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SUMMARY

Biodiversity is facing a global extinction crisis that will reduce ecological trait diversity, evolutionary history,
and ultimately ecosystem functioning and services.'™ A key challenge is understanding how species losses
will impact morphological and phylogenetic diversity at global scales.>® Here, we test whether the loss of
species threatened with extinction according to the International Union for Conservation of Nature (IUCN)
leads to morphological and phylogenetic homogenization’® across both the whole avian class and within
each biome and ecoregion globally. We use a comprehensive set of continuous morphological traits ex-
tracted from museum collections of 8,455 bird species, including geometric morphometric beak shape
data,® and sequentially remove species from those at most to least threat of extinction. We find evidence
of morphological, but not phylogenetic, homogenization across the avian class, with species becoming
more alike in terms of their morphology. We find that most biome and ecoregions are expected to lose
morphological diversity at a greater rate than predicted by species loss alone, with the most imperiled re-
gions found in East Asia and the Himalayan uplands and foothills. Only a small proportion of assemblages
are threatened with phylogenetic homogenization, in particular parts of Indochina. Species extinctions will
lead to a major loss of avian ecological strategies, but not a comparable loss of phylogenetic diversity. As
the decline of species with unique traits and their replacement with more widespread generalist species con-
tinues, the protection of assemblages at most risk of morphological and phylogenetic homogenization
should be a key conservation priority.

RESULTS AND DISCUSSION

Extinction risk across morphospace
Assessing the impact of extinction on both evolutionary and
ecological components of biodiversity can reveal the non-
random loss of species'® and highlight where loss of threatened
species could lead to biotic homogenization.””®'" This unequal
spread of extinction risk across the tree of life' '~ is predicted
to lead to an ecological downsizing of species, where the largest,
most slow-lived species are lost.'®

We first examined if bird species at greater risk of extinction
have more unique traits. Using a suite of morphological avian
traits (beak size and shape, tarsus and wing length, and body
size) that are likely to be linked to ecological function and so cap-
ture a species ecological niche, '® we ran a principal components
(PCs) analysis and plotted the resultant morphospace based on
the first eight PCs (Figure S1; STAR Methods). Avian morpho-
space is distributed around a dense core of species in the center,
with fewer, more diverse forms found towards the edges of mor-
phospace (Figure $1).%1718

We used data from the International Union for Conservation of
Nature (IUCN) Red List'® to obtain threat statuses for each spe-
cies and highlight these on the avian morphospace (Figure S1).
We calculated the mean distance to centroid of morphospace®
across morphospace for all bird species, where species from
each IUCN threatened category were dropped (critically endan-
gered [CR] > endangered [EN] > vulnerable [VU] > near threatened
[NT]) and found a weak trend of species tending to be closer to the
center of morphospace (Figure 1). Next, we repeated these calcu-
lations on individual PC axes and calculated a standard effect size
(SES) for each PC and IUCN threat category (STAR Methods;
Table S1). A SES score of < —2 indicates that loss of an IUCN
threat category significantly reduces the mean distance to
centroid value for that PC.

Generally, as threatened (CR, EN, and VU) species are
removed, mean distance to centroid declines significantly
more than expected, indicating that threatened species are
found at a higher density than non-threatened species at
extreme PC values (SES < —2 for majority of PCs; Table S1).
Size metrics predominantly load onto PC1 (Table S2), and
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Figure 1. Distance to centroid of morphospace scores for bird spe-
cies in each IUCN threat category

Distance to centroid scores (the Euclidean distance of each species to the
center of morphospace [principal components 1-8]) calculated for all global
bird species (All) and for species in each of the IUCN threat categories: criti-
cally endangered (CR), endangered (EN), vulnerable (VU), near threatened (NT)
and least concern (LC). The higher the mean distance to centroid, the further a
species is from the center. 0 is the centroid of morphospace. Box and whiskers
show the median value and interquartile range.

See also Figure S1 and Table S1.

our findings support the hypothesis that the largest'®'>*! and
smallest species'” are likely to be at most risk from extinction
(Figure S1; Table S1). Our results suggest that morphological di-
versity is likely to decrease at a greater rate than expected
through species loss alone in the face of global change.®

Impacts of extinction on global morphological and
phylogenetic diversity

Species at risk of extinction tend to be overrepresented in partic-
ular clades and functional groups®? and belong to evolutionarily
unique lineages.”*** At a global scale, we predicted that the loss
of threatened species will lead to an overall homogenization such
that species trait and phylogenetic diversity is lost at a greater
rate than expected.

