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Abstract

Biodiversity metrics often integrate data on the presence and abundance of multiple species. Yet
understanding covariation of changes to the numbers of individuals, the evenness of species’
relative abundances, and the total number of species remains limited. Using individual-based
rarefaction curves, we introduce a conceptual framework to understand how expected positive
relationships among changes in abundance, evenness and richness arise, and how they can break
down. We then examined interdependencies between changes in abundance, evenness and
richness in more than 1100 assemblages sampled either through time or across space. As
predicted, richness changes were greatest when abundance and evenness changed in the same
direction, and countervailing changes in abundance and evenness acted to constrain the
magnitude of changes in species richness. Site-to-site changes in abundance, evenness, and
richness were often decoupled, and pairwise relationships between changes in these components
across assemblages were weak. In contrast, changes in species richness and relative abundance
were strongly correlated for assemblages varying through time. Temporal changes in local
biodiversity showed greater inertia and stronger relationships between the component changes
when compared to site-to-site variation. Local variation in assemblage diversity was rarely due to
a passive sample from a more or less static species abundance distribution. Instead, changing
species relative abundances often dominated local variation in diversity. Moreover, how
changing relative abundances combined with changes to total abundance frequently determined
the magnitude of richness changes. Embracing the interdependencies between changing
abundance, evenness and richness can provide new information for better understanding
biodiversity change in the Anthropocene.

Keywords: biodiversity change, abundance, evenness, species richness, rarefaction
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89  Introduction
90  Measures of biodiversity and its change are frequently used to determine the magnitude,
91  direction and pace of ecosystem modifications (Diaz et al. 2019). Descriptions of the distribution
92  and abundance of organisms are central to basic ecological research (Krebs 1972, Andrewartha
93 & Birch 1984), and biodiversity (as applied to taxonomic or species diversity) is a multifaceted
94 concept that combines information on the distribution and abundance of multiple species. There
95  have been numerous such aggregate metrics proposed to quantify different aspects of
96  biodiversity (e.g., Hill 1973, Gotelli and Colwell 2001, Magurran & McGill 2011, Chao and Jost
97  2012), most of which depend on sample effort and scale (Rosenzweig 1995, Whittaker et al.
98 2001, McGill 2011a, Chase & Knight 2013). This inherent complexity poses significant
99  challenges for quantitative syntheses of temporal and spatial variation in biodiversity.
100
101  Here, we argue that in order to understand biodiversity change, it is critical to look beyond
102 aggregate metrics in isolation. Specifically, we need to examine how changes in the key
103 components that lead to aggregate metrics interact and combine with each other. Currently,
104  different components that underlie biodiversity represent important, but are largely viewed as
105  independent lines of evidence for contemporary biodiversity change. For example, one body of
106  work is focused on quantifying total abundances of all species within assemblages, such as
107  recent work documenting declines of birds (e.g., Rosenberg et al. 2019) and insects (Wagner
108  2020). A related body of work focuses instead on population-level ‘winners’ and ‘losers’ within
109  assemblages (McKinney & Lockwood 2000), species with increasing and decreasing trends in
110  occupancy or abundance (e.g., WWF 2020). However, changes in the means of these metrics do

111 not capture the variability and nuance in either the assemblage- and population-level abundance
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112 trends across space and among taxa (e.g., van Klink et al. 2020, Daskalova et al. 2020a, Leung et
113 al. 2020). Moreover, trends in total assemblage abundance provide only one window into

114  potentially complex changes that could be occurring in other components of biodiversity, and
115  while changes to species relative abundances do influence biodiversity metrics, population-level
116  trends themselves cannot be used to calculate assemblage-level (i.e., biodiversity) metrics (e.g.,
117  Dornelas et al. 2019). Even when quantifying the same response metric (i.e., species richness),
118  syntheses of biodiversity change in space due to differential land use conditions have found

119  declines of species richness (e.g., Newbold et al. 2015, 2018), whereas analyses of time series
120  have shown that, on average, species richness increases roughly offset decreases (Dornelas et al.
121 2014, Blowes et al. 2019), despite often significant modifications to climate and habitat (Antao
122 et al. 2020a, Daskalova et al. 2020b). Finally, the prediction that human activities likely impact
123 species relative abundances more frequently than species occurrences (Chapin et al. 2000), has
124 not resulted in a strong focus on assemblage-level evenness in existing syntheses (but see, e.g.,
125  Crowder et al. 2010, Zhang et al. 2012, Jones & Magurran 2018). Importantly, changes in all
126  these components -- abundance, evenness, and richness -- contribute to variation in biodiversity.
127  Yet little is known about how components are changing in combination within assemblages, and
128  whether certain combinations act to constrain observed biodiversity change.

129

130  Species origination (speciation plus colonization) and extinction are the most fundamental

131  processes for biodiversity dynamics (Storch et al. 2021). These processes combine with

132 productivity (Currie 1991, Mittelbach et al. 2001), disturbance frequency and intensity (Connell
133 1978, Miller et al. 2011), historical (Latham & Ricklefs 1993) and biogeographic factors (e.g.,

134  Kreft et al. 2008), land use modifications (Newbold et al. 2015), and climate change (Antao et al.
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135  2020a) to drive variation in biodiversity. In turn, these processes and drivers combine such that
136  local scale measures of biodiversity estimated from a given (local) sample depends largely on
137  two components (see e.g., He and Legendre 2002, McGill 2011a). First, the total number of

138  individuals (Fisher et al. 1943, Preston 1962), whereby fewer individuals are expected to (non-
139  linearly) lead to fewer species. Second, the total number of species and their relative abundances
140  within the regional species pool (i.e., the set of all potential colonizing species in a region),

141 which we refer to as the Species Abundance Distribution (SAD; McGill et al. 2007). Local

142 samples will have lower species richness when the species pool has relatively few highly

143  abundant species and many rare species (i.€., less even SADs), compared to samples from a

144 species pool of the equivalent size with more equitable species abundances. Moreover, variation
145  or changes in local environmental conditions can alter local patterns of species relative

146  abundances. Whenever two or more samples across space or time differ in the total number of
147  individuals, the shape of the SAD, or both, there will be changes in most metrics of biodiversity.
148  However, changes in abundance and the SAD are not always correlated, and, when decoupled,
149  the magnitude and direction of change in derived biodiversity metrics can differ considerably.
150

151  Variation in the total number of individuals is a long-standing, first-order explanation of

152  wvariation in richness (Fisher et al. 1943, Coleman et al. 1982, Srivastava & Lawton 1998, Gaston
153 2000, Scheiner & Willig 2005, Storch et al. 2018). In the context of species-area relationships,
154  this has been termed the ‘passive sampling hypothesis’ (Coleman et al. 1982), and as local

155  assemblages increase in size they are expected to include more species from the regional pool
156  due to sampling processes alone. Larger (Connor & McCoy 1979) or more productive (Wright

157  1983) areas are also predicted to have more species driven again by increased numbers of
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158 individuals, but in these cases associated with processes other than sampling, such as decreased
159  likelihood of species extinction with increased population sizes (Preston 1962, Wright 1983,
160  Srivastava & Lawton 1998), and commonly termed the ‘more individuals hypothesis’ (Srivastava
161 & Lawton 1998). Anthropogenic drivers can also influence the number of individuals in

162  assemblages (e.g., via eutrophication, exploitation, harvesting or land clearing), potentially

163  impacting biodiversity due to changes to the total number of individuals (Newbold et al. 2015,
164  Blowes et al. 2020). If biodiversity varies primarily via changes in the numbers of individuals,
165  positive relationships between altered numbers of individuals and species richness changes are
166  expected. In such cases, however, other metrics of species diversity that control for variation in
167  numbers of individuals, such as species richness expected for a given number of individuals—
168  known as rarefied richness—should be relatively unchanged.

169

170  Changes to the shape of the SAD can drive variation in biodiversity through time or space. For
171  example, co-occurrence and coexistence of species can be altered by changes to resource

172 diversity (MacArthur 1965), environmental or habitat heterogeneity (Tilman 1982, Shmida &
173  Wilson 1985), interspecific interactions (e.g., keystone predation; Paine 1974, Menge et al.

174  2020), biological invasions (Vila et al. 2011), and external perturbations (Hughes et al. 2007).
175  Alterations to any of these features can change biodiversity by changing species’ relative

176  abundances and the size of the species pool (via species additions or subtractions).

