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a single assemblage-level metric to assess homogenization can mask important

Handling Editor: Lucie Kuczynski changes in the occupancy patterns of individual species.

2. Here, we analysed changes in the spatial beta-diversity patterns (i.e. biotic hetero-
genization or homogenization) of British bird assemblages within 30km x 30km re-
gions between two periods (1988-1991 and 2008-2011). We partitioned the change
in spatial beta-diversity into extirpation and colonization-resultant change (i.e.
change in spatial beta-diversity within each region resulting from both extirpation
and colonization). We used measures of abiotic change in combination with Bayesian
modelling to disentangle the drivers of biotic heterogenization and homogenization.

3. We detected both heterogenization and homogenization across the two time
periods and three measures of diversity (taxonomic, phylogenetic, and func-
tional). In addition, both extirpation and colonization contributed to the observed
changes, with heterogenization mainly driven by extirpation and homogenization
by colonization. These assemblage-level changes were primarily due to shifting
occupancy patterns of generalist species.

4. Compared to habitat generalists, habitat specialists had significantly (i) higher
average contributions to colonization-resultant change (indicating heterogeni-
zation within a region due to colonization) and (ii) lower average contributions
to extirpation-resultant change (indicating homogenization from extirpation).

Generalists showed the opposite pattern.
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. Increased extirpation-resultant homogenization within regions was associ-

ated with increased urban land cover and decreased habitat diversity, precipi-
tation, and temperature. Changes in extirpation-resultant heterogenization and
colonization-resultant heterogenization were associated with differences in el-

evation between regions and changes in temperature and land cover.

. Many of the ‘winners’ (i.e. species that increased in occupancy) were species that

had benefitted from conservation action (e.g. buzzard (Buteo buteo)). The ‘losers’
(i.e. those that decreased in occupancy) consisted primarily of previously common

species, such as cuckoo (Cuculus canorus).

. Our results show that focusing purely on changes in spatial beta-diversity

over time may obscure important information about how changes in the oc-

cupancy patterns of individual species contribute to homogenization and

heterogenization.
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1 | INTRODUCTION

Biotic homogenization (Olden, 2006; Olden & Rooney, 2006) is de-
fined as a process whereby species communities or assemblages
become taxonomically, functionally, and/or phylogenetically more
similar to one another across space and time due to extirpation and
colonization dynamics (Hughes et al., 2022). Homogenization is usu-
ally identified through decreases in assemblage composition dissim-
ilarity (herein, ‘dissimilarity’) over time (temporal-spatial g-diversity)
and can have impacts on ecosystem functions and services (Wang
et al., 2021) due to alterations in the assemblage composition of key
groups, such as pollinators (Carvalheiro et al., 2013). One such pro-
cess that can lead to homogenization across a sampled region is the
extirpation of specialist species from individual assemblages and the
colonization of generalists already present in other assemblages in
the sampled region (Clavel et al., 2011). It is generally agreed that
anthropogenically generated disturbances such as land-use change
and climate change largely favour the expansion of generalist spe-
cies due to their flexible habitat, dietary and climatic requirements,
alongside typically greater adaptability than more specialized spe-
cies (Callaghan et al., 2019; Davey et al., 2012; Frishkoff et al., 2016;
Ibafiez-Alamo et al., 2017; Le Viol et al., 2012; Mitchell et al., 2022).
However, the literature on local diversity change across time and
space remains contradictory due to the difficulties of disentan-
gling the nuances of what drives change (Jarzyna & Jetz, 2017).
Indeed, across ecological time-series datasets, patterns of change
in alpha diversity were centred around zero, but with increases, de-
creases, and stability observed across the utilized datasets (Dornelas
et al., 2014). Regarding beta-diversity, Dornelas et al. (2014) found
an overall decrease in temporal beta-diversity, potentially resulting
from increased biotic homogenization. In terms of extirpation and
colonization changes that may lead to increased biotic homogeni-
zation, across time-series data spanning 10 or more years, rates are

beta-diversity, colonization, dissimilarity, extirpation, generalists, specialists

increasing at similar rates over time, but with differences at the local
scale (some accelerating, some decelerating) (Dornelas et al., 2019).
Across the literature, various outcomes at different scales have been
reported concerning biotic homogenization, including increases
in spatial p-diversity over time (i.e. heterogenization; Marchetti
et al., 2006; Socolar et al., 2016). However, what is general to most
studies looking at change in dissimilarity over time and space is the
focus on the overall metric of change, which overlooks how individ-
ual species are changing in occupancy and what changes contribute
to the observed patterns of homogenization and heterogenization.
Therefore, the relationship between the increase (heterogenization)
or decrease (homogenization) in dissimilarity over time (temporal-
spatial p-diversity) and the underlying extirpations and coloniza-
tions leading to that change is often overlooked.

Temporally, increases in spatial g-diversity (i.e. heterogenization)
across a region can be attributed to an increased variation in the
number and composition of habitats (temporal habitat heteroge-
neity, increasing the niche space available), the presence of newly
introduced species that stay confined to specific areas (i.e. they do
not propagate across the region), and the decline of widespread spe-
cies or species shared among different locations (Chase et al., 2019).
Conversely, decreases in spatial g-diversity (i.e. homogenization) can
occur due to the opposite, that is the loss of habitat diversity through
time, loss of species confined to specific areas, and the increase of lo-
cally common species across the measured region. Homogenization
does not always equate to a decrease in either gamma (y) or alpha (a)
diversity (Rooney et al., 2007). Indeed, depending upon the initial
community configurations within a set region, both extirpation and
colonization can increase differentiation (i.e. heterogenization) if the
colonizing or extirpated species was present in >50% or <50% of the
sites within the studied region, respectively. An example is provided
in Marchetti et al. (2006), where biotic heterogenization occurred
over time within Californian (US) fish assemblages, but as a result of
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high colonization at some sites, including invasive species, and low
corresponding extirpation in other sites. Therefore, how assemblage
dissimilarity is assessed likely influences the outcomes, something
not often considered in biotic homogenization studies, which typi-
cally only incorporate broad-scale measures of dissimilarity.