We calculated the mean distance to centroid of morpho-
space,”’ as a measure of trait diversity and Faith’s phylogenetic
diversity® for all bird species, and where each IUCN category
was sequentially dropped (STAR Methods). Morphological and
phylogenetic diversity correlate with species richness because
the addition of species to a community adds new combinations
of traits, as well as a branch length to the community phyloge-
netic tree.®>>2° Therefore, we constructed null models to test
whether the species remaining after losing each IUCN category
had mean distance to centroid and phylogenetic diversity values
that deviated from expected given the observed species rich-
ness by calculating SESs (STAR Methods).

We find strong evidence of morphological homogenization
across the avian class (SES < —2) (Figure 2). Losing 111 CR spe-
cies leads to significant homogenization of avian morphospace
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with a SES score of —7.89 (Figure 2). Morphological homogeniza-
tion continues with the additional loss of EN (SES = —12.00) and
VU (SES = —15.94) species, with no further reduction in SES with
the loss of NT (SES = —15.80) species (Figure 2), implying that NT
species are lost at random across morphospace, unlike species
threatened with extinction (CR, EN, and VU).

We find that the loss of CR, EN, and VU species does not lead
to a significant loss of phylogenetic diversity, above that ex-
pected through species loss alone (SES > —2: Figure 2). Only
the additional loss of NT species results in a significant reduction
in phylogenetic diversity (SES = —3.39: Figure 2), indicating that
NT species are more evolutionarily distinct compared to the
global pool of species. Our findings of a lack of congruence be-
tween morphological and phylogenetic diversity loss across the
avian class indicates that species threatened with extinction
exhibit traits that are more unique, given their phylogenetic his-
tory, compared to the wider species pool.

Both trait and phylogenetic diversity measures are amassed
over long evolutionary timespans and are often considered to
be positively correlated.?” This occurs where trait evolution is
phylogenetically constrained such that species traits exhibit
strong phylogenetic signal and diverge over time (e.g., following
Brownian motion).>”?® Therefore, the extinction of an evolution-
arily old species with no close relatives that has evolved unique
traits could have a greater impact on phylogenetic and trait di-
versity than a more recently evolved species with many close rel-
atives with similar trait values.>*° However, not all species traits
evolve at a constant rate (e.g. in the work of Chira and Thomas,
Harmon et al., O'Meara et al., and Venditti et al.>*>%) or show
strong phylogenetic signal,®* and this could therefore lead to
the differences in morphological and phylogenetic diversity
loss that we find across the avian class.

To assess the relationship between morphological diversity
and phylogenetic history, we tested for multivariate phylogenetic
signal across our morphological traits. We find a strong multivar-
iate phylogenetic signal across our eight PCs. However, we find
significant departure from strict Brownian motion with a mean
A = 0.920 (lower confidence interval = 0.918, upper confidence
interval = 0.923) across 200 out of 200 phylogenetic trees. More-
over, previous studies on subsets of the data show widespread
variation in the rate of evolution.'”*° Together, this indicates that
morphological and phylogenetic diversity are at least partially
decoupled and that phylogenetic diversity loss is not always an
appropriate surrogate for morphological diversity loss.>¢%7

Spatial loss of morphological and phylogenetic diversity

Patterns of trait and phylogenetic homogenization are also likely
to vary across space. Raw phylogenetic and trait diversity are
distributed unequally globally,®?>?383° while threats faced
(e.g., habitat loss, hunting, or climate change) and species sen-
sitivities to these threats are spatially variable and increasing in
intensity due to human activities.® For example, the greatest
threats to tropical terrestrial vertebrates are logging and agricul-
ture, whereas the threats posed by invasive species are particu-
larly high for island birds.*®*' Thus, certain regions will be at
increased risk from trait and phylogenetic homogenization.® To
examine this, we focus on bird communities found in each of
the world’s ecoregions (n = 814)—units of land that contain
distinct assemblages of natural communities, species,
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dynamics, and environmental conditions—and biomes (n = 14)—
major habitat types (e.g., tropical grassland).*” We calculate the
mean distance to centroid, phylogenetic diversity, and the SES
of both metrics for each biome and ecoregion’® communities*’
after losing CR, EN, VU, and finally NT bird species (STAR
Methods).

