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Ecography Humans have drastically reduced avian diversity, with the majority of extinctions
2026: 08267 occurring on islands. Previous studies have quantified various aspects of this decline,
doi 10.1002/ecoe.08267 including both taxonomic and phylogenetic diversity loss due to recorded extinctions.

T & Other studies have estimated that unrecorded island bird extinctions — those that left

Subject Editor: Julia Heinen no known fossil evidence — may represent hundreds of additional losses. However,
Editor-in-Chief: Miguel Aratjo these analyses have only focused on species diversity. In this paper, we bridge these two
Accepted 11 November 2025 research efforts by estimating the phylogenetic diversity lost due to unrecorded island

bird extinctions. Our findings suggest that the loss of phylogenetic diversity may be
substantially smaller than expected, given the number of extinctions. Our results sug-
gest that while unrecorded extinctions probably represented around 60% of all species
extinctions, the majority of the phylogenetic diversity loss was likely caused by the
recorded extinctions. The reason for this is that while extant island endemics are on
average slightly more phylogenetically distinct than expected by chance, a dispropor-
tionate number of unrecorded extinctions are predicted to have been from islands in
the eastern Pacific. Extant birds from this region generally have lower phylogenetic
distinctiveness than other birds and the extinct species therefore likely did as well.
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Islands have suffered a disproportionate recorded loss of avian biodiversity, encom-
passing taxonomic, phylogenetic and functional diversity (Whittaker et al. 2023,
Matthews et al. 2024). While increasing attention has been directed toward estimating
the number of unrecorded bird extinctions, including earlier studies focusing solely

NORDIC SOCIETY OIKOS © 2026 The Author(s). Ecography published by John Wiley & Sons Ltd on behalf of Nordic
Society Oikos
www.ecography.org This is an open access article under the terms of the Creative Commons

Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited. Page 1 of 5


https://doi.org/10.1002/ecog.08267
http://orcid.org/0000-0002-2974-2628
mailto:soren.faurby@bioenv.gu.se
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecog.08267&domain=pdf&date_stamp=2026-01-09

on Pacific island birds (Duncan et al. 2013) and a recent
global study (Cooke et al. 2023), these efforts have primar-
ily focused on quantifying species diversity loss, leaving the
estimation of the unrecorded loss of other dimensions of bio-
diversity largely unexplored. One such dimension is phylo-
genetic diversity (sensu Faith 1992, hereafter PD), which is
particularly important for biodiversity conservation for sev-
eral reasons. First, it is closely related to feature/trait diversity:
distantly related species are more likely to exhibit functional
differences (Rosindell et al. 2024). Consequently, the extinc-
tion of distantly related species is expected to have larger
impacts for ecosystem functioning on average, although this
relationship can vary (Matthews et al. 2024). Second, phy-
logenetic diversity itself may be a conservation priority. The
longer evolutionary isolation of a given species can be argued
to be a reason for its importance in conservation, as the loss
of such species represents a greater loss of evolutionary his-
tory (Faith 1992).

In this study, we estimated the loss of phylogenetic
diversity from unrecorded extinctions of island birds using
extrapolations based on the approximately linear relation-
ship between log(species number) and log(PD). We built four
different models where PD loss from unrecorded extinctions
was estimated based on the PD of either all island endemic
birds or only based on extinct island endemic birds, and either
based on a single global regression for island endemic birds
or with separate regressions for different island regions. We
then compared these estimates with a respective null model
where the PD loss was estimated based on all birds rather
than only island endemic species. When we estimated the PD
loss without incorporating regional variation (i.e. the global
regression), we found that PD loss was marginally higher than
expected based on the null model, but when we allowed for
regional variation in the slope of the relationship between PD
and species richness, we instead found that PD losses were
substantially lower than expected by chance. Irrespective of
whether regional variation was included or not, we also found
that the PD loss was substantially smaller if it was estimated
only based on extinct island endemic species than if it was
estimated based on both extinct and extant island species.

In general, incorporating data heterogeneity into analyses
is desirable when it can be done without introducing bias.
There is no inherent reason why accounting for geographic
variation in the calculation of phylogenetic distinctiveness
should produce biased results. Accordingly, the low PD loss
observed in models that include regional variation appears to
be the most plausible result. This low PD loss is likely because
the majority of the estimated unrecorded extinctions are from
the Eastern and Central Pacific (Cooke et al. 2023) and the
avifauna of these regions have (on average) very low phyloge-
netic distinctiveness (Supporting information). These results
match well with previous studies that found that some archi-
pelagos outside the Eastern and Central Pacific, such as New
Zealand, have relatively few species but high phylogenetic
diversity (Valente et al. 2019), while the Pacific archipelago
of Hawaii has high species richness but low phylogenetic
diversity (Fleischer and Mclntosh 2001).
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It is harder to know if the results based on all island species
or the ones based only on extinct island species are the more
reliable. However, we tend to place greater confidence in
the results derived from the analysis of extinct species alone.
Known avian extinctions exhibit trait specificity (Sayol et al.
2020), which could influence phylogenetic distinctiveness
and make models based on both extinct and extant species
less reliable. However, extinct forms are generally only rec-
ognized if they are clearly morphologically distinct, and such
distinctiveness tends to increase with phylogenetic distance
(Phillips et al. 2018). As a result, models based on extinct
species might overestimate the phylogenetic diversity of the
unrecorded extinctions. Interestingly, our findings show the
opposite pattern — lower PD loss relative to models based on
all island species. This is unlikely to be driven by data biases,
and it suggests that models based on extinct species may pro-
vide a more accurate estimate of the true PD loss from unre-
corded extinctions.

Overall, our results suggest a surprisingly low PD loss
from unrecorded extinctions. Recent estimates of PD loss as
a consequence of recorded extinctions indicate that around ~
2900 million years of unique evolutionary history have been
lost from 610 extinctions, averaging ~ 4.8 million years per
extinction (Matthews et al. 2024). In contrast, our estimate,
based on the preferred model (i.e. incorporating regional
variation and based on extinct species), suggests a median loss
of ~ 2600 million years from a median of 881 unrecorded
extinctions, averaging ~ 3.3 million years per extinction. Our
results suggest that the current avifauna contains around
94% of the PD of the avifauna we would have without any
anthropogenic extinctions, with the recorded and unrecorded
extinctions contributing approximately equally to the loss
(Fig. 1b). The estimated PD loss is surprisingly close to the
estimate for mammals, where the combined historic and pre-
historic anthropogenic PD loss was also estimated to be 6%
(Davis et al 2018). The estimate in mammals was only based
on known extinctions but the number of unrecorded mam-
mal extinctions is likely relatively low since prehistoric mam-
mal extinctions mostly involved large and widespread species,
and both large body size and range size make species more
likely to leave fossils (Plotnick et al. 2016).

Substantial land-use change on islands soon after human
arrival (Nogué et al 2021, Whittaker et al. 2023) represents
one of the most important early anthropogenic effects on
biodiversity and likely led to vast, though largely unrecorded,
numbers of extinctions for many organism groups. This raises
the question of how much PD was lost during that time.
However, prehistoric (pre-1500 CE) anthropogenic PD loss
has only been estimated in two groups. For mammals, pre-
historical extinctions resulted in a higher PD loss than would
be expected from random extinctions (Davis et al. 2018).
In contrast, our study on birds suggests that the PD loss
was lower than random. Given this discrepancy, the ques-
tion remains difficult to answer at present. We hope this
study will inspire further research into early anthropogenic
losses across other organism groups. Such efforts could help
build a better understanding of humanity’s early impacts on
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Figure 1. Distributions of phylogenetic diversity (PD) loss estimated across 1000 trees. (A) Estimated PD loss compared to null models. PD
loss was estimated using four separate models based on either all island or only extinct island species, and either incorporating regional varia-
tion or not. (B) Percent changes in PD compared to the original values, i.e. showing the PD loss due to recorded and unrecorded extinc-
tions. These percentages are calculated using the model based on extinct island species and including regional variation. The diamonds show

the median values of each distribution.

ecosystems, and a clearer grasp of what has already been lost
might strengthen the motivation to preserve what we still
have.

Material and methods

Input data and data setup

Our analyses were based on combining data from multiple
existing sources. We combined distribution data for extant
bird species from BirdLife (BirdLife 2022) with distribu-
tion data on extinct species from Matthews et al. (2024). We
retrieved information on the estimated number of unrecorded
extinct bird species and their potential distributions from
Cooke et al. (2023). We generated a phylogeny of all living
birds and all known extinct birds from the Late Pleistocene
or Holocene using the ‘avotrex’ R package ver. 1.2.0 (www.1-
project.org; Matthews et al. 2024). We followed the approach
outlined in Matthews et al. (2024), which involved grafting
the known extinct species on to the BirdTree phylogenies
for all living species from Jetz et al. (2012). We manually
matched the taxonomies of Jetz et al. (2012) and BirdLife
(2022), following Jetz et al. (2012) when the two sources
disagreed.