One way to improve upon the assessment of assemblage com-
position change is through the incorporation of extirpation and
colonization-resultant change. As species losses and gains can both
increase (heterogenization) or decrease (homogenization) spatial
p-diversity within a given region depending upon the initial local
species occupancy, examining the contribution of extirpation and
colonization to changing dissimilarity can provide a more fine-scale
assessment of changes in local assemblage composition (Figure 1).
Therefore, determining whether colonization or extirpation is driv-
ing patterns in homogenization, and assessing the relative con-
tributions of each measure, is vital to understand any observed
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homogenization processes. Such understanding is also necessary to
define whether a homogenization process is potentially detrimen-
tal, as may be the case if specialists are extirpated at the expense
of widespread generalists (Clavel et al., 2011; Davey et al., 2012;
Devictor et al., 2008) or if it is due to stochastic variation in common
species dynamics. The latter could be due to, for example, increases
in the occupancy of locally common species across the regional sites
without the subsequent loss of specialist species, and thus no de-
creases in specialist alpha diversity (Sullivan et al., 2016; Figure 1).
Here, using atlas data of British breeding birds within 10 x 10km
(hectad) grid squares across two time periods (1988-1991 and 2008-
2011; Gillings et al., 2019), we investigate whether regional bird as-
semblages (a focal hectad and its immediate neighbours, hereafter
referred to as a [30kmx 30km] ‘region’) within Britain are undergo-
ing homogenization or heterogenization by comparing spatial g-di-
versity in regions between the time points (Baselga, 2010; Baselga

Definitions

a diversity: Alpha diversity, the number of species within a single area.

@: The mean « diversity across multiple areas.

a diversity (focal hectad (green)) = 3
y diversity (whole region (orange)) = 4
BW (y/a) diversity = 1.71
ABroraL= W - BW

y diversity: Gamma diversity, the number of species across multiple areas.

PW: Whittaker’s beta-diversity.

AProrar: The measure of change in BW over time, calculated as /' W. (Whittaker’s beta in the
later time period) minus fW (Whittaker’s beta in the first time period).

APy Total extirpation resultant change. Made up of Af;_ (extirpation resultant
homogenisation) and ASg. (extirpation resultant heterogenisation). Positive values indicate
higher extirpation resultant heterogenization than extirpation resultant homogenisation, while
negative values indicate the opposite.

AP Total colonisation resultant change. Made up of AS_ (colonisation resultant

homogenisation) and Af, (colonisation resultant heterogenisation). Positive values indicate

higher colonisation resultant heterogenization than colonisation resultant homogenisation,

while negative values indicate the opposite.

BA1990 BA2010 BA1990 BA2010
Extirpation leads Colonisation
to leads to
heterogenisation heterogenisation
as the dissimilarity as the
between hectads dissimilarity
increases between hectads
(ABe:) increases (ABc.,)

—

Extirpation leads
to homogenisation
as dissimilarity
between hectads
decreases
(ABe)

—)

Colonisation
leads to
homogenisation
as the
dissimilarity
between hectads
decreases

(ABc)

FIGURE 1 Conceptual diagram showing how species colonization and extirpation from local regions (where the green square is the
focal hectad and the eight grey squares are the neighbouring hectads included in the region) can lead to either increased or decreased
dissimilarity (spatial p-diversity) over time. Shown at the top of the figure are definitions of the components used to calculate colonization

and extirpation-resultant change.
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& Orme, 2012). Given that anthropogenic land-use change as a pro-
cess has been happening in Britain since at least the Neolithic, with
periods of further intensification (such as the Industrial Revolution)
(Bibby, 2009; Rackham, 1986; Robinson, 2014), one could argue
that Britain represents a system disturbed to such an extent (Willis
& Birks, 2006) that the biotic homogenization of assemblages has
already occurred. However, evidence suggests that assemblage
composition in Britain has continued to shift (Wayman et al., 2022).
For example, Sullivan et al. (2016; see also White, Montgomery,
Storchova, et al., 2018, for a similar example) found that breeding
bird communities became more homogenous over time (1994-2012)
across Britain, mainly driven by decreases in moderately generalist
species populations and increases in the most generalist. However,
the extirpation and colonization dynamics that underpin these ob-
served patterns remain unknown.

Utilizing three dimensions of diversity (taxonomic, functional
and phylogenetic), we assess whether changes in total spatial g-di-
versity and turnover within regions using the three diversity dimen-
sions are congruent across space. We then test whether changes
are driven by accompanying changes in land cover, climate, and
habitat heterogeneity between the periods or if elevation impacts
the direction of change. Finally, we assess the contribution of spe-
cies extirpations and colonizations to changes in taxonomic spatial
B-diversity (i.e. patterns of biotic heterogenization and homogeni-
zation) within regions through time. We partitioned this extirpation
and colonization-resultant change (Af; and Af., respectively) into
its different components. These components relate to changes in
the occupancy patterns of locally common (colonization-resultant
homogenization (Af.)) and extirpation-resultant heterogenization
(Af,)) and locally rare species (colonization-resultant heterogeniza-
tion (Aﬂc+) and extirpation-resultant homogenization (Ag ) (Tatsumi
et al., 2021). We illustrate these different facets and how they relate
to changes in spatial p-diversity in Figure 1. Using these metrics, we
test whether the contribution level to the different facets of extir-
pation and colonization-resultant change statistically differ across
bird guilds (habitat specialization, trophic niche, and migration type).