We find strong latitudinal variation in biome morphological di-
versity and phylogenetic diversity, with assemblages in the tro-
pics harboring the highest phylogenetic diversity and being
particularly clustered around the centroid of morphospace
(Figures 3A and 3B). If CR species went extinct, 12 of the 14 bi-
omes (86%) would experience morphological homogenization
(SES < —2), with the most imperiled biomes being tropical dry
and moist forests and flooded grasslands (Figure 3C). All biomes
would experience homogenization with the further loss of EN,
VU, and NT species (Figures 3E and S2), with the montane grass-
land biome becoming especially highly threatened with the loss
of EN species (Figure 3E).

Phylogenetic diversity loss does not show significant homog-
enization for most biomes when CR species are lost (13 out of
14), with only Mediterranean forests experiencing exceptional
homogenization (Figure 3D). Likewise, when EN species are
additionally lost, only the temperate broadleaf forest biome is
threatened with phylogenetic homogenization (Figure 3F). For
both biomes, homogenization is only just significant.

We further find low morphological diversity in many East Asian
ecoregions. The highest morphological diversity is found across
ecoregions in New Zealand and the southern tip of South Amer-
ica, as well as northern North America (Figure 4A). Many ecore-
gions of the world would experience morphological homogeni-
zation (mean distance to centroid SES < —2) if species in each
IUCN category were to go extinct (Figures 4 and S2). For
example, 48.4% of ecoregions would experience morphological
homogenization where CR species are lost (n = 382 ecoregions;
Figure 4C). Ecoregions that are particularly morphologically

and parts of Indochina (Figures 4C and 4E),

with the addition of ecoregions across

sub-Saharan and East Africa where VU
and NT species morphology is lost (Figure S2E). Many island
systems (e.g., Hawaii, French Polynesia, and Madagascar)
would experience significant morphological homogenization
when losing the most threatened species (Figure S4C). Island
taxa are amongst the most threatened globally, and significant
losses of iconic, morphologically diverse species have already
occurred (e.g., many Hawaiian honeycreepers or the elephant
bird), resulting in homogenization of trait diversity.**

Fewer ecoregions would experience phylogenetic homogeni-
zation (SES < —2) where CR (5.5% ecoregions, n = 382) and CR
and EN species (4.3% ecoregions, n = 698) are lost (Figures 4D
and 4F). The most phylogenetically imperiled ecoregions are
found in parts of Indochina, particularly Cambodia and Vietnam,
as well as French Polynesia, Iberian and Pyrenean montane for-
ests, and Australia (Figures 4D and 4F). Further loss of VU and NT
species would lead to the addition of central African ecoregions
being threatened with phylogenetic homogenization, as well as
those regions covering the length of the Andes and Sulawesi
(Figures S2F and S2H).

Our finding that morphological, but not phylogenetic, homog-
enization is an inevitable outcome of predicted biodiversity loss
for the majority of biomes and ecoregions highlights the potential
for ecological changes that could lead to a considerable loss of
ecological roles and ecosystem functioning, productivity, and
services.” Of six CR species lost in the top five most imperiled
ecoregions, four are vultures (Sarcogyps calvus, Gyps tenuirost-
ris, bengalensis, and indicus). The traits used in this study are
broadly similar to those linked to the ecological foraging guilds
of birds, '®'® and vultures, as large-bodied, obligate scavengers,
fill distinct areas of morphospace.®*® Therefore, it is likely that
the considerable loss of morphological diversity in the Himalayan
ecoregions is partly driven by the loss of vultures—the most
imperiled group of birds.“® Vultures provide vital ecosystem ser-
vices by removing decaying carcasses, which could otherwise
increase the direct transmission of infectious diseases*’° and
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Figure 3. Variation in morphological diversity and phylogenetic diversity across avian assemblages in each terrestrial biome

(A and B) The amount of raw morphological (mean distance to centroid) (A) and phylogenetic diversity (B) for 8,426 bird species across 14 terrestrial biomes. The
darker blue color indicates that species in that biome are on average closer to the center of morphospace (A) and have low phylogenetic diversity. The lighter
yellow color indicates that species in that biome tend to be further from the center of morphospace (A) and have high phylogenetic diversity.