177  Anthropogenic factors can also favor some species and disfavor others, potentially altering the
178  relative abundance of species (e.g., due to selective exploitation; Blowes et al. 2020), or the size
179  of the species pool (e.g., species with large ranges replacing those with small ranges, Newbold et

180  al. 2018). In such cases, biodiversity change will be characterized by positive relationships
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181  between species richness change and changes in metrics sensitive to relative abundance, such as
182  rarefied richness, evenness and diversity metrics sensitive to species relative abundances.

183

184  Changing components of biodiversity can covary in different and informative ways. Yet, to date,
185  there has been little exploration of this covariation in time or space, nor of the theoretical

186  linkages. For example, whether total abundances and the evenness of species’ relative

187  abundances change in similar or decoupled ways, and how this influences biodiversity change is
188  largely unknown. However, syntheses of relationships between different biodiversity metrics,
189  which can reflect different combinations of component changes, have typically found

190  relationships to be weak. For example, Stirling and Wilsey (2001) showed that although strong
191  positive correlations between species richness, diversity and evenness metrics were expected
192  from a neutral model (Caswell 1976), there was considerable variation in the strength, and even
193 the sign of the relationships in 323 empirical comparisons. Similarly, Soininen et al. (2012)

194  examined temporal (n = 212) and spatial variation (n = 17) in aquatic datasets, and again found
195  considerable heterogeneity in the relationship between richness and evenness. Using data from
196 91 assemblages, McGill (2011b) concluded that most biodiversity metrics align with three axes
197  of empirical variation (total abundance, evenness and richness); components subsequently shown
198  to be relatively uncorrelated across space for a subset of 37 of the 91 assemblages (Chase et al.
199  2018). Collectively, these studies suggest that static biodiversity estimates are multidimensional,
200  and that different metrics can covary or be unrelated.

201

202 Where ecologists have quantified variation in multiple components of local diversity, the focus

203  has typically been on averages across assemblages, with each component treated as a separate,
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204  independent response. For example, analyses of the local assemblages documented by the

205  BioTIME database (Dornelas et al. 2018) show that numbers of individuals, species richness, and
206  dominance (quantified as the relative abundance of the most numerically dominant species, and
207  conceptually the complement of evenness) are highly variable among datasets, but on average,
208  have no directional trend (Dornelas et al. 2014, Jones & Magurran 2018, Blowes et al. 2019). On
209  the other hand, analyses of the PREDICTS database (Hudson et al. 2017) documenting spatial
210  contrasts between assemblages in more pristine habitats with those in different land use

211  categories, show that human-altered habitats frequently have fewer species and often fewer

212 individuals (Newbold et al. 2015, 2020). However, these results describe average changes across
213  assemblages estimated independently, whereas, as we describe in more detail below, component
214  changes are unlikely to be completely independent.

215

216  Here, we first provide a conceptual overview of how changes in the main components underlying
217  local biodiversity (total abundance, evenness and species richness) can combine using

218  individual-based rarefaction curves. Using simplified scenarios with contrasting component

219  changes, we show that the signs (or direction) of changes in total abundance and evenness can
220  combine to determine the magnitude of expected richness changes, and whether positive

221  pairwise relationships prevail. We then empirically assess interdependencies between abundance,
222 evenness and richness changes using compilations of ecological assemblage data. In the face of
223 natural and anthropogenically-driven environmental variation in time and space, we ask whether
224 changes in the components of local biodiversity show positive relationships (i.e., change in the

225  same direction). Or, alternatively, are component changes sufficiently heterogeneous that

10
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226  variation in biodiversity depends on which of the underlying components (numbers of

227  individuals or the SAD) are changing, and how the different component changes combine?

228

229  Conceptual relationships between changes in total abundance, evenness and richness

230  Individual-Based Rarefaction (IBR) curves (Hurlbert 1971, Gotelli & Colwell 2001) are well
231  suited for visualizing conceptual relationships among changes in total abundance, evenness and
232 species richness (Fig. 1a, Cayuela et al. 2015, Chase et al. 2018, McGlinn et al. 2019). The end
233 point of the IBR depicts the total number of individuals of all species combined, and variation
234  between assemblages in where the IBR terminates quantifies changes to the number of

235  individuals (AN, Fig.1a) and species richness (AS, Fig. 1a). The shape (or curvature) of the IBR
236  curve reflects species’ relative abundances and the size of the species pool (i.e., the SAD). We
237  use two parts of the curve to characterize changes in the SAD between assemblages. First,

238  because it is standardized to an equal number of individuals (7), changes in rarefied richness, ASy
239  (Fig.1a), reflects changes to species’ relative abundances only. Second, we use the numbers

240  equivalent (or effective number of species) transformation of the Probability of Interspecific

241  Encounter (PIE, Hurlbert 1971). The PIE is equal to the slope at the base of the rarefaction curve
242 (Olszewski 2004) and represents a metric of evenness that is relatively insensitive to sample

243 effort (more even communities have a higher PIE, Fig. 1a). Transformation of the PIE to the

244 numbers equivalent (Spir) aids comparisons to species richness (i.e., AS and ASpie have the same

245  units; Jost 2006). Spir is equal to the inverse of Simpson concentration (Jost 2006), and diversity

246 of order ¢ =2 (Hill 1973, Jost 2007), D = (Xi_, p/ )19 = 53 ! 3 Where S is the number of

i=18i

247  species and pi is the proportion of the assemblage represented by species i. As a consequence,

11
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248  changes in Spie (ASpie) are most strongly influenced by the number of abundant or common

249  species in assemblages.

250

251  To visualize relationships among changes in total abundance, evenness and richness, we plot

252  pairwise relationships between changes in four components of the IBR. Specifically, changes in
253  species richness (AS) and total abundance (AN; Fig. 1b), and species richness and the two metrics
254  sensitive to changes in relative abundance — rarefied richness, AS, (Fig. 1c), and ASpie, which we
255  refer to as evenness (Fig. 1d). Changing components with positive relationships (i.e., the same
256  sign) fall into the lower left and upper right quadrants, whereas assemblage changes that fall into
257  the upper left or lower right quadrants of Figs. 1b, c, d reflect a negative relationship between the
258  respective components.

259

260  Altered numbers of individuals, but no change to the SAD, can underpin differences in diversity
261  between assemblages. Changes only to the number of individuals being passively sampled from
262  the same underlying SAD (Fig. 2a) result in AS and AN being positively related with the same
263  sign (Fig. 2g), whereas ASh (Fig. 2h) and ASpie (Figs. 21) will be approximately zero (and have a
264  weak or no relationship with AS). This has been variously referred to in the literature as a

265  sampling effect, the rarefaction effect, and the passive sampling hypothesis (Coleman et al. 1982,
266  Gotelli & Cowell 2001, Palmer et al. 2000).

267

268  Changes in species richness (AS) can also be solely associated with changes to relative

269  abundance (i.e., AN = 0), which weakens or removes the expectation for a positive relationship

270  between changes in richness and total abundance. For example, changes in species richness can

12
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271  be associated with SAD changes due, for e.g., to increased numbers of common species,

272 increased evenness (He & Legendre 2002), or increases to the size of the species pool (Fig. 2b),
273  which results in a positive relationship between AS and ASpir (Figure 21). Finally, if total

274  abundance and relative abundance change in the same direction (e.g., more individuals and

275  increased evenness, Fig. 2c), then positive pairwise relationships are expected between changes
276  in abundance, evenness and richness (Figs. 2g, h, 1).

277

278  In contrast, even if numbers of individuals increase (AN > 0), expected gains in species richness
279  can be constrained by decreased evenness. For example, opposing changes in total abundance
280 and evenness can potentially result in no change to species richness (Fig. 2d), and no relationship
281  between AS and AN (Fig. 2g). Or, if changes to the SAD are sufficiently strong, they can offset
282  any expected gains due to more individuals (Fig. 2e), and result in a negative relationship

283  between AS and AN (Fig. 2g). Alternatively, opposing changes to total numbers of individuals
284  and evenness could result in a positive relationship between AS and AN if, for example, the

285  effects of more individuals on species richness outweighs that of decreased evenness (Figure 2f).
286

287  These simplified scenarios illustrate the potential for interdependencies between component
288  changes. In particular, they show that the signs of changes in total abundance and evenness (i.e.,
289 AN and ASpir) can strongly influence the magnitude of richness changes, and whether expected
290  positive relationships between changes in abundance, evenness and richness are found. AN is
291  associated with the IBR curve stretching or contracting along the x-axis, and ASpie characterizes
292 changes that flex the curve up or down from the base along the y-axis (Olszewski 2004). When

293 AN and ASpir have the same sign, assemblages are expected to fall into the lower left and upper

13
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294 right quadrants of Figs. 2g-i (i.e., component changes with the same sign and positive pairwise
295  relationships). In contrast, when AN and ASpie have different signs, they can have countervailing
296  effects that constrain richness changes, the strength of their pairwise relationships with AS will
297  be diminished and potentially reversed, and the likelihood of assemblages falling into the upper
298  left and lower right quadrants of Figs. 2g-i increases (i.e., opposing signs and negative pairwise
299  relationships).