Based on the above, we test four primary hypotheses. First, we
expect regional assemblages to have mainly homogenized (i.e. re-
ductions in spatial p-diversity) between the periods based on ear-
lier studies within the same system and period (Sullivan et al., 2016;
White, Montgomery, Storchova, et al.,, 2018). Second, we expect
Afg, and Af-_to be the main contributors to changes in spatial beta-
diversity across Britain (as they relate to locally common species
occupancy changes). Third, we hypothesize that habitat generalists
will be the primary driver of Af-_ and Ape,, and habitat specialists,
which tend to be locally rare depending on the local land use and
cover, will be the primary driver of Af;_and Af,. Finally, we hypoth-
esize that species with initially larger range sizes (within Britain) in
the earlier period should mainly contribute to Afe, and Af_, as the
more extensive initial range means they are likely to be more com-
mon locally (Howard et al., 2023; Xu et al., 2023). This, therefore,
increases the probability that decreases in local occupancy (extirpa-
tions) will lead to extirpation-resultant heterogenization (Afg,) and

that increases in occupancy (colonizations) will cause colonization-
resultant homogenization (Af.) as they colonize remaining areas
(White, Montgomery, & Lennon, 2018). The opposite should be true
for species with smaller initial ranges (i.e. they are more likely to be
locally rare).

2 | MATERIALS AND METHODS
2.1 | Species' occurrence data

Breeding presence/absence data for British birds were collected by
the British Trust of Ornithology (BTO) and the Scottish Ornithologists
Club (SOC) during two 4-year periods: the 1988-1991 (BA1990) and
2008-2011 (BA2010) atlases. In both periods, surveyors visited a
minimum of eight tetrads (2x2km squares) within each hectad
(10x 10km squares) across the British Isles. Surveys were similarly
timed for both atlases, with at least 16 h spent surveying per hectad
(see Gillings et al., 2019 for further details). We excluded pelagic,
vagrant, and non-native species, as well as species of conservation
concern whose ranges in the atlases were presented at coarse spa-
tial grains, leaving 159 species (see Appendix S1 for the species list).
Following the recommendation by Gillings et al. (2019), we used data
for birds classified as ‘breeding’ in BA1990 and ‘probable’ or ‘con-
firmed' breeders in BA2010 (as each atlas used its own classifica-
tions). We then removed hectads with less than 50% landmass and
those disconnected from the mainland. Finally, we excluded hectads
with fewer than two immediate neighbours, leaving a sample size of
2291 hectads.

2.2 | Traitdata

We derived nine continuous avian trait measurements from the
AVONET database (Tobias et al., 2022) to assess functional changes.
These traits—secondary length, tarsus length, wing chord length, tail
length, two beak length estimates (culmen from tip to skull and tip
to nares), beak width, beak depth, and body mass—reflect species'
locomotion, foraging behaviour, dietary niche, and ecological func-
tion (Pigot et al., 2020; Tobias & Pigot, 2019; Trisos et al., 2014). See
Tobias et al. (2022) and Pigot et al. (2020) for trait measurement and
collation details and discussion on how the traits relate to avian eco-
logical functions.

To calculate functional diversity, we first log10-transformed
and standardized all traits. A principal components analysis was
performed using the 159 species and the transformed traits. We
retained all axes (see Pigot et al., 2020) and employed an agglomer-
ative hierarchical clustering method (unweighted pair group method
with arithmetic mean) to create a functional dendrogram for all spe-
cies, generating a rooted tree (Petchey & Gaston, 2007). We tested
if the functional distances between species in the dendrogram were
accurate using the tree.quality function from the ‘BAT’ R package
(Cardoso et al., 2024). The quality was 0.86, showing that the tree
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provided a good representation of the true distances between spe-
cies within the functional space (Matthews et al., 2023).

We also extracted data from AVONET on migration type (seden-
tary, partial migrant, or migratory) and trophic niche (aquatic pred-
ator, granivore, aquatic herbivore, terrestrial herbivore, invertivore,
omnivore, or vertivore) for each species to test for differences in the
amount of extirpation and colonization-resultant change that could
be attributed to different species guilds (see Section 2.7). Using
Sullivan et al. (2016), we extracted a species habitat specialization
index and quartile. The index was calculated based on population
density across the habitats within which the species was present.
Therefore, a low score indicates a generalist species, with little dif-
ference in the density of that species across the habitat types it was
found in. Quartiles were also obtained (Q1 to Q4, indicating gen-
eralist, moderately generalist, moderately specialist and specialist
species) for all species in the dataset. The quartiles were obtained
to compare groups of equal size when assessing the colonization and
extirpation differences between them.

2.3 | Phylogenetic data

We used the Ericson backbone phylogenetic trees from Jetz
et al. (2012) to compute phylogenetic diversity measures. Where
necessary, we updated species names to match the Jetz et al. (2012)
taxonomy (see Appendix S1 for the entire species list). We selected
3000 full trees from the posterior distribution of Jetz et al. (2012).
Using these trees, we created a maximum clade credibility tree with
TreeAnnotator (v1.10.4, Drummond & Rambaut, 2007), setting node
heights to median heights without burn-in. We dealt with negative

branch lengths using the tree.zero function in the ‘BAT’ package

>

0 100 200 km . .
[ |
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(Cardoso et al., 2024). We pruned the consensus tree to retain only

species in the British breeding bird dataset.

2.4 | Climate and land cover data

We obtained the UK Met Office's monthly precipitation and aver-
age temperature data for 1981-2011 (Hollis et al., 2019). We cal-
culated the average temperature (°C) and total precipitation for
each year from April to July (the breeding season) for each region
using the moving-window approach (focal hectad and its immediate
neighbours). To account for potential lag effects of climate, we then
averaged yearly values across 1981-1991 and 2001-2011 for each
region and atlas period. The change in temperature (ATemperature)
was calculated as the later average minus the earlier average for
each region. We repeated the process with the standard devia-
tion in temperature across each period (using the yearly means) for
change in temperature variability (ATemperaturegp), precipitation
(APrecipitation) and its variability (APrecipitationgp).