(C—F) Standard effect sizes (SES) for morphological (C) and phylogenetic diversity (D) were calculated from 1,000 simulated biome communities after critically
endangered (CR) species and, additionally, when endangered (EN) species were dropped (E and F). The darkest blue color indicates where SES values are more

negative than expected, with values < —2 showing significant homogenization.

See also Figures S2 and S3.

increase populations of opportunistic scavengers (i.e., dogs and
rats) that spread rabies and bubonic plague.*”*°

Another region containing assemblages at risk of morpholog-
ical homogenization are the dry and moist forest ecoregions of
South Vietnam and Cambodia, where there is also exceptionally
high expected loss of phylogenetic diversity. The CR and EN spe-
cies present are therefore likely to be phylogenetically unique and
exhibit sets of traits that the surviving species pool does
not contain. Indeed, highly threatened species here are amongst
the highest evolutionarily distinct and globally endangered®’
(EDGE®?) classified species including giant ibis (Thaumatibis gi-
gantea, ranked second by EDGE), Bengal florican (Houbaropsis
bengalensis, seventh), and white-shouldered ibis (Pseudibis davi-
soni, sixteenth). Despite phylogenetic diversity increasingly being
stated as an essential facet of biodiversity to conserve to meet
global targets of biodiversity conservation (e.g., the 2019 report
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from IPBES®®), these species are currently only receiving low,
medium, and very low conservation attention, respectively.*”
Despite being less widespread than morphological diversity
loss, phylogenetic diversity loss remains an important metric
for assessing the impact of species extinction.® Specific sets
of traits are used to capture morphological diversity that are ex-
pected to relate to specific ecological niches and functions in the
present day,” but it is impossible to capture all possible combi-
nations of traits that species represent to exactly map form to
function.® Phylogenetic diversity captures this feature diversity,
including traits not currently known or measurable.®>*° In turn,
this makes phylogenetic diversity a good indicator of biodiversity
“option value” —the unknown future benefits to humans not
currently realized.® Using subsets of ecologically relevant traits
captures the impacts of species loss on specific aspects of
phenotype, which may be important to conserve if they link to
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Figure 4. Variation in morphological diversity and phylogenetic diversity across avian assemblages in each terrestrial ecoregion

(A and B) The amount of raw morphological (mean distance to centroid) (A) and phylogenetic diversity (B) for 8,423 bird species across 814 terrestrial ecoregions.
The darker blue color indicates that species in that ecoregion are on average closer to the center of morphospace (A) and have low phylogenetic diversity. The
lighter yellow color indicates that species in that ecoregion tend to be further from the center of morphospace (A) and have high phylogenetic diversity.

(C-F) Standard effect sizes (SES) for morphological (C) and phylogenetic diversity (D) were calculated from 1,000 simulated biome communities after critically
endangered (CR) species and, additionally, when endangered (EN) species were dropped (E and F). The darkest blue color indicates where SES values are more
negative than expected, with values < —2 showing significant homogenization. White ecoregions are those where no CR or EN species are present, and therefore,

SES scores cannot be calculated.
See also Figures S2 and S4.

key aspects of ecosystem functioning or services.® Priority
should therefore be given to establishing whether measurable
species traits can more directly capture important features to
conserve than phylogeny.

Our study focuses on species extinctions as a primary driver
of morphological and phylogenetic homogenization.'" While we
capture the range expansion of species to present day,
including reintroduced species ranges, we do not include spe-
cies introduced through direct or indirect human activity. The
introduction and spread of non-native species are another
key driver of the biological extinction crisis,®” as they tend to
more generalist”'’ and can diminish the distinctiveness of
regional assemblages, reducing trait and phylogenetic differ-
ences between species.®**%%° Furthermore, we deal with
global extinction, but not local extirpation. In many areas,

species are already functionally extinct across most of their
ranges, and so morphological diversity is already likely to be
dramatically constrained.®® Given that the replacement of
more specialist species by a smaller number of more generalist
species” " is unlikely to abate, as well as increasing pressure
from additional drivers of species decline and distribution
change (e.g., climate change,’ wildlife trade,®’ etc.), it is likely
that our findings underestimate the degree of morphological
homogenization that will and has already occurred during the
Anthropocene.