Our analysis mainly focused on island endemic birds,
which were defined as species not occurring on continents
or any island connected to continents during the most
recent ice age (n=1934). We identified such islands as those
where the depth of the shallowest sea between them and a
continent is less than 140 meters, based on sea level maps
from Weatherall et al. (2015). Some of our models involved

further dividing the islands of the world into eight sepa-
rate regions. These eight regions were based on the marine
ecoregions from Spalding et al. (2007) but were modified
to create relatively homogeneous regions with a large num-
ber of non-continental bird species. The eight regions are
shown in the Supporting information. Four regions (1)
Western Indo Pacific, 2) Eastern Indo Pacific, 3) Southern
Ocean and 4) Temperate Australasia) were identical to
the realms defined by Spalding et al. (2007). Two regions
(5) Temperate Northern Atlantic provinces Lusitanian
and Mediterranean Sea and 6) Tropical Atlantic province
Tropical North-western Atlantic) were based on parts of
predefined realms. Both regions include islands on both
sides of the Atlantic in their definition in Spalding et al.
(2007), but since all predicted unrecorded extinctions
are from islands on one side, we restricted these regions
to increase homogeneity. The seventh region included the
entire realm of the Central Indo Pacific as well as the Cold
Temperate Northwest Pacific province, which contains
several islands near Japan. Because the Cold Temperate
Northwest Pacific is species-poor, we combined it with
the adjacent species-rich Central Indo Pacific region. The
eighth region comprised several species-poor islands close
to the Americas, including the realms of Tropical Eastern
Pacific and Temperate South America, and the provinces
Cold Temperate Northeast Pacific and Warm Temperate
Northeast Pacific.

Analyses

We estimated the phylogenetic diversity (PD) lost from unre-
corded island bird extinctions. The PD losses of unrecorded
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extinctions were estimated based on imputations derived
from the nearly linear relationship between log-transformed
species number and log-transformed PD; a relationship
that was previously used for similar purposes by Sayol et al.
(2020). We created four different models to estimate the lost
PD represented by unrecorded extinctions, 1) modelling all
island regions together, including both extant and extinct
species; 2) modelling all island regions together, including
only extinct species; 3) modelling island regions separately
including both extant and extinct species; and 4) modelling
island regions separately including only extinct species.

Our approach to estimating the PD lost from unrecorded
extinctions can be described most easily by looking at the sim-
plest regression model not incorporating regional variation.
This simplest model was based on all extant or known extinct
island endemic birds (n=1934). For this, we randomly
removed between 0 and 1934 island endemic birds from the
phylogenetic tree of all birds 1000 times and fitted a linear
regression between log(species number) and log(PD), with
species number and PD being the values based on the species
remaining in the trees after some species were removed. We
then extrapolated this relationship to estimate what the PD
would be without the unrecorded extinctions. Another model
was based on known extinct island endemic birds (n=487).
For this, we removed between 0 and 487 species 1000 times
and fitted a linear regression between the log(species num-
ber) and log(PD), and again extrapolated to what the PD is
predicted to have been without extinctions. Our tree (which
includes extant and known extinct birds and includes island
endemic and non-endemic species) has 10 588 species and
in the first replicate we assumed a total of 881 unrecorded
extinctions (based on calculations in Cooke et al. 2023). This
means that the PD loss for the simplest analyses with just one
model was calculated as the difference between the PD for
10 588 species and predicted PD for 11 469 (10 588+881)
species. For the last two models, we fitted multiple separate
regressions for each island region. In these models we initially
estimated the PD-loss of smaller subsets of species and then
summed these to get the total PD-loss.