We obtained land cover change data from the Land Cover Change
1990-2015 dataset (Rowland et al., 2020) and used a moving win-
dow approach (Figure 2) to calculate the land cover change between
1990 and 2015 for each hectad and its surrounding neighbours
(i.e. region). We calculated the percentage of land cover change for
Urban, Woodland, Freshwater, Grassland, and Other (including in-
land rock, saltwater, supra-littoral rock and littoral rock) land classes,
using each as an individual predictor. We also calculated Shannon's
evenness of land cover for each region in each period and computed
the change as the latter value minus the earlier value.

Additionally, we calculated the elevation of each region using

data from the shuttle radar topography mission by extracting data

(b)

mi

FIGURE 2 (a) Map of the study area (Britain) with all of the 10kmx 10km grids (hectads) used displayed (N=2291). The plot on the right
(b) shows the moving window calculation, with the smaller filled squares highlighting the focal hectads and the larger coloured squares
showing the windows for spatial beta-diversity calculation. For each focal hectad, multiple site g-diversity and other variables were
calculated using the focal hectad and the surrounding eight neighbours (i.e. the eight unfilled smaller squares surrounding the focal hectad).
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from 1600 equally separated points within each region and taking

the average.

2.5 | Change in multiple site g -diversity

For each hectad, we assessed assemblage changes between the two
periods to determine the extent of homogenization or heterogeni-
zation in breeding bird communities across Britain. We employed
multiple site p-diversity measures that calculate dissimilarity across
a region (Baselga et al., 2015; Baselga & Orme, 2012). These meas-
ures are optimal for detecting homogenization and heterogeniza-
tion as they account for multi-site co-occurrence patterns, consider
spatial heterogeneity among multiple sampled sites, and avoid the
statistical dependence arising from averaging pairwise dissimi-
larities (Baselga et al., 2015; Baselga & Orme, 2012). We applied
two approaches to calculate multiple site g-diversity: Whittaker's
p-diversity (Jost, 2007; Whittaker, 1960) and the BAS framework
(Baselga, 2010).

We employed Whittaker's multiple site beta () diversity met-
ric (y/average a; Matthews et al., 2019) (also known as taxonomic
p-diversity, hereafter referred to as pW) and a recent method by
Tatsumi et al. (2021) to calculate the proportions of homogenization
and heterogenization due to colonization and extirpation changes.
We computed pW for each hectad in each period using a moving-
window approach (BW calculated for each hectad and its immediate
neighbours [i.e. region], following White, Montgomery, Storchova,
et al., 2018; Figure 2). We calculated the change in fW between pe-
riods as the difference between W in BA2010 and W in BA1990,
referred to as Aft.q1,,, following Tatsumi et al. (2021).

We partitioned the change in pW for each region into total extir-
pation and colonization-related changes (Af; and Af, respectively)
and the proportion attributable to homogenization and heterogeni-
zation for both (see Figure 1). Ap._=extirpation-resultant homogeni-
zation, the proportion of homogenization resulting from extirpation,
Afg, =extirpation-resultant heterogenization, the proportion of
heterogenization resulting from extirpation, Af._=colonization-
resultant homogenization, the proportion of homogenization
resulting from colonization, and Af., =colonization-resultant heter-
ogenization, the proportion of heterogenization resulting from col-
onization. As Af; and Af. are the sum of the homogenization and
heterogenization-resultant components (Aff_ and Afg,, and Af._
and Ap,, respectively), negative values for each highlight overall
homogenization. In contrast, positive values show the opposite (i.e.
heterogenization).

This partitioning framework allows investigation of the under-
lying causes of homogenization or heterogenization, determining
whether the observed Afq, change results from species extir-
pation or colonization in the region (Figure 1). We also calculated
the species-specific contributions to colonization and extirpation
processes (Af-qp and Apfgp, respectively), revealing how much each
species contributed to extirpation and colonization-resultant change
in each region. As Afi-cp and Afg, can be either negative or positive,

each measure also shows whether a species mainly contributes to
homogenization or heterogenization-resultant change through col-
onization or extirpation. Summing the two measures then yields
the total species contribution (Af,), with a positive value indicating
changes in the species' occupancy overall contributed to heterogeni-
zation in the region and a negative value indicating the opposite (i.e.
homogenization). Due to how the measures are calculated, they ei-
ther reflect locally common (Af;, and Af) or locally rare (Af_ and
Ap,) species dynamics. See Tatsumi et al. (2021) for more details
on the partitioning framework. We employed Wilcoxon one-sample
tests to determine if each metric (i.e. Afrgrar, Ao Afc,, Afe_, and
Aﬂc+) significantly differed from zero.

For comparison with Ao, We also calculated regional change
in spatial f-diversity using the BAS framework (Baselga, 2010). The
framework computes multiple site p-diversity of a region using
Sorensen's dissimilarity, decomposing it into turnover (replacement
between assemblages) and nestedness-resultant dissimilarity (dis-
similarity due to assemblages being nested subsets of one another).
We calculated this measure to test the congruence between Afqa.
and the Sorensen equivalent.

Using the beta.multi function from the ‘betapart’ R package
(Baselga & Orme, 2012), we calculated multiple site p-diversity and
turnover for each hectad and its immediate neighbours in each pe-
riod. We then subtracted the BA2010 values for total p-diversity
and turnover from the BA1990 values for each hectad, yielding
change measures between the two periods (MBD;yr and MBDyjry
for multiple site total g-diversity change and multiple site turnover
change, respectively).