In conclusion, our work reveals widespread morphological ho-
mogenization across the entire avian class, most terrestrial bi-
omes, and half of all ecoregions. The predicted loss of morpho-
logical diversity exceeds that expected if future extinctions were
random and highlights important losses of ecological function
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across assemblages, with important ramifications for humans as
ecosystem services are lost. Phylogenetic diversity tends to
decline as expected as species go extinct. Whether measurable
species traits can capture features of conservation priority, such
as key ecosystem services, more directly is crucial to under-
stand when assessing the impacts of extinction on biodiversity.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

KEY RESOURCES TABLE
RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Morphological trait space
O Threat status
O Species pools
e METHOD DETAILS
O Avian morphological and phylogenetic diversity mea-
sures
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Phylogenetic signal across morphological traits
O Simulating the impact of threatened species loss on
morphological and phylogenetic diversity

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2022.06.018.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Emma Hughes
(echughes8@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Original datasets and code supporting the results are available in the University of Sheffield’s ORDA repository, provided by figshare:
https://doi.org/10.15131/shef.data.20004806.v1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Morphological trait space

We used a raw dataset of ecologically relevant morphological traits from Hughes et al. 2022° for 8455 of 9993 bird species. Our
selected traits include the main seven principal components of beak shape (accounting for 98.9% of the total variation in beak shape)
and bill size (centroid size) derived from 3D scans of museum specimens,”'”*® and tarsus length (mm) and wing length (mm) taken
from the corresponding museum specimens.® In addition, body size (g) was taken from the EltonTraits database.®® These types of
morphological traits have been closely linked to avian dietary and foraging ecology.'® '@ Bill size, wing length, tarsus length and body
size were log10-transformed, and all trait data were then centred and re-scaled by standardising each to a mean of zero and unit
variance (z-transformation). Finally, a principal components analysis (PCA) was run on the traits, and we selected the first eight
PC axes (96.1% of total variation) from the resultant morphospace for analysis. Loadings for each individual trait on each principal
component are provided in Table S2.

Threat status

We used data from the IUCN Red List,'® to obtain threat statuses for each species with complete trait data (n = 8489), following the
BirdTree®® taxonomy used in our dataset. Species categorised as Data Deficient (DD) (n = 20), Extinct in the Wild (EW)/ Extinct (EX)
(n=4) or Critically Endangered (Possibly Extinct) (CR(PE)) (n = 9) were excluded from our dataset. Where a species under the BirdTree
taxonomy was listed as multiple species in the [IUCN Red List taxonomy, we assigned the mean categorisation value. The resultant
dataset contained 8455 species, with 6731 categorised as Least Concern (LC), 812 as Near Threatened (NT), 527 as Vulnerable (VU),
274 as Endangered (EN), and 111 as Critically Endangered (CE).
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Species pools

We defined a global pool of 8455 extant species with complete trait and threat status data. To account for regional and local spatial
scales, we also generated species pools for 14 biomes and 814 ecoregions,*? excluding “Lake” and “Rock and Ice” categorisations.
To do this, we obtained global breeding and resident distribution maps for all extant and probably extant species in our dataset from
BirdLife International,*® and projected these, as well as a spatial layer of ecoregions, onto a 100 km x 100 km equal area grid under
Behrman cylindrical equal-area projection. Next, we recorded the presence/ absence of each species, and the dominant ecoregion in
each grid cell. As each ecoregion exists in only one biome, we further matched biome identity to each grid cell. All 8384 species
across 820 ecoregions and 14 biomes were categorised in this way, and for each ecoregion and biome we extracted a species
list. Forty-two species that were not categorised during this process as a result of very small distributions, were manually assigned
to the correct biomes and ecoregions. Due to the dimensionality of the trait data, at least nine species are needed for trait space
calculations and thus six ecoregions with fewer than nine species were removed from our dataset. Three species were found exclu-
sively in one of the removed ecoregions, and these were also dropped from our ecoregion species pools. Therefore, our final fourteen
biome and 814 ecoregion species pools comprised 8426 and 8423 of 9993 (84.3%) species, respectively, with complete trait, con-
servation status, and range data present.

METHOD DETAILS

Avian morphological and phylogenetic diversity measures
Our analyses were carried out at a global scale (across all 8455 bird species), regional scales (within biomes), and local scales (within
ecoregions).

For each species pool, we first calculated the mean distance to centroid (i.e., the mean Euclidean distance from the morphospace
centroid, also known as Functional Dispersion®’), as a measure of morphospace size using the dispaRity R package (version 1.6.0).°”
Next, we sequentially dropped species from the most to least threatened IUCN category (CR > EN > VU > NT) and re-calculated the
mean distance to centroid for the remaining species. Our focus was to examine changes in morphospace size as threatened species
were lost from their respective pools. A reduction in morphospace size (i.e., a lower mean distance to centroid) is indicative of
morphological homogenisation as species with more unique trait combinations than average are lost. We note that increases in
mean distance to centroid can occur where species are primarily lost from the centre of morphospace. In addition, species could
be lost such that no change in mean distance to centroid occurs. We therefore stress that this should not be used as evidence
that species loss in these areas is not of conservation concern. Identifying significant incidences of morphological diversity loss is
of crucial importance, alongside species loss, as the ecological consequences of morphological homogenisation are a particular
conservation concern.

To account for phylogenetic uncertainty, we calculated phylogenetic diversity® on all 200 phylogenetic trees® for each species
pool using the function pd.query in the R package PhyloMeasures (version 2.1).°® Phylogenetic diversity calculations were repeated
for each species pool after sequentially dropping species from each IUCN category (CR, EN, VU, NT).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data quantification, analysis and visualisation were conducted in RStudio® version 1.4.1717 and R®® version 4.1.1.

Phylogenetic signal across morphological traits

To assess the potential for decoupling of morphological diversity from phylogenetic history, we tested for multivariate phylogenetic
signal across our morphological traits. We downloaded 200 complete species-level phylogenetic trees based on the Hackett back-
bone®® from http:/birdtree.org/ and®® pruned each so that it only consisted of species in our dataset. We then used the transform-
Phylo.ML function in the R package MOTMOT (version 2.1.3)"° to calculate the multivariate phylogenetic signal (Pagels A
(lambda)”""?) of our eight PCs across every tree (n=200) (See results and discussion and Figure S1). A value of 1 shows high and
a value of 0 shows no phylogenetic signal in traits.

Simulating the impact of threatened species loss on morphological and phylogenetic diversity

As morphological and phylogenetic diversity correlate with species richness,”?>"*® we constructed null models to test whether the
species remaining after losing each IUCN category had mean distance to centroid and phylogenetic diversity values that deviated
from expected given the observed species richness. To do this, we sampled 1000 null assemblages for each value of species rich-
ness after losing CR, EN, VU, and finally NT species. For the global analysis, species sampled could be from the whole avian class; for
each biome, species could be drawn from that focal biome species pool; and for each ecoregion, species were sampled from that
focal ecoregion pool. For each of the 1000 null assemblages, we calculated the mean distance to centroid, before calculating the
mean and standard deviation of these 1000 values. Next, we calculated the standard effect size (SES) for each global (Figure 2),
biome (Figure 3), and ecoregion (Figure 4) community, by taking the null mean distance to centroid from the observed mean distance
to centroid and dividing by the standard deviation of the null values:
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observed — mean(null)
sd(null)

SES =

We followed the same protocol to calculate the SES for phylogenetic diversity. SES scores were calculated for each of the phylo-
genetic trees (n=200),°° and we took the average SES score for each global (Figure 2), biome (Figure 3), and ecoregion (Figure 4)
community after losing each IUCN threat category. A positive SES value indicates a higher mean distance to centroid or phylogenetic
diversity value than expected, whereas a negative SES indicates a lower value. Exceptional values of mean distance to centroid and
phylogenetic diversity were those that showed statistically significant deviation from expected (+/- 2), with exceptionally negative
values (< -2) indicating morphological or phylogenetic homogenisation of communities above that expected from species loss alone.
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