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ABSTRACT

Aim: Beta diversity quantifies the similarity of ecological assemblages. Its increase, known as biotic homogenisation, can be a
consequence of biological invasions. However, species occurrence (presence/absence) and abundance-based analyses can pro-
duce contradictory assessments of the magnitude and direction of changes in beta diversity. Previous work indicates these con-
tradictions should be less frequent in nature than in theory, but a growing number of empirical studies report discrepancies
between occurrence- and abundance-based approaches. Understanding if these discrepancies represent a few isolated cases or
are systematic across a diversity of ecosystems would allow us to better understand the general patterns, mechanisms and im-
pacts of biotic homogenisation.

Location: United States.

Time Period: 1963-2020.

Major Taxa Studied: Vascular plants.

Methods: We used a dataset of more than 70,000 vegetation survey plots to assess differences in biotic homogenisation with
and without invasion using both occurrence- and abundance-based metrics of beta diversity. We estimated taxonomic biotic
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homogenisation by comparing beta diversity of invaded and uninvaded plots with both classes of metrics and investigated the

characteristics of the non-native species pool that influenced the likelihood that these metrics disagree.
Results: In 78% of plot comparisons, occurrence- and abundance-based calculations agreed in direction, and the two metrics
were generally well correlated. Our empirical results are consistent with previous theory. Discrepancies between the metrics

were more likely when the same non-native species was at high cover at both plots compared for beta diversity, and when these

plots were spatially distant.

Main Conclusions: In about 20% of cases, our calculations revealed differences in direction (homogenisation vs. differentia-

tion) when comparing occurrence- and abundance-based metrics, indicating that the metrics are not interchangeable, especially
when distances between plots are high and invader diversity is low. When data permit, combining the two approaches can offer
insights into the role of invasions and extirpations in driving biotic homogenisation/differentiation.

1 | Introduction

Anthropogenic global change is reshaping species distribu-
tions and interactions, prompting ongoing biodiversity loss
(Vitousek et al. 1997; Pecl et al. 2017). The impacts of global
change are often characterised by changes in the compo-
sitional similarity of ecological units (e.g., plots, sites and
communities) as some species increase in their distribution
and abundance, whereas others decline or shift (Dornelas
et al. 2019). A particular concern is that distinct ecological
communities are becoming increasingly similar. There is
evidence that this “biotic homogenisation” is occurring glob-
ally and can have adverse effects on ecosystem structure and
function (Olden and Rooney 2006; Hautier et al. 2018; Daru
et al. 2021).

Biotic homogenisation can be quantified by beta-diversity
metrics (i.e., the compositional similarity of ecological com-
munities across the landscape). Though natural ecologi-
cal processes can alter beta diversity, several global change
drivers including biological invasions (Winter et al. 2009;
Petsch 2016), urbanisation (Liu et al. 2022), and climate
change (Magurran et al. 2015) have been identified as major
agents of biotic homogenisation. However, changing eco-
logical conditions can also result in ‘biotic differentiation’
when similarity among ecological units decreases, for exam-
ple, due to the colonisation of different species at different
sites, or increased landscape heterogeneity after disturbance
(McKinney 2008; Blowes et al. 2024). Therefore, accurately
quantifying changes in beta diversity is important for predict-
ing global change impacts and quantifying biodiversity loss.
Many metrics have been developed to quantify beta diversity
(refer to, Barwell et al. 2015; Koleff et al. 2003) and can be
generally categorised according to whether they are based on
occurrence or abundance data (Anderson et al. 2011).

Occurrence-based metrics are effective indicators of the addi-
tion or removal of species from a community. Therefore, they
are useful in describing processes of extinction and colonisation
in meta-communities (Branco et al. 2020), though they may
be biased by imperfect detection of species (Beck et al. 2013).
Abundance-based metrics account for the relative rarity of
species in their calculation of beta diversity. Abundance-based
metrics also account for gains and losses of species but are less
responsive to the turnover of rare species. They are, however,
sensitive to changes in the abundance of the most common spe-
cies, making them useful when shifts in species dominance are

linked to relevant ecosystem functions (Barwell et al. 2015).
Species abundance is more difficult to measure than occur-
rence (which is based on presence-absence), so abundance data
are less frequently available than species occurrence data, and
therefore abundance-based measures of beta diversity are less
commonly available (Pearce and Boyce 2006; Yin and He 2014).