We repeated the process for phylogenetic diversity using the
phylo.beta.multi function from the ‘betapart’ package and the phy-
logenetic tree described in section 2.3, calculating phylogenetic
multiple site g-diversity and turnover (MPD;yr, and MPDy py. re-
spectively). We repeated the phylogenetic s-diversity process using
the functional dendrogram to produce multiple site functional mea-
sures for total p-diversity and turnover (MFD;g and MFDp oy
respectively).

2.6 | Modelling change

To model change in each of the calculated metrics, we used intrin-
sic conditional autoregressive modelling. We retained all explana-
tory variables, including the average alpha diversity in the first
sampling period across all hectads within a region (AlphaT1), within
each model for each metric. This approach accounts for autocor-
relation within the error term and has previously been used suc-
cessfully on BTO atlas data in combination with the same moving
window approach (White, Montgomery, Storchova, et al., 2018).
This was performed under Bayesian inference using the Integrated
Nested Laplace Approximation (INLA) with a normally distributed
and uninformative prior for all covariates (precision of 0.001). Spatial
errors were given log-gamma priors (precision of 0.005). All previ-
ously calculated explanatory variables were included in the model
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for each of the calculated metrics. All explanatory variables were
centred and scaled to aid convergence and enable interpretation.
We also included the latitude and longitude of the region centroid
(i.e. the focal hectad centroid) in each model to relax the assumption
of the model that spatial errors are stationary (Beale et al., 2014)
and improve the accuracy of the credible interval estimation (Beale
et al., 2010, 2014). All models were fitted using the package R-INLA
(Rue et al., 2009).

2.7 | Group differences

To assess if species habitat specialization impacts total contribution
to Af- or Af, we compared average colonization and average extir-
pation across the specialization quartiles using a Kruskal-Wallis test,
and a Dunn test was then used to check which groups were statisti-
cally different from one another. We also regressed, using standard
OLS models, average Af. and Af; against the species specialization
index values. We repeated the Kruskal-Wallis and Dunn tests for
both migration type and trophic niche.

All analysis was undertaken in R (v4.2.1; R Core Team, 2022).
The data and scripts needed to run the analyses are openly available
(https://doi.org/10.6084/m9.figshare.24131949).

3 | RESULTS

3.1 | Regional homogenization and
heterogenization

Spatial patterns and averages of Whittaker's multiple site p-di-
versity metric (mean Af;q, =-0.12+0.18), multiple site g-diver-
sity (MBD;gra, =-0.06+0.08), multiple site functional diversity
(MFD;ga =-0.06 +£0.07), and multiple site phylogenetic diversity
(MPD1qr, =-0.06+£0.08) were generally consistent, revealing
regional homogenization across much of Britain and heterogeni-
zation in specific regions such as the Scottish Highlands, Lake
District, North-central England, South Wales, and South-east
England (Figure 3g; Figure S2.1). Turnover decreased on average for
MBDy gy (-0.017 +£0.074), MPDy g (-0.019 £0.073), and MFDy g
(-0.016 +0.071), and the patterns were congruent with total change
(MBD;grar» MPDgra, @nd MFD qr,, ;s Figures $2.2-52.4). However,
not all regions were consistent in terms of the direction of change
(homogenization or heterogenization) across the metrics of dissimi-
larity. For example, of 554 regions with positive change between
the periods for MBD;r,,, 76 and 49 of those same regions were
negative for MPD; o1, and MFD 1, , respectively, highlighting that
functional and phylogenetic change did not always follow taxonomic
change.

On average, a given region (i.e. a focal hectad and its immedi-
ate neighbours) experienced 12.3+4.6 regional colonizations (i.e.
species new to the region as a whole) and 150+ 52 hectad-level
colonizations in total (i.e. species new to individual hectads). In
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comparison, average extirpations across a region were 6.3 + 3.3 with
an average of 78+ 30 hectad-level extirpations. Together, both re-
sults show high temporal-spatial turnover. Colonization-resultant
change (Af.) and extirpation-resultant change (Af;) spatial patterns
corresponded well with Af o1, pPatterns, with positive Ag change
aligning with positive A4, and negative Af. change aligning with
negative Ao, (Figure 3c,d,g). As positive values for all the metrics
indicate heterogenization and negative values show homogenization,
this highlights that areas that primarily underwent homogenization
(negative Aﬂl’OTAL) were driven mainly by colonization, while areas
that heterogenised were driven by extirpation. The average values
of A and Af, were -0.11+0.05 and 0.15+0.09, respectively
(Figure 3a,b), indicating the presence of both extirpation-resultant
heterogenization and extirpation-resultant homogenization, respec-
tively. However, extirpations mainly caused heterogenization, with
an average Af; of 0.05+0.08. There were 677 regions with negative
Apg and 1614 with positive Af; (Figure 3c). Average Aft._ and Aff,
values were -0.31+0.17 and 0.14 +0.05, respectively (Figure 3d,e),
indicating the presence of both colonization-resultant homogeni-
zation and colonization-resultant heterogenization, respectively.
However, colonizations predominantly led to homogenization, with
an average Af. of -0.16+0.17 across Britain. Af. was negative
in 1981 regions and positive in 308 (Figure 3f). Using a Wilcoxon
one-sample test, metrics Af;, Afg,, and Af., were found to be sig-
nificantly higher than zero (p <0.001), while Af o1, Afc, Af, and
Ap._ were significantly lower (p<0.001).

