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Human activities have reorganized the earth’s biota resulting in spatially disparate locales becoming more
or less similar in species composition over time through the processes of biotic homogenization and biotic
differentiation, respectively. Despite mounting evidence suggesting that this process may be widespread in
both aquatic and terrestrial systems, past studies have predominantly focused on single taxonomic groups
at a single spatial scale. Furthermore, change in pairwise similarity is itself dependent on two distinct pro-
cesses, spatial turnover in species composition and changes in gradients of species richness. Most past
research has failed to disentangle the effect of these two mechanisms on homogenization patterns.
Here, we use recent statistical advances and collate a global database of homogenization studies
(20 studies, 50 datasets) to provide the first global investigation of the homogenization process across
major faunal and floral groups and elucidate the relative role of changes in species richness and turnover.
We found evidence of homogenization (change in similarity ranging from —0.02 to 0.09) across nearly
all taxonomic groups, spatial extent and grain sizes. Partitioning of change in pairwise similarity shows
that overall change in community similarity is driven by changes in species richness. Our results
show that biotic homogenization is truly a global phenomenon and put into question many of the
ecological mechanisms invoked in previous studies to explain patterns of homogenization.
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1. INTRODUCTION
Invasions and extinctions have resulted in spatially dispa-
rate locales becoming more or less similar in species
composition over time through the processes of biotic
homogenization and differentiation, respectively [1-3].
Despite the growth in numbers of publications examining
homogenization patterns in both aquatic and terrestrial
systems, these efforts predominantly focused on single
taxonomic groups at a single spatial scale [3]. Not surpris-
ingly, we are left with a hodge-podge of results that
highlight potential patterns of interest but that are never
capable of documenting the universality of those patterns.
For example, from previous studies, we know that pat-
terns of homogenization and differentiation can vary
depending on the taxonomic group examined [4], spatial
extent and grain of the study [5—7], and the evolutionary
history of the taxa included [8]. This fragmentation of
evidence leaves the homogenization process both debated
and untested globally.

A significant challenge to achieving a global under-
standing of homogenization patterns is that previous
studies almost exclusively relied on metrics that measured
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changes in pairwise similarity (e.g. Jaccard’s or Sorenson’s
index), never settling on one obviously suitable metric.
Change in pairwise similarity is itself dependent on two
distinct processes, spatial species turnover and changes
in species richness [9]. Disentangling the effect of these
two mechanisms is essential for interpreting homogeniz-
ation patterns [10,11]. Spatial turnover involves the loss
of species that are unique to each locale or the establish-
ment of common invaders in the case of homogenization
and the loss of species common to both locales or the
establishment of different invaders in the case of dif-
ferentiation. This process was invoked in McKinney &
Lockwood’s [1] seminal paper on biotic homogenization
where it is defined as ‘the replacement of local biotas
with non-indigenous species, usually introduced by
humans’ (p. 450). Species losses and gains that reduce
differences in richness between two locales can also
increase similarity, whereas increased discrepancy in
species richness between locales will decrease similarity.
The dynamics of spatial turnover and changes in species
richness result in very different perceived mechanisms
driving biotic homogenization with likely disparate eco-
logical and evolutionary implications [2]. The richness
component of similarity quantifies how richness gradients
created by historical ecological and evolutionary proces-
ses (e.g. latitudinal, ecosystem size, island distance from
mainland) are destroyed or accentuated by anthropogenic
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Figure 1. Map showing the countries where homogenization datasets used in this analysis were collected. Circles denote ocea-
nic regions where archipelagos or single islands were part of a dataset. Studies with a global spatial extent (n = 2) are excluded.

environmental change; but tells us nothing about change
in compositional (and by extension functional or genetic)
similarity [2,12]. Whereas the spatial turnover component
tracks change in species similarity, shedding light on how
the uniqueness of local biotas is altered by human activities
driving anthropogenic change. As species are replaced
through turnover, functional traits that provide a key link
between diversity and ecosystem functioning [13] are also
reshuffled; potentially resulting in a negative feedback
loop further altering ecological systems [14]. So far, the
role of richness and turnover in generating homogenization
patterns has only been explored in one study [10], and
cannot be distinguished by the majority of similarity
measures thus far used to quantify homogenization.

Here, we use recent statistical advances to provide the
first global investigation of the homogenization process
across major faunal and floral groups and elucidate the
relative role of changes in species richness and turnover
for patterns of biotic homogenization and differentiation.
By reanalysing a global database of previously published
studies, we quantify how species invasions and extinctions
have altered species composition across multiple spatial
scales, thus providing new insights into the biogeography
of the Homogecene era.