300

301 Empirical relationships among total abundance, evenness and richness

302  Next, we evaluate empirical relationships by fitting models that allow for correlations between
303  component changes to data from 1125 assemblages. Our goal for the empirical analyses was to
304  examine relationships between changing components in temporal and spatial contexts across a
305  broad range of environmental conditions. We compiled data documenting either temporal or
306  spatial variation of assemblage composition in one of either naturally-varying or perturbed

307  environmental conditions. Temporal variation quantified rates of change (i.e., per year) for each
308 component for an assemblage at a single location through time. Analyses of spatial variation
309 quantified component changes between sites in different land use categories in perturbed

310  environments, or between random pairs of sites in the naturally-varying environment.

311

312 Based on our conceptual overview, we expect pairwise relationships between abundance,

313 evenness and richness changes to be generally positive. Changes in species richness are also
314  expected to be largest for assemblages where all pairwise relationships are positive. In contrast,
315  opposing changes in total abundance and evenness (i.e., AN and ASpir have different signs) are

316  expected to constrain changes in species richness. Additionally, if local diversity changes are
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317  dominated by altered total abundances and species richness, strong positive relationships

318  between AS and AN, but weaker relationships between AS and AS,, and AS and ASpie should

319  emerge across assemblages. Alternatively, strong relationships between either AS and AS, and/or
320  AS and ASrie, accompanied by a weaker relationship between AS and AN, would indicate that
321  changes to the SAD are the dominant component of local assemblage change.

322

323 Temporal comparisons: natural environmental variation

324  Temporal changes in natural assemblages at the local scale were quantified using the BioTIME
325  database (Dornelas et al. 2018). Annual rates of change (change per year) for each metric were
326  estimated with models fit to data that documents over 45 thousand species in time series with an
327  average duration of 13 years. Taxonomic groups in our analysis came from surveys in marine,
328  freshwater and terrestrial ecosystems, and included plants (and other producers), invertebrates,
329  fish, amphibians, reptiles, birds, and mammals, as well as several surveys that collected data

330  from multiple taxa. Here, we only used time series that had numerical abundance data available
331  (i.e., studies that recorded counts of the number of individuals for each species in an

332 assemblage), and our analysis included 288 studies. Locations sampled in the BioTIME database
333 document places with varying degrees of anthropogenic environmental change, but do not

334  include manipulated assemblages or before-after-control-impact studies (Dornelas et al. 2018).
335  Accordingly, we contrast the environmental variation sampled by BioTIME with assemblage
336  time series that experienced documented perturbations (see Temporal comparisons. experimental
337  or natural perturbations).

338
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339  To quantify changes at the local scale within BioTIME, studies with large extents were broken
340  up into smaller cell-level time series, while still maintaining the integrity of individual studies
341  (i.e., different studies were not combined, even when samples were collected in the same grid
342 cell). We used sample-based rarefaction (Gotelli & Colwell 2001) to standardize the number of
343 samples per year for each time series (see Blowes et al. 2019 for details). For the calculation of
344  rarefied richness (Sn), the minimum total number of individuals was determined for each time
345  series, and set as the target n for which expected richness was calculated; cell-level time series
346  where n <5 were discarded. This process resulted in 42,604 cell-level time series from the 288
347  studies, and we focus on the study-level estimates of change in our results and discussion.

348

349  Temporal comparisons: experimental or natural perturbations

350 To complement the environmental variation sampled by the BioTIME database, we searched for
351  time series data with either experimental or natural perturbations. Specifically, we queried the
352  U.S. LTER network using the Data Portal of the Environmental Data Initiative

353  (https://portal.edirepository.org/nis/home.jsp) with the search terms ‘experiment’ and ‘time’ and

354  ‘abundance’. Records returned were checked to confirm that samples documented assemblages
355  of similar species collected with the same methodology, and following data standardization (i.e.,
356  minimum of five individuals per sample, and standardization of sample effort through time), our
357 analysis included 11 studies (see Appendix S1: Temporal comparisons: experimental or natural
358  perturbations for references), and annual rates of change (i.e., per year) were estimated for 63
359  study-treatment combinations; rates of change for all treatments (including controls) were

360 quantified in our analyses. Natural and experimental treatments included changes due to
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361  warming, eutrophication, fire, grazing, restoration, severe storms or other disturbances, and kelp
362 removal. Taxonomic groups included algae, plants, invertebrates, fish, birds, and mammals.

363

364  Spatial comparisons: natural environmental variation

365 We combined two existing compilations of data to examine spatial patterns of biodiversity

366  change in relatively natural environmental contexts. The CESTES database (Jeliazkov et al.

367  2019) contains assemblage data from studies that sampled species at multiple sites (it also

368 includes information on traits and environment that we do not use here); we removed studies
369  with explicit human impacts identified as an environmental feature, and our analysis included 19
370  studies that sampled terrestrial, freshwater and marine assemblages from a number of taxonomic
371  groups (birds, plants, insects, macroinvertebrates, fishes and mammals). McGill (2011b)

372  compiled datasets with two or more local assemblages containing species abundance data; we
373 removed studies documenting disturbances and other perturbations, resulting in 32 studies being
374  retained. From the combined 51 studies, those with many sites were randomly subsampled down
375  to ten sites so that they did not dominate the results. Within each study, an arbitrary site was

376  assigned as the ‘reference’ site, and change was quantified between every site and the reference
377  within studies; our analysis included a total of 356 spatial comparisons.

378

379  Spatial comparisons: anthropogenic perturbations

380  To quantify spatial differences in biodiversity due to anthropogenic land use, we used the

381  PREDICTS database (Hudson et al. 2017). We used the 2016 release of the database

382  (downloaded from https://data.nhm.ac.uk/dataset/the-2016-release-of-the-predicts-database on

383  10™ July 2020). We limited our analyses to studies with abundance data for individuals, and
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384  those with known land use categories (primary vegetation, mature secondary vegetation,

385 intermediate secondary vegetation, plantation forest, cropland, pasture, and urban); studies where
386  land use was not recorded were omitted. This resulted in 237 combinations of source ID and
387  study (some sources had multiple studies, denoted SS in the database), and 418 estimates of

388  change relative to the reference land use (primary vegetation) category.

389

390  Statistical models

391  To estimate changes in the different metrics whilst accounting for expected correlations between
392  them, we fit multivariate multilevel models to the data. Similar to the way univariate multilevel
393  (also called hierarchical or mixed-effects) models fit to a single response can allow varying (also
394  called random) intercepts and slopes to be correlated, this approach estimates changes in all

395  components simultaneously whilst allowing for (and estimating) correlations between them.

396  Response distributions for all metrics were chosen to ensure changes were estimated on similar
397 measurement scales, and because all metrics take only positive values, log response scales were
398  used for all components.

399

400  For the Temporal comparisons: natural environmental variation data, total abundance (N) was
401  fit with a model that assumed a lognormal distribution and identity link function, and Poisson
402  distributions with log link functions were fit to S,, Seie and S; Poisson distributions were chosen
403  for S» and Spie values rounded to integers based on visual assessments that showed lognormal
404  models fit to raw S, and Spie values greatly underpredicted the density of ones in the data. For the
405  Temporal comparisons: experimental or natural perturbations data, S was no longer an integer

406  value after standardizing sampling effort, and all metrics were fit with models that assumed
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407  lognormal distributions and identity link functions. Both spatial data sets were fit with models
408  that assumed lognormal distributions and identity link functions for total abundance (N), rarefied
409  richness (Sn) and evenness (Spie), and a Poisson distribution and log-link function for species
410  richness (S).

411

412 The Temporal comparisons: natural environmental variation models included non-varying
413  intercepts and slopes for year, and varying intercepts and slopes for studies and cells for all
414  responses. To allow for correlations between changes in the different responses, varying study-
415  and cell-level parameters for all responses were drawn from a single multivariate normal

416  distribution for each level (i.e., one for studies, one for cells; see Appendix S1: Temporal

417  comparisons. natural environmental variation for equations). The models fit to the Temporal
418  comparisons. experimental or natural perturbations data similarly included non-varying

419 intercepts and slopes for year, and had varying intercepts for study, site and block fitted

420  separately for each response. For these data, correlations between changes in the different

421  responses were modeled by drawing varying intercepts and slopes for each combination of
422 treatment and study for all responses from a single multivariate normal distribution (see

423  Appendix S1: Temporal comparisons.: experimental or natural perturbations for equations).
424

425  The models fit to the Spatial comparisons: natural environmental variation data included non-
426  varying intercepts for data source (i.e., CESTES and McGill). Correlations between the different
427  responses were modeled by assuming varying intercepts and slopes (representing the reference
428  site and departures for all other sites from the reference, respectively) for each study and

429  response came from a single multivariate normal distribution; over-dispersion in the richness
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430  response was modeled using an observation-level varying intercept (see Appendix S1: Spatial
431  comparisons. natural environmental variation for equations). Models fit to the Spatial

432 comparisons. anthropogenic perturbations data included non-varying intercepts and slopes

433  (representing the reference [primary vegetation] category and departures from the reference for
434  each land use category, respectively), and varying intercepts for sites and blocks were modeled
435  separately for each response. Correlations between changes in the different responses were

436  modeled by assuming that varying intercepts and slopes (as per the non-varying intercepts and
437  slopes) for each combination of source and study and each response came from a single

438  multivariate normal distribution (see Appendix S1: Spatial comparisons: anthropogenic

439  perturbations for equations).

440

441  All statistical models were estimated using the Hamiltonian Monte Carlo (HMC) sampler Stan
442  (Carpenter et al. 2017), and coded using the ‘brms’ package (Burkner 2017). Details of all model
443  specifications, and the iterations and warmup periods are provided in the Appendix, as are the
444  priors (which were weakly regularizing). Visual inspection of the HMC chains and model

445  diagnostics (Rhat < 1.05) showed good mixing of chains and convergence, and model adequacy
446  assessed visually using posterior predictive checks showed that the models were able to make
447  predictions similar to the empirical data (see Appendix Figure: S1-4). Code for all analyses is

448  available at https://github.com/sablowes/MulticomponentBioChange, and will be archived

449  following publication.
450

451 Results
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452  Temporal changes in perturbed environments had the highest percentage of assemblages with at
453  least one component trend (AN, ASn, ASpig, or AS) that differed from zero (44%), followed by
454  spatial comparisons across land use categories (29%), temporal changes (21%) and spatial

455  comparisons in naturally varying environments (12%). Component changes that differed from
456  zero showed broadly similar patterns across datasets, with one exception: trends differing from
457  zero for multiple components were less common for spatial comparisons between assemblages in
458  naturally varying environments (Appendix S1: Figure S5).

459

460  Pairwise relationships between changing components were typically positive (i.e., had the same
461  sign), though exceptions to this general pattern were found for all data sources (Figure 3). For
462  assemblages where AN and ASpie had the same sign (though not necessarily differing statistically
463  from zero), richness changes were typically larger in magnitude (Figure 3). In contrast,

464  assemblages where AN and ASpir had opposing signs typically exhibited changes in richness that
465  were smaller in magnitude (Figure 3). This tendency for countervailing changes in abundance
466  and evenness to constrain richness changes was most apparent for spatial comparisons between
467  different land use categories (Figure 3j-1), and there was a high proportion of assemblages that
468  were growing in size (AN > 0) but with declining species richness (AS < 0; Figure 3j), associated
469  with declining evenness (ASpig < 0).

470

471  The strongest relationships were found for components changing through time, and relationships
472  between richness and changes in the SAD -- rarefied richness (Figs. 3b, e) and evenness (Figs.
473  3c, f; Figs. 4a, b) -- were stronger than those between changes in richness and total abundance

474  (Figs. 3a, c; Figs. 4a, b). Spatial comparisons had generally weak relationships overall. No strong
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475  relationships between changing components emerged for comparisons in natural environments
476  (Figs. 3g-1; Fig. 4c), and only weakly positive relationships between changes in abundance,
477  evenness and richness were found in comparisons between primary vegetation and different land

478  use categories (Figure 3j-1, Figure 4d).
479

480  Temporal changes in naturally varying assemblages were roughly centered on zero for all

481  metrics (Figure 3a-c). Across assemblages, altered numbers of individuals and species richness
482  changes had a moderately positive relationship (Figure 4a), weakened predominantly by

483  assemblages that had opposing abundance and evenness relationships (Figure 3a). In contrast,
484  relationships between changes in species richness and rarefied richness, and between richness
485  changes and evenness changes were strong (Figure 4a). Assemblages in perturbed environments
486  had slightly positive temporal trends on average in all components (Figure 3d-f). Across

487  assemblages, AS and AN (Figure 3d, 4b) and AS and ASpie (Figure 3f, 4b) had relatively weak
488  positive relationships, whereas AS and AS, (Figure 3e, 4b) showed a strong positive relationship.
489

490  Spatial comparisons in naturally varying environments exhibited highly heterogeneous patterns
491  of change centered around zero for all metrics (Figure 3g-1). Decoupled component changes

492  meant that relationships between them were generally absent or weak across assemblages (Figure
493  4c). Spatial comparisons between assemblages in primary vegetation versus those in different
494  land use categories were also highly heterogeneous, though there were typically fewer

495  individuals, less even assemblages and fewer species relative to primary vegetation (Figure 3j-1).
496  Across assemblages, land use change was typically associated with relatively weak positive

497  relationships between changes in the components of local diversity (Figure 4d).

498
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499  Discussion

500  Our conceptual overview using individual-based rarefaction curves clearly shows how the

501  expectation of positive pairwise relationships between changes in abundance, evenness and
502  richness arises. If curves stretch or contract, we expect positive relationships between changes in
503  total abundance and richness. Similarly, if curves flex upwards or downwards, positive

504 relationships between changes in evenness and richness are expected. Rarefaction curves also
505  show how contrasting signs of changes in abundance and evenness can strongly determine the
506  magnitude of richness changes, and determine whether positive relationships between changes in
507  richness and the other components (abundance and evenness) are likely. Both these predictions
508  were generally well supported by our empirical analyses. Relationships between changes in
509  abundance, evenness and richness were generally positive, and richness changes were typically
510  greater for assemblages with strictly positive pairwise relationships. Countervailing changes in
511  total abundance and evenness, where found, often constrained the magnitude of changes in

512 species richness, and acted to weaken relationships between AN and AS, and ASpie and AS.

513  Spatial comparisons had the most heterogeneous relationships between changes in abundance,
514  evenness, and richness, and in relatively natural environments changes were sufficiently

515  decoupled that no strong relationships emerged across assemblages. In contrast, strong positive
516  correlations between temporal changes in species richness (AS) and changes in metrics

517  associated with altered SADs (ASh, ASpie) emerged across assemblages. These temporal results
518  show strong support for the prediction that variation in relative abundances can dominate local
519  wvariation in biodiversity (Chapin et al. 2000), even when human impacts are less direct.

520

521 Variation in assemblage size does not dominate local diversity change
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522 Overall, only ~2% of assemblages in this study (22 of 1125) had changes consistent with a

523  strong ‘sampling’ effect on changes in species richness (i.e., AN & AS having the same sign, and
524  being the only changes different from zero). This finding complements existing evidence

525  showing that despite many tests, empirical evidence for the more-individuals hypothesis

526  (Srivastava & Lawton 1998) remains equivocal (Storch et al 2018, Vagle & McCain 2020).

527  While both (species-level) population variability and variation associated with sampling (Vagle
528 & McCain 2020) likely contribute to the weak response of species richness to variation in the
529  total number of individuals, our results are broadly consistent with previous syntheses showing
530 that broad-scale spatial variation in richness was rarely driven simply by variation in the numbers
531  ofindividuals (Currie et al. 2004, Storch et al 2018). Our results indicate that variation in local
532 diversity, through time or from site-to-site, is not due to changes in assemblage size passively
533  sampling more or less from a static SAD. Instead, we show that variation in local biodiversity
534  can be strongly influenced by changes to species’ relative abundances. These changes can be
535  occurring at multiple scales (Hillebrand et al. 2008, Blowes et al. 2020), and could reflect altered
536  local environmental conditions (e.g., altered resource or habitat availability and diversity,

537  eutrophication, local harvest or exploitation), or changes at broader scales that alter the species
538  pool (via species additions or subtractions).

539

540  Our general result showing that variation in the total abundance of an assemblage through time
541  or space is often decoupled from changes in metrics of biodiversity such as species richness also
542 cautions against making “apples to oranges” comparisons in the context of quantifying

543  biodiversity change. For example, some estimates of change are based on either population-level

544  abundance (e.g., Living Planet Index, WWF 2020), or assemblage-level abundance (e.g., insect
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545  declines; Wagner 2000, van Klink et al. 2020), whereas other change estimates are based on

546  patterns of the number or identity of species present (e.g., Dornelas et al. 2014, Newbold et al.
547  2015). Our results show that assuming abundance and richness changes are strongly correlated
548  will often be an oversimplification. Moreover, the importance of altered relative abundances for
549  local biodiversity variation means that biodiversity change estimates will frequently depend on
550  whether changes in species relative abundances influence the metrics used (see e.g., Antdo et al.
551  2020b).

552

553  Contrasting component relationships between temporal changes versus spatial comparisons of
554  biodiversity

555  Relationships between changing components of biodiversity showed strikingly different patterns
556  between temporal changes and spatial comparisons. Moreover, these differences were generally
557  greater than those found between naturally-varying and perturbed assemblages, for either

558  temporal changes or spatial comparisons.

559

560  Pairwise relationships between changes in abundance, evenness and richness were typically

561  weak for spatial comparisons. Decoupling was greatest, and pairwise relationships weakest, for
562  changes between sites experiencing relatively natural environmental variation. However, given
563  our simple conceptual framework shows that some degree of interdependence cannot be avoided,
564  we caution against overinterpreting the relative independence of these component changes, and
565  further analyses examining component change relationships along continuous spatial gradients
566  are warranted. Indeed, evenness and richness are never numerically independent (Jost 2010), and

567  the weak overall relationship between changes in richness and evenness for these data was in
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568  part due to assemblages with countervailing changes in abundance and evenness. Most

569  importantly, these highly variable component changes further emphasize the need for a holistic
570  approach to quantifying biodiversity change (Chase et al. 2018, Avolio et al. 2021).

571

572 Our prediction that the signs of changes in abundance and evenness can strongly determine the
573  magnitude of richness changes was most evident in the spatial contrasts between primary

574  vegetation and other land use categories (Newbold et al. 2015, 2020). Assemblages with the
575  greatest declines in abundance and evenness had the greatest richness declines. In contrast, when
576  abundance and evenness changes had opposing signs, richness changes were tempered. Indeed,
577  countervailing abundance and evenness changes were frequently associated with components
578  other than species richness (i.e., AN, AS,, and/or ASpir) having a trend that differed from zero
579  across all data sources (Appendix S1: Table S1). This highlights that even apparently decoupled
580  or weakly correlated component changes have interdependencies that can remain important

581  determinants of observed changes.

582

583  In contrast to assemblage change between sites, there was strong coupling between species

584  richness and SAD changes through time. In particular, the strength of the relationship between
585  AS, and AS resulted in estimates of change being similar for most assemblage time series in

586  relatively natural environments (Figure 3b). In some cases, this occurred despite countervailing
587  changes in total abundance and evenness (Figure 3a, b). For assemblages where abundance and
588  evenness changed in the same direction, similar estimates of AS, and AS indicate that abundance
589  changes were occurring along a relatively flat region of the individual-based rarefaction curve.

590  This shows that changes to the total number of individuals need not strongly influence species
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591  richness, even where signs are the same and they have a positive relationship. The strong

592  association between richness changes and altered relative abundances has important implications
593  for examining causes and/or consequences of biodiversity change (Hillebrand et al. 2008,

594  Crowder et al. 2010). Even where the expected positive relationships between abundance,

595  evenness and richness are found, we can more fully understand assemblage changes when all
596  component changes are examined simultaneously.

597

598  While both approaches, time series and spatial comparisons (or space-for-time substitutions),
599  have contributed to our understanding of biodiversity change, the relative merits of each for our
600 understanding of ecological dynamics has not been discussed much (Adler et al. 2020). The

601  largely decoupled component changes found here for spatial comparisons suggest that too much
602  focus on average changes across assemblages, such as those in total abundance or in species

603  richness, risks masking highly heterogeneous changes occurring within assemblages in multiple
604  components. Moreover, decoupled, heterogeneous component changes complicate using spatial
605  comparisons to infer temporal changes. The smaller effect sizes found here for time series

606 indicates greater inertia compared to site-to-site variation. More generally, the strong role of
607  changes to the SAD for variation in local biodiversity suggests that deepening our understanding
608  of altered patterns of relative abundance across scales represents an important direction for future
609 theoretical and empirical work. Here our focus has been on numerical relationships between

610 component changes, and using process-based models (e.g., Thompson et al. 2020) to examine
611  how altered metacommunity dynamics impact patterns of relative abundance across scales could
612  help our understanding how different processes impact component relationships. Similarly,

613  empirical studies could ask whether local environmental changes are affecting evenness, or if
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614  changes occurring at broader spatial scales are impacting the size of species pool and the

615  regional SAD?

616

617  Conclusions

618  We found strong correlations between changes in the SAD and species richness changes through
619  time, whereas relationships between abundance and richness changes for both temporal and

620  spatial diversity variation were generally weak. Our findings confirm that altered species relative
621  abundances, and/or changes to the size of the species pool, often strongly influence local

622  diversity change (Chapin et al. 2010), even where human impacts are less direct. However, our
623  results also reinforce cautions against examining changes to any one component of biodiversity
624  change in isolation (e.g., Wilsey et al. 2005, Chase et al. 2018, Avolio et al. 2021).

625

626  To be most useful, quantifying (co)variation in the different components of biodiversity needs to
627  be done coherently. Individual-based rarefaction curves and associated metrics can provide an
628 intuitive and illustrative characterization of relationships among changing components of local
629  biodiversity. Whilst ecologists are increasingly looking beyond species richness to quantify

630  biodiversity change (e.g., Dornelas et al. 2014, Hillebrand et al. 2018), different components of
631  biodiversity and its change within assemblages are most often analyzed independently, and

632  frequently with metrics lacking conceptual unity. Conceptually and empirically, our results

633  emphasize that changes to the most frequently quantified aspects of biodiversity, including

634  changes to the numbers of individuals, and the relative abundance and total number of species
635 are highly interdependent. Examining how within-assemblage component changes covary with

636  potential drivers could reveal insights masked by independent aggregate estimates of change
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637  across assemblages, and provide new information for understanding biodiversity change in the
638  Anthropocene.
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843 Figure 1: (a) Individual-based rarefaction (IBR) curves for two hypothetical assemblages,

844  showing the four components we use to quantify change (N, S, Sn, PIE). We visualize

845  relationships between these four components of the IBR curve by plotting: (b) changes in species
846  richness (AS) as a function of altered numbers of individuals (AN), (c) changes in species

847  richness (AS) as a function of changes in rarefied richness (ASy), and (d) changes in species

848  richness (AS) as a function of the numbers equivalent conversion of the Probability of

849  Interspecific Encounter (ASpir). We show APIE on the figure to illustrate changes of the PIE (it is
850  equivalent to the slope at the base of the curve) with the IBR, but use the numbers equivalent
851  transformation (ASpi) in all analyses. Points on panels (b, c, and d) show changes between the
852  two hypothetical assemblages, with the reference assemblage depicted by the grey line.

853

854  Figure 2: Conceptual illustrations of potential pathways of local assemblage diversity change
855 and corresponding relationships between component changes. Starting from a reference

856  assemblage (depicted with grey rarefaction curves), diversity change can be due to (a) more

857  individuals only, (b) changes to the species abundance distribution only (e.g., increased species
858  pool size or increased evenness), or (¢) changes in total abundance and the SAD that result in
859  positive pairwise relationships between AN, ASn, ASpie, and AS. However, if the signs of AN and
860  ASp differ, their relationships with AS weaken and species richness can (d) remain static, (e)
861  decrease or (f) increase. We visualize pairwise relationships between component changes for
862  each scenario (i.e., the different shaped symbols) using: (g) changes in species richness as a

863  function of changes to the number of individuals, (h) changes in species richness as a function of
864  changes in rarefied richness, and (i) changes in species richness as a function of changes in

865 evenness.
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866  Figure 3: Empirical relationships between four components of local diversity change. Change in
867  species richness as a function of changes in the numbers of individuals (left column), rarefied
868  richness (middle column), and evenness (right column) for (a-c) study-level estimates of

869  temporal changes in naturally varying environments; (d-f) estimates of temporal change for

870  combinations of study and treatment in perturbed environments; (g-1) estimates of spatial

871  changes within studies from an arbitrary reference site along natural environmental gradients;
872  and, (j-1) estimates of spatial change within studies between primary vegetation and different
873  land use categories. Colored concentration ellipses show the confidence interval (5 and 95%) of
874  the posterior distributions. Dotted grey lines are x and y = 0, and x = y. See Appendix S1: Figure
875  S6 for remaining pairwise relationships. Scale of x- and y-axes vary between panels; one

876  estimate with Alog(N) = -1.79, Alog(S) = -3.77, Alog(S,) = -3.23, Alog(Spie) = -3.21, removed
877  from (j-1) for clarity.

878

879  Figure 4: Component correlations among studies within each data source. Density plots for the
880  posterior distribution of pairwise correlations between component changes for (a) temporal

881  comparison in naturally varying environments, (b) temporal comparisons in perturbed

882  environments, (c) spatial comparisons along natural gradients, and (d) spatial comparisons

883  between different land use categories. Correlations estimated separately for sites and land use
884  categories relative to the references were combined on (c¢) and (d).

885

886
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891  Figure 3
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897  Appendix S1

898

899  Title: Local biodiversity change reflects interactions among changing abundance, evenness and
900 richness

901

902  Authors: Shane A. Blowes, Gergana N. Daskalova, Maria Dornelas, Thore Engel, Nicholas J.
903  Gotelli, Anne E. Magurran, Inés S. Martins, Brian McGill, Daniel J. McGlinn, Alban Sagouis
904  Hideyasu Shimadzu, Sarah R. Supp, Jonathan M. Chase

905

906  Journal: Ecology

907

908

909  Table S1: Countervailing changes in abundance (AN) and evenness (ASpir) often result in

910  components other than richness changing. Component(s) with high probability of change as per
911  Figure 2 (i.e., 90% CI does not overlap zero); each row shows the number of assemblages with
912 either countervailing [sign(AN) x sign(ASpig) = -1] or abundance and evenness changes with the
913  same direction [sign(AN) x sign(ASpie) = 1] for the different data sources.

914
Temporal  Temporal Spatial Spatial
change: change: change: change:
natural perturbed natural land use
variation environments variation change
Component with sign(AN) x ~ Number of = Number of Number of  Number of
high probability of sign(ASpig)  assemblages assemblages assemblages  assemblages
change
None -1 97 23 154 107
None 1 131 12 214 191
N only -1 7 0 7 5
N only 1 2 1 3 5
Spie only -1 6 0 1 10
Spie only 1 2 0 2 12
Sh only -1 0 1 7 1
Sh only 1 1 1 3 0
S only -1 1 0 2 1
S only 1 1 0 5 6
S & Sn -1 0 0 1 1
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S & S 1 6 2 3 6
S & Spie -1 0 0 0 0
S & Spie 1 1 0 1 3
S&N -1 1 3 0 3
S&N 1 0 1 3 10
Sh & Spie -1 3 4 2 9
Sh & Spie 1 0 0 0 1
Sh & N -1 0 0 1 1
Sh & N 1 0 1 0 0
N & Spie -1 4 0 0 3
N & Srie 1 0 0 0 0
Sh, N & Spie -1 3 4 0 6
Sn, N & Srie 1 0 0 0 0
S, N & Srie -1 2 0 0 0
S, N & Srie 1 1 0 0 4
S, Sn, N & Spie -1 7 4 0 2
S, Sn, N & Spie 1 12 6 1 31

915

916

917

918

919

920
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921  Temporal comparisons: natural environmental variation
922 We fit a model that assumed a lognormal distribution for total abundance (N), and
923  poisson distributions (with log link functions) for species richness (S), rarefied richness (S») and
924  evenness (Spi). We ran the model with four chains for 2000 iterations, with 1000 used as
925  warmup. The model took the following form:
926 Nije ~ lognormal(ul,, o),
927 Sije ~ pois(A5;,),
. S
928 Snl.jt~pozs(/1i}1t ,
929 Sp,Eijt~pois(/1iSth’E),
930 ulie = B+ Bor + Boy; + (BY + B + By yearijy,
931 log (A3j0) = B5 + Bo; + Boyy + (B + Bi; + Biyj)yearyj,
932 log (A7) = Bo" + Bop + Bogy + (B + Bif + Bipyearye,
933 log (AijtIE) — ﬁgPIE _l_ﬁ(fiPIE + ﬁggm + (ﬁfPIE + ﬁfiPIE _l_ﬁfi};m)yearijt’
934 [BY, BS:, (f?,ﬁ(f;’”,ﬁﬁ,ﬁfi, fl-", fiP’E],~MVNormal(0, SRS),
(YL 0 0 0 0 0 0 7
0 g5, O 0 0 0 0 0
0 0 or 0 0 0 0 O
0 0 0 o 0 0 0 0
935 s= o v ,
0 0 0 0 o;; O 0 0
0 0 0 0 0 o5 O 0
0o 0 0 0 0 0 a&r o0
o 0 0 0 0 0 0 o/
[ 1 PNoyiSoi pNoiSnoi pNoiSPIEoi PNgiNy; PNgSy; pNoiSnli pNOiSPIEll‘ 1
PNoy;iSo; 1 PSoiSn; PsoiSpiEy; PsgiNy; Psgis; PsoiSny; PsoiSpiEy;
pNOiSnoi pSOiSnoi 1 psnoiSPIEoi psnoiNli p5n0i51i psnoisnli psnoiSPIEli
936 R = pNOiSPIEOi pSOiSPIEOl‘ pSnoiSPIEoi 1 pSPIEoiNli p5P1E0i51i pSPIEOl‘Snli pSPIEOl‘SPIEli
PNgiNy; PsoiNy; psnoiNu pSPIEoiNli 1 Pnyisy; pN1i5n1i pN1i5P1E1i
PNyisyi Psgsi; p5n0i51i p5P1E0i51i PNyisy; 1 p51i5n1i p51i5P1E1i
pNoiSnli pSoiSnli psnoisnli pSPIEoiSnli pN1i5n1i p51i5n1i 1 psnll‘SPIEll‘
—pNOiSPIEli pSOiSPIEll‘ psnol‘SPIEli pSPIEOl‘SPIEli pN1i5P1E1i pSliSPIEli psnll‘SPIEli 1
937 1855 BSij» Botis Bor i, Bl By Byt Bri B ] ~MVNormal(0, SRS),
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'0(%- 0 0 0 0 0 0 0 7
0 o(fij 0 0 0 0 0 0
0 0 o O 0 0 0 0
0 0 0 off 0 0 0 0
938 s= ! :
0 0 0 0 oﬁj 0 0 0
0 0 0 0 0 ofij 0 0
0o 0 0 0 0 0 o O
[0 0 0 0 0 0 0 ofF
939 R
[ 1 PNoijSoij pNOiiSnoij pNOiiSPIEoij PNgijN1ij PNoijSyij pNoianlij pNoijSPIElij 1
PNoijSoij 1 pSOiiSnoij pSOiiSPIEoij PsgijNyij Psgij51i pSoianlij pSoijSPIElij
PNoijsnois PSojSnois 1 PsngijSpiEy; PsngijNaij PsngijS1ij PsngijSnaj PsnoijSpigyyj
940 _ pNOijSPIEOij pSOijSPIEOl‘]‘ pSnoijSPIEoij 1 pSPIEOileij pSPIEOl‘jslij pSPIEOl‘]‘Snll‘]‘ pSPIEOl‘]‘SPIEli]‘
pNoileij pSOileij psnoileij pSPIEOl‘]‘Nlij 1 lei,-Su-,- leiiSnlij leiiSPIElij ’
pNoijSuj pSoijSuj pSnoi,-Suj pSPIEoijslij leijSu'j 1 pSuanli,- pSlijSPIElil‘
pNoianlij pSoianlij psnoijsnlij pSPIEoianlij pN1ij5n1i1- pSliiSnuj 1 psnlijSPIElij
_pNOijSPIElij pSOijSPIEll‘]‘ psnol‘]‘SPIElil‘ pSPIEOl‘]‘SPIEli]‘ pN1ij5P1E1i1- p51ij5P1E1i1- psnll‘]‘SPIElil‘ 1 i
941 B, B3, By™, By E~N (0, 1),
942 BY, BE, By, ByP'E~N(0,0.2),
943 as, ot aorE, 08, o, o riE, O5ij» a(i?}, o(fi‘;’E, 05 ofi’}, afi‘;’E~student(3, 0,10),
944 0, 01, 014}, 01, 01y ~student (3, 0, 16),
945 R~LJK(1),
946  where Nij, Sijt, Sp, o and Sp; Ejjr re the values of each of the metrics in the jth cell of the ith

947  study in year ¢, and year;ij; is the time in years. So and 1 (with the respective superscripts for each
948  metric) represent the non-varying intercepts and slopes, respectively. Soi and £1; (with the

949  respective superscripts for each metric) represent the varying intercepts and slopes for study-

950 Ilevel departures from Bo and B, respectively. Soij and [1ij (with the respective superscripts for
951  each metric) represent the varying intercepts and slopes for cell-level departures from So and S1,
952  respectively. The covariance matrices of each multivariate normal distribution for varying effects
953  (one each for the study- and cell-level departures) are parameterised in terms of a correlation

954  matrix R and two matrices S with diagonal elements ¢ (superscripts for metrics, subscripts

955  denote intercept (0), slopes (1) and level: studies i and cells /).
956
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957

958 Figure S1: Posterior predictive checks for the model fit to the temporal data in naturally varying environments. (a) Total
959 numbers of individuals, (b) species richness, (c) rarefied richness (Sn) and (d) evenness (Srig). Each panel shows the density of
960 the data (y) and ten draws of the posterior distribution (yrep).
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Temporal comparisons. experimental or natural perturbations

We fit a model that assumed lognormal distributions for all response variables (N, S, Su, Spig).
Our focus is on the treatment-level variation in the metrics, and we created a covariate that was
the concatenation of study and treatment to this end. Additionally, as some studies had blocks
within sites, and others did not, we created a new variable that was the concatenation of site and
block, where those without block had no unique identifier. We ran the model with four chains for
3000 iterations, with 1500 used as warmup. The model took the following form:

N N

Nijke ~ lognormal(yijkt,o )
N N

Sijke ~ lognormal(yijkt,o )
. Sn S,

Snijke lognormal(yijkt,o n),

SPIE SpPIE
ijkt »9 ),

Sp,Ei.kt~lognormal(y
Ulee = BY + Boi + Boj + Bo + (BY + Bi)yearjue,
Wi = 30 + B + Bo; + Bow + (B + Bix)yearijye,
Hiﬁct = + Bor 3 + Bon + (B + Br)yearje,

S S S S S S S
#ijl;cItE _ ﬁOPIE +ﬁ0LP1E +[3 PIE +ﬁOII;IE + (‘Blpus _l_ﬁl,}:m)year”kt’

(B35 B Borts Bow ™, BN, B, Bt B SPIE] ~MVNormal(0, SRS ),
'JOk 0 0 0 0 0 0 0
0 Jgk 0 0 0 0 0 0
0 0 o 0 0 0 0 O
g |0 0 0 aFE 0 0 0 0
1o 0 o0 0 oY 0 0 0 [
0 0 0 0 0 Jfk 0 0
o 0 0 0 0 0 aor o0
[0 0 0 0 0 0 0 orE
1 PNokSok pNOkSnok pNokSPIEok PNoiN 1k PNokS1k pNOkSnlk pNOkSPIElk 1
PNoSok 1 PSorSnoi PsorSpiEqy PSoiN 1k PSorSik PSorSnyk PsokSpig;
pNoksnok psoksnok 1 psnokSPIEok psnokle psnokslk psnoksnlk psnokSPIElk
R = pNOkSPIEOk pSOkSPIEok pSnokSPIEok 1 pSPIEokle p5P1E0k51k pSPIEokSnlk pSPIEokSPIElk
PNoiN 1k PsoiN 1k psnokle pSPIEokle 1 PN1iS1k leksnlk lekSPIElk '
PNokS1k PsoisS1k psnokslk p5P1E0k51k PN1iS1k 1 p51k5n1k pSlkSPIElk
PNokSnyx PSorSnik P o1Snak PSpiEorSnik PN1kSnqx Ps1kSnik 1 Psp 11 SPIELR
-pNOk.SPIElk pSOkSPIElk psnokSPIEll‘ pSPIEokSPIElk pN1k5P1E1k p51k5P1E1k psnlkSPIElk 1

N S SPIE
BY. BS, By, BT E~N(0, 1),
N pS SPIE
ﬁl lﬁl ’ nl ﬁl ~N(01 02)!
SPIE SPIE SPIE SPIE
O'OL,JOL Neps: Jll,ou .01 O'OU,JOU,JOU 0111'0111'0111 normal(0, 1),

N
ag, O_OI:’ Jlij,doij, 01U~Student(3, 0, 16),

R~LJK(1),
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987

988  where Nijkt, Sijkt, Snijkt’

and Sp; Ejjke AT€ the values of each of the metrics in the kth study-

989  treatment combination, for the jth study-block combination of the ith study in year 7, and year;j
990 s the time in years. o and 1 (with the respective superscripts for each metric) represent the
991 non-varying intercepts and slopes, respectively. Soi (with the respective superscripts for each
992  metric) represent the varying intercepts study-level departures from o, and Soj (with the

993  respective superscripts for each metric) represent the varying intercepts study-block level

994  departures from fSo. Sox and Sk (with the respective superscripts for each metric) represent the
995  varying intercepts and slopes for study-treatment departures from fo and S, respectively. The
996  covariance matrix of the multivariate normal distribution for varying study-treatment effects
997  were parameterised in terms of a correlation matrix R and two matrices S with diagonal elements
998 o (superscripts for metrics, subscripts denote intercept (0), slopes (1) and study-treatment

999  combination, k).
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Figure S2: Posterior predictive checks for the model fit to the temporal data in perturbed environments. (a) Total numbers of
individuals, (b) species richness, (c) rarefied richness (Sn) and (d) evenness (SPIE). ). Each panel shows the density of the data
(v) and ten draws of the posterior distribution (yrep).
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1032 Spatial comparisons: natural environmental variation

1033

1034  We fit a model that assumed lognormal distributions for N, S,, and Spig, and a Poisson

1035  distribution (and log link function) for S. We fit the model with four chains and 4000 iterations,
1036  with 2000 as warmup. The model took the following form:

1037 N;; ~ lognormal(yg’-,o"’),
1038 Sij~ poisson(/lfj ,
S.
1039 Snij~lognormal(yij",05"),
1040 Sp,El.j~lognormal(yfj”E, o SPIE), (S1.4)
1041 iy = By + Boj + (Br))sitey,
1042 log (A3) = Bs + Bs; + Bs; + (BY))sitey;,
S. .
1043 W= Bo" + Byt + (Brsitey,
1044 yfj"’E = B{f”E +B§J‘.”E + (Bff’E)siteij,
Sn pS, Sn pS, !
1045 1B, BS; Byt Bar'®, BY, BS, Byt BiF'®] ~MVNormal(0, SRS ),
'0(’,\3- 0 0 0 0 0 0 0
0 Jgj 0 0 0 0 0 0
0 0 o 0 0 0 0 0
L046 s 0 0 0 o6/ 0 0 0 0
o o o o % 0 0 o0f
0 0 0 0 0 015]- 0 0
o 0 0 0 0 0 or 0
(0 0 o0 0 0 0 0 orF
1 PNojso; PNOl-san pNOjSPIon Prgjny PNyjsy; pNOanlj pNOjsP,Elj ]
PNo;So; 1 Psol-snoj pSOI‘SP[EO]- PsqiNy; Psyjsyj pSoanlj pSojSP[Elj
PNojsng;  PSojSng; 1 Psnoispieg;  PSngjNij  PSngjS1j PSngjSny;  PSngjSpies;
1047 R pNojSPIEOj pSOjSPIEOj pSanSPIEOj 1 pSPIonNlj pSPIonslj pSPIonSMj pSPIonSPIElj
PNy PsqiNy; PspgjN1j Psprgg Ny 1 PN, jsy; PNyjsny; Pnyjspig, '
PNojsy; Psyjsyj Psnyj1; Pspigy;sij PN, jsy; 1 Psyjsny; Psyjspig,;
PNojsny;  PSojSny;  PSngSnij  PSpigiSny;  PNijSnyj  PSijSny; 1 PsnyiSpigy;
_pNOjSPIElj pSOkSPIElj pSanSPIElj pSPIEOjSPIElj pN1j5P1E11- p51j5P1E11- psnljSPIElj 1
1048 BY. BS. Bo™ By " E~N(0, 1),
1049 oV, a5, 05PIE, 63, 07", 05, Jgj’?, JOSJ‘.”E, a1}, 0%, 015]’?, aff’E~normal(0, 1),
1050 R~LJK(1),
1051
1052  where Nj, Sij, Snij’ and S PIE;; Are the values of each of the metrics for the ith observation in the

1053  jth study-site combination, and site;; is site identifier. So (with the respective superscripts for each
1054  metric) represent the non-varying intercepts for each data source (one each for CESTES and
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1055  McGill), respectively. B5; is an observation level varying intercept to model overdispersion in S.
1056  Boj and S1j(with the respective superscripts for each metric) represent the varying intercepts
1057  (reference sites for each study) and slopes (departures for all other sites). The covariance matrix
1058  of the multivariate normal distribution for varying study-site effects were parameterised in terms
1059  of a correlation matrix R and two matrices S with diagonal elements o (superscripts for metrics,
1060  subscripts denote intercept (0), slopes (1)).

1061
a — y b — y
yrep yfep
10 100 1000 10000 1 4 16 64 256
Number of individuals Species richness
C —_— Y d —_— Y
yrep .Vrep
4 32 256 2 16 128
Rarefied richness Evenness (Spig)
1062

1063 Figure S3: Posterior predictive checks for the model fit to the spatial data in natural environments. (a) Total numbers of
1064 individuals, (b) species richness, (c) rarefied richness (Sn) and (d) evenness (Seie). Each panel shows the density of the data
1065  (v) and ten draws of the posterior distribution (yrep).
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1067  Spatial comparisons: anthropogenic perturbations
1068

1069  We fit a model that assumed lognormal distributions for N, S,, and Spig, and a Poisson
1070  distribution (and log link function) for S. We fit the model with four chains and 4000 iterations,
1071  with 2000 used as warmup. The model took the following form:

1072
1073 Niji. ~ lognormal(ul,, oV),
1074 Sijk ~ poisson(A5;),
S,
1075 Snijk~lognormal(yij’;c,05"),
s
1076 Sp,Eijk~lognormal(yij‘;c’E,JSPIE),
1077 uije = B + Boj + Boi + (B + BliOLUy,
1078 log (Afj) = 5 + B, + B3 + B + (B + BLUy
S, S, S, S, S, S,
1079 #ijr;c = On + ﬁojn + ﬁ(),? + (ﬁ1n + ﬁu?)LUijk,
s s s s s s
1080 #ijI;CIE — ﬁOPIE +ﬁ0;’1E + ﬁOII;IE + (‘Blpus +.B1151E)LUijkr
Sn pS S, s !
1081 (83, Bsj By Boy '™ BY By, Biy Buf '*] ~MVNormal(0, SRS ),
_O'(I)\;c 0 0 0 0 0 0 0
0 Jgk 0 0 0 0 0 0
0 0 o 0 0 0 0 O
0 0 0 oFE 0 0 0 0
1082 s= ok N ,
0 0 0 0 oy, O 0 0
0 0 0 0 0 Jfk 0 0
0 0 0 0 0 0 ar 0
[0 0 o0 0 0 0 0 oFE
1 pNoksok pNOkSnok pNOkSPIEok pNOkle pNokslk pNOkSnlk pNOkSPIElk ]
pNoksok 1 psoksnok pSOkSPIEok psokle psokslk psoksnlk pSOkSPIElk
pNoksnok psoksnok 1 psnokSPIEok psnokle psnokslk psnoksnlk psnokSPIElk
1083 R = pNOkSPIEOk pSOkSPIEok pSnokSPIEok 1 pSPIEokle p5P1E0k51k pSPIEokSnlk pSPIEokSPIElk
PNokN1k PsgN 1k psnokle pSPIEokle 1 PNySik leksnlk lekSPIElk
pNok51k p50k51k p5n0k51k p5P1E0k51k pN1k51k 1 p51k5n1k p51k5P151k
PNokSnyx PSorSnik P o1Snak PSpiEorSnik PN1kSnqx Ps1kSnik 1 Psp 11 SPIELR
-pNOk.SPIElk pSOkSPIElk psnokSPIEll‘ pSPIEokSPIElk pN1k5P1E1k p51k5P1E1k psnlkSPIElk 1
1084 BY, BN ~student(3,5, 10),
1085 B3, Bi ~student (3, 3,10),
1086 g",ﬁ(f”E, f", f”E~student(3,2,10),
1087 0”,05",JSPIE,Jgi,0(’,‘3-,o(fj,o(f;‘,JOSJ‘.”E,0(’,‘;(,o(fk,o(f,?,og,f’E,oﬁc,ofk,of,’:,of,fm~student(3, 0,10),
1088 R~LJK(1),
1089
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1090  where Nijk, Sij, Snijk’ and S PIE i A€ the values of each of the metrics for the ith concatenation

1091  of source ID, study number, block and site number (denoted SSBS in the database), in the jth
1092  concatenation of source ID, study number, block (denoted SSB in the database), of the kth
1093  combination of source ID and study (denoted SS in the database), and LU is an identifier for
1094  land use types (other than primary vegetation, that was fit as the intercept). Bo (with the

1095  respective superscripts for each metric) represent the non-varying intercepts for reference land
1096  use category (i.e., primary vegetation). B;; is a site-level varying intercept to model

1097  overdispersion in S. So;j (with the respective superscripts for each metric) is a varying intercept
1098  for blocks. Bok and S1k (with the respective superscripts for each metric) represent the varying
1099 intercepts (reference sites for each study) and slopes (departures for all other sites). The

1100  covariance matrix of the multivariate normal distribution for varying study-site effects were
1101  parameterised in terms of a correlation matrix R and two matrices S with diagonal elements o
1102 (superscripts for metrics, subscripts denote intercept (0), slopes (1)).
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Figure S4: Posterior predictive checks for the model fit to the spatial data in anthropogenically perturbed environments. (a)
Total numbers of individuals, (b) species richness, (c) rarefied richness (Sn) and (d) evenness (Seie). Each panel shows the
density of the data (y) and ten draws of the posterior distribution (yrep).
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a. Temporal change: natural variation b. Temporal change: perturbed environments
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Figure S5: Summary of assemblage diversity components with a high probability of change (90% credible interval
did not overlap zero).(a) temporal changes in naturally varying environments, (b) temporal changes in perturbed
environments, (c) spatial changes relative to an arbitrary reference, (d) spatial changes relative to primary
vegetation. Assemblages with no component changes different from zero are reported as insets for clarity. Metric
abbreviations: total number of individuals (V), expected number of species for n individuals (Sn), numbers
equivalent transformation of the Probability of Interspecific Encounter (Seie), and total species richness (S). Number
following each bar is the count of assemblages for that category.
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« One or more component change differs from zero, AN & ASpe have different signs No change in any component
« One or more component change differs from zero, AN & ASp|e have same signs

O'I;emporal change: natural variation
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1117

1118 Figure S6: Relationships between four components of local diversity change (not shown on Figure 3). Change in
1119 rarefied richness as a function of changes in evenness (left), change in rarefied richness as a function of changes in
1120 total abundance (middle) and evenness (right) for (a-c) study-level estimates of temporal changes in naturally
1121 varying environments; (d-f) estimates of temporal change for combinations of study and treatment in perturbed
1122 environments; (c) estimates of spatial changes within studies from an arbitrary reference site along natural
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1123 environmental gradients; and, (d) estimates of spatial change within studies between primary vegetation and

1124 different land use categories. Coloured concentration ellipses show 10% increments (5 — 95%) of the posterior

1125 distributions. Dotted grey lines are x =y = 0, and x =y for visual reference. NB: Scale of x- and y-axes vary

1126  between data sources; one estimate with AN = -1.79, AS = -3.77, ASn = -3.23, ASPIE = -3.21, removed from (j-1) for
1127  clarity.

1128

1129
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