3.2 | Drivers of regional change

In this section and those following, we only describe the effects of
predictors with credible intervals that do not span zero. In our INLA
models, total g-diversity change measures (Aﬂrom_, MBD;graLs
MPD1 a1 MFD gra ) €xhibited congruent patterns in regard to the
effects of predictor variables (Figure S2.3). Positive effects included
Elevation, APrecipitationgy, Latitude, Woodland (the change in the
proportion of a region covered by woodland), and Other (change
in other land cover classes), while negative effects were observed
for Shannon Evenness (habitat heterogeneity), ATemperature, and
Grassland. Urban and Longitude were also negative for Afqas
and ATemperature,y was negative for MBD;or, and MFD g -
The variable with the largest effect size was Longitude for Afqa.
[median=0.039, CI=(0.020, 0.058)], MBD;yr,, [median=0.023,
Cl=(0.015, 0.032)], and MFD;y,, [median=0.023, CI=(0.015,
0.031)], and Temperature for MPD;g, [median=-0.026,
Cl=(-0.035, -0.017)] (Figure S2.2).

For turnover measures (MBDyygy, MPDyygy: MFDpjpns
APrecipitation, Latitude, and Other had positive effects (Figure S2.2).
Grassland and ATemperaturey, both had negative effects for all
the measures (Figure S2.2). Elevation had a positive effect on both
MBD; gy @nd MPDy g\ @nd Urban and Freshwater were also pos-
itive for MBDy,ry (Figure $2.2). Latitude had the largest absolute
effect size for all of the turnover measures (Figure 52.2).
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FIGURE 3 Maps of change between two sampling periods (BA1990 and BA2010) for breeding bird communities across Britain for
measures of (a) extirpation-resultant homogenization (Af; ) (b) heterogenization (Af,) (c) total extirpation-resultant change (Af), (d)
colonization-resultant homogenization (Af ), (€) colonization-resultant heterogenization (Af.,), (f) total colonization-resultant change

(Af), and (g) change in Whittaker's s-diversity. For all metrics, negative values indicate homogenization and positive values indicate
heterogenization. All values were calculated using moving windows (30km x 30km) around focal hectads (N=2291). The violin plot (h) shows
the median (dot) of each measure across all British hectads, alongside the 1.5 interquartile range (whiskers).

For Af., negative effects were observed for ATemperaturegp,
Woodland, Grassland and Freshwater, while positive effects were
found for Shannon Evenness, APrecipitationg,, ATemperature,
and Latitude (Figure 4a). Woodland, Grassland, Urban, and
ATemperatureg, were negative for Af... Shannon Evenness,
Elevation,  APrecipitationg,,  APrecipitation,  ATemperature,
Longitude, and Latitude were all positive for Af., (Figure 4a).
Shannon Evenness, APrecipitationy,, ATemperature, and Latitude
were positive for Af-_ (Figure 4a). ATemperatureg, APrecipitation,
Longitude, Woodland, Grassland and Freshwater all had a neg-

ative effect (Figure 4a). The largest absolute effect sizes were

ATemperatureg, for Af. and Longitude for both Af- and Aj.,
(Figure 4a).

For Apg, Elevation, APrecipitation, ATemperature, Latitude,
Woodland and Freshwater were all positive (Figure 4b). Negative
effects were found for ATemperatureg, and Longitude (Figure 4b).
For Afpg,, Elevation, APrecipitation, ATemperature, Latitude, and
Other were all positive (Figure 4b). ATempaturegp, Longitude,
Grassland and Urban were all negative (Figure 4b). Woodland,
Grassland, Urban, and ATemperature. all had a positive effect for
Ape_ (Figure 4b). Shannon Evenness, APrecipitation, ATemperature,
and Latitude were all found to be negative (Figure 4b). Latitude had
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FIGURE 4 Effect sizes and confidence intervals from the Integrated Nested Laplace Approximation models for (a) total colonization-
resultant change (A/) and its two components (colonization-resultant homogenization [Af ] and heterogenization [Af,]); and (b) total
extirpation-resultant change (Af) and its two components (extirpation-resultant homogenization [Af_] and heterogenization [Af,]). All
models were run using data calculated from moving windows (30 km x 30 km) around focal hectads (N=2291).

the largest effect size for Af; and Af,, while ATemperature was the

largest for Af_.

3.3 | Guild differences

Habitat specialists were found to have a significantly higher average
species-specificcontributiontocolonization(Af.¢p)(0.0002 +0.0013)
than generalists (-0.002+0.0015, p<0.001) and moderately spe-
cialist species (-0.001+0.0015, p<0.01; Figure 5a,d), according to
a Dunn test. Generalists also had significantly lower Af than mod-
erately generalist species (-0.0009+0.0017, p<0.01; Figure 5a,d).
Specialists (Q4) had a significantly lower average species-specific
contribution to extirpation (Afp) (-0.0002+0.0005) than general-
ists (Q1,0.0006+0.0008, p<0.001), moderately generalist species
(Q2; 0.0003+0.0009, p<0.01) and moderately specialist species
(Q3; 0.0002 +0.0009, p<0.01; Figure 5b,e). While these patterns of
positive Af.¢p and negative Af, for specialists and negative Afq,
and positive Afg¢p, for generalists were found to be the general pat-
tern at the regional assemblage level, some species within each
quartile exhibited contrasting colonization and extirpation-resultant
change (Figure 6a). Species with an initially larger range size (number

of hectads in BA1990) were found to generally have larger average
Apesp and lower average Afo, (Figure 6b,c).

For migration type, both migratory (-0.001+0.001) and par-
tially migratory species (-0.001 +0.002) had significantly higher av-
erage Afi-¢p than sedentary species (-0.002+0.002, p<0.001 and
p<0.01 for migratory and partially migratory species, respectively;
Figure 5c). No significant differences were found for average Afqp
(Figure 5f). Regarding trophic niche, the only significant difference
was aquatic predators having a higher average Af.¢, compared to
omnivores (p <0.05).