2. METHODS

We collated 50 datasets compiled from 20 published studies
that included major taxonomic groups across the world
(figure 1; see the electronic supplementary material, appendix
A and B). The spatial extent of each dataset was categorized as
global, continental or provincial (e.g. country, state, province).
Each dataset consisted of a group of spatially distinct sub-
regions (hereafter termed locales) that ranged in grain size
from small (<1km?), moderate (1-100km?), large
(100—1000 km?), to very large (>1000 km?). Each dataset
consisted of species presence—absence-by-locale matrices for
a specific taxonomic group for two time periods (historical
and contemporary; [15,16]) or across an anthropogenic gradi-
ent (e.g. natural to urban; [17]). For temporal studies,
historical and contemporary data were compiled either by
sampling at two time periods or considering native species
only as the historical time period, and native + non-native
species as the contemporary time period [18].

Proc. R. Soc. B (2012)

Pairwise (dis)similarity indices used to quantify B-diversity
fall into two classes. The first is ‘broad-sense’ similarity
that accounts for both spatial turnover and species richness
gradients (e.g. Jaccard, Sorensen, Bray—Curtis). The second
is ‘narrow-sense’ similarity that largely depends on spatial
turnover alone (e.g. Bsim, B35 [19]). Studies of biotic homogen-
ization and differentiation predominantly use broad-sense
measures ([20], but see [21-23]), leaving the influence of
changes in species richness and turnover on similarity metrics
indistinguishable.

Recently, methods have been developed for partition-
ing pairwise dissimilarity into its turnover and richness
components [24—28]. The general mathematical partition:

Bbroadfsense = Btumover + Brichness’

shows that overall (broad-sense) dissimilarity is equal to the
sum of dissimilarity owing to turnover and richness
[24,27]. Here, we use the methods of Carvalho er al. [27]
where broad-sense dissimilarity is quantified as the comp-
lement of Jaccard’s similarity index, B.. [29]

b+c
Bccfmv

where a is the number of species shared by two locales and, &
and c¢ are the number of species unique to each local, respect-
ively. The narrow-sense or turnover component, 35 [30,31],
is quantified as:

min(b, ¢)

=2
BB Xa+b+c7

and the richness component, B [27], is quantified as:

|6 — ¢l

Brich = atbte

Partitioning pairwise dissimilarity with B, B3, and Bricn
provides unbiased estimates of dissimilarity owing to richness
and turnover, because all three components are scaled in the
same manner (i.e. by total species richness of the two locales,
a + b + ¢) and thus change proportionally to the replacement
and gain/loss of species across locales [26—28].

While the mathematical partition requires the use of
dissimilarity indices [27], we couched changes in these indi-
ces in terms of similarity through matrix subtraction. We
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Table 1. Mean and standard deviation for broad-sense (AB..) and narrow-sense (spatial turnover; AB;) change in similarity
and change in similarity owing to differences in species richness (ABn). Algae, ungulates, reptiles and amphibians for
taxonomic groups and global for spatial extent were not included owing to a sample size <2.

ABcc ABrich AB3
group metric n mean (s.d.) mean (s.d.) mean (s.d.)
all 50 0.03 (0.08) 0.01 (0.07) 0.003 (0.01)
taxa birds 26 0.04 (0.08) 0.01 (0.06) 0.02 (0.04)
fish 12 —0.002 (0.1) —0.01 (0.09) 0.002 (0.03)
plants 7 0.04 (0.06) 0.03 (0.05) 0.005 (0.01)
spatial extent continent 10 0.05 (0.08) 0.02 (0.07) 0.03 (0.04)
region 38 0.01 (0.09) 0.004 (0.07) 0.009 (0.04)
grain size small 11 0.09 (0.12) 0.04 (0.1) 0.05 (0.05)
moderate 15 —0.02 (0.07) —0.02 (0.07) —0.003 (0.03)
high 12 0.02 (0.06) 0.006 (0.05) 0.01 (0.02)
very high 12 0.02 (0.04) 0.01 (0.02) 0.006 (0.02)

subtracted the dissimilarity matrix representing the contem-
porary assemblages (i.e. the matrix from the more recent
time period for temporal studies or the urban matrix for
spatial studies) from the historical matrix (i.e. the matrix
from the initial time period for temporal studies or the
‘natural’ matrix in spatial studies). Matrix subtraction was
performed for all three dissimilarity measures, thereby creat-
ing three change matrices, AB,, AB; and AR, for each
dataset. Positive values within the matrices AB,, ABs; and
AB;a indicate an increase in pairwise similarity between
two locales in that region (i.e. homogenization), and negative
values indicate a decrease in similarity between two locales
(i.e. differentiation).