In order to assess if PD losses were larger than expected
if species were lost at random, the resulting losses were com-
pared to those calculated using null models, where instead
of removing a random number of island endemic birds we
removed the same number of species across all bird species
(i.e. island endemics as well as species also or only occurring
in continental regions). These null models show a near-perfect
linear relationship between log(PD) and log(species num-
ber), with an R? of around 0.99 (Supporting information).
However, the relationship is marginally non-linear, with a
slight decrease in slope in the shallower parts of the phylo-
genetic tree. This non-linearity aligns with the well-known
‘pull of the present bias in lineage through time (LTT) plots,
where extinctions cause an apparent increase in diversifica-
tion rate near the present (Ricklefs 2007). To account for this
potential influence on our conclusions, we ran separate null
models for each of the four models discussed above. Each
null model estimated the PD based on random removal of
the same number of species as in the relevant model.
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We assume that all unrecorded extinctions within the last
130 000 years are from islands, an assumption that has also
been made in other recent analyses (Cooke et al. 2023). This
is very unlikely to be completely true since extinct species
from continents are continuously being described (Emslie and
Mead 2023). However, it seems likely that the vast majority
of unrecorded Late Pleistocene or Holocene avian extinctions
were island endemics. Of the recorded 610 avian extinc-
tions in this time period, 487 (80%) were island endemics
(Matthews et al. 2024). Furthermore, it is well-established
that the probability of species leaving fossil evidence is
strongly influenced by its range size (Plotnick et al. 2016).
Since island endemics typically have smaller range sizes, it is
highly probable that most unrecorded species were also island
species. The overall conclusion from this paper (i.e. that PD
losses for extinct birds are lower than expected) is therefore
unlikely to be influenced by this assumption.

All analyses were conducted across 1000 trees, and 1000
replicates from Cooke et al. (2023). Each of these replicates
are derived from a distribution of the estimated number of
unrecorded avian extinctions for each archipelago of the
world. Fach tree was analyzed with one of the extinction
replicates.

Funding — SF thanks the Swedish Research Council Vetenskapsridet
(no. 2021-04690) for support.
Conflict of interest — The authors declare no conflict of interest.

Author contributions

Seren Faurby: Conceptualization (lead); Data curation
(lead); Formal analysis (lead); Funding acquisition (equal);
Investigation (lead); Methodology (lead); Project admin-
istration (lead); Resources (equal); Visualization (support-
ing); Writing — original draft (lead); Writing — review and
editing (lead). Tom J. Matthews: Conceptualization (sup-
porting); Investigation (supporting); Methodology (sup-
porting); Writing — review and editing (supporting). Kostas
A. Triantis: Conceptualization (supporting); Investigation
(supporting); Methodology (supporting); Writing — review
and editing (supporting). Ferran Sayol: Conceptualization
(supporting); Investigation (supporting); Methodology
(supporting); Writing — review and editing (supporting);
Visualization (leading).

Transparent peer review

The peer review history for this article is available at hetps
o/ www.webofscience.com/api/gateway/wos/peer-review/eco
g.08267.

Data availability statement
All analyses are based on previously gathered data and are
available from the sources provided in the references.

Supporting information
The Supporting information associated with this article is
available with the online version.

85UB017 SUOWWOD 8AIEa.D 3(dedldde ayy Aq peusenob ale sajoie YO ‘SN JO 3| 10y Areiq18UlUO A8]IA UO (SUONIPUOD-PUE-SWLBI 00" AB | 1M Aeq | Ul Uo//:Sdny) SUONIPUOD Pue SLs | 8Ly 88S *[9202/T0/82] Uo ARiqi1auliuo A8]iIM 's9100y sod apepisieAlun Aq 29280°6008/200T 0T/10p/Lioo A8 imAreiq 1 juo'S fuanofosuy/sdiy Wwoj pepeoiumod ‘0 2850009T


https://www.webofscience.com/api/gateway/wos/peer-review/ecog.08267
https://www.webofscience.com/api/gateway/wos/peer-review/ecog.08267
https://www.webofscience.com/api/gateway/wos/peer-review/ecog.08267

References

Birdlife International and handbook of the birds of the world 2022.
Bird species distribution maps of the World, ver. 2022.2. — heep:
/ldatazone.birdlife.org/species/requestdis.

Cooke, R. S. C,, Sayol, E, Andermann, T., Blackburn, T. M., Stein-
bauer, M. J., Antonelli, A. and Faurby, S. 2023. Undiscovered
bird extinctions obscure the true magnitude of human-driven
extinction waves. — Nat. Commun. 14: 8116.

Davis, M., Faurby, S. and Svenning, J. C. 2018. Mammal diver-
sity will take millions of years to recover from the current
biodiversity crisis. — Proc. Natl Acad. Sci. USA 115:
11262-11267.

Duncan, R. P, Boyer, A. G. and Blackburn, T. M. 2013. Magnitude
and variation of prehistoric bird extinctions in the Pacific —
Proc. Natl Acad. Sci. USA 110: 6436-6441.

Emslie, S. D. and Mead, J. I. 2023. Two new late quaternary avi-
faunas from the east-central Great Basin with the description
of a new species of Falco. — West. N. Am. Nat. 83: 33-50.

Faith, D. P. 1992. Conservation evaluation and phylogenetic diver-
sity. — Biol. Conserv. 61: 1-10.

Fleischer, R. C. and McIntosh, C. E. 2001. Molecular systematics
and biogeography of the Hawaiian avifauna. — Stud. Avian Biol.
22: 51-60.

Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. and Mooers, A.
0. 2012. The global diversity of birds in space and time. —
Nature 491: 444-448.

Matthews, T. J. et al. 2024. The global loss of avian functional and
phylogenetic diversity from anthropogenic extinctions. — Sci-
ence 386: 55—60.

Nogué, S. et al. 2021. The human dimension of biodiversity
changes on islands. — Science 372: 488-491.

Phillips, A. G., Topfer, T., Rahbek, C., Bohning-Gaese, K. and
Fritz, S. A. 2018. Effects of phylogeny and geography on eco-
morphological traits in passerine bird clades. — ]J. Biogeogr. 45:
2337-2347.

Plotnick, R. E., Smith, E A. and Lyons, S. K. 2016. The fossil
record of the sixth extinction. — Ecol. Lett. 19: 546-553.

Ricklefs, R. E. 2007. Estimating diversification rates from phylo-
genetic information. — Trends Ecol. Evol. 22: 601-610.

Rosindell, J., Manson, K., Gumbs, R., Pearse, W. D. and Steel, M.
2024. Phylogenetic biodiversity metrics should account for
both accumulation and attrition of evolutionary heritage. —
Syst. Biol. 73: 158-182.

Sayol, E, Steinbauer, M. J., Blackburn, T. M., Antonelli, A. and
Faurby, S. 2020. Anthropogenic extinctions conceal widespread
evolution of flightlessness in birds. — Sci. Adv. 6: eabb6095.

Spalding, M. D., Fox, H. E., Allen, G. R., Davidson, N., Ferdana,
Z. A., Finlayson, M., Halpern, B. S., Jorge, M. A., Lombana,
A., Lourie, S. A., Martin, K. D., McManus, E., Molnar, J.,
Recchia, C. A. and Robertson, J. 2007. Marine ecoregions of
the world: a bioregionalization of coastal and shelf areas. — Bio-
Science 57: 573-583.

Valente, L., Etienne, R. S. and Garcia-R, J. C. 2019. Deep macro-
evolutionary impact of humans on New Zealand’s unique avi-
fauna. — Curr. Biol. 29: 2563-2569.¢4.

Weatherall, P., Marks, K. M., Jakobsson, M., Schmitt, T., Tani, S.,
Arndy, J. E., Rovere, M., Chayes, D., Ferrini, V. and Wigley,
R.2015. A new digital bathymetric model of the world’s oceans.
— Earth Space Sci. 2: 331-345.

Whittaker, R. J., Ferndndez-Palacios, J. M. and Matthews, T. J.
2023. Island biogeography: geo-environmental dynamics, ecol-
ogy, evolution, human impact, and conservation. — Oxford
Univ. Press.

Page 5 of 5

85UB017 SUOWWOD 8AIEa.D 3(dedldde ayy Aq peusenob ale sajoie YO ‘SN JO 3| 10y Areiq18UlUO A8]IA UO (SUONIPUOD-PUE-SWLBI 00" AB | 1M Aeq | Ul Uo//:Sdny) SUONIPUOD Pue SLs | 8Ly 88S *[9202/T0/82] Uo ARiqi1auliuo A8]iIM 's9100y sod apepisieAlun Aq 29280°6008/200T 0T/10p/Lioo A8 imAreiq 1 juo'S fuanofosuy/sdiy Wwoj pepeoiumod ‘0 2850009T


http://datazone.birdlife.org/species/requestdis
http://datazone.birdlife.org/species/requestdis

	Material and methods
	Input data and data setup

	Analyses
	Conflict of interest – The authors declare no conflict of interest.
	Transparent peer review
	Data availability statement
	Supporting information

	References