4 | DISCUSSION

Across Britain, regional assemblage changes between the first
atlas in 1988-1991 and the second in 2008-2011 were driven
mainly by the colonization and extirpation of common habitat gen-
eralists (see also Sullivan et al., 2016). Therefore, and in contrast to
the view that changes in the distributions of specialist species are
contracting and driving homogenization, assemblage-level pat-
terns of regional avian homogenization/heterogenization in the

UK are primarily driven by the changing fortunes of generalists
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across the period. While this does not mean that specialist popu-
lations are increasing or even remaining stable, it does mean that
expansions and contractions of local generalist populations are
causing local colonizations and extirpations, leading to decreases
and increases in local dissimilarity, respectively. This highlights
the importance of locally common and generalist species in driv-
ing regional patterns of diversity (Lennon et al., 2004). We also
found sedentary species had significantly lower average species-
specific contribution to colonization (Af¢p) (-0.002 +0.001) than
migrants and partial migrants (0.001+0.001 and 0.001+0.002,
respectively), showing that between the periods sedentary

species were the main proponents of regional colonization ho-
mogenization, that is range increases leading to a negative Af.¢p
(Pearce-Higgins et al., 2015). However, overall, individual species
contributions to the assemblage-level metrics Af; and Af. were
complex, highlighting the need to account for species identities
when conducting research looking at temporal assemblage change
(Rooney et al., 2007).

While the overall change in the fortunes of generalist species
led to an overall decrease in p-diversity across all calculated met-
rics, supporting our original hypothesis, and indicating an apparent
biotic homogenization, this homogenization was primarily driven by
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TABLE 1 The three species with

the highest total species-level impact
on Whittaker's g-diversity (Af,) for
both homogenization-resultant change
(negative) and heterogenization-
resultant change (positive) and what
contributions came from colonization
(Apgp) Or extirpation change (Af.qp).

All measures were calculated for each
moving window (30km x 30km) for each
of the focal hectads (N=2291) and then
summed across all moving windows for
each species. Species occurrence refers
to recorded presence within individual
hectads (10 x 10km).

Number of occurrences (max
N=2291)

Species-level impact on
p-diversity

Net Total

Species BA1990  BA2010 change Afi,  Afcsp (ABgp)

Negative Aj., shows a species-level contribution to colonization homogenization (i.e. a
species colonizing new areas within a region where it is already common (>50% occupancy), or
alocally rare species increasing occupancy above 50%)

Top three negative Af,

Buteo buteo 1015 2160 1145 0.69 -14.46 -13.77
Dendrocopos major 1525 2048 523 0.64 -12.20 -11.56
Tyto alba 690 1563 873 -0.28 -10.86 -11.14

Positive A, shows a species-level contribution to colonization heterogenization (i.e. locally
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rare, or absent species that are colonizing new areas in the region)

Top three positive Af¢p

Rallus aquaticus
Egretta garzetta

Asio otus

194 376 182 -3.36 6.12 2.76
0 163 163 0 5.76 5.76
285 319 34 -6.35 5.40 -0.95

Negative Afq, shows a species-level contribution to extirpation homogenization (i.e. locally
rare species being extirpated from areas, or a locally common species decreasing to below 50%

occupancy)

Top three negative Afqp

Asio otus

Coturnix coturnix

Coccothraustes
coccothraustes

285 319 34 -6.35 5.40 -0.95
222 297 75 -4.39 5.26 0.87
169 61 -108 -4.38 1.32 -3.06

Positive Afq, shows a species-level contribution to extirpation heterogenization (i.e. locally
common species being extirpated from areas within a region)

Top three positive Afg,

Cuculus canorus

Muscicapa striata

Regulus regulus

generalist species colonizations across a given region. The main pro-
ponents of such colonization change, that is the ‘winners’, were pre-
dominantly species that have benefited from increased conservation
action due to past persecution. For example, goshawk (Accipiter gen-
tilis), buzzard (Buteo buteo) (Table 1), hobby (Falco subbuteo), red kite
(Milvus milvus), and peregrine (Falco peregrinus) all increased their
ranges and contributed to increased regional homogenization be-
cause of actions taken to increase their populations between the
surveyed time periods (Stanbury et al., 2021). As others have also
shown (e.g. Wilson et al., 2018), these results encouragingly demon-
strate that effective conservation interventions can yield dramatic
effects on the recovery of British bird species. However, while these
changes decreased dissimilarity within regions, contributing to ap-
parent homogenization, they did not lead to a decrease in a diversity
or an impoverishment of an area.

Regions that experienced increases in dissimilarity (heterog-
enization) and, therefore, turnover and p-diversity, were mainly
driven by the loss of locally common species from several areas
within a region. Although these species were mainly general-
ists (Figure 5e), they included cuckoo (Cuculus canorus), whose

1575 1281 -294 10.70 -6.35 4.35
1947 1873 -74 6.70 -6.66 0.04
1775 1932 157 5.67 -8.57 -2.90

extirpation across much of its previous range in Britain, combined
with an increase in areas where it was locally common, led to
patterns of heterogenization and homogenization that do not re-
flect the general dramatic decrease of the cuckoo's British range.
Also included were tree sparrow (Passer montanus), turtle dove
(Streptopelia turtur), and lesser spotted woodpecker (Dendrocopos
minor), all classified as habitat generalists by Sullivan et al. (2016),
all of which were once common across the whole or sections of
Britain in the 1990 atlas, meaning the loss of these species from
some, but not all, hectads in an area increased dissimilarity within
the region. Our results provide further evidence that these spe-
cies, all of which are red-listed in the UK (Stanbury et al., 2021),
represent essential national conservation priorities. More gener-
ally, these patterns show that species once considered common
can quickly experience range declines and potentially become
threatened in part or all of their range (i.e. generalist species are
not always the ‘winners’; Sweeney & Jarzyna, 2022—an import-
ant lesson for conservationists). In contrast, recent colonizers to
areas can also contribute to increased heterogenization of a region
as long as their overall occupancy stays below 50%. For example,
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little egrets (Egretta garzetta) are one of Britain's most recent col-
onizers with a large contribution to regional heterogenization be-
tween the two atlas periods (Table 1).

While Sullivan et al. (2016), in their analysis of the abundance
patterns of UK birds, concluded that homogenization in UK com-
munities was driven by the changing distributional and abundance
patterns of generalists, we have found that there is still a signal of
locally rare species loss as identified by Af. This is prominent mainly
in the south-east of England, as shown by Ap._ being the dominant
component of total Ag. This area of extirpation-related homoge-
nization also corresponded with overall homogenization, and this
is likely to be of interest to conservationists, given it involves the
loss of species that were locally rare and did not colonize new areas
within the locale to offset extirpations. This loss was driven partly by
those species listed above, but also redpoll (Carduelis flammea), haw-
finch (Coccothraustes coccothraustes), nightingale (Luscinia megarhyn-
chos), and corn bunting (Emberiza calandra). Overall, focusing only
on general assemblage-level patterns and metrics obscures species-
level trends that may be of more importance for the conservation
and maintenance of diverse assemblages, as well as for detecting
which species may need prioritization (Perez Rocha et al., 2023; Xia
etal., 2022).

4.1 | Drivers of spatial diversity change

The patterns in Af; were roughly divided along the Tees-exe line,
which separates the uplands from the lowlands within Britain
(Prakash & Rumsey, 2018; Wayman et al., 2021). This is reinforced
by elevation and temperature being significant predictors of both
Af, and Af,, as well as an increase in all multiple site beta-di-
versity measures with increasing latitude. As Ap;, is linked to
locally common species loss and Af., to increases in locally un-
common species, this could indicate that species have shifted up-
slope in response to increased temperatures as they track their
climatic niche, along with a general loss of more upland species
(Gillings et al., 2015). All total measures of beta-diversity change
also increased with elevation, along with MBDy g and MPD o\
further highlighting the increased change along elevational gra-
dients. Alternatively, the observed changes in Ag., and Af., in
upland areas could be in response to land cover change in lowlands
forcing species to seek suitable habitat elsewhere (Jungandreas
et al., 2022).

Several variables were highlighted as driving increases and de-
creases in Aff_ through time. This measure shows whether locally
uncommon species—likely range-restricted and specialists—are
going extinct within regions. Increased land cover of woodland
and grassland decreased the amount of Ag._ within an area, mean-
ing fewer locally rare species extirpations. This could be due to in-
creased habitat cover or appropriate maintenance of current habitat
cover, which is essential to habitat specialists (Barnes et al., 2023),
with evidence of increasing woodland specialists within the UK in re-
sponse to recent woodland expansion (Burton et al., 2018). Although

Ap_increased with increased urban cover, this is likely due to ex-
isting urban areas mainly increasing between the periods, that is in-
creases were largely congruent with areas already heavily urbanized
(Figure S2.5). Therefore, locally rare species inhabiting areas around
urban centres were unlikely to be disturbed by expansions to an al-
ready urbanized area (i.e. that species already persisted in a hectad
with a certain amount of urban cover, so a slight increase had little
impact compared to other areas). In contrast, Af_ increased with
Shannon evenness (habitat diversity), precipitation and temperature,
highlighting that unstable areas (larger changes in these abiotic vari-
ables over time) may cause locally rare species extirpations (White,
Montgomery, Storchova, et al., 2018). Indeed, all measures of coloni-
zation- and extirpation-resultant change increased with land diver-
sity, temperature, and precipitation (apart from Af._ for temperature
and land diversity), highlighting the effect of abiotic instability on
assemblages (White, Montgomery, Storchova, et al., 2018). This may
have implications as future land use and climate change create fur-
ther instability within systems that could contribute to increased di-
versity change (Newbold, 2018).

4.2 | Study limitations and future research
directions

While the data used here are suitable for looking at broad-scale pat-
terns in extirpation and colonization, underlying changes in abun-
dance structure, masked by the use of only presence-absence data,
may reveal early shifts and patterns of population change. Such
changes may include responses to negative interactions between
colonizers and species already present in an area before species are
entirely extirpated from an area and contribute to patterns of ho-
mogenization and heterogenization (Dornelas et al., 2019; Magurran
et al., 2019; Sullivan et al., 2016). We do not include fine-scale land-
use changes or account for intensification or fragmentation, which
may explain some of the colonization and extirpation dynamics ob-
served. Indeed, the loss of many farmland birds from the south-east
of England has largely been attributed to agricultural intensification
and fragmentation (Newton, 2004; Rigal et al., 2023). The occupa-
tion of migratory species in the UK may also be influenced by factors
affecting their wintering grounds and migration routes, which are
not considered in this study (Vickery et al., 2014).

5 | CONCLUSIONS

Biotic homogenization is commonly seen as an indicator of impov-
erishment in terms of the biological diversity of communities. This
is indeed the case in cases where homogenization is caused by
the combined loss of unique species (either distributionally rare
or functionally unique) and the spread of generalist or introduced
species. Here, however, we show that such patterns must be in-
terpreted with caution, as homogenization driven primarily by the
expansion of species through local colonization leads to increases
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in alpha diversity. These species may be habitat or dietary gen-
eralists, but their increase, if they are naturally occurring, does
not necessarily lead to an impoverishment of local taxonomic or
functional alpha diversity. Also, the loss of species locally can lead
to increased heterogenization of a region, but this does not mean
an increase in local taxonomic, phylogenetic, or functional alpha
diversity. Overall, in work looking at biotic homogenization, steps
should be made to account for species identities and their contri-
bution to patterns of temporal-spatial f-diversity. This will ensure
that any interpretation of homogenization and heterogenization
patterns is valid and that any resultant development of conserva-
tion measures is grounded in the species dynamics underpinning

the observed changes.
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