We performed univariate Mantel tests [32] where we
designated the response matrix as the broad-sense change
in compositional similarity, AB.., and the predictor matrix
as either the change in similarity owing to turnover (ApBs)
or as the matrix showing change in similarity owing to species
richness, AB. We did not consider these two predictor
variables within the same statistical model using a partial
Mantel test because AB,;, and AB; are additive components
of the response Af,, so conditioning on either predictor in a
partial Mantel test would have been nonsensical. To test for
differences in the amount of variability in A, explained by
AB.icn and AB; across all 50 datasets, we conducted a one-
way analysis of variance (ANOVA) with type II sums of
squares in which the response was the squared value of
the Mantel correlation coefficient (r) output from the uni-
variate Mantel tests, and the predictor variable was the
type of B metric (i.e. Bcn Or B3).

It is possible that unique aspects of each dataset will
impact the degree to which changes in richness or turnover
will influence homogenization patterns. To gauge this
effect, we tested whether the amount of variability in AB,,
explained by AB;., and AB; varied between major taxonomic
groups (e.g. birds, plants, fish, reptiles, amphibians, mam-
mals, specifically, ungulates), across the spatial extent of
study (e.g. region, continent and globe), and across the
sampling resolution or grain size of the study (e.g. small,
moderate, large, very large). We performed three separate
two-way ANOVAs with type II sums of squares in which
the response variables were the squared value of the Mantel
correlation coefficient (r) and the predictors were the type
B metric (e.g Brich Or B3) and one of the three grouping vari-
ables (i.e. taxa, extent or grain). Our main purpose of
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running the two-way ANOVAs was to test the interaction
term between the grouping variable and the type of
B component to see whether the relationship between the
Mantel R? value and Brich and B3 varied by taxa, extent or
grain. Prior to running the ANOVAs, we confirmed that the
data met assumptions of normality of the distributions of
residuals and homoscedasticity of variances. We excluded
four taxonomic groups (amphibians, algae, reptiles and ungu-
lates) in the taxa analysis, because there was two or less
datasets for each of those taxonomic groups and excluded
the group ‘global’ from the spatial extent analysis owing to
only two studies that examined homogenization at this spatial
scale. We performed all analyses, using R statistical software
(v. 2.13.2) and the Ecodist, Car and Vegan packages.

3. RESULTS

Our results provide evidence for the global homogenization
of biotas. The mean similarity across all datasets increased
by 8 per cent for 8,. (AB,, = 0.03, s.d. = 0.08), 2 per cent
for Brich (AB,, = 0.01, s.d. = 0.07) and 0.4 per cent for
Bs (AB; = 0.003 s.d. = 0.01) indicating homogenization
(positive values) for each metric. Birds and plants hom-
ogenized according to all three metrics (table 1), whereas
fish differentiated for AB. and A4 and homogenized
according to 33 (table 1). The mean change in similarity
indicated homogenization in all three metrics for both
the continental and regional spatial extent. All three
metrics indicated homogenization for studies using small,
high and very high grain size, whereas studies sampling
at a moderate grain size showed differentiation for all
three metrics (table 1).

Across all studies, change in broad-sense similarity, AS,.,
was predominantly explained by changes in species richness
ABia+ (Mantel correlation coefficient R?% mean = 0.47,
s.d. = 0.23) rather than by spatial turnover B; (Mantel
correlation coefficient R?% mean=0.17, s.d.=0.25;
figure 2). The amount of variation in 3, explained by
Beich Was significantly greater than variation attributable to
Bs (ANOVA: F;95=39.57, p <0.001). B explained
more variation in B,, regardless of taxonomic group
(ANOVA: F;g4=34.14, p <0.001; figure 2), spatial
extent (ANOVA: F, g, = 39.67, p < 0.001; figure 3) or spa-
tial grain (ANOVA: Fi g, =43.60, p < 0.001; figure 4).
Testing the interaction term between [ metric and
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Figure 2. Box plot comparing the mean mantel R? of AB..
versus AB; and AR, versus AR, for all taxonomic groups
(all) and across taxonomic groups (birds, fish and plants).
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Figure 3. Box plot comparing the mean mantel R? of AB,,
versus AB; and AfB,, versus AR, across spatial extent (con-
tinental and regional). Global spatial extent was not included
because only two of the 50 datasets studied homogenization
at this scale.
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Figure 4. Box plot comparing the mean mantel R? of AB,. versus AB; and AB,. versus APy, across spatial grain (small <1 km?,
moderate 1-100 km?, large 100—1000 km?, to very large > 1000 km?).

taxonomic group (ANOVA: F,g,=2.77, p=0.07;
figure 2), spatial extent (ANOVA: F,q, = 0.47, p=0.5;
figure 3) or spatial grain (ANOVA: F, 4, = 1.19, p = 0.32;
figure 4) in the two-way ANOVAs yielded no significant
differences across these three categories.

The Mantel correlation coefficient (r) was positive for
both B4 and B; for 40 of the datasets. However,
for seven datasets, the Mantel correlation coefficient
(r) for B3 was negative, whereas [, was positive and,
for three datasets, the opposite was true. This result
implies that there are scenarios where a pair of locales
can become more similar according to one metric
(e.g. species richness) and less similar based on another
(e.g. species composition).

4. DISCUSSION

We show that biotic homogenization is truly a global
phenomenon, where species invasions and extinctions
dramatically reorganize a number of major faunal and
floral groups. We provide the first multi-taxa investigation
of homogenization using the same metrics for all datasets,
which, for the first time, allows a cross-taxa comparison of
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homogenization patterns across spatial extent and grain.
We show a tendency towards homogenization, regardless
of the metric used across nearly all taxonomic groups,
spatial extent and grain sizes. The exceptions to this
trend are fish, which showed differentiation for AB,. and
AB.ich, and studies that sampled at a moderate grain size
(1-1000 km?), which showed differentiation for all
three metrics (table 1). These results suggest that most
taxonomic groups evaluated at most spatial scales are
becoming more similar overall (AB.) owing to both
spatial turnover (AB3) and changes in species richness
(ABsicn)- However, the standard deviations are large for
all measures (table 1) suggesting that all groups assessed
here include some locales that have differentiated.
Overall (broad-sense) change in similarity is driven by
changes in species richness as opposed to spatial turnover.
Thus, what we perceive as biotic homogenization or
differentiation is largely dependent on how invasions
and extinctions either diminish species richness gradients
or accentuate them. Spatial turnover consistently plays
a lesser role in driving patterns of community simila-
rity despite this mechanism being suggested as the basis
of homogenization [1]. This result puts into question
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many of the ecological mechanisms invoked in previous
studies to explain patterns of homogenization across
taxonomic groups.

While our results show that overall change in pairwise
similarity is largely driven by changes in species richness,
there is evidence that either metric can be negatively cor-
related with overall change in similarity. This result opens
the door for misinterpretations of homogenization pat-
terns when only using a broad-sense metric, as most
homogenization studies do [18]. In the case that AB;u,
and AB; have opposite signs (i.e. one shows homogeniz-
ation and one differentiation), the resulting broad-sense
similarity measure can show little or no change [10].
One would then conclude, based on their broad-sense
metric, that homogenization or differentiation is not
occurring when, in fact, there are large changes in species
richness and spatial turnover. On the other hand, using
only a narrow-sense metric could fail to identify a large
invasion or extinction event if species losses or gains do
not affect spatial turnover.

A further benefit of partitioning change in community
similarity into its species richness and turnover com-
ponents is the opportunity to identify mechanisms and
test hypotheses about how invasions and extinctions
drive biotic homogenization and differentiation [9].
Change in species richness—measured as f,—results
in homogenization when species richness gradients get
smaller (i.e. the rich get poorer and/or the poor get
richer) and differentiation when species richness gradi-
ents get larger (i.e. the rich get richer and/or the poor
get poorer). If invasion dynamics follow the same pattern
as the initial assembly dynamics that created the original
species richness gradient, then differences in species rich-
ness will increase resulting in differentiation according to
Brich- An example comes from the theory of island bio-
geography [33] where larger islands, or islands close to
the mainland accumulate more species during assembly
than smaller and more distant islands. If the theory of
island biogeography applies to invasive species [34], then
species rich islands will accumulate more invaders
than species poor islands, thereby accentuating the species
richness gradient. Here, we present a framework to test the
hypothesis that pairwise AB;, will be negatively correlated
with pairwise difference in island size.

Conversely, if non-native species establishment is driven
by a factor unrelated to initial community assembly and
thus these species decrease the natural difference in species
richness, the locales will homogenize. Once again using the
theory of island biogeography, if human settlement and
thus introduction of non-native species occurred on smaller
or more distant islands, then these islands would accumu-
late relatively more species and eventually close the gap in
species richness with their neighbouring species rich
unsettled islands. The hypothesis to test in this case is
that pairwise AB, is positively correlated with pairwise
difference in colonization date, human population size or
number of ports. By using our approach here, hypotheses
can be developed for invasion and extinction patterns
for both AR+ and AB; based on knowledge of the
study system.

The anthropogenic reshuffling of the earth’s biota
has resulted in taxonomic homogenization, irrespective of
taxonomic group and spatial scale. Species extinctions and
invasions will undoubtedly continue, and understanding
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the role of changes in turnover and richness gradients can
help predict future patterns of homogenization and ecosys-
tem change. Although enhancing our knowledge of the
homogenization process and resultant patterns can help
inform conservation efforts at biogeographic scales [35],
the selection of quantitative metrics is crucial to accurately
understanding the underlying ecological mechanisms.
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Without their excellent work and willingness to share,
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