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Abstract

Species diversity increases with the temporal grain of samples according to the species-time
relationship, impacting paleoecological analyses because the temporal grain (time averaging)
of fossil assemblages varies by several orders of magnitude. We predict a positive relation
between total abundance and sample size-independent diversity (ADR) in fossil assemblages
because an increase in time averaging, determined by a decreasing sediment accumulation,
should increase abundance and depress species dominance. We demonstrate that, in contrast
to negative ADR of non-averaged living assemblages, the ADR of Holocene fossil
assemblages is positive, unconditionally or when conditioned on the energy availability
gradient. However, the positive fossil ADR disappears when conditioned on sediment
accumulation, demonstrating that ADR is a signature of diversity scaling induced by variable
time averaging. Conditioning ADR on sediment accumulation can identify and remove the
scaling effect caused by time averaging, providing an avenue for unbiased biodiversity

comparisons across space and time.
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INTRODUCTION

In recent years, ecologists have become increasingly interested in biodiversity dynamics
across timescales, achieving new insights through the integration of neo- and paleoecological
data (Buma et al. 2019; Benito et al. 2020; Pandolfi et al. 2020; Patrick et al. 2021; Dornelas
et al. 2023; Rillo et al. 2022). However, differences in temporal grain of fossil assemblages
and their consequences for diversity patterns need to be accounted for to avoid invalid
inferences (Powell and Kowalewski 2002; Bush and Bambach 2004; Balseiro and Waisfeld
2014; Carlucci and Westrop 2015; Finnegan et al. 2019). Species diversity increases with the
temporal grain of samples as predicted by eco-evolutionary models and observed in
neoecological and paleoecological time series according to the species-time relationship
(STR, Figure 1, Preston 1960, Rosenzweig 1998). Temporal grain of paleoecological samples
is equal to time averaging that corresponds to the cumulative amount of time during which the
individuals forming a fossil assemblage have lived (Kidwell 2013). Estimates of species
diversity thus depend on the time span over which a given assemblage is observed in
neoecological surveys (Adler and Lauenroth 2003; Fridley et al. 2006; Castillo-Escriva et al.
2020; O’Sullivan et al. 2021) or over which it is incorporated into the stratigraphic record
(Scarponi and Kowalewski 2007; Tomasovych and Kidwell 2010a). As marine and terrestrial
environments are characterized by variability in sediment accumulation rate, in disintegration
rate of organismal (typically skeletal) remains, and in their mixing by burrowers (Aller 1982;
Kidwell 1986), time averaging of fossil assemblages in a single paleoecological time series
can vary by several orders of magnitude, from years or decades to multiple millennia or
longer (Scarponi et al. 2013; Tomasovych et al. 2016; Ritter et al. 2023). This large variability
in time averaging magnifies the importance of the scaling effect generated by the STR in
paleoecological, as opposed to neoecological time series, in which the temporal grain of

sampling units can be directly controlled.

In contrast to neoecological data, estimation of time averaging is challenging in the
fossil record as the accuracy of geochronological tools is limited. Fluctuations in diversity
observed in the fossil record across series of assemblages, which slide up and down along the
STR continuum according to their time averaging, can be thus difficult to distinguish from
changes driven by eco-evolutionary processes. To address this problem, here we formulate a
simple prediction regarding the effect of the variability in temporal grain on the diversity

observed in the fossil record. This prediction, which ultimately can be used to filter out
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scaling effects on diversity, postulates that the relation between the total fossil abundance and
diversity estimated with methods that remove its dependency on sample size (ADR; Hurlbert
1971; Chao et al. 2014, 2020) will be pulled towards positive values in fossil assemblages
(Figure 2). This prediction relies on the negative effect of sediment accumulation rate on both
(1) the abundance of fossils (total abundance of individuals standardized to sediment mass or
volume) and (2) the time averaging of fossil assemblages themselves, which influences the
shape of the species-abundance distribution (Figure 2A, Tomasovych and Kidwell 2010b) and
thus species diversity (Sizling et al. 2009; Alroy 2015; Chase et al. 2018; McGlinn et al.
2021).

First, in the absence of variability in sedimentation and disintegration, fossil
abundance is a function of both standing abundance and mortality of living populations that
eventually enter as dead individuals into the sediment (Figure 2A). Fossil abundance
integrates this flux of dead individuals into historical layers over variable durations of time
averaging. A decrease in sediment accumulation rate (i.e., in the input of non-skeletal
sediment) will increase the abundance of individuals in fossil assemblages (Kidwell 1986).
Although fossil abundance is also reduced by disintegration rate (Figure 2A), this prediction
is supported empirically as fossil concentrations are associated with stratigraphic surfaces that
result from reduced accumulation rates (Kidwell 1989; Abbott 1997; Egenhoff and Maletz
2007). Second, although the time averaging of fossil assemblages will decline with skeletal
disintegration and will increase with mixing (Figure 2A), the sediment accumulation rate is a
first-order control of time averaging in most settings (Scarponi et al. 2013; TomaSovych et al.
2023). Therefore, species diversity of assemblages, measured with indices that are
independent of sample size or use sample size-based or coverage-based rarefaction, will
increase with declining sediment accumulation rate as species dominance and the slope of the
rank-abundance distribution decline with increasing time averaging (steep gray solid lines
scale to flatter dashed lines, right column in Figure 1). This prediction primarily applies to
taxa with high preservation potential in the fossil record (such as calcareous foraminifers,

ostracods or molluscs).

Here, we evaluate whether the abundance-diversity relation in fossil assemblages
(ADRE) in the Holocene record of molluscs in the northern Adriatic Sea is positive,
unconditionally or when conditioned on the energy availability gradient (i.e., water depth),

and thus whether it carries the signature of variable time averaging. The abundance-diversity
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relation independently documented in living assemblages (ADRL) provides a benchmark for
abundance and diversity not affected by time averaging that can be compared with the ADRF
observed in the fossil record. Based on 26 age-dated sediment cores, we assess the hypotheses
positing (1) that sediment accumulation covaries negatively with fossil abundance and species
diversity, (2) that fossil abundance and species diversity are positively related, either
unconditionally or when conditioned by the energy availability that shapes the ADRL in the
northern Adriatic Sea (Figure 2B-1), and (3) are independent when conditioned on sediment
accumulation (Figure 2J-M). To determine whether our findings apply to other taxa, we assess
the ADR. and ADRF in marine benthic foraminiferal assemblages from different areas
worldwide using data from the Biodeeptime database (Smith et al. 2023).

CONCEPTUAL FRAMEWORK: PREDICTIONS FROM SPECIES-TIME
RELATIONSHIP INDEPENDENT OF SAMPLE SIZE

The STR is assessed in terms of how the raw species richness increases as a function of
accumulation of temporally-segregated samples. In this approach, diversity increases not only
as a function of increasing temporal grain (time averaging) but also as a function of increasing
sample size. This effect leads to the positive slope of the STR even when the increase in
diversity is driven purely by sampling. Although the contribution of sampling to the STR
slope can be segregated from the ecological processes that induce temporal turnover in
species composition (White et al. 2004, 2006), the STRs can be assessed on the basis of a
sample-size independent diversity, i.e., the Hill-transformed probability of interspecific
encounter (PIE). In Figure 1, we summarize the scaling of this measure as a function of
increasing time averaging in two distinct dispersal-limited metacommunity models. They
differ in the degree of niche equivalence and density-dependence but nevertheless generate
positive STRs by changing the shape of rank-abundance distributions as a consequence of
increasing time averaging. On the one hand, species have equal demographic rates on a per
capita basis in a neutral model, leading to steady-state diversity and an evolving
metacommunity species pool in drift-speciation equilibrium (following Hubbell 2001). On the
other hand, species differ in density-independent niche breadth (standard deviation of the
Gaussian response equal to 0.1 and 0.5 relative to the gradient length of one) and the strength
of interspecific competitive interactions (ajj = 0.5 or 0.95, relative to intraspecific i of 1) in

non-neutral models with constant metacommunity richness (following Thompson et al. 2020).
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Figure 1 visualizes the model predictions under these scenarios (source scripts in R Core
Team (2021) in the Supplement). Namely, the increase in diversity is associated with the
decline in species dominance and the flattening of rank-abundance distributions (e.g.,
reducing its slope when fitted by the geometric, power-law or power-bend distributions), with
rank abundance distributions of non-averaged assemblages (1 year) being steeper than those
of assemblages time-averaged to 1,000 years. The ADR is predicted to mimic the species-
time relationships because the total abundance is proportional to the product of standing
abundance and the inverse of lifespan, with abundance along the x-axis stretched or squeezed
depending on the lifespan of organisms.

The Hill-transformed diversity based on PIE should remain constant with increasing
time averaging only when local assemblages represent random samples from a static
metacommunity pool (sampling model of Coleman, 1981) or from an evolving
metacommunity pool sampled over time spans that are shorter than the time scale of
metacommunity diversification (e.g., over 1,000 years when the mean time of species
originating in a metacommunity is 10,000 years, black lines in Figure 1A). This scenario is
captured by the neutral model and thus can occur when species extinctions due to ecological
drift are in equilibrium with speciation (Hubbell 2001; McGill et al. 2005). The STR slope
will be positive in all other scenarios, determined by processes such as density dependence,
dispersal limitation, or turnover related to habitat filtering (White et al. 2006; Carey et al.
2007; McGlinn and Palmer 2009; Raia et al. 2011). Once the scale of time averaging
approaches the time scale of metacommunity diversification, even randomly assembled
metacommunities will exhibit a positive ADRF. The estimates of diversity independent of
sample size (such as the diversity based on PIE) or standardized to the same sampling
completeness (Alroy 2010, Chao et al. 2020) will thus invariably increase with increasing
time averaging. This scaling effect does not necessarily increase the evenness measures that
have species richness in the denominator as the sensitivity of these indices to time averaging

depends on the ratio of higher-order diversity relative to species richness.

The theoretical predictions visualized in Figure 1 and in the path diagrams in Figure 2
provide a framework for interpreting the empirical ADRr. The ADR can be measured in the
logarithmic space as a regression coefficient specifying the effect of logged abundance on
logged diversity or as a Pearson correlation coefficient between these variables (empirical

species-time relations tend to be power law-like, White et al. 2006). The effects of increasing
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time averaging that pulls the ADRrtowards positive values can be visualized in cartoons
depicting the abundance-diversity space and path diagrams in Figure 2. These cartoons
assume that assemblages are subjected to random time averaging that varies by four orders of
magnitude, that the scaling exponent for the Hill-transformed PIE-based diversity is 0.1, and
that the individual lifespan is one year. The abundance and diversity will be positively related
in fossil assemblages varying in time averaging if abundance is unrelated to diversity in living
assemblages (Figure 2B). However, when standing abundance and diversity exhibit a
nonrandom relationship in living assemblages (Chase and Leibold 2002; Storch et al. 2018),
the resulting ADRE is a combination of (1) ecological processes driving the ADR. (e.g.,
energy or resource availability affecting both variables at yearly or generational scales) and
(2) STR scaling effects (Figure 2B-D). Conditioning the ADRF on the gradient in energy
availability that forces the positive or negative ADR_ will lead to the positive ADRE if the
scaling STR effects contribute to variability in diversity (Figure 2F-H). Therefore, the positive
ADRE, either unconditional or conditioned on the energy availability gradient, can be a
criterion for detecting variability in diversity induced by variability in time averaging in the
fossil record. However, the effect of temporal scaling can be confirmed by conditioning the
ADRE on sediment accumulation: if this conditioning leads to the independency between
fossil abundance and diversity, the variability in diversity is likely truly triggered by
variability in time averaging (Figure 2J-L). Finally, conditioning the ADRF on sediment
accumulation only can be used to infer the original ADR_ as determined by ecological

processes unrelated to temporal scaling.

MATERIAL AND METHODS

Study system — macrofaunal assemblages in the Adriatic Sea. The northern Adriatic Sea is
one of the few regions where both living assemblages and age-dated, volume-standardized
fossil assemblages were extensively sampled at the scale of the whole basin. We compiled
information on the total standing abundance and diversity of living molluscan communities
from published surveys performed in the late 20" and early 21% century at water depths
between intertidal and 70 m (Figure S1). This dataset includes 1,150 living assemblage
samples represented by Van Veen grabs (0.1 m?) or sediments from 1 m? quadrats collected
by scuba divers (Table S1). Data on 489 molluscan fossil samples were compiled from 26

sediment cores collected in the northern Adriatic Sea and Po coastal plain and documented in
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our former studies (Table S2). Eleven 1-1.5 m-long piston and gravity cores were collected at
12-44 m water depth (Gallmetzer et al. 2016). These cores were split into 4-5 cm-thick
increments; assemblages from all increments were surveyed. Fifteen cores (> 10 m-long)
from the Po coastal plain were split into 5 and 10-cm increments sampled either at 1-3 m
intervals or more densely in the case of frequent facies shifts. Age data for 26 cores were
compiled from the original reports (at least 6 dated levels per core or at least 2 dated levels
per systems tract, Figures S2-S3) and analyzed with Bayesian age-depth models (Blaauw and
Christen 2011) to compute variability in estimates of sediment accumulation rate (cm/y) (see
Supporting Information, Figure S4-S5).

Living and fossil macrofaunal assemblages. In all compiled studies, samples of living and
fossil molluscan assemblages were all sieved with a 1 mm mesh size. The abundance of living
molluscan individuals was standardized to 1 m?. The fossil abundance was estimated as the
total number of all identifiable molluscan specimens based on exhaustive counting of all
specimens in each increment, or by extrapolating to the total increment volume from sample
splits, and splits standardized to the number of specimens per 1 dm?®of sediment. Species
diversity was estimated as the Hill-transformed PIE (Hsieh et al. 2016). The minimum raw

(unstandardized) sample size is 10 individuals and the median sample size is 139 individuals.

Water depth was measured for living assemblages during sampling and indirectly
estimated for fossil assemblages based on a compositional gradient in non-metric
multidimensional scaling (NMDS). The first axis of NMDS based on the Chord distances and
the proportional abundances of molluscan species orders the Holocene fossil assemblages
along a bathymetric gradient (Figure S6-S7), as documented in former studies (e.g., Wittmer
et al. 2014). To visualize differences in total abundance and diversity between living and
fossil assemblages, we partition living assemblages (shallower and deeper than 10 m) and
fossil assemblages (two main groups detected by a cluster analysis based on the same
abundance data, Figