M., Stefanescu, C. & Traveset, A. (2011). Strong, Long-Term Temporal
Dynamics of an Ecological Network. PLoS ONE, 6, e26455.

Palmer, T.M., Stanton, M.L., Young, T.P., Lemboi, J.S., Goheen, J.R. & Pringle,
R.M. (2013). A role for indirect facilitation in maintaining diversity in a guild
of African acacia ants. Ecology, 94, 1531–1539.

Pauw, A., Stofberg, J. & Waterman, R.J. (2009). Flies and Flowers in Darwin’s
Race. Evolution, 63, 268–279.

Pimm, S.L. & Pimm, J.W. (1982). Resource Use, Competition, and Resource
Availability in Hawaiian Honeycreepers. Ecology, 63, 1468–1480.



49

Ronce, O. & Kirkpatrick, M. (2001). When sources become sinks: migrational
meltdown in heterogeneous habitats. Evolution, 55, 1520–1531.

Stang, M., Klinkhamer, P.G., Waser, N.M., Stang, I. & Van der Meijden, E.
(2009). Size-specific interaction patterns and size matching in a plant–pollinator
interaction web. Annals of botany, 103, 1459–1469.

Stou↵er, D.B. & Bascompte, J. (2010). Understanding food-web persistence from
local to global scales. Ecology letters, 13, 154–161.

Sugiura, S. (2010). Species interactions–area relationships: Biological invasions
and network structure in relation to island area. Proceedings of the Royal Society
B: Biological Sciences, 277, 1807–1815.

Thebault, E. & Fontaine, C. (2010). Stability of Ecological Communities and the
Architecture of Mutualistic and Trophic Networks. Science, 329, 853–856.

Thompson, J.N. (1994). The Coevolutionary Process. University of Chicago Press,
USA.

Thompson, J.N. (2019). The geographic mosaic of coevolution. University of
Chicago Press.

Thompson, J.N. & Cunningham, B.M. (2002). Geographic structure and dynamics
of coevolutionary selection. Nature, 417, 735–738.

Thompson, J.N., Schwind, C. & Friberg, M. (2017). Diversification of trait combi-
nations in coevolving plant and insect lineages. The American Naturalist, 190,
171–184.

Traveset, A., Tur, C., Trøjelsgaard, K., Heleno, R., Castro-Urgal, R. & Olesen,
J.M. (2016). Global patterns of mainland and insular pollination networks.
Global Ecology and Biogeography, 25, 880–890.
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S1 Supplementary Material

S1.1 Analytical approximation

We performed an analytical approximation to better understand how trait mis-
match related with the probability of extinction (p). In our model, t is the time a
species j spend interacting with species i. We define t as:

tij = a+ b
q
(Zj � Zi)2 (S1)

where a is the time if perfectly match and b is the e↵ect of dissimilarity on
time. We assume these are the same for all species.

We can then calculate T , which is the total time a species spend in a mutualistic
interactions with other species.

Ti = a+
b

n

nX

j=1

q
(Zj � Zi)2 (S2)

where n is the total number of species who species i interacts with.

Let define �i =
q
(Zj � Zi)2. We will treat �i as a random variable and it will

be drawn from a Beta Distribution with shape parameter ↵ and �.

From the Beta Distribution we have:

E(�) =
↵

↵ + �
(S3)

V ar(�) =
↵�

(↵ + �)2(↵ + � + 1)
(S4)

From S3 and S4 we can calculate the E(Ti):

E(Ti) =
Z 1

0
P (�i/↵�)(a+ b�) dx = a+

b↵

↵ + �
(S5)

Because V ar(T ) = E(T 2)� E(T )2, we then find:

V ar(Ti) =
b2↵�

n(↵ + �)2(1 + ↵ + �)
(S6)

Now we define our profitability (P ) as P = g
T , where g is the energetic gain of

a mutualistic interaction and we assume to be constant among species. Thus, to
calculate the expected profitability (E(P)) we we use the Delta Method approxi-
mation. Where:

EP (T ) ⇡ P (E(T )) +
1

2
P“(E(T ))V ar(T ) (S7)
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⇡ g

E(T )
+

1

2

2g

E(T )3
V ar(T ) (S8)

Combining S5 and S6 in S8, we have:

EP (T ) =
g(na2 + 2nabE(�) + b2(nE(�)2 + V ar(�))

n(a+ bE(�)3)
(S9)
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S1.2 Tables

Table S1: Empirical networks used as mainland sources.

Network Richness NODF Modularity Connectance
1 184 14.23873549 0.475424383 0.042944053
2 64 37.81390987 0.407417048 0.229166667
3 204 22.58099947 0.458793211 0.090114943
4 103 43.05299921 0.305314438 0.151371308
5 143 19.68300426 0.367755818 0.093370445
6 124 20.49405685 0.573327974 0.080362727
7 65 18.16607981 0.600920447 0.088636364
8 94 22.97842332 0.569003642 0.078282828
9 56 52.24284773 0.371166334 0.265151515
10 80 11.78630001 0.55047619 0.076252723
11 106 15.29377094 0.496383958 0.072544643
12 96 12.26008706 0.595800304 0.066869301
13 39 51.31313131 0.395124717 0.28
14 46 40.53764617 0.516776554 0.340686275
15 49 24.01294151 0.486968144 0.190883191
16 49 28.3718074 0.449011446 0.246031746
17 109 22.00459636 0.394785981 0.10791038
18 59 62.00698363 0.210409359 0.389147287
19 204 30.29379718 0.417036302 0.124039133
20 60 19.36751796 0.57671875 0.091428571
21 103 23.38299422 0.476938056 0.135817308
22 53 31.15384615 0.424567605 0.163003663
23 112 27.94153197 0.443159279 0.122660295
24 25 83.58751609 0.181923222 0.491666667
25 63 65.61027603 0.409322792 0.24691358
26 21 51.88679245 0.37633218 0.288461538
27 25 56.18849206 0.445331484 0.43
28 35 63.72412774 0.388352222 0.466666667
29 35 62.86346612 0.093526577 0.38
30 113 30.59627041 0.584480227 0.139146568
31 39 53.49656713 0.429576574 0.288888889
32 23 29.88410596 0.519705718 0.264705882
33 13 11.9047619 0.163518008 0.388888889
34 10 62.96296296 0.288101962 0.611111111
35 15 72.65306122 0.195834711 0.642857143
36 51 50.56889673 0.463412698 0.25
37 105 19.8495749 0.459036859 0.070306363
38 95 22.84928435 0.470859341 0.08234127
39 116 23.80843113 0.424446998 0.081774082
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Table S1: (continued)

Network Richness NODF Modularity Connectance
40 93 24.14551257 0.46889382 0.098484848
41 83 39.67637728 0.425227076 0.126865672
42 93 27.86605248 0.453690007 0.085714286
43 81 31.85541898 0.418353686 0.117691154
44 93 31.74693878 0.461230487 0.088900862
45 75 31.82727497 0.447642911 0.101080247
46 71 28.37614854 0.516888722 0.124794745
47 77 51.81188441 0.470538313 0.143442623
48 51 33.71946622 0.371613243 0.137254902
49 141 15.39290372 0.483599322 0.087693441
50 106 35.51303715 0.245710571 0.193859649
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Table S2: Pairwise comparisons of NODF, modularity, and connectance values
among mainland, trait-based (TB), and random (R) extinction scenarios using
the Wilcoxon rank sum test with Bonferroni correction. Significant p-values (<
0.05) are in bold.

Metric Category Comparison p-value

NODF
Low M-TB <0.05

M-R <0.05
TB-R 1

Medium M-TB <0.05
M-R <0.05
TB-R 1

High M-TB <0.05
M-R <0.05
TB-R 1

MOD
Low M-TB <0.05

M-R <0.05
TB-R 1

Medium M-TB <0.05
M-R <0.05
TB-R 1

High M-TB <0.05
M-R <0.05
TB-R 1

Connectance
Low M-TB <0.05

M-R 0.05
TB-R 1

Medium M-TB <0.05
M-R <0.05
TB-R 1

High M-TB <0.05
M-R <0.05
TB-R 1
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S1.3 Figures

Figure S1: Richness of the island relative to total richness in the mainland for four
di↵erent networks (A-D) in trait-based and random extinctions scenarios.
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Figure S2: Mean CV of island richness communities across 1000 simulations at
di↵erent extinction rates. Each point represents a network. A) Trait-based ex-
tinction scenario and B) random extinction scenario.

Figure S3: Correlation between the mean CV values of island richness in trait-
based (TB) and random (R) scenarios under A) low, B) medium, and C) high
extinction rates. Each data point represents the mean CV of a network calculated
from 1000 simulations.

Figure S4: Number of crashes in island communities across 1000 simulations at
di↵erent extinction rates. Each point represents a network. A) Trait-based ex-
tinction scenario and B) Random extinction scenario.
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Figure S5: We fitted a logistic regression model to assess how the structure of
mainland networks impacts the number of island community collapses across three
extinction rates: A) Low (blue), B) Medium (pink), and C) High (green).
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Figure S6: Species persistence on the island is related to the number of interactions
species have on the mainland for four di↵erent networks (A-D) in trait-based and
random extinction scenarios. Maximum persistence (= 1) means that the species
was present on the island throughout all 5000 time steps in our simulation.



Chapter 2

“Now, when I see a landscape or learn about a new animal, I
think, ‘How would stable isotopes help figure how these things

work?’ It might be surprising to anyone else that someone could
spend such a long time devoted to things I can’t see, smell, taste or
hear. But, to others, not surprising at all. We’re isotope nerds!”

(Marilyn Fogel - The Isotope Queen 1, 1952-2022)

1Pioneered the field of biogeochemistry. Known for revolutionizing the use of stable isotopes
not only in geochemistry but also in ecology and cosmochemistry, she was elected to the National
Academy of Sciences in 2019.
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Chapter 2
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Exploring the relationships between
morphological variation, dietary breadth, and

patterns of extinction among Hawaiian
Honeycreepers (Drepanididae)

1 Abstract

Trait variation is essential for population-level responses to novel selective pres-
sures, potentially promoting resilience. As such, specialization is linked to a higher
intrinsic vulnerability to extinction, while more generalist species tend to demon-
strate increased persistence in disturbed environments. Among birds, beak mor-
phology is a complex trait crucial for many tasks directly influencing fitness, such
as the acquisition of resources, and is often predictive of dietary guild. We hypoth-
esize that species with increased morphological variation in their beaks may access
a greater range of food resources, resulting in a larger dietary niche, which in turn
might lead to more resilience to extinction. Hawaiian honeycreepers, a diverse
group of Fringillid birds isolated to the Hawaiian archipelago, once comprised ca.
50 species occupying a wide range of eco-morphological niches, with less than 40%
species persisting today. To investigate to what extent intraspecific morphological
variation is predictive of dietary breath and consequently extinction risk across
species, we quantified beak morphological variation of extinct and extant Hawai-
ian honeycreepers collected between 1880 and 1914. We also estimated species’
niche breadth from stable isotope ratios of feather keratin. Our result shows that
frugivorous and granivorous species present the highest intraspecific beak mor-
phological variation, even though granivorous species reveal the smallest isotopic
breadth. While a direct link between morphology and diet variation was not ev-
ident at the community level, our analysis revealed that species within a guild
with lower morphological variation tended to have a narrower dietary niche. Ad-
ditionally, species that have gone extinct exhibited lower morphological variation,
suggesting a possible link between evolutionary potential and extinction vulnera-
bility. While the historical onset of extinction pressure in Hawaiian honeycreepers
is well known and unrelated to beak morphological variation, our study reinforces
the notion that at least for some guilds, having great beak morphological variation
could have helped species to persist in fast-changing environments.

2 Introduction

The potential for a species to adapt to new environments generally increases the
odds of persistence in the face of environmental change (Bürger & Lynch, 1995;
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Lande & Shannon, 1996; Milot et al., 2020a). The variability of certain traits
within a species impact its evolutionary response to new selective pressures, where
increased trait variability often translates to increased resilience (Bürger & Lynch,
1995). This is because the response to selection depends not only on the mag-
nitude of the selective pressure but also on the amount of variation within the
population (Assis et al., 2017). However, the significance of the amount of vari-
ation to selection depends on the type of trait, with traits that are critical for
essential functions, such as feeding, being more influential in determining an indi-
vidual’s fitness. Therefore, greater variation in functional traits can be especially
important for a species’ persistence in a changing environment.

In birds, beak morphology comprises a complex trait important for many tasks
directly related to fitness, such as thermoregulation (Tattersall et al., 2017), nest
construction (Sheard et al., 2023), sexual display (Derryberry et al., 2012), and the
acquisition and processing of resources (Levey, 1987; Wheelwright, 1985; Dehling
et al., 2016). Among these diverse functions, cranial and beak morphology in
birds can also strongly predict dietary guild membership (Pigot et al., 2016; Felice
et al., 2019). For example, pollinating birds often have beak shapes that match
the floral morphology of the plants they pollinate, suggesting a strong constraint
on pollinators’ traits related to food acquisition (Abrahamczyk & Kessler, 2015),
whereas granivorous birds have beak shapes that correlate with the seeds they
must crack (Benkman, 1999). However, the relationship between beak morphology
and diet is usually explored only at the species level with little information on the
role of intraspecific beak morphological variation and individual diet.

Ecological studies typically treat species as groups of homogeneous individu-
als, focusing on the mean trait of each species and not accounting for variation
or its impact on ecological dynamics. However, within-species trait variation can
significantly influence these dynamics, a↵ecting factors such as species persistence
and coexistence (Gibert & Brassil, 2014), population dynamics (Pelletier et al.,
2007), and the strength of ecological interactions (Bolnick et al., 2011). When
considering species diet or resource use, studies also treat individuals as ecologi-
cally equivalent. For example, by describing the network structure of an ecological
community, the links usually show the interactions at the species level. However,
a species classified as a generalist (with many interactions) may consist either of
individuals that are all generalists or of individuals that are specialized on di↵erent
resources, collectively accounting for the species’ overall dietary variation (Bolnick
et al., 2003). Southern sea otter (Enhydra lutris nereis), for instance, is generally
considered a dietary generalist at the species level. However, individual otters
vary significantly in their diets, with some specializing in snails, others in crabs
and abalone, while others maintain a more generalist diet (Estes et al., 2003).

Since beak morphology in birds is closely related to diet, the among-individual
variation observed within a species’ beak structure may influence the species’ di-
etary niche breadth measured across individuals, as di↵erent beak shapes can
facilitate the exploration of di↵erent types of resources within a guild. Conse-
quently, greater morphological variation within a species could lead to a broader
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dietary niche. Conversely, limited variation in beak shape within a species might
restrict its diet, resulting in a narrower dietary niche. Because a species’ niche
breadth can also a↵ect its ability to persist in a changing environment (Lavergne
et al., 2013; Soto-Saravia et al., 2021), it is plausible to expect that species with
less beak variation would have a narrower dietary niche breadth and, consequently,
a higher risk of extinction. This is because, although specialists species are very
e�cient at exploiting specific resources, they are vulnerable when those resources
become limited (Terraube et al., 2011). On the other hand, when environmental
conditions change, generalist species—whether composed of generalist individuals
or a set of specialist individuals—have a subset of individuals that can still thrive,
reducing the overall impact on the species. Moreover, a broader niche breadth
can provide a bu↵er against environmental instability, increasing species persis-
tence, whereas specialists may su↵er more severely and have a higher chance of
extinction.

Hawaiian honeycreepers (Aves: Fringillidae: Carduelinae) radiated across the
Hawaiian archipelago approximately 5.7 million years ago (Lerner et al., 2011),
evolving to occupy a wide range of eco-morphological niches. These species-specific
dietary niches include specializations on seeds, nectar, fruits, insects, and snails,
accompanied by a diversity of beak shapes (Tokita et al., 2017). In fact, this
group has one of the greatest variation in beak morphology among birds, even
when compared to other lineages that have also undergone adaptive radiations
(Lovette et al., 2002; Tokita et al., 2017; Miles et al., 2023). Historically, nearly
50 honeycreeper species were distributed across Hawaii islands, today less than
40% of species persist, having been heavily impacted by recent anthropogenic and
environmental change (Pratt & Conant, 2005). Though the factors contributing
to these extinctions are varied, avian malaria was likely a significant driver, with
surviving species now limited to higher elevations where mosquito presence is
limited (Atkinson et al., 2000; Boyer, 2008; Paxton et al., 2016).

Although originally occupying very di↵erent dietary guilds, most extant hon-
eycreeper species consume primarily nectar and/or invertebrates (Pratt & Co-
nant, 2005). At a macroevolutionary scale, di↵erent guilds are subject to di↵erent
rates of evolutionary adaptation (Felice et al., 2019). Similarly, other guilds act
as macroevolutionary sink, such as omnivorous birds that have higher extinc-
tion rates when compared to other guilds (Burin et al., 2016). However, from a
microevolutionary perspective, we still lack an understanding of whether di↵erent
guilds have varying resilience in response to large disturbances. Because microevo-
lutionary rates of evolution are driven in large part by intraspecific trait variation
(Houle, 1992), beak shape variability and/or dietary flexibility of di↵erent dietary
guilds may have contributed to which species survived and which did not. Thus,
from a microevolutionary perspective, we could expect not only variability within
a species, but we might expect that di↵erent guilds have di↵erent variability, which
could either help or hinder their capacity to persist in a changing environment.
As the pattern of extinctions observed among honeycreeper species is known, it is
possible to assess whether and to what extent the intraspecific variability of beak
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morphology and diet correlates with persistence.
Here we measure intraspecific variation in beak morphology and niche breadth

from stable isotope ratios for both extinct and extant Hawaiian honeycreeper
species. Our study is, to our knowledge, the first to reveal the isotope composi-
tion of historical honeycreepers. We aim to determine 1) whether there exists a
correlation between morphological variation and niche breadth across species, and
2) whether a greater within-species morphological variation and/or niche breadth
may have increased the likelihood of persistence. We first use geometric morpho-
metrics to examine both across-species di↵erences in beak morphology, as well
as within-species variability in beak morphology, and to what extent known or
assumed diets correlate with these changes in beak shape. Using feather tissues
sampled from historical museum collections, we next analyze carbon and nitrogen
isotopic ratios of honeycreeper species, thereby estimating the isotope niche of
each, from which we obtain relative measures of dietary di↵erentiation and vari-
ability across species (Bearhop et al., 2004; Newsome et al., 2007, 2012; Yeakel
et al., 2016). Together, we examine whether and to what extent di↵erences in
beak morphology correlates with di↵erences and/or variability in isotopic niche.

Hawaiian honeycreepers o↵er particular advantages for exploring the relation-
ship between form, function, and extinction risk, given the wealth of information
documenting species’ extinctions and their morphological and functional diversity.
While the historical onset of extinction pressure in this group has been well-studied
(van Riper III et al., 1986; Pratt & Conant, 2005; Ricklefs, 2017), it is not known
how potential di↵erences in morphological or dietary niches may have influenced
the pattern of extinction. Understanding this relationship is important because it
directs the potential and pace of a species’ evolutionary response, which is crucial
for our understanding of the pressures on extant birds facing a future fraught with
risk.

3 Methods

3.1 Specimens used and categorization

For both isotopic and morphometric analyses, we sampled individuals of Hawaiian
honeycreepers housed in the Museum of Comparative Zoology at Harvard Univer-
sity (MCZ), the Museum of Vertebrate Zoology at the University of California,
Berkeley (MVZ), and the Royal Ontario Museum (ROM). We measured both beak
morphology and sampled feathers to obtain stable carbon and nitrogen isotopic
ratios for 165 specimens representing 24 honeycreeper species (16 extant and 8
extinct). We measured only beak morphology for an additional 202 individuals,
representing an additional four species (2 extant and 2 extinct). All specimens
were originally collected between 1880 and 1913, and only adult individuals were
included in our analysis to avoid potential ontogenetic signals in both diet and
morphology. Due to the rarity of specimens, both females and males were mea-
sured and sampled. We note that there is no significant sexual dimorphism in
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the size and shape of skull and beak morphology within this group (Tokita et al.,
2017), such that we do not separate samples by sex in our analyses.

Historical information on species’ guilds was obtained from Pratt & Conant
(2005). Among the 28 species included in this study, two are classified as frugivo-
rous, three as graminivorous, four as nectarivorous, six eat both invertebrates and
nectar, and ten eat exclusively invertebrates (Table 1). We used IUCN Red List
classifications of ‘extinct in the wild’, and both ‘critically endangered’ and ‘not
been observed in nature in the last 30 years’, to classify species as ‘extinct’.

Table 1: Historical information on species’ guilds. IUCN categories: EX (extinct);
CR (critically endangered), EN (endangered), and VU (vulnerable) are threatened
species; and NT (near threatened) and LC (least concern) are non-threatened
species.

Diet ID Species IUCN Last Obs.

Fruits
1 Psittirostra psittacea CR 1989
2 Rhodacanthis palmeri EX 1896

Seeds
3 Chloridops kona EX 1894
4 Loxioides bailleui CR –
5 Telespiza cantans VU –

Nectar

6 Himatione fraithii EX 1923
7 Himatione sanguinea LC –
8 Palmeria dolei CR –
9 Vestiaria coccinea VU –

Invertebrates/
Nectar

10 Akialoa obscura EX 1903
11 Akialoa stejnegeri EX 1967
12 Chlorodrepanis flava NT –
13 Chlorodrepanis stejnegeri EN –
14 Chlorodrepanis virens virens LC –
15 Chlorodrepanis virens wilsoni LC –
16 Magumma parva EN –

Invertebrates

17 Hemignathus a�nis EX 1996
18 Hemignathus hanapepe EX 1889
19 Hemignathus wilsoni EN –
20 Loxops caeruleirostris CR –
21 Loxops coccineus EN –
22 Loxops mana EN –
23 Oreomystis bairdi CR –
24 Paroreomyza flammea EX 1963
25 Paroreomyza maculata CR 1985
26 Paroreomyza montana EN –
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3.2 Morphological data

To measure beak morphology, we captured lateral photos of each individual’s beak
and digitized the complete outline using five landmarks and six semi-landmarks
with the ‘geomorph’ package (R programming environment) (Adams & Otárola-
Castillo, 2013) (Figure S1). We used the entire avian bill (both upper and lower
beaks) because this group appears to have lower integration between the upper
and lower beaks. We took measurements from the right side of the specimens,
though in cases where the right side exhibited any type of damage, we used the
left side. To standardize the shape data, we conducted a Generalized Procrustes
Analysis using also geomorph package (Adams & Otárola-Castillo, 2013), where
beaks were rotated, scaled, and aligned. All specimens underwent digitization
twice, and repeatability was estimated following the methodology outlined by
Lessells & Boag (1987). Repeatabilities of landmarks were high on average across
all species (mean = 0.82; SD = 0.07).

3.2.1 Beak Size

We measured species’ beak size using centroid size (CS), where

CS =

vuut
nX

i=1

((xi � x̄)2 + (yi � ȳ)2) (1)

in which (Xi,Yi) are the coordinates of each landmark, and (x̄, ȳ) are the coordi-
nates of the centroid. To capture the variation in centroid size within species, we
used the coe�cient of variation (CV ) of centroid size among individuals, where a
lower CV indicates that individuals of that species have very similar beak sizes,
while a higher CV indicates greater variation in beak size among individuals of
that species.

3.2.2 Beak Shape

We used the scaled landmark coordinates following the Generalized Procrustes
Superimposition (GPS) to generate a covariance matrix of species’ beak shape.
This matrix is a square matrix where the principal diagonal describes the variance
in the landmark coordinates, and the o↵-diagonal elements represent the covari-
ance among them. This covariance matrix, also known as the P-matrix (i.e.,
phenotypic variance/covariance matrix), is used as a proxy for the G-matrix (i.e.,
additive genetic covariance matrix). The G-matrix would be the ideal tool for
studying a population’s potential to respond to selection, as the response depends
on the amount of available genetic variation, but it is often di�cult to calculate
because it requires pedigree data.

To estimate the variation in beak shape within a species, i.e. morphospace
occupancy, we used the Coe�cient of Variation of Eigenvalues (ICV ) of the phe-
notypic covariance matrix. The ICV of the covariance matrix describes the dis-
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tribution of total variation in the morphospace, high values of ICV indicates that
most variation is concentrated in the first few eigenvalues, while low values of ICV
indicate that morphological variation is well distributed in more dimensions of
morphospace. ICV for species i, given by

ICVi =
�i

�i
, (2)

where �i is the standard deviation of the eigenvalues of the covariance matrix and
�i is the mean of the eigenvalues for species i. We then calculated the relative
value of ICV (ICVr) as

ICVr = 1� ICVmax � ICVi

ICVmax � ICVmin
, (3)

where ICVmax and ICVmin are the maximum and minimum values of ICV among
species in our dataset, scaling this relative measure between 0 and 1. In this
sense, low values (closer to 0) of ICVr represents a higher integration among
traits in which most of the variation is on the first and second PCs, such that
trait variability is low. Whereas higher values of ICVr (close to 1) means that
trait variation is more distributed in di↵erent directions of the morphospace and,
consequently, that trait variability is high.

3.3 Isotope data

To calculate the isotopic niche breadth of the Hawaiian honeycreepers, we mea-
sured ratios of stable carbon and nitrogen isotopes from feather tissue collected
from museum specimens. All stable isotope compositions are expressed in delta
(�) notation, where

� = 1000 ⇤ ( Rsample

Rstandard
� 1), (4)

and where R represents either 13C/12C or 15N/14N, and is expressed in units of per
mil (‰). We collected three contour feathers from the ventral feather tracts of
each individual. Given that individuals were collected in di↵erent seasons, contour
feathers are expected to provide a dietary average that integrates across potential
seasonal variation.

To prepare feathers for isotopic analysis, we cleaned each sample using a 2:1
chloroform methanol solution to remove lipids, subsequently air-drying each sam-
ple for a minimum of 24 hours. We measured ca. 0.5 mg of each sample, each of
which were placed in a tin capsule and combusted in a Costech 4010 Elemental
Analyzer coupled with a Delta V Plus Continuous Flow Isotope Ratio Mass Spec-
trometer. Carbon and nitrogen isotope values were corrected for instrument drift,
mass linearity and standardized to the international VPDB (�13C ) and AIR (�15N
) scales using the USGS 41a and USGS 40 standard reference materials. Reference
material �13C values (mean ± standard deviation) were USGS 40: �26.38±0.14‰
(n = 67) and USGS 41a: 36.54± 0.23‰ (n = 34). Reference material �15N values
were USGS 40: �4.52±0.11‰ (n = 67) and USGS 41a: 47.54±0.15‰ (n = 34).
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Elemental carbon and nitrogen contents were determined via linear regression of
CO2 and N2. We also analyzed 26 aliquiots of an internal squid tissue for quality
control, which was identical to its long term average isotopic composition (�13C =
�18.59±0.19‰; �15N = 11.90±0.16‰). We adjusted the �13C values of historical
specimens to account for changes in industrial CO2 concentrations in the atmo-
sphere, known as the Suess e↵ect (Keeling, 1979). To calculate the isotopic niche
breadth of honeycreeper species we used the ‘SIBER’ package (R programming
environment) to estimate the standard ellipse area (SEAc) which implements a
Bayesian approach to account for the e↵ects of sample size (Jackson et al., 2019).
The SEAc provides a measure of the bivariate isotopic niche space established by
�13C and �15N values for collected individuals within each species, with units of
‰2.

4 Results

4.1 Intraspecific morphological variation

To ensure large enough sample sizes to capture an accurate measures of morpho-
logical variation, we excluded all species with fewer than seven individuals in our
sample. Although seven is an arbitrary number, our rarefaction analysis showed
that this number is su�cient to capture the mean variability within a species (Fig-
ure S2). Additionally, to determine if our morphological variation was correlated
with sample size, we ran a linear model and found no significant correlation be-
tween sample size and morphological variation in our data based on the results
(Figure S3).

We examined species-specific di↵erences in 1) intraspecific beak size variation,
by using the CV of the centroid size and, 2) intraspecific beak shape variation,
by using the relative values of coe�cient of variation of eigenvalues (ICVr) of the
covariance matrix.

4.1.1 Beak Size

We found great variation in beak size ranging from 0.048 to 0.140. Beak size
CV varied greatly between ecological guilds, with great overlap in beak size CV
between di↵erent guilds (Figure 1A-B). The species with the greatest within-
species variation in beak size was Akialoa stejnegeri, which has a mixed nectariv-
orous/insectivorous diet, followed by Hemignathus wilsoni and Oreomystis bairdi,
both insectivorous birds (Figure 1A). The species with the lowest beak size vari-
ation were Himatione fraithii and Paroreomyza flammea, which are nectarivorous
and insectivorous birds, respectively. Birds that have a diet based on invertebrates
have the greatest range of within-species beak size variation, with some species
where individuals varied little in beak size, whereas for other species, there is a
great variation in beak size among individuals (Figure 1A-B). To examine guild-
level di↵erences in beak size within-species, we conducted a Kruskal-Wallis rank
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Figure 1: Species in ascending order of variation of A) variation in beak size
(CV centroid size); C) variation in beak shape (ICVr); E) dietary niche breadth
(SEAc). Di↵erences within guilds of B) Within-species variability in beak size
(CV centroid size), D) Within-species variability in beak shape (ICVr),F) iso-
topic niche breadth (SEAc). Solid and open-crossed points denote extant and
extinct species. On the top right and bottom right are illustrations of the species
with the highest and lowest values, respectively. 1, Psittirostra psittacea; 2, Rho-
dacanthis palmeri ; 3, Chloridops kona; 4, Loxioides bailleui ; 5, Telespiza cantans ;
6, Himatione fraithii ; 7, Himatione sanguinea; 8, Palmeria dolei ; 9, Vestiaria
coccinea; 10, Akialoa obscura; 11, Akialoa stejnegeri ; 12, Chlorodrepanis flava;
13, Chlorodrepanis stejnegeri ; 14, Chlorodrepanis virens virens ; 15, Chlorodrepanis
virens wilsoni ; 16, Magumma parva; 17, Hemignathus a�nis ; 18, Hemignathus
hanapepe; 19, Hemignathus wilsoni ; 20, Loxops caeruleirostris ; 21, Loxops coc-
cineus ; 22, Loxops mana; 23, Oreomystis bairdi ; 24, Paroreomyza flammea; 25,
Paroreomyza maculata; 26, Paroreomyza montana. F, fruits; S, seeds; N, nectar,
I-N, mixed invertebrates and nectar; I, invertebrates. (Illustrations from Biller-
man et al. (2022))
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sum test. Because the number of species is very low for frugivorous and granivo-
rous, we exclude these two guilds of our test. We observe no significant di↵erence
in beak size variation among nectarivorous, mixed nectarivorous/insectivorous,
and insectivorous guilds (�2 = 1.34, df = 2, p = 0.51) (Figure 1B).

4.1.2 Beak Shape

We observe three distinct groupings of species – denoted as high, intermediate, and
low – as a function of intraspecific beak shape variation (Figures 1C). All granivo-
rous species are found in the grouping with the highest beak shape variation, with
Loxioides bailleui exhibiting the greatest variation among all species. One of the
two extinct frugivorous species, Psittirostra psittacea, is also found in this high
shape-variability group, with the remaining species (Rhodacanthis palmeri) at the
high-end of the intermediate group. Across species, all nectarivores occur in the
low shape-variability group, while mixed nectarivore/insectivore and insectivores
are distributed across the intermediate and low groups.

Within guilds, extinct species presented the lowest measures of intra-specific
shape variation, with the exception of nectarivorous and excluding frugivorous
(all extinct species)(Figure 1D). Then, to explore if there was any di↵erence across
guilds in the intraspecific amount of beak variation we performed a Kruskal-Wallis
rank sum test. Again, we excluded frugivorous and granivorous due to small
sample sizes. Our result revealed no significant di↵erence among the nectarivorous,
mixed nectarivorous/insectivorous, and insectivorous guilds (�2 = 0.75, df = 2,
p = 0.68) (Figure 1D).

4.2 Carbon and nitrogen isotopic signatures

Because we are using dietary guilds constructed from observational data, we first
evaluate whether those observational guilds correlate with isotopic di↵erences (Fig-
ure 2A). Honeycreepers occupy a great area in isotope space with a range of ca.
14.5 and 27.8 of �13C and �15N values, respectively. However, there is a great
overlap across guilds for most species, with �13C values spanning ca. �24.0 to
�18.0‰, and �15N values spanning ca. 0.8 to 12.1‰ (Figure 2A and Figure
S4). In contrast, Himatione fraithii and Telespiza cantans reveal highly distinc-
tive �13C and �15N values, together ranging from �21.2 to �9.4‰ and 18.8 to
28.6‰, respectively.

We then examined di↵erences in �13C and �15N among species within the same
guilds (Figure 2B-F). The two frugivores species have distinct isotopic signatures,
with Psittirostra psittacea showcasing a great deal of variability in �15N values
(Figure 2B), while Rhodacanthis palmeri varies more along the �13C values. Grani-
vore species diverge greatly in their wide range of �13C and �15N values (Figure
2C), though this is primarily driven by Telespiza cantans, which has much higher
�15N values than other granivores, and has �13C values ranging from �20.2 to
�9.4. The other two granivorous honeycreepers (Loxioides bailleui, and Chlori-
dops kona) have comparatively low �13C and �15N values and ranges, and overlap,
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Figure 2: Stable isotope values (�13C and �15N) of Hawaian Honeycreepers. Each
point is a an individual, open crossed points represent extinct species, and ellipse
areas of species are shown. A) All species in their guilds. B) Frugivorous species;
C) Gramnivorous species; D) Nectarivorous species; E Mixed invertebrate and
nectar-feeder; F Invertebrate-feeder. Note the change in scale across panels.
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although the extinct Chloridops kona has a much narrowed dietary niche breadth
(Figure 2C). Nectarivorous species reveal isotopic groupings similar to those of
granivores, with one species, Himatione fraithii, showcasing high �15N values and
variable �13C values (Figure 2D), whereas the others have low �13C and �15N val-
ues and ranges. Mixed nectarivorous and insectivorous honeycreepers have a large
isotopic ranges, with �13C values spanning �24.02 to �18.51‰ and �15N values
spanning 4.56 to 9.78‰ (Figure 2E). Most insectivorous honeycreepers have over-
lapping �13C and �15N values (Figure 2F), with the extinct Paroreomyza flammea
and Peroreomyza maculata falling lower along the �13C axis, and more distinct
than the rest.

Figure 3: Isotopic di↵erences across species categorized by dietary guild. Each
point is an individual and solid and open-crossed points denote extant and extinct
species, respectively. A) �13C (‰) and B) �15N (‰) values. F, fruits; S, seeds;
N, nectar, I-N, mixed invertebrates and nectar; I, invertebrates.

To determine if there were significant di↵erences in �13C values among foraging
guilds, we performed a Kruskal-Wallis rank sum test excluding Himatione fraithii
and Telespiza cantans species, which account for those with extremely divergent
�13C and �15N values. We used Kruskal–Wallis rank sum test since our data vio-
lated the assumptions of homogeneity of variances for a parametric statistical anal-
ysis. We observe significant di↵erences between guilds for �13C values (�2 = 25.30,
df = 4, p < 0.05) and �15N values (�2 = 45.35, df = 4, p < 0.05) (Figure 3A,B).
To explore which guilds di↵er in �13C values, we then conducted post-hoc pair-
wise comparisons using the Wilcoxon rank sum test with Bonferroni correction.
The results reveal significant di↵erences in �13C values between: gramnivores vs.
nectarivores, nectarivore/invertivores vs. granivores, and between invertivores vs.
nectarivores (Table S1). No significant di↵erences were found between other guild
pairs (see Table S1 for pairwise scores). We also observe significant di↵erences
between the �15N values of mixed nectarivore/invertivores vs. frugivores, nectari-
vores vs. gramnivores, mixed nectarivore/invertivores vs. granivores, invertivores
vs. gramnivores, mixed nectarivore/invertivores vs. nectarivores, and between
invertivores vs. nectarivores (Table S2).

We measured the isotopic niche breadth of both extinct and extant species by
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calculating the standard ellipse area corrected for sample size (SEAc) (Jackson
et al., 2019). Isotopic niche breadth varied widely across species (Figure 1E and
Figure 1F), with Paroreomyza montana and Loxops coccineus, both insectivorous
species, exhibiting the broadest isotopic breadth. Frugivorous honeycreepers also
displayed very broad dietary niches (Figure 1F). In contrast, gramnivores had
the narrowest dietary niches, with Chloridops kona showing the narrowest dietary
niche among all species (Figure 1E and Figure 1F).

4.3 Is there a correlation?

We next aim to assess if higher morphological variation translates to a broader
isotopic niche breadth, so we used a linear regression analysis accounting for phy-
logeny with the phylolm package in R (Ho et al., 2016). For this, we used the
phylogeny available in McTavish et al. (2024) and applied the � phylogenetic
model of trait evolution (Pagel, 1999). The results are shown for all species with
the imputed phylogenetic tree (Figure S5). Our analysis indicated that there is no
significant relationship between either variation in beak shape and dietary niche
breadth (R2 = 0.01, p = 0.72), or variation in beak size and dietary niche breadth
(R2 = 0.02, p = 0.6) at the community level (Figure S5). However, when we
looked within guilds, our result showed that lower morphological variation tends
to be related to lower niche breadth (Figure S6).

4.4 Patterns of extinction

We also explored if di↵erences in within-species variation in beak size, beak shape,
and isotopic niche breadth, were related to extinction status (Figure 4). To assess
for statistical significance, we used the Mann-Whitney U test, a non-parametric
test comparing the central tendency between two independent groups. We observe
no significant di↵erence in beak size (U = 2, nextinct = 8, nextant = 14, p =
0.23)(Figure 4A), beak shape (U = 7, nextinct = 8, nextant = 14, p = 0.40) (Figure
4B), or isotopic niche breadth (U = 8, nextinct = 8, nextant = 14 ,p = 0.93) (Figure
4C) Due to the e↵ects that frugivores and gramnivores are responding to di↵erent
drivers of selection since fruit and nut size variation select for very di↵erent beak
shape and size morphologies (see discussion below), we also examine extinct vs.
extant honeycreepers with those groups excluded. This results in a significant
di↵erence between extinct and extant species, with extinct species having much
lower beak shape variation than those alive today (U = 6, p⇤ = 0.01)(Figure 4D).
Lastly, we tested whether, within guilds, variation in beak morphology and isotopic
niche breadth were related to extinction status. Specifically, we examined species
variability relative to the mean variability of their dietary guild. We excluded
frugivorous species since the only two representatives of this guild are extinct.
Our analysis shows that, relative to the guild’s variability, extinct species tend to
have lower variability in beak shape (U = 13, nextinct = 6, nextant = 14, p⇤ = 0.01)
(Figure S7).
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Figure 4: Boxplot depicting traits distribution for extinct (black) and extant
(green) species. A) Variability in beak size (CV centroidsize). Illustration of
Vestiaria coccinea, an extant species; B) Variability in beak shape (ICVr); C)
Isotopic niche breadth (SEAc); D) Variability in beak shape (ICVr) excluding
frugivore and granivore species. Illustration of Hemignathus hanapepe, an extinct
species. (Illustrations from Birds of the World)
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5 Discussion

Variation is the raw fuel of evolution, as it is essential in guaranteeing that a pop-
ulation can respond to novel selective pressures (Lande & Shannon, 1996; Assis
et al., 2016). Therefore, estimating intraspecific variation in particular phenotypes
can be a useful proxy for estimating a species’ evolutionary potential (Hansen &
Houle, 2008), particularly for those closely associated with energy acquisition and
reproduction, both of which have profound and direct e↵ects on organismal fit-
ness. Increased variation in these phenotypes may indicate that the species has a
greater potential to adapt to rapidly changing selective pressures, bu↵ering birth
and survival rates among individuals with favorable traits, ultimately reducing the
risk of extinction for the population (Forester et al., 2022). Indeed, this ‘evolution-
ary resilience’ is an important element considered when developing conservation
management approaches for endangered or at-risk species (Sgrò et al., 2011).

Here we examine the notion that intraspecific morphological variation can be
linked to intraspecific niche breadth, as estimated from carbon and nitrogen sta-
ble isotope ratios, and to what extent these characteristics are at all related to
extinction. Such an analysis requires that we examine a large number of species oc-
cupying a diversity of ecological niches, and, critically, that we have foreknowledge
of each species’ potential for extinction. To do so, we examine museum collections
of Hawaiian honeycreepers across a known series of extinctions spanning late 19th

to early 20th century.
After an initial series of extinctions following the arrival of Polynesian popu-

lations ca. 1219–1266, a second wave occurred after European colonization in the
18th century (Boyer, 2008), driven by the combined e↵ects of deforestation, inva-
sive species such as rabbits and rats, and diseases like avian malaria (Boyer, 2008).
This latter driver was perhaps the leading direct cause of many honeycreeper ex-
tinctions, restricting survivors to high altitudes where mosquitoes are absent due
to cooler temperatures (van Riper III et al., 1986; Atkinson et al., 2000). Our
sampling of honeycreeper species from museum collections spans a temporal pe-
riod from 1880 to 1913 during which species, occupying multiple Hawaiian islands,
became extinct. Importantly, these species have associated dietary guilds based
on observational accounts (e.g. Munro, 1944), allowing us to assess variability in
beak morphology and isotopic niche breadth across both species and expected
diet. Because Hawaiian honeycreepers demonstrate large di↵erences in both beak
morphology and diet, and have known extinction outcomes, they are well-suited
to facilitating a direct comparison of species attributes against known extinction
and/or current conservation status.

The large diversity of ecological niches occupied by honeycreeper species cor-
responds with a similarly large diversity of beak shapes and sizes, each meeting
di↵erent dietary demands. While the relationship between dietary categories and
beak shape and size among birds is a classic system used to probe form-to-function
in ecology, the role of intraspecific variation in form, and how that may relate to
ecological function, is less well understood. Along these lines, Van Valen (1965)
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proposed the niche variation hypothesis, where greater morphological variation
among individuals in a population would correlates with increased population
niche width, which emerges as a product of individual specialization. Van Valen
specifically formalized this notion around island populations, where species could
attain greater morphological variation due to the initially reduced interspecific
competition (i.e., less niche packing). The idea that morphological variation is
mirrored in diet variation among populations has been tested empirically, with
mixed results (Dı́az, 1994; Bolnick et al., 2007; Costa et al., 2008; Maldonado
et al., 2017; Costa-Pereira et al., 2019). Using isotopic area from carbon and
nitrogen isotope ratios as a proxy for dietary niche breadth, we found no statisti-
cal support for a direct correlation between morphological and dietary variability
across honeycreeper species (Figure S5). This lack of correlation exists with re-
spect to variability in both beak size and shape. With the community, the small
number of samples making up some established dietary guilds precluded a guild-
by-guild statistical evaluations. It is worth noting, however, that when comparing
dietary and size/shape variation within guilds (Figure S6) we find that increased
morphological variation relates to increased niche breadth, with the exception of
nectarivorous/invertebrate and invertebrate guilds.

Frugivores and granivores present a striking pattern of beak shape morpholog-
ical variation when compared to other honeycreeper species. Their substantially
elevated beak shape variability may emerge from several di↵erent evolutionary
processes. First, frugivorous and granivorous honeycreepers may be under more
relaxed stabilizing selection for beak shape, or even be subjected to higher diversi-
fying selection. Both processes would lead to a higher population-level beak shape
variation. Second, fluctuating selection may also promote increased beak shape
variability, following the dynamics outlined by Stroud et al. (2023), which demon-
strates that the cumulative e↵ect of fluctuations in form, strength, direction, or
existence of selective forces over time can maintain variation around a particular
adaptive peak. Because the morphologically diverse fruits and seeds available to
honeycreepers across the Hawaiian archipelago are likely to have varied responses
to divergent environmental conditions (Hulme & Benkman, 2002), which them-
selves vary over time, the cumulative e↵ect of such shifting selective landscapes
may promote variability in frugivorous and granivorous honeycreeper beak shape.
For example, Price (1987) showed that among Darwin’s finches,food scarcity can
drive both dietary generalization on remaining seeds, as well as specialization on
either large or small seeds, which could explaining the high level of intra-specific
variation in beak morphology in these species. This is because despite individ-
uals specializing in small or large seeds during food shortages, few possess the
optimal morphology for either. Thus, breeding between small and large individ-
uals can result in intermediate phenotype, driving high morphological variation
in the population. Finally, introgressive hybridization – the transfer of genetic
material between species through repeated backcrossing – may also contribute to
beak shape variability. Though hybridization is frequently observed in other bird
groups, particularly those radiating across island habitats (Grant & Grant, 1997,
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2016), there is only one reported hybridization event among two nectarivorus hon-
eycreepers (Vestiaria coccinea and Himatione sanguinea; Knowlton et al., 2014),
suggesting otherwise strong pre- and/or post-zygotic reproductive barriers.

Most frugivorous and granivorous honeycreepers evince a more generalist diet
(Munro, 1944; Pratt & Conant, 2005). However, we observe that Loxioides bailleui,
with the highest intraspecific variation in beak shape, is also a known specialist on
the seeds from Māmane trees (Sophora chrysophylla) (Hess et al., 2014). We note
that Māmane trees (Sophora chrysophylla) are known to be highly polymorphic,
growing either as shrubs or trees, which may influence the size and shape of their
seeds and drive opposing selective forces on beak shape, promoting variability.
Additionally, when Māmane seeds are scarce, L. bailleui is known to fall back on
other plant parts, including foliage, flowers, and flower buds (Hess et al., 2014),
sometimes supplementing its diet with the seeds and fruits of other plants (Munro,
1944). Another frugivore with high beak shape variation, Psittirostra psittacea,
while described as feeding primarily on the fruits of the ‘ie‘ie plant (Freycinetia
arborea), has in practice a more generalist diet, and has been reported to feed on
introduced plants such as guavas and mulberries (Munro, 1944; Pratt & Conant,
2005).

The documented diets of frugivorous and granivorous honeycreepers trans-
late di↵erently with respect to their isotopic niches. While the isotopic niches
of granivores are relatively narrow, those of frugivores are comparatively broad,
suggesting that: i) there may be strong environmental signals captured by either
or both carbon and nitrogen isotopic ratios (such as elevational e↵ects, canopy
e↵ects, and/or di↵erences in aridity), or ii) the resources from which the dietary
guilds are composed are not isotopically distinct. So while granivores exhibit the
smallest isotopic niche breadth, such that their food sources appear isotopically
similar, this may not reflect the true diversity of their realized diets. That fru-
givores generally have broad isotopic niches may reflect their generalist dietary
preferences, but could also arise from those species occupying a diversity of habi-
tats. For example, Psittirostra psittacea has high variability in �15N values (Figure
2B), but this species was also common and abundant, occurring across most of
the Hawaiian Islands from low to high altitudes before it went extinct (Munro,
1944). So while we did not capture significant di↵erences in mean isotopic values
across islands (Figure S8, but see Kennedy et al. (2018)), we cannot discount the
role of habitat variability in contributing to the measured variability in �13C and
�15N within and across species.

We found that within granivorous and invertebrate-feeder dietary guilds, species
with lower morphological and isotopic variability – relative to other species in
those guilds – tend to be those more likely to su↵er extinction (Figure 1). Extinct
species categorized as invertivore/nectarivorous reveal a mixed pattern, with very
low beak shape variability, intermediate isotopic variability, yet very high beak size
variability. Extinct nectarivores show an opposing, but still mixed, pattern, where
the single representative species has high beak shape variability but low beak size
variability. This species, Himatione fraithii, was endemic to Laysan Island, a low
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atoll approximately 4, km2 in size, and was last seen in 1923. The main causes of
its extinction are thought to be the combined e↵ects of habitat destruction and
the introduction of invasive species such as rabbits, all of which culminated in a
severe storm in 1923 (Pimm, 2003). Interestingly, both H. fraithii as well as Tele-
spiza cantans, an extant granivore, reveal a distinctive isotope composition with
exceptionally high �15N values. Alongisde H. fraithii, T. cantans is also endemic
to Laysan Island, which was used for mining guano until the early twentieth cen-
tury (Homer, 1952). We suspect that the elevated �15N values of both species is
likely due to the influence of seabird guano, which is extremely enriched in 15N

relative to terrestrial sources (Szpak et al., 2012a,b; Vizzini et al., 2016).
If we examine patterns of extinction across guilds (Figure 4), the various pat-

terns between morphology and isotopic variability observed within dietary guilds
and extinction outcome contributes to a suggestive but unclear relationship. While
there are no clear di↵erences in isotopic niche breadth, lower variation in beak
size and shape may appear to align with those species that are now extinct, how-
ever these relationships are not statistically significant. If we exclude frugivorous
and granivorous species, such that our comparison is restricted to nectivorous,
insectivorous/nectarivorous, and insectivorous species, we observe a statistically
significant di↵erence in beak shape variability between extinct and extant species,
where those that are extinct exhibited less variability in beak shape than those
that are extant. Additionally, within guilds, species with lower variation in beak
shape are those that are extinct (Figure S7). This would appear to support Van
Valen’s niche variation hypothesis (Van Valen, 1965), and perhaps compellingly,
link extinction as a possible outcome of limited beak shape variability.

It is then important to consider the justification for removing frugivorous and
granivorous species, and whether a comparison without these species is ecologically
meaningful. As described above, frugivorous and granivorous honeycreepers (both
extant and extinct) have highly elevated beak shape variability, which is likely due
to the large variety of fruit and seed shapes contributing to their diets. As such, a
single category for each of these food types is likely too broad, integrating a larger
diversity of dietary morphotypes than do the other guilds, and where subdividing
fruits and seeds to account for hardness, toughness, and/or geometry, may be
more appropriate for understanding connections to beak shape. Because there are
only two species in this combined group currently extant (both granivores; Figure
1D), both of which have measures of beak shape variability equal to or higher than
those that are extinct, the qualitative trend would remain in alignment with the
notion that lower beak shape variability may increase the likelihood of extinction.

The ability of a species to persist in response to disturbances, or its adaptive
capacity (Sgrò et al., 2011), is crucial for survival in environments facing large-scale
disruptions (Bürger & Lynch, 1995; Milot et al., 2020b; Forester et al., 2022). For
example, little brown bats (Myotis lucifugus) declined more than 90% following the
introduction of a fungal pathogen causing the white-nose syndrome (Hoyt et al.,
2021), but rebounded, it is thought, primarily due to its maintenance of substantial
genetic variation despite such population bottlenecks (Auteri & Knowles, 2020).



79

Along these lines Ørsted et al. (2019) showed experimentally that fruit fly lineages
with lower genetic diversity are more prone to extinction.

Because so many honeycreeper species su↵ered extinction during the first half
of the 20th century, most of what we know about their ecology comes from obser-
vations from natural historians in the early 1900’s (Perkins, 1903; Munro, 1944).
These observations, as well as the collections of specimens for museums, o↵er the
only window into this once highly diverse group, and the potential to unravel why
some went extinct, while others did not. By leveraging stable isotope analysis to
reconstruct the likely ecological roles and dietary habits of these species, along-
side morphological measures of beak size and shape, we aim to shed light on how
these characteristics may have interacted with the pressures being exerted on this
diverse community. Our findings not only enhance our knowledge of the ecological
diversity within this group but reveal the di↵erent roles of dietary and morpholog-
ical variability within di↵erent dietary guilds, and their potential for contributing
to the most recent wave of Hawaiian honeycreeper extinctions.
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Ørsted, M., Ho↵mann, A.A., Sverrisdóttir, E., Nielsen, K.L. & Kristensen, T.N.
(2019). Genomic variation predicts adaptive evolutionary responses better than
population bottleneck history. PLoS Genetics, 15, e1008205.

Pagel, M. (1999). Inferring the historical patterns of biological evolution. Nature,
401, 877–884.

Paxton, E.H., Camp, R.J., Gorresen, P.M., Crampton, L.H., Leonard, D.L. &
VanderWerf, E.A. (2016). Collapsing avian community on a Hawaiian island.
Science Advances, 2, e1600029.



84

Pelletier, F., Clutton-Brock, T., Pemberton, J., Tuljapurkar, S. & Coulson, T.
(2007). The evolutionary demography of ecological change: linking trait varia-
tion and population growth. Science, 315, 1571–1574.

Perkins, R. (1903). Vertebrata. fauna hawaiiensis, vol. 1, pt 4.

Pigot, A.L., Trisos, C.H. & Tobias, J.A. (2016). Functional traits reveal the ex-
pansion and packing of ecological niche space underlying an elevational diversity
gradient in passerine birds. Proceedings of the Royal Society B: Biological Sci-
ences, 283, 20152013.

Pimm, S. (2003). Expiry dates. Nature, 426, 235–236.

Pratt, H.D. & Conant, S. (2005). The Hawaiian Honeycreepers: Drepanidinae.
OUP Oxford.

Price, T. (1987). Diet variation in a population of darwin’s finches. Ecology, 68,
1015–1028.

Ricklefs, R.E. (2017). Historical Biogeography and Extinction in the Hawaiian
Honeycreepers. The American Naturalist, 190, E106–E111.
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S1 Supplementary Information

S1.1 Tables

Table S1: Pairwise comparisons of �13C values among bird guilds using the
Wilcoxon rank sum test with Bonferroni correction. Significant p-values (< 0.05)
are in bold.

Comparison p-value
Fruits vs. Invertebrates 1.0
Fruits vs. Invertebrates/Nectar 1.0
Fruits vs. Nectar 1.0
Fruits vs. Seeds 0.76
Invertebrates vs. Invertebrates/Nectar <0.05
Invertebrates vs. Nectar <0.05
Invertebrates vs. Seeds 1.0
Invertebrates/Nectar vs. Nectar 1.00
Invertebrates/Nectar vs. Seeds <0.05
Nectar vs. Seeds <0.05

Table S2: Pairwise comparisons of �15N values among bird guilds using the
Wilcoxon rank sum test with Bonferroni correction. Significant p-values (< 0.05)
are in bold.

Comparison p-value
Fruits vs. Invertebrates 0.05
Fruits vs. Invertebrates/Nectar <0.05
Fruits vs. Nectar 1.0
Fruits vs. Seeds 1.0
Invertebrates vs. Invertebrates/Nectar 0.02
Invertebrates vs. Nectar <0.05
Invertebrates vs. Seeds <0.05
Invertebrates/Nectar vs. Nectar <0.05
Invertebrates/Nectar vs. Seeds <0.05
Nectar vs. Seeds 0.06



87

S1.2 Figures

Figure S1: Landmarks (red) and semi-landmarks (blue) digitized on the beak of
a specimen of Loxops mana.

Figure S2: Rarefaction analysis comparing the mean value of within-species vari-
ation in A-B beak size (CV centroid size) and C-D beak shape (ICV ). For each
sample size (range from 1 to 50) we calculated the mean for 1000 simulation, which
represents a black point in our graph A and C. Purple lines are our empirical data
for Himatione sanguinea. Blue points is the mean value of our simulations, yellow
points show the 95% confidence interval of our simulations and red points are the
empirical values of extinct species in our dataset. A) within-species variation in
beak size. B) The curve of the mean value in our simulation (blue line) for CV
centroid size. C) within-species variation in beak shape (ICV ) D) The curve of
the mean value in our simulation (blue line) for (ICV ).
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Figure S3: Linear regression between sample size and A) Variation in beak size
(CV Centroid Size); B) Variation in beak shape (ICVr); and C) Isotopic niche
breadth (SEAc). Each point is a species and open crossed points represent extinct
species.

Figure S4: Stable isotope values (�13C and �15N) of Hawaiian honeycreepers, ex-
cluding species from Laysan Island. Each point represents an individual, with
open crossed points indicating extinct or possibly extinct species. The ellipse area
for each guild is shown.
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Figure S5: Phylogenetic linear regression between A) within-species variation in
beak shape (ICVr) and dietary niche breadth (SEAc); B) within-species variation
in beak size (CV Centroidsize) and dietary niche breadth (SEAc); C) within-
species variation in beak size (CV Centroidsize) and within-species variation in
beak shape (ICVr). Each point is a species and open crossed points represent
extinct species.
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Figure S6: Within a guild, species with low variation in beak morphology tend to
have low isotopic niche breadth. A) Comparison of relative values of intra-specific
variation in beak shape with relative values of isotopic niche breadth; B) relative
values of beak size and isotopic niche breadth. Lines connect values from the same
species (points). Open crossed points and dashed lines indicate extinct species.
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Figure S7: Boxplot depicting species variability for extinct (black) and extant
(green) relative to the mean dietary guild variability. A) Variability in beak size
(CV centroidsize); B Variability in beak shape (ICVr); C Isotopic niche breadth
(SEAc);

Figure S8: Beeswarm plots showing the di↵erence among islands. Each point is
an individual and open crossed points represent individuals of extinct species. A)
�13C expressed in units of per mil (‰); B) �15N expressed in units of per mil
(‰).



Chapter 3

“I am gratified that the Museum has its contribution to make to the
solution of the great problems of evolution. That is the ultimate, if
not the only goal, is it not, of our special kind of scientific work?”

(Annie Montague Alexander 1, 1867-1950)

1
Born in Honolulu, Hawaii, she was a naturalist who preserved more than 22,000 mammals,

17,000 plants, and 1,500 fossil specimens, including many previously undescribed species. She

was the founder and patron of both the Museum of Paleontology and the Museum of Vertebrate

Zoology at the University of California, Berkeley (MVZ).
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Signatures of adaptive peaks shifts in beak

morphology in Hawaiian Honeycreepers

1 Abstract

Bird beaks exhibit remarkable morphological diversity and are integral to forag-
ing, thermoregulation, and song production. The evolution of beak morphology
is influenced by multiple distinct and potentially conflicting selective pressures,
though diet and feeding behaviors are often the primary forces shaping selection
among passerines. Hawaiian honeycreepers originally consisted of more than 50
species, and showcased a striking diversity of beak shapes and foraging behaviors,
though two-thirds of these species are now extinct. Here we use geometric morpho-
metrics and phylogenetic comparative methods to explore the adaptive landscapes
of extinct and extant Hawaiian honeycreepers and identify where adaptive peak
shifts have occurred. Moreover, we explored evolutionary convergences to gain a
deeper understanding of the evolutionary history of their beak morphology. Our
results indicate that adaptive shifts in beak morphology are strongly tied to feed-
ing ecology, with traits such as thicker, more robust beaks convergently evolving in
di↵erent lineages. We identify two major convergences: one in beak shape among
frugivorous and granivorous species, and another in beak size among a clade of
invertebrate specialists and a nectarivorous species. Our findings reveal that the
extinction of Hawaiian honeycreepers has led to a drastic reduction in the mor-
phospace they once occupied, as peripheral species with distinct morphologies and
unique adaptive peaks have been preferentially lost to extinction. This homog-
enization may have significant implications for ecosystem functioning, as these
birds play crucial roles in ecosystem services.

2 Introduction

Bird beaks are vital for survival, and serve to perform an enormity of important
tasks, including but not limited to: nest building (Sheard et al., 2023), song pro-
duction (Derryberry et al., 2012), thermoregulation (Tattersall et al., 2017), and
foraging (Pigot et al., 2020). So the vast morphological diversity observed among
bird beaks is not surprising. From toucans with their colourful beaks that amount
to one third of their body size (Tattersall et al., 2009), to the needle-like beaks
of Neotropical Humming birds (Missagia & Alves, 2018), beaks occupy a striking
diversity of shape and size. Moreover, some of the most compelling examples of
the power of natural selection in shaping variation are represented by the evolution
of bird beaks, including the microevolutionary changes ob-served among Darwin’s
finches (Grant & Grant, 1989, 2006). Due to the diverse tasks for which they are
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used, the evolution of beak morphology may be influenced by several distinct and
potentially conflicting selective pressures, acting to optimize performance across
di↵erent functions (Friedman et al., 2019). For instance, in songbirds (Meliphagi-
dae), while foraging ecology significantly influences beak shape, climate plays a
crucial role in determining beak size (Friedman et al., 2019). In passerines, diet
and feeding behaviors are the primary selective force shaping beak shape evolution
in many groups, such as Darwin’s finches (Schluter & Grant, 1984; Grant & Grant,
1989), crossbills (Benkman, 1988), and great tits (Gosler, 1986). In fact, cranial
and beak morphology in birds strongly predict dietary guild membership (Pigot
et al., 2016; Felice et al., 2019). For example, pollinating birds often have beak
shapes that match the floral morphology of the plants they pollinate, suggesting a
strong constraint on pollinators’ traits related to food acquisition (Abrahamczyk
& Kessler, 2015).

Hawaiian honeycreepers (Aves: Fringillidae: Carduelinae) is a group of birds
endemic to Hawaii, showcasing a remarkable diversity of beak shapes within a
single family, even when compared to other bird groups (Lovette et al., 2002;
Tokita et al., 2017). They also present a wide variety of foraging behaviors and
diets (Pratt & Conant, 2005). For instance, this group includes species with
parrot-like beaks, such as the Maui parrotbill (Psittirostra psittacea) (Figure 1 ID
1), warbler-like beaks, such as the Maui ‘alauahio (Paroreomyza montana) (Figure
1 ID 26), finch-billed species, such as the Palila (Loxioides bailleui) (Figure 1
ID 4), downward-curving beaks, such as the I‘iwi (Drepanis coccinea) (Figure 1
ID 9), and many others, including a unique shape among birds, the akipolaau
(Hemignathus wilsoni) (Figure 1 ID 18), a thin and curved beak with the lower
bill running half the length of the upper bill. Despite originally consisting of more
than 50 species, human activities including the introduction of invasive species
and anthropogenic habitat loss, have severely impacted this group, leading to the
extinction of approximately two-thirds of its species (Boyer, 2008; Paxton et al.,
2016; McClure et al., 2020). Because beak shapes can define species ecological
functions (Pigot et al., 2016), species loss lead to the loss of unique morphological
diversity and may have a substantial impact on ecosystem functioning (Ali et al.,
2023; Mariyappan et al., 2023).

The great diversity of Hawaiian honeycreeper beak shape is thought to be the
result of an explosive adaptive radiation following the initial colonization of the
Hawaiian archipelago (Lovette et al., 2002; Yoder et al., 2010). Additionally, the
existence of di↵erent non-close related species occupying the same ecological niche
is commonly seen as evidence of adaptive convergence, in which species end up
with very similar traits (Losos, 2011; Mahler et al., 2013). In other words, con-
vergence can be interpreted as species responding to the same selective pressures,
with traits evolving to the same adaptive peaks (Mahler et al., 2013). Bird com-
munities on islands that have greater morphological similarities than expected by
chance and the similarity among species is usually interpreted as a result of con-
vergence (Triantis et al., 2022). In honeycreepers, there are several compelling
cases of convergence, such as in the creepers Oreomystis baiardi (Kauai creeper)



95

Figure 1: Diversity of beak shapes in our database of Hawaiian honeycreepers.
Species within green boxes have diets based on fruits; yellow boxes on grains and
fruits; red boxes on nectar; purple boxes on both nectar and invertebrates; and blue
boxes on invertebrates. The species categories from the IUCN Red List of Threat-
ened Species are also shown: EX represents extinct species; CR (critically endan-
gered), EN (endangered), and VU (vulnerable) represent threatened species; and
NT (near threatened) and LC (least concern) represent non-threatened species. 1,
Psittirostra psittacea; 2, Rhodacanthis palmeri ; 3, Chloridops kona; 4, Loxioides
bailleui ; 5, Telespiza cantans ; 6, Himatione fraithii ; 7, Himatione sanguinea; 8,
Palmeria dolei ; 9, Drepanis coccinea; 10, Akialoa obscura; 11, Akialoa stejnegeri ;
12, Chlorodrepanis flava; 13, Chlorodrepanis stejnegeri ; 14, Chlorodrepanis virens ;
15, Magumma parva; 16, Hemignathus a�nis ; 17, Hemignathus hanapepe; 18,
Hemignathus wilsoni ; 19, Loxops caeruleirostris ; 20, Loxops coccineus ; 21, Loxops
mana; 22, Loxops ochraceus ; 23, Oreomystis bairdi ; 24, Paroreomyza flammea; 25,
Paroreomyza maculata; 26, Paroreomyza montana; 27, Pseudonestor xanthophrys ;
and 28, Viridonia sagittirostris
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(Figure 1 ID 23 ) and Loxops mana (Hawaii creeper) (Figure 1 ID 21), distantly-
related species, both of which characterized by short, narrow, and shallow beaks
(Reding et al., 2009). While these patterns are suggestive of convergence in beak
morphologies, a formal test is needed, given processes other than selection can
lead to the emergence of similarity between traits among distantly related species
(Stayton, 2008; Losos, 2011).

Here we used phylogenetic comparative methods to provide a deeper under-
standing of the evolution of beak morphology in Hawaiian honeycreepers. We
were especially interested in investigating patterns of convergence in beak mor-
phology and its link to the evolution of distinct diets. Our analysis provides
insight into unique adaptive peaks that might have been lost with the extinction
of many species from this diverse group, both before and during recent historical
extinctions. Understanding the evolutionary history of beak shape in honeycreep-
ers sheds light on broader questions regarding how environmental pressures and
divergent ecological niches can drive phenotypic diversity and speciation dynam-
ics. First, we explored the likely ancestral states of beak morphology in Hawaiian
honeycreepers. Second, we investigated whether feeding ecology is an important
evolutionary force shaping beak size and shape in the group. Lastly, we examined
shifts in the adaptive landscapes and whether unique adaptive peaks were lost
with past extinctions.

3 Methods

3.1 Study system and morphological measurements

We examined 368 specimens from 28 di↵erent species of Hawaiian honeycreepers,
representing 10 extinct and 18 extant species. The specimens used are housed in
the Museum of Comparative Zoology (MCZ, Cambridge, MA), the Museum of
Vertebrate Zoology (MVZ, Berkeley, CA), and the Royal Ontario Museum (ROM,
Toronto, ON) collections. Because of the scarcity of some species in museum
collections, we used both adult females and male specimens collected between
1880 and 1913. We included rare specimens that did not have the exact date of
collection but rather the collectors’ names, allowing us to infer that they were
gathered during the time window assigned to other collections made by the same
collector. We photographed each individual’s beak in a right oriented position.
Photos were then landmarked, with five landmarks and six semi-landmarks placed
on each specimen (Figure S1) using the digitize2d function from the geomorph
package (Adams & Otárola-Castillo, 2013) in R (Team, 2023). Each individual was
measured twice in order to estimate landmark placement repeatability (Lessells &
Boag, 1987).

We then performed a Procrustes generalized analysis (using the geomorph
package; Adams & Otárola-Castillo, 2013) to position, scale, and rotate all spec-
imens, thereby minimizing the square distances among landmarks and allowing
a comparison of shape di↵erences between species (Zelditch et al., 2012). Using
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the scaled and oriented landmarks, we performed a principal component analysis
(PCA) on the superimposed data to reduce the dimensionality of shape variation.
We used the first and second PC-scores (PC1 and PC2) as shape variables in
subsequent analyses because they capture the largest proportions of total shape
variation, providing a simplified yet informative representation of the primary axes
of morphological change (Tokita et al., 2017; Navalón et al., 2019). The mean value
for each species in PC1 and PC2 were used in the comparative analysis (Figures
S2 and S3). To investigate the evolutionary history of size evolution we also used
z-scored transformed mean centroid sizes (Cs) for each species, standardizing the
size data to allow for comparisons across species by removing the e↵ect of scale
and highlighting relative di↵erences from the mean.

Historical information on species’ guilds was obtained from Pratt & Conant
(2005). Among the 28 species used in this study, two were classified as frugivorous,
three as granivorous, four as nectarivorous, six as having a mixed diet (based
on invertebrates and nectar), and 13 as invertebrate feeders (Figure 1). Known
dietary guilds based on historical observational accounts were then mapped onto
PCA and Centroid size analyses to assess whether di↵erences in these variables
correlate with dietary specializations.

3.2 Ancestral state reconstruction

We used the most complete to date and time-calibrated phylogeny for all birds,
encompassing over 9,000 species based on the Open Tree synthesis algorithm (Mc-
Tavish et al., 2024) We pruned this tree to obtain a phylogeny for both extant
and extinct Hawaiian honeycreepers, where we retained only those 28 species for
which we had gathered morphological data. The root of our Hawaiian honey-
creeper pruned-tree diverged 11.38 million years ago, with the shallowest branch
divergence being between Akialoa stejnegeri and Akialoa obscura, 0.37 million
years ago (McTavish et al., 2024).

In order to better understand the evolutionary trajectory of Hawaiian honey-
creeper beaks, we first reconstructed the evolutionary history of beak shape and
size in the group. Using mean species scores in PC1 and PC2 as shape variables,
and the z-transformed centroid sizes as size variables, we reconstructed scaled
shape and size along the phylogeny based on maximum likelihood approach for
continuous traits (using the phytools package; Revell, 2012). We employed the
REML method in the ace function, which first calculates the ancestral value at
the root of the tree and then estimates the variance of a Brownian motion process
along the evolutionary trajectory by optimizing the residual log-likelihood.

We reconstructed diet along the same phylogenetic tree to investigate its re-
lationship with beak morphological evolution. Here, we combined the five guilds
into three categories of diet: 1) fruits and grains; 2) nectar; and 3) invertebrates.
In this sense, species considered to have a mixed diet of nectar and invertebrates
are included in the invertebrate category. In this discrete analysis, further subdi-
viding these categories may be prone to error, given that our tree is composed of
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only 28 species. To reconstruct diet along the phylogenetic tree, we used a stochas-
tic mapping approach (Huelsenbeck et al., 2003), which estimates the transition
rates between states for the trait (here the three categories of diet) and uses these
rates to simulate a number of plausible evolutionary histories for the trait. We
used 645 simulations premised on the “Equal Rates” (ER) model, which fits a
single transition rates between all pairs combinations of character states for diet
type, and 355 simulations premised on the “Symmetrical Rates” (SYM) model,
which assumes that the rate of change between any two character states is the
same in both directions, but each pair of states can have a unique rate. These
simulations were later combined to describe the trait-to-phylogeny mapping using
the complete set of simulations.

3.3 Comparative phylogenetic analyses

To explore the evolutionary processes responsible for beak shape evolution in
Hawaiian honeycreepers, we used phylogenetic comparative methods to trace trait
evolution over time and test di↵erent evolutionary models. Morphological data
from our geometric morphometrics analysis provided observed information for the
taxa defining the phylogenetic tips. By combining this data with a phylogenetic
tree and utilizing statistical and mathematical models described below, we esti-
mated patterns of evolutionary change in beak shape and size across the phylogeny.

To model a baseline evolutionary process for beak shape, we first used a stan-
dard Brownian motion (BM) approach (Felsenstein, 1985), which assumes that
changes in the values of a continuous trait X are stochastic, following a random
walk where each change is independent of the previous one and normally dis-
tributed with a mean of zero and a constant variance. This BM model can be
treated as a null model for trait evolution, against which more complex models
can be compared. The evolution of trait X over a time increment t thus follows

dXt = �dBt, (1)

where dBt is the Gaussian white noise and � is the magnitude of indirect, stochas-
tic evolutionary change.

The Ornstein-Uhlenbeck (OU) model is a more complex evolutionary model
than the BM framework, adding a deterministic component to the evolutionary
dynamic, and introducing an adaptive optimum (✓) that traits evolve towards.
The OU model is defined

dXt = ↵(✓ �Xt)dt + �(dBt) (2)

where Bt is as in the BM model, and ↵ is the rate at which the trait X is pulled
toward the optimum ✓, and can be interpreted as strength of selection (Hansen,
1997). This standard OU model has been adapted into amultiple-optima OU
models, allowing the adaptive optima to vary across multiple taxa in a phylogenetic
tree (Ingram & Mahler, 2013). Using this approach, we can estimate not only
the number of shifts in phenotypic optima (di↵erent ✓ values), but also identify
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instances of convergent evolution, where traits in distantly related species converge
towards the same optimal values. To choose the model that better describes the
data, we used the Akaike Information Criterion, corrected for small sample size
(AICc) (Anderson et al., 1998), which penalizes model fits for increased numbers
of parameters, with the lowest AICc value indicating the best fit.

To implement these alternative models, we used the l1ou package (Khabbazian
et al., 2016) in R (Team, 2023), which uses the lasso method (imposing regulariza-
tion and preventing overfitting by penalizing large parameter estimates) to identify
shifts in the adaptive landscape by varying ✓ values, while ↵ and � values remain
fixed. To disentangle whether the BM or OU model better describes our data, we
estimated phylogenetic half-life, defined as ln(2)/↵, which represents the velocity
by which a species reaches an adaptive optimum, or in other words, the average
time required for a trait to reach half-way to a new ✓. If the phylogenetic half-
life exceeds the time marking the root of the phylogentic tree, we assumed that
selection is too weak, thus approaching a BM model.

4 Results

4.1 Morphological variation and dietary guilds

The first two principal components explained a total of 89.97% of the total beak
shape variation. The first principal component (PC1) accounted for 68.18% of the
variation, representing shape changes moving from a thin to a curved beak (x-axis
in Figure 2). For example, the genus Akialoa (Figure 2 ID’s 10 and 11) occupies
the region dominated by thin recurved beaks, while P. psittacea (ID 1 in Figure
2) occupies the region dominated by larger, deeper, and more robust beaks. The
second principal component (PC2) explains 21.78% of beak shape variation, and
captures the association between the upper and lower bill. Lower values in PC2
represent beak shapes in which the lower bill is much smaller than the upper bill,
such as in Hemignathus (IDs 16-18 in Figure 2), whereas higher values in PC2
represents a beak shape where the upper and lower bill are nearly the same size,
as with L. mana (ID 21 in Figure 2).

We observe beak shape to be strongly associated with dietary guilds, where
most species of like guilds cluster nearby in PC space (Figure 2). Invertebrates
feeders, however, are an exception, as they occupy many disjoint regions of mor-
phospace. Nectarivorous species form the largest cluster, together with those
having a mixed diet of invertebrates and nectar, alongside many invertebrate spe-
cialists. A second small cluster consists of the invertebrate/nectar-feeding genus
Akialoa, with very thin and elongated beaks. A third cluster composed exclusively
of Hemignathus spp. has the lowest PC2 values, with recurved and asymmetric
upper and lower beaks. Finally, we observe a loosely-connected cluster composed
of both granivorous and frugivorous species with high values of PC1, with shorter
more robust beak shapes. Two species are highly isolated in the morphospace
but are closer to the cluster composed of granivorous species, with high values of
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PC1. One of these is Pseudonestor xanthophrys (ID 27 in Figure 2), whose diet
consists of invertebrates, and the other is P. psittacea, a frugivorous species (ID 1
in Figure 2).

Figure 2: Principal components of beak shape using the coordinates from the
Procrustes generalized analysis. Black and grey schemes show the maximum and
minimum variation in each axis, respectively. Di↵erent colors represent di↵er-
ent dietary guilds. Each point is a species and the solid and open-crossed points
denote extant and extinct species, respectively. The photos show examples of
beak shapes in the clusters. 1, Psittirostra psittacea; 2, Rhodacanthis palmeri ; 3,
Chloridops kona; 4, Loxioides bailleui ; 5, Telespiza cantans ; 6, Himatione fraithii ;
7, Himatione sanguinea; 8, Palmeria dolei ; 9, Drepanis coccinea; 10, Akialoa
obscura; 11, Akialoa stejnegeri ; 12, Chlorodrepanis flava; 13, Chlorodrepanis stej-
negeri ; 14, Chlorodrepanis virens ; 15, Magumma parva; 16, Hemignathus a�nis ;
17, Hemignathus hanapepe; 18, Hemignathus wilsoni ; 19, Loxops caeruleirostris ;
20, Loxops coccineus ; 21, Loxops mana; 22, Loxops ochraceus ; 23, Oreomystis
bairdi ; 24, Paroreomyza flammea; 25, Paroreomyza maculata; 26, Paroreomyza
montana; 27, Pseudonestor xanthophrys ; and 28, Viridonia sagittirostris. The
species categories from the IUCN Red List of Threatened Species are also shown:
EX represents extinct species; CR (critically endangered), and LC (least concern)
represent non-threatened species.
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We observe centroid sizes to vary widely across species and across dietary
guilds (Figure 3). The centroid sizes were similar for frugivorous (mean ± SD)
(18.9± 3.33), granivorous (18.81± 2.91), and nectarivorous (18.22± 5.07). Insec-
tivores had a slightly lower mean centroid size (14.9±5.32), but with considerable
within-guild variation. The nectar/invertebrate-feeding guild exhibited a higher
mean centroid size (23.20 ± 18.02), largely influenced by the Akialoa species. To
further investigate these patterns, we conducted an ANOVA to test for significant
di↵erences in centroid size between dietary guilds. The ANOVA showed significant
di↵erences in the mean values of centroid size among the di↵erent guilds (F = 9.27,
p < 0.05). The post hoc Tukey test revealed pairwise di↵erences only between
mixed invertebrate/nectar feeders and nectarivorous species (p < 0.05), and be-
tween mixed invertebrate/nectar feeders and invertebrate feeders (p < 0.05).

Figure 3: Boxplots showing the distribution of centroid values for di↵erent species,
categorized by diet (fruits, seeds, nectar, invertebrates/nectar, and invertebrates).
Each boxplot represents species with 5 or more individuals, while individual
squared points represent species with fewer than 5 individuals.

4.2 Ancestral states

Beak robustness versus slenderness is captured by PC1, and using PC1 to recon-
struct ancestral beak shape, we observe that distantly related clades have con-
verged on similar PC1 values, indicating that similar beak shapes have evolved
independently in these lineages (Figure 4A). For example, two distantly-related
clades – on the one hand the clade including nectarivorous and invertebrate-feeding
species (encompassing from Akialoa to Chlorodrepanis) and on the other hand
nectarivores species (encompassing from Palmeria to Himatione) – demonstrate
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lower values in PC1 (slender beaks) (Figure 4A). At the other extreme of PC1
(robust beaks), this trait appears to have evolved independently several times in
the history of Hawaiian honeycreepers (e.g. Chloridops kona)(Figure 4A). The
ancestral state reconstruction using PC2 reveals that the ancestor of Hemignathus
underwent significant evolutionary change, resulting in the lowest values of PC2
(Figure 4B), where the lower beak is roughly half the size of the upper beak. A
similar, but opposing evolutionary change is estimated for the ancestors of Virido-
nia sagittirostris and C. kona, which have the highest values of PC2, where upper
and lower beak shapes are symmetrical Figure 4B). Our analysis of centroid size
reveals beak size variation only in the Akialoa clade, with species exhibiting much
larger beak sizes, followed by a further increase in the beak size of the ancestor of
Akialoa stejnegeri (Figure 4C).

To further explore the relationship between beak shape evolution and feeding
ecology, we performed an ancestral state reconstruction of diet (Figure 5A). The
most recent common ancestor of the group has a higher probability of having been
frugivorous/granivorous, even though the probability of it being insectivorous is
comparable to that of being frugivorous/granivorous. Nectarivory is restricted to
a small group of species, and this diet seems to have originated in the group fairly
recently. Curiously, apart from three early-diverging lineages, frugivory/granivory
is present in only one other pair of sister species that diverged much more re-
cently. Nevertheless, invertebrate feeders are dominant in the dataset (19 species,
compared to 5 frugivores/granivores and 4 nectarivores). This might account for
the most likely ancestral state, but this would only be a bias if the species sam-
ple is somehow biased (either towards over representing invertebrate feeders or by
lacking early-diverging species), which is not the case.

4.3 Evolutionary dynamics

We used maximum likelihood methods within an Ornstein-Uhlenbeck (OU) frame-
work to estimate model parameters and identify the most likely locations of adap-
tive peaks, as well as shifts in optimal beak shape and size among Hawaiian hon-
eycreepers. The total depth of the honeycreeper phylogeny is 11.38 million years,
and the estimated phylogenetic half-lives for the three traits are much shorter
than the total age of the group, indicating rapid adaptation and non-random evo-
lutionary processes shaping beak morphology over time. Our analysis also reveals
four shifts in PC1 (Figure 5B), three shifts in PC2 (Figure 5C), and fours shifts
in centroid size, each representing distinct transitions in beak morphology across
the phylogeny.

The best-fitting model, based on Akaike Information Criterion (AICc), sug-
gests that PC1 exhibits evolutionary convergence toward two distinct adaptive
peaks, corresponding to di↵erent beak morphologies (gray and red in Figure 5B).
Specifically, the model indicates convergence in beak shape between L. bailleui
and Telespiza catan, both of which are granivorous, with P. psittacea, Rhodacan-
this palmeri and C. kona, which are primarily frugivorous and granivorous species,
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Figure 4: Reconstruction of the ancestral state of beak morphology. A) PC1,
B) PC2 , and C) Centroid size. Phylogenies were generated using the R package
Phytools (Revell, 2012).
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reflecting an ancestral adaptive peak for this group (gray peak Figure 5B). Addi-
tionally, there is a convergence toward a thinner, more elongated beak morphology
in Viridonia sagittirostris and the clade encompassing the greatest species diver-
sity (red peak in Figure 5B). Moreover, a unique shift toward a thick, hooked
beak optimal for specialized feeding is evident in the lineage of Pseudonestor xan-
thophrys (blue peak Figure 5B).

For PC2, the model does not indicate any convergence, and AICc values are
similar across models (AICc = �81.92,↵ = 3.00, �2 = 0.008). However, there
are three shifts in the adaptive optimum, ✓, each reflecting a distinct change in
the relative proportions of the upper and lower beak (Figure 5C). The first shift
is located at the base of the honeycreeper clade, in P. psittacea, indicating a
broad initial diversification in beak structure (gray peak, Figure 5C). Subsequent
shifts occur in the ancestor of Pseudonestor xanthophrys, characterized by a highly
specialized bill (blue peak, Figure 5C), and within the Hemignathus lineage, where
the lower bill becomes significantly reduced relative to the upper bill (green peak,
Figure 5C).

For centroid size, the convergence model o↵ers the best fit (AICc = 42.22,↵ =
0.84, �2 = 0.27), with four notable shifts in ✓. Two lineages – Drepanis coccine
and Hemignathus – converge toward larger beak sizes (blue peak, Figure 5D). The
remaining shifts are observed in the ancestors of Akialoa and the Akialoa stejnegeri
clade, both of which exhibit an increase in beak size (red and green peaks, Figure
5 D).

4.4 The loss of uniqueness

Our results indicate a loss of unique beak morphologies in Hawaiian honeycreepers.
Historically, this group occupied a broad range of morphospace, but many clades
that once filled peripheral regions of this space are now extinct (Figure 2). When
examining the adaptive peaks, we find that for PC1, extant species are distributed
across all three peaks, yet one of these peaks (gray peak in Figure 5B), shared by
five species, includes two extinct species (R. palmeri and C. kona), representing
a 40% loss. For PC2, out of the four adaptive peaks identified, one (green peak in
Figure 5C) is exclusively occupied by the genus Hemignathus, which is composed
of three species, two of which are extinct. For centroid size, two of the four
adaptive peaks are lost (green and red peaks in Figure 5D). Additionally, the
peak characterized by convergence among the three Hemignathus species and D.
coccinea (blue peak in Figure 5D), includes two extinct Hemignathus species.
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Figure 5: A) Phylogeny of honeycreepers displaying the distribution of trait states
in the tips and the estimated states at each internal node. For this analysis, we
combined the five guilds into three categories of diet: 1) fruits and grains (or-
ange); 2) nectar (dark red); and 3) invertebrates (blue), as shown by representative
species. Extinct species are shown in bold. B-D) Phylogenetic history of adaptive
peak shifts in beak morphology. Asterisks indicate where adaptive shifts occurred
in the phylogeny, with numbers representing the magnitude of the changes. Bars
represent the values for each species, and species with the same color share the
same adaptive peak. B) PC1, C) PC2, and D) centroid size. Mean shifts were
estimated using a Bayesian framework for fitting the Ornstein-Uhlenbeck (OU)
model. An illustration of the distribution of adaptive peaks is shown on the right,
with boxes containing a representative species for each peak. Species: 1, Psit-
tirostra psittacea; 5, Telespiza cantans ; 8, Palmeria dolei ; 9, Drepanis coccinea;
10, Akialoa obscura; 11, Akialoa stejnegeri ; 16, Hemignathus a�nis ; 21, Loxops
mana; 27, Pseudonestor xanthophrys.

5 Discussion

Hawaiian honeycreepers are a classic example of adaptive radiation, demonstrat-
ing remarkable diversity in beak morphology that surpasses that of many related
and unrelated bird groups, both within Hawaii and on other islands (Lovette et al.,
2002; Losos & Ricklefs, 2009; Tokita et al., 2017). While significant progress has
been made in understanding the mechanisms driving rapid and disparate evolution
in this group (Pimm & Pimm, 1982; Ricklefs & Bermingham, 2007; Navalón et al.,
2020b; Campana et al., 2020), many aspects of their evolutionary history remain
unresolved. Our study addresses some of these gaps by employing an integrative
framework that combines phylogenetic comparative methods with geometric mor-
phometrics analysis. This framework not only enhances our understanding of the
evolutionary processes and selective pressures shaping honeycreeper morphology
but also provides broader insights into adaptive radiation. Given the high threat
status of many species within this group and the extensive extinctions that have
already occurred, our findings underscore the significant loss of unique morpholo-
gies – a loss that has implications for both evolutionary biology and conservation
e↵orts.
First, our results add to the growing body in literature showing that adaptive
shifts in Hawaiian honeycreepers are linked to their feeding ecology (Tokita et al.,
2017; Mosleh et al., 2023). For instance, thicker and more robust beaks, typically
associated with frugivorous and granivorous diets, represent a convergent evolu-
tionary peak in their evolutionary history (gray peak in Figure 5B). This adaptive
peak also describes the most basal species, suggesting an ancestral origin, align-
ing with Lerner et al. (2011), who demonstrated that Hawaiian honeycreepers are
derived from Eurasian rosefinches, known for their small, finch-like bill shapes,
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specializing on fruits and seeds (Peiponen, 1974).
Our findings indicate that nectar specialization has played a significant role in
the evolution of honeycreeper beaks, emerging as a derived trait from their
invertebrate-feeding ancestors. This shift is associated with thinner and more
slender beaks; however, a unique adaptive peak for this group did not develop.
While recent research has demonstrated that the relationship between beak shape
and feeding ecology in birds is complex—showing that diet is not always the sole
evolutionary factor or the strongest influence shaping beak morphology (Bright
et al., 2016; Felice et al., 2019; Navalón et al., 2020a)—feeding ecology often be-
comes the dominant driver of beak shape diversification on remote islands. In such
environments, it plays a crucial role in processes leading to adaptive radiation, as
observed in honeycreepers (Grant & Grant, 2024). In fact, studies examining skull
and upper mandible shapes across avian radiations on islands have demonstrated
a strong correlation between beak shape and diet (Tokita et al., 2017; Mosleh
et al., 2023).
A number of ingredients are required for adaptive radiation, including ecological
opportunity, genetic variation, strong diversifying selection, and su�cient time
(Schluter, 2000; Stroud & Losos, 2016; Meier et al., 2019; Gillespie et al., 2020;
McGee et al., 2020; Grant & Grant, 2024). Remote island systems o↵er prime
examples of ecological opportunities, where the colonization of isolated areas and
the availability of untapped resources create new diversifying evolutionary pres-
sures (Losos, 2010; Stroud & Losos, 2016). For birds, access to these novel re-
sources can act as a strong selective force on beak morphology, with di↵erent
beak forms evolving to exploit various resources more e�ciently. Indeed, there
are several great examples of avian adaptive radiations in remote islands, such as
the Galápagos finches, Hawaiian honeycreepers, and the vangas of Madagascar,
(Jønsson et al., 2012; Grant & Grant, 2024). These adaptive radiations not only
lead to the evolution of distinct beak morphologies but also facilitate the filling
out of morphospace, where species diversify to occupy various niches within a
given morphological landscape. Our results suggest that Hawaiian honeycreepers
have diversified across morphospace to exploit a range of dietary resources. And
while the di↵erent beak shapes emerging from this evolutionary exploration of
morphospace were likely the result of selective drivers originating from resource
acquisition, we observe the ecological reality of how beak shape maps to diet to
be far more complex. Here we observe that this complexity arises by the fact that
similar beak shapes are found across di↵erent dietary guilds, such as granivores
and frugivores, while di↵erent beak sizes can serve similar ecological roles, as seen
among nectarivores and insectivores in our study.
Along these lines, convergence does not appear to be a very common outcome,
with respect to beak size or shape, among Hawaiian honeycreepers, regardless
of dietary guild. We documented three cases of adaptive convergence, with the
first in beak shape between granivorous and frugivorous clades (L. bailleui and T.
catan, alongside the basal species P. psittacea, R. palmeri, and C. kona - two first
rows in Figure 1). Second, convergence was observed also in beak shape between
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V. sagittirostris (ID 28 Figure 1) and most species in the clade (red peak - Figure
5B). Third, convergence was observed in beak size between insectivorous clades
(three species of the genus Hemignathus - ID 16-18 Figure 1), the species of which
feed by using the lower mandible to tap branches – similar to a woodpecker –
and then use the upper mandible to fish out the prey and a species comprising
a specialization in nectarivory Drepanis coccinea (ID 9 Figure 1) (Munro, 1944;
Pratt & Conant, 2005). Thus, our result suggests that even di↵erent diets might
lead to similar beak sizes.
Interestingly, our results do not document convergence across the suite of morpho-
logical measures for O. baird and L. mana, a pair of species commonly used as an
example of convergence due to their phenotypic resemblance (Pratt, 2001; Pratt
& Conant, 2005; Reding et al., 2008; Tokita et al., 2017). In this particular case,
the morphometric landmarks that we used may miss what would be described as
convergence using an alternative set of measurements, or perhaps may be due to
the fact that the documented changes in shape were not strong enough to repre-
sent a new shift in adaptive peaks. We note, however, that both species do share
the same adaptive peak, while this is a peak that is also shared by several other
species in the clade.
While Hawaiian honeycreepers occupy a diverse morphospace, even when com-
pared to other adaptively radiating bird groups (Tokita et al., 2017; Mosleh et al.,
2023), much of this morphospace has been reduced with the extinction or near-
extinction of species occupying peripheral regions. For example, the insectivorous
cluster with the lowest PC2 values include three species of the genus Hemignathus
(Figure 2), of which two are extinct, with the remaining species classified as en-
dangered by the IUCN. Similarly, in the cluster containing primarily frugivorous
and granivorous species, half of those are extinct, while the survivors – L. bailleui
and T. cantans – are classified as critically endangered and vulnerable by the
IUCN, respectively. The two species isolated in the morphospace, P. psittacea
(ID 1 in Figure 2) and P. xanthophrys (ID 27 in Figure 2), are also considered
threatened. Psittirostra psittacea, although still classified as critically endangered
by the IUCN, was last observed in 1987 and is presumed extinct. Pseudonestor
xanthophrys is classified as critically endangered, occurring in the rainforest on
eastern Maui (Mountainspring, 1987). It forages by using its upper beak to split,
crush, and tear bark and twigs, targeting insect larvae from mossy branches, and
occasionally opens fruit to find insects (Munro, 1944; Pratt & Conant, 2005).
With a 96% reduction in its e↵ective population size over the past 110 years
(Mounce et al., 2015), it is an extant representative of peripheral morphospace
that we know from past extinctions is perhaps prone to collapse. With the loss
of these morphologically peripheral species, the remaining species are those that
are most morphologically overlapping, suggesting that persistence in the face of
anthropogenic disturbance favors a reversion to the mean, resulting in significant
redundancy in honeycreeper beak shape.
Our study o↵ers novel insights into the adaptive landscape of Hawaiian honey-
creepers by applying an Ornstein-Uhlenbeck model to identify shifts in adaptive
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peaks and the potential loss of functional diversity. These findings are essential
because they show that, for example, although a species can appear distinct in
the group’s morphospace, such as P. psittacea (ID 1 in Figure 2), it can still
share the same adaptive peak as other species (gray peak in Figure 5B). Beyond
clustering together in the morphospace, frugivorous and granivorous species also
occupy a single phenotypic optimum (gray peak in Figure 5B). As previously men-
tioned, these species are either extinct or on the brink of extinction, indicating
that the functional traits associated with this adaptive peak are at risk of being
lost. Our results shows that a special attention should be given to P. xanthophrys,
since it exhibits a very unique adaptive peak in both PC1 and PC2, signifying
a distinct functional role in the system, with the only branch that have shifts in
both PCs axis (blue peaks in Figure 5B and C). The clade containing the genera
Hemignathus and Akialoa also shows phenotypic peaks, and thus functional traits,
that are unique and have either been threatened or lost.
Historical extinctions of Hawaiian honeycreepers have pushed the group to-
wards increased morphological homogeneity, with the remaining species exhibiting
greater similarity in their trait morphology. Extinction risk, as shown by Carmona
et al. (2021) in a global study of over 75,000 species, is not random but clustered
within specific functional spaces, resulting in a denser functional homogenization
of species on a global scale. Ecosystem processes are influenced by the functional
traits of species (Sodhi et al., 2004; Toussaint et al., 2021). Birds play a significant
role in ecosystem services (Whelan et al., 2008), and the loss of functionally unique
species—those associated with singular functional roles—could disrupt ecosystem
dynamics in unpredictable ways (Toussaint et al., 2021; Ali et al., 2023). Thus,
species with unique traits are likely to have a more significant impact upon extinc-
tion compared to those with overlapping or redundant traits (Violle et al., 2017).
Moreover, Sayol et al. (2021) demonstrated that oceanic islands have experienced
a disproportionate loss of functional diversity due to anthropogenic extinctions.
Moreover, they showed that even when many species have been introduced to
islands, with alien species often exceeding the number of extinct native species,
they typically perform a narrower range of functional roles within the ecosystem.
Thus, even though many bird species have been introduced to Hawaii (Vitousek
et al., 1987), the loss of these unique species will have a substantial impact not
only on the biodiversity of the system but also on its ecosystem functioning. Our
findings should guide future conservation e↵orts by highlighting the uniqueness of
certain species within the group, whose loss would significantly reduce the func-
tional trait space and potentially trigger cascading e↵ects on Hawaii’s ecosystem
function. Therefore, conservation strategies should prioritize long-term objectives
aimed at preserving functional diversity by focusing on a broader range of threat-
ened species.
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The ‘akiapōlā‘au and the Hawai‘i ‘amakihi. Journal of Heredity, 111, 21–32.
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ila, P., González-M, R., González-Suárez, M., Salguero-Gómez, R., Vásquez-
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6 Supplemtary Information

Figure S1: Hemignathus wilsoni with the landmarks (red) and semi-landmarks
(green).

Figure S2: Boxplots showing the distribution of PC1 values for di↵erent species,
categorized by diet (fruits, seeds, nectar, invertebrates/nectar, and invertebrates).
Each boxplot represents species with 5 or more individuals, while individual
squared points represent species with fewer than 5 individuals.
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Figure S3: Boxplots showing the distribution of PC2 values for di↵erent species,
categorized by diet (fruits, seeds, nectar, invertebrates/nectar, and invertebrates).
Each boxplot represents species with 5 or more individuals, while individual
squared points represent species with fewer than 5 individuals.
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