Although both occurrence- and abundance-based approaches
have been used to characterise beta diversity, they can result in
very different estimations even when applied to the same ecolog-
ical units, leading to conflicting conclusions about patterns in
biodiversity. An extreme example of this would be a comparison
of two plots that contain the same number of individuals and
the same number of species but at different levels of abundance
between species. Although occurrence-based metrics of beta
diversity would quantify the similarity of these two plots as an
index value of 1 (100% similar), abundance metrics would quan-
tify them as substantially less similar (Figure 1a). To get a clear
and accurate picture of the extent to which biotic homogeni-
sation is occurring, we must first understand how frequently
occurrence- and abundance-based calculations provide comple-
mentary or conflicting inference on patterns in beta diversity.

1.1 | How Frequently Do Abundance
and Occurrence Metrics Disagree?

A foundational study by Cassey et al. (2008) used a simulation-
based approach to assess the coherence between occurrence-
and abundance-based calculations of biotic homogenisation/
differentiation and detailed the ecological conditions under
which these two kinds of metrics are most likely to diverge.
Their study found general agreement between occurrence- and
abundance-based calculations of biotic homogenisation, but in
approximately a quarter of the cases, one metric indicated ho-
mogenisation and the other differentiation (Table 1).

Cassey et al. (2008) suggested that the frequency of disagree-
ment between the metrics should be lower in nature than in
theory, but empirical studies that assess biotic homogeni-
sation/differentiation among communities simultaneously
with both occurrence- and abundance-based calculations of
beta diversity provide mixed results. One study in National
Parks of the United States showed consistent estimation by
occurrence- and abundance-based metrics (McKinney and
Lockwood 2005) and indicated these metrics can be consid-
ered relatively interchangeable (Olden and Rooney 2006).
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Interpretation: occurrence-based metrics
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FIGURE1 | An example of how occurrence- and abundance-based metrics can generate substantially different estimates of beta diversity, and

how our study assesses how frequently this occurs in nature. Panel (a) shows a theoretical example of a pair of vegetation plots where occurrence- and
abundance-based calculation of beta diversity would give substantial different estimates of their compositional similarity. Panel (b) depicts a con-
ceptual diagram detailing the plot matching procedure for space-for-time calculations of beta-diversity differences between corresponding invaded
and uninvaded plot pairs, respectively. Panel (c) offers guidance for interpreting differences between occurrence- and abundance-based calculations
of homogenisation. In (b), the homogenisation Index (H) measures whether invaded plots are more similar to each other than matched uninvaded
plots. First, individual invaded and uninvaded plots were matched (i.e., Plot A to Plot a, and Plot B to Plot b) based on environmental similarity.
Beta diversity was then calculated among all pairs of invaded and uninvaded plots respectively (i.e., Plot A to Plot B, and Plot a to Plot b), using both
a Serensen (presence/absence-based) and the Classic Horn (abundance-based) index. For each pairwise plot comparison, a homogenisation index
score (—1 to 1) was calculated by subtracting the beta-diversity measures of the pair of uninvaded plots from their environmentally corresponding
pair of invaded plots. Estimates of H,,  versus H . were then plotted on X, y coordinates as in (c), and the percentage of comparisons that fell into

each quadrant were tallied.

However, several recent studies report conflicting trends
between occurrence- and abundance-based metrics of beta
diversity (La Sorte and McKinney 2007; Yang et al. 2015;
Price et al. 2018; Taylor et al. 2019; Petersen et al. 2021; Liu
et al. 2022). Importantly, there is no consistent pattern to these
discrepancies. For example, Taylor et al. (2019) investigated
changes in beta diversity of fish assemblages in several river
basins with both categories of metrics and found that in some
cases, occurrence-based metrics indicated homogenisation
and abundance-based metrics indicated differentiation, but in
other cases, the opposite patterns were observed. Moreover,
several studies have found that changes in beta diversity were
larger when calculated with abundance-based metrics (e.g.,
La Sorte and McKinney 2007, Price et al. 2018), whereas other

studies report a contrasting pattern with greater changes
in beta diversity with occurrence-based metrics (e.g., Liu
et al. 2022).

Because these comparisons have been restricted to relatively
small, localised systems, large-scale, empirical comparisons
across a range of environments and ecoregions are lacking. As
such, it is difficult to assess whether conflicts in occurrence-
versus abundance-based measures of beta diversity are a rare
peculiarity of a few ecological systems or a general feature of
measuring biotic homogenisation and a consistent challenge
for interpreting global change effects. In this study, we use a
new database of plant botanical surveys in the United States,
the Standardized Plant Community with Introduced Status
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TABLE 1 | A comparison of the theoretical expectations for the
relationship between occurrence- and abundance-based calculations
of biotic homogenisation from Cassey et al. (2008) with the patterns
of homogenisation/differentiation calculated in this study for the
Standardized Plant Community with Introduction Status (SPCIS)
database (Petri et al. 2023).

Theoretical Empirical

Frequency that abundance 22.1% 22.8%
and occurrence metrics

disagree in the direction

of homogenisation/

differentiation

Average (£SD) absolute 24.4%+13.6% 18.0%*+14.7%
difference between

metrics

Frequency that absolute 1% 4%
differences were > 50%

Pearson correlation 0.62 0.71
coefficient between
metrics

database (SPCIS; Petri et al. 2023), to conduct a large-scale,
cross-system, empirical synthesis of biotic homogenisation due
to plant invasions using occurrence- and abundance-based ap-
proaches. Across more than 20,000 plots and 800,000 pairwise
comparisons, we assessed differences in beta diversity among
invaded and uninvaded paired plots to test the predictions of
Cassey et al. (2008) about how often—and by how much—oc-
currence- and abundance-based metrics produce conflicting ev-
idence about patterns of biotic homogenisation/differentiation.

1.2 | What Factors Might Increase the Likelihood
of Disagreements?

Directional shifts in homogenisation should be consistent
between occurrence- and abundance-based metrics when
widespread species (those likely to occur across multiple loca-
tions) are also generally abundant, and rare species (those less
likely to occur at multiple locations) are less abundant (Cassey
et al. 2008), which is a fundamental prediction of occupancy-
abundance relationships (Brown 1984; Fristoe et al. 2021).

Factors that disrupt the macroecological relationship between
occupancy and abundance, like disturbance, disease or bio-
logical invasions, are likely to increase discrepancies between
occurrence- and abundance-based calculations of biotic homo-
genisation (Cassey et al. 2008). We would expect the situation
where occurrence-based metrics indicate differentiation and
abundance-based metrics indicate homogenisation when a
small number of new species arrive at plots and become abun-
dant and when multiple species with low abundance are lost.
In the context of plant invasion, the arrival of a new abundant
species has a proportionately lower effect on plot richness (i.e.,
occurrence) compared to dominance (i.e., abundance) and the
loss of multiple low-abundance species has a proportionately
higher effect on plot richness compared to dominance. We

predict (1) the likelihood of this scenario to increase when a sin-
gle non-native species colonises both locations and reaches high
abundance. We also predict (2) this likelihood to increase with
distance between the invaded plots, as the widely observed pat-
tern of distance decay in similarity of communities (i.e., similar-
ity decreases with increasing distance between ecological units,
Morlon et al. 2008) would make it more likely that plots occu-
pied by the same non-native species would differ in the identities
of the rare species that are present.

We would expect the situation where occurrence-based metrics
indicate homogenisation and abundance-based metrics indi-
cate differentiation when few new species arrive at plots at low
abundance and few species are lost from plots. In the context
of plant invasions, we predict (3) the likelihood of this scenario
to increase when the same invader colonises both plots at low
or contrasting levels of abundance, and the (4) spatial distance
between plots is small (i.e., turnover among native species is low,
but their population abundances are more stochastic).

While we use the full SPCIS dataset to compare the frequency
with which occurrence- and abundance-based metrics diverge
in their predictions of biotic homogenisation, we use a subset of
the SPCIS dataset to test these specific predictions and identify
the biological signatures that are associated with discrepancies
between occurrence- and abundance-based calculations of bi-
otic homogenisation/differentiation. Using a subset allowed us
to isolate potential mechanisms that drive changes in beta diver-
sity in a computationally tractable way. We focus on patterns of
cheatgrass invasion (Bromus tectorum) in the North American
Deserts, representing a case study of the most common non-
native species in the dataset and the most well-sampled region.

Both these analyses focus on differences in beta diversity asso-
ciated with plant invasions at the taxonomic species level. Our
comparisons between occurrence- versus abundance-based
calculations assess the general relationship between occur-
rence- abundance-based calculations of beta diversity, making
our findings applicable to other aspects of beta diversity (e.g.,
phylogenetic, functional or genetic beta diversity), in other study
systems (e.g., aquatic, mammalian, etc.) or those investigating
other drivers of biotic homogenisation/differentiation (e.g., cli-
mate or land-use change) across local, regional and global scales
which all use comparable mathematical approaches.

2 | Materials and Methods
2.1 | Space-For-Time Approach

Here, we compare beta diversity among plots that represent a
control state (i.e., non-native plant species absent) and those that
represent an altered state (i.e., relative cover of non-native spe-
cies > 5%). Although this dataset does not allow for tracking beta
diversity over time (Olden and Rooney 2006) and is best suited
to evaluate changes in beta diversity due to species gains rather
than losses, a recent meta-analysis of biotic homogenisation stud-
ies indicated that these kinds of space-for-time analyses are rel-
atively conservative, often yielding less extreme changes in beta
diversity than change over time approaches (Petsch et al. 2022).
Thus, in this study, we employ this space-for-time approach as a
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conservative estimate of what we would expect over time with
invasions (Lovell et al. 2023), comparing patterns of beta diver-
sity between vegetation survey plots with only native species
present and plots that have been invaded by non-native taxa.

2.2 | Data Preparation

We obtained plot data of plant species’ abundance and native
status from the SPCIS database (Petri et al. 2023), a standardised
dataset of vegetation surveys for the United States. For each plot
in the dataset, we also obtained environmental data from the
Invasive Species Habitat Tool (INHABIT; Engelstad et al. 2022),
a web-based decision support tool for modelling invasive plant
habitat suitability. For the few plots (2%) that had been surveyed
multiple times across years, we subset the dataset to include only
the most recent survey.

We matched plots that had 0% non-native species cover (hereaf-
ter: uninvaded plots) to corresponding plots that had > 5% non-
native species cover (hereafter: invaded plots). We matched plots
within the U.S. Environmental Protection Agency's Level IV
Ecoregions which ‘denote areas within which ecosystems (and
the type, quality, and quantity of environmental resources) are
generally similar’ (Omernik and Griffith 2014, the smallest scale
ecoregion, of which there are 937 in the conterminous United
States), and within original datasets to control for broad-scale
spatial, environmental and methodological differences that af-
fect calculations of beta diversity.

Within these regions, we then matched plots based on five en-
vironmental variables that we found to be important predictors
of species cover in a preliminary analysis: NDMI (Normalised
Difference Moisture Index), total soil Nitrogen at 0.05m depth,
minimum temperature of the coldest month (°C), % tree cover
and human modification index (Theobald 2013). To identify
these variables, we first asked whether the presence/absence
and cover of 675 common natives was related to each of the
INHABIT variables. Models used the linear and quadratic effect
of each INHABIT variable individually. For presence/absence
models, within each Level IV Ecoregion, we compared presences
in that ecoregion against an equal number of absences randomly
selected from the same ecoregion and used Level IV ecoregion
as a random intercept. For each species, we used 70% of the data
(‘training data’) to build models and asked how well each model
predicted the remaining 30% of the data (‘semi-independent
testing data’). We used binomial Generalised Linear Models
(GLM) and selected most informative variables based primarily
on the median Area Under the Curve (AUCs) of the fit to the
testing dataset. We identified the linear effects of NDMI, % tree
cover, total soil N at 0.05m depth and human modification index
as most important. Soil bulk density, pH and organic carbon had
similarly high AUCs to soil N, but were strongly collinear with
soil N. Given the extent of the literature around nitrogen and
invasion (e.g., Gonzalez et al. 2010; Perry et al. 2010), we selected
soil N to use in our analyses.

For abundance data, we used beta regression with a logit link
function in the glmmTMB package (Brooks et al. 2017) and ran
the model across all Level IV ecoregions and did not split the
data into training subsets. We selected the most informative

variables based on the median p-values and deviances explained
in the entire dataset. This approach identified the minimum
temperature of the coldest month (°C) as the most important.
Precipitation between June-August explained slightly less devi-
ance than minimum temperature. Precipitation effects on vege-
tation are similar to those detected via NDMI, which is directly
sensed from the vegetation itself. For parsimony, we chose to use
NDMI instead.

Only plots that had complete environmental data were included.
We used propensity score matching, a technique for increasing
causal inference from statistical models (Ramsey et al. 2019)
to match uninvaded and invaded plots based on a 1:1 nearest
neighbour matching algorithm with the R package ‘matchit’ (Ho
et al. 2011). This resulted in a dataset of 20,900 pairwise matches
of invaded and uninvaded plots with highly similar environ-
mental conditions (Figure S1) to maximise the likelihood that
their composition differences reflected biotic processes rather
than environmental filtering. We used these abiotic variables to
match uninvaded and invaded plots as a proxy for habitat types
rather than using other common-use vegetation classifications,
which are defined by the plant communities themselves, to
eliminate circularity in our analyses, which focus on plant com-
munities as a response variable.

To assess whether our analyses were sensitive to our matching
process, we repeated this procedure, this time matching each
invaded plot to the geographically closest uninvaded plot of all
plots located within 200km instead of by environmental sim-
ilarity. This resulted in 2792 matched invaded and uninvaded
plots (for 169,361 pairwise comparisons of occurrence- and
abundance-based calculations of beta diversity). The median
distance between paired invaded and uninvaded plots was
49.9km (mean =67.5, SD =71.4). This approach yielded compa-
rable results to our environmentally matched plots (Table S1).
Given this robustness of our analyses to differences in matching
procedures, we proceeded with the environmentally matched
plots in our main analyses, with the distance-based results view-
able in the Supporting Information S1 (Table S1, Figure S2).

2.3 | Calculations of Beta Diversity and Change

We calculated pairwise beta diversity among all the invaded
plots, as well as all the uninvaded plots, within each original
dataset in each Level IV ecoregion, based on Hill numbers
(Chao et al. 2014) using the R package ‘hillR’ (Li 2018). We use
Hill numbers to compute abundance-weighted and occurrence-
based beta diversity corresponding to two related and widely
used metrics: the Serensen (occurrence-based) and the Classic
Horn (abundance-weighted) index (Chao et al. 2014) for 809,299
pairwise comparisons total. Both metrics range between 0 and
1, with 0 indicating complete dissimilarity and 1 indicating com-
plete similarity between plots.

To assess differences in beta diversity among invaded and unin-
vaded plot combinations, our proxy for biotic homogenisation,
we adapted a homogenisation index from Qian and Guo (2010)
where we subtracted the beta diversity estimate for a given na-
tive plot pair from the beta diversity of their corresponding in-
vaded counterparts (Figure 1b). For every two uninvaded plots
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we compared, we used the uninvaded-invaded plot pairings to
identify the corresponding two invaded plots found in similar
environmental conditions. Our homogenisation index compared
the beta diversity between two uninvaded plots and two invaded
plots while controlling for the magnitude of environmental dif-
ferences with the formula:

H =ﬁinvaded(plotA/plotB) _ﬁunivaded(plota/plotb)

where H, or the homogenisation index, is the difference in beta di-
versity ranging from —1 to 1, between any pair of uninvaded (plot,
and plot,) and their environmentally corresponding pair of in-
vaded (plot, and plot;) plots. Negative values of H indicate that the
uninvaded plots are more similar to each other than their corre-
sponding invaded plots are to each other (i.e., differentiation with
invasion), whereas positive values of H indicate that uninvaded
plots are less similar to each other than their corresponding in-
vaded plots are to each other (i.e., homogenisation with invasion).

We quantified the number of pairs that fell into each one of
the graphical quadrants (Figure 1c): 1. Homogenisation,, |
Homogenisation ., 2. Homogenisation , | Differentiation_,
3. Differentiation , | Differentiation , 4. Differentiation |
Homogenisation  and calculated the mean absolute difference
between the two metrics’ estimates.

We calculated the Pearson correlation coefficient and mean
and standard deviation of the absolute differences between the

occurrence- and abundance-based calculations of each pair-
wise plot combination. To better understand the frequency
that metrics agreed in directionality of homogenisation, we
then divided the plot with the graphical quadrants in 0.1 0.1
grid cells and calculated the percentage of homogenisation/
differentiation estimates that occurred in each cell (refer to
Figures 1c and 2).

We repeated this process for invaded and native plots that
were matched based on spatial distance rather than environ-
mental distance. This procedure resulted in 978,660 pairwise
comparisons of homogenisation index estimates for the two
indices.

2.4 | Identifying Factors That Affect Discrepancies
Between Occurrence- and Abundance-Based Metrics

To better understand how the distribution of invaders and prop-
erties of the ecological communities influence the discrepan-
cies between occurrence- and abundance-based calculations
of homogenisation, we subset the full database to comparisons
in the most well-sampled Level I Ecoregion (Omernik and
Griffith 2014, the largest scale ecoregion, of which there are 12
in the conterminous United States) that included only one non-
native species at each plot (40% of invaded plot). We focused this
analysis on the impacts of the most common non-native species
in the dataset, Bromus tectorum. For all pairwise comparisons
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FIGURE 2 | Frequency of pairwise relationships between occurrence- and abundance-based calculations of change in beta diversity among en-

vironmentally corresponding invaded and uninvaded plots of the Standardized Plant Community with Introduction Status (SPCIS) database (Petri

et al. 2023). Percentages on the heatmaps describe the number of plot comparisons that fall into each bin. The percentages in the orange boxes on the

plots represent the percentage of points that fall into each graphical quadrant.
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of invaded plots, we assessed whether or not B. tectorum was
present at both plots or only one in the pair. We did not include
pairings where B. tectorum was absent in both plots in this
analysis. We calculated the haversine distance between each of
the invaded plots using the R package ‘geodist’ (Padgham and
Sumner 2024).

We then randomly subsetted 10% of data rows (plot compari-
sons) for computational tractability (n=26,933).

Response variables like beta diversity (and biotic homogenisa-
tion) that are derived from pairwise comparisons typically are
not analysed with statistical regression because they inher-
ently violate the assumption of independence that is required
for robust hypothesis testing (i.e., each plot contributes to mul-
tiple comparisons). However, a novel form of hierarchical lin-
ear regression that implements a multi-membership random
effect structure can account for this non-independence (Cafri
et al. 2015), allowing for robust parameter estimates.

To evaluate the effect of invader identity on congruence be-
tween occurrence- and abundance-based metrics, we fit a
Bayesian hierarchical multi-membership model using a cat-
egorical, multi-logistic likelihood distribution, with whether
or not B. tectorum was the invader at both plots in the pair
or only one, and the log of the distance between plots as in-
teractive predictors of the likelihood that a plot pair would
fall into one of the four quadrants (1. Homogenisation,, |
Homogenisationocc, 2. Homogenisationabn | Differentiationocc,
3. Differentiation,, | Differentiation ., 4. Differentiation, |
Homogenisation ).

We implemented the model in the R package ‘brms’ (Biirkner
2018) using the default, weakly informative priors (student t dis-
tribution with df=3, mu=0, sigma=2.5 for intercepts and vari-
ance parameters and non-informative, uniform priors across
the bounding range of the data for the beta parameters). We ran
the model on four chains with a warm-up of 3000 iterations per
chain for a total of 4000 sampling iterations across all chains.
We assessed model fits with "R <1.01, high effective sample
sizes and no divergent transitions.

3 | Results

3.1 | How Frequently Do
Occurrence- and Abundance-Based Metrics
Disagree?

Broadly, occurrence- and abundance-based calculations of
differences in beta diversity between corresponding unin-
vaded and invaded plot pairings agreed in direction (i.e., both
methods either indicated homogenisation or differentiation)
in 77.2% of cases (42.4% homogenisation and 34.8% differenti-
ation; Figure 2). The Pearson correlation coefficient between
occurrence- and abundance-based calculations of homogeni-
sation was 0.71. On a scale of 0-2, the average absolute differ-
ence between occurrence- and abundance-based metrics was
0.18 £0.147 SD, with 4% of the observations having a difference
of >0.5. Differences in beta diversity between invaded and unin-
vaded plot pairs were small (i.e., no indication of homogenisation

or differentiation) when calculated with both metrics (<0.1) in
just 5% of the cases (Figure 2, origin).

In 8% of the cases, substantive differences (>0.1) in beta diver-
sity between invaded and uninvaded plot pairs were observed
with occurrence-based calculation, but not with the abundance-
based calculation (Figure 2, points along the y=0line). In 12% of
cases, there was little difference (< 0.1) in beta diversity between
invaded and uninvaded plot pairs with the occurrence-based
calculation, but substantial differences with the abundance-
based calculation (Figure 2, points along the x=0 line).

3.2 | What Factors Increase the Likelihood
of Disagreements?

In our case study of the North American Deserts, predicted
patterns of agreement between occurrence- and abundance-
based calculations were comparable to those in the full database
(Figure 3a, orange boxes). We found that whether B. tectorum
was the present invader in both plots or only present in one
plot strongly influenced the likelihood that occurrence- and
abundance-based calculations of biotic homogenisation/differ-
entiation agreed in direction. Generally, plots with the same
invader present tended towards homogenisation with both
metrics, and those with different invaders at each plot tended
towards differentiation (Figure 3a). When B. tectorum invaded
both plots, the likelihood of differentiation with occurrence-
based and homogenisation with abundance-based metrics in-
creased by 6% relative to when it was only present in one plot
(Figure 3a). This effect was moderated by cover differences be-
tween B. tectorum in both plots and the distance between them.
The likelihood of discrepancies between metrics increased for
plots with high B. tectorum cover at both plots when they were
spatially distant from each other (Figure 3b,c).

When B. tectorum was at low and mixed cover across both sites
(low at one, high at the other), there was a small increase in the
likelihood that occurrence-based metrics indicated homogeni-
sation and abundance-based metrics indicated differentiation.
However, this scenario—where occurrence-based metrics indi-
cated homogenisation and abundance-based metrics indicated
differentiation—remained the least likely to occur no matter the
identity and abundance of the invaders or the spatial distance
between plots (Figure 3b).

4 | Discussion

In this study, we compared occurrence- and abundance-based
beta diversity in 809,299 contrasts between 20,900 pairs of
invaded and uninvaded vegetation plots. To the best of our
knowledge, this analysis offers the most extensive empirical
comparison of these beta-diversity metrics to date.

A goal of this study was to compare the empirical differences
between occurrence- and abundance-based calculations of
biotic homogenisation/differentiation to the theoretical dif-
ferences reported in Cassey et al. (2008). We found that the
occurrence- and abundance-based calculations were broadly
complementary, agreeing in direction (i.e., both methods either
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FIGURE 3 | Frequency of pairwise relationships between occurrence- and abundance-based calculations of biotic homogenisation/differentia-
tion among corresponding invaded and uninvaded plots invaded by cheatgrass (Bromus tectorum) in the North American Deserts. Orange boxes in

panel (a) represent the predicted likelihood that a point will fall into each of the four graphical quadrants. The light blue box depicts these predic-

tions when B. tectorum is only present at one of the invaded plots in the pairwise comparison, and the dark blue boxes portray these estimates when

B. tectorum invades both plots. Differentiation is more likely when only one of the invaded plots contains B. tectorum, and homogenisation is more

likely when both do. Panel (b) depicts likelihood of points occurring in each quadrant depending on whether or not B. tectorum is present at both
plots or just one, and whether the relative abundance of the invaders are at high (>15%) or low (15% > 5%) relative cover at both plots, or mixed (one
high and one low). Points indicate mean posterior estimates and bars 95% uncertainty intervals. Panel (c) depicts the likelihood of points occurring in
each quadrant depending on whether B. tectorum is present at both plots or just one and the distance between the plots. Lines represent 1000 random

draws from the posterior distribution for each parameter.

indicating homogenisation or differentiation) in 77.2% of the
cases (Figure 2), and the metrics were moderately well cor-
related. Yet, in 22.8% of the cases, occurrence- and abundance-
based metrics disagreed on the direction of beta-diversity
differences (i.e., one metric indicating homogenisation with
the other indicating differentiation). The patterns we observed
in our empirical data were similar to the patterns simulated in
Cassey et al. (2008) (Table 1). This supports the utility of theory
for understanding the implications of using these alternative
metrics to evaluate beta diversity.

Despite the fact that one out of every five pairwise comparisons
in our study produced contradictions between the metrics, the
difference in general frequencies of homogenisation/differentia-
tion we estimated with each metric was small—we detected ho-
mogenisation in 51.9% of cases with abundance-based metrics
and 55.6% of cases with occurrence-based metrics (Figure 2).
This indicates that although it is not uncommon for these metrics
to disagree on which plot pairs have become more homogeneous
or differentiated, there does not appear to be a major system-
atic bias in metrics (i.e., one does not more frequently detect
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homogenisation than the other). It is also important to note that
disagreement between the two metrics was more likely when
they both measured smaller effects (Figure 2; i.e., points in the
Homogenisation,, = | Differentiation  and Differentiation, |
Homogenisation . quadrants were generally closer to the origin
than in the quadrants where the metrics agreed), which suggests
that in situations where substantial changes in beta diversity
occur, the directional effects of homogenisation/differentiation
are likely to be detected regardless of the metric (i.e., both met-
rics will agree in direction).

Our case study also shed light on situations where these metrics
may be less interchangeable.

We found that the likelihood that metrics disagreed in direction
increased at larger spatial distances. When the same dominant
invader was present at high abundance at both plots, it was
more likely for occurrence-based metrics to detect differenti-
ation, whereas abundance-based metrics detected homogeni-
sation (Figure 3). In this scenario, occurrence-based metrics
discount the effects of the invader (which increase similarity)
and inflate the effects of low-abundance natives (which could
either increase or decrease similarity) by treating the plots as
completely even. This effect is compounded at larger spatial
distances, where native communities themselves are highly dis-
similar, and the loss of any native species that is shared between
them would have a proportionally larger impact on their beta-
diversity calculation than if more species were shared between
them (i.e., at smaller distances).

Consequently, the ecological context, scale, and application
of biotic homogenisation studies should be considered when
determining whether to use abundance- or occurrence-based
metrics. For example, our results indicate that when assess-
ing general trends in homogenisation/differentiation at small
spatial scales in species-rich ecosystems, these metrics could
be relatively interchangeable, but for understanding processes
and the magnitude of change at large regional scales (e.g., for
applications in conservation or landscape planning), or in
environments with low diversity in non-native species pools
and where change is (or is expected to be) small, assessments
of homogenisation may be highly sensitive to which metrics
are used.

Additional considerations regarding these metrics come from
general discussion about the use of occurrence- and abundance-
based data in biogeography. Abundance data are generally more
informative (Barwell et al. 2015), better for assessing the link
between the function and composition of ecological communi-
ties (Waldock et al. 2022) and less sensitive to under-sampling
(Beck et al. 2013). At the same time, occurrence data are easier
to collect and more widely available—especially at large spatial
scales—than abundance data (Engelstad et al. 2022; Pearce and
Boyce 2006; Yin and He 2014).

We did not find strong evidence that low or contrasting levels
of B. tectorum invasion substantially increased the likelihood
that occurrence-based metrics detected homogenisation and
abundance-based metrics detected differentiation. This may
be related to spatial autocorrelation in abundance, where plots
with contrasting levels of invasion frequently occur at larger

spatial distances where the turnover of native species present
at each outweighs the contribution of invader differences. Our
space-for-time approach, while allowing us to address questions
about the complementarity of occurrence- and abundance-
based metrics at an unprecedented scope, limited our ability
to identify how changes in the native community affected the
likelihood that these metrics disagree. This suggests that the
study of biotic homogenisation would continue to benefit from
more work comparing occurrence- and abundance-based cal-
culations of beta diversity, particularly with alternative study
designs and especially with repeated sampling that measures
change in these metrics over time. Our comparative analysis
suggests that not only could these kinds of studies help research-
ers understand differences in the metrics but also—when used
together—they can provide a more complete and accurate pic-
ture of beta-diversity change. For example, little or no change
in beta diversity with occurrence-based metrics might in itself
indicate community stability, but a contradictory assessment
with abundance-based metrics would suggest large changes in
the abundance of common species, a case in which the func-
tion of these communities may be altered. By contrast, little or
no change in beta diversity with abundance-based metrics and
large changes with occurrence-based ones could suggest that un-
common species are being extirpated from sites or multiple new
species are arriving (a potential indicator of future invasion).

In this study, we assessed the differences between occurrence-
and abundance-based metrics of biotic homogenisation in re-
sponse to plant invasions. Overall, we found broad congruence
in direction between occurrence- and abundance-based met-
rics, but one in five cases disagreed in direction (homogenisa-
tion vs. differentiation) when evaluated with occurrence- versus
abundance-based metrics of beta diversity. We found that dis-
crepancies were more likely when a single non-native species
was highly abundant at multiple plots, especially those that were
far away from each other, suggesting that abundance-based
metrics might better capture the impacts of the worst invaders
that are widespread and dominate communities. Harmonising
occurrence- and abundance-based approaches will require con-
tinued research to understand additional ecological factors that
inflate the differences between occurrence- and abundance-
based metrics and whether these differences can be predicted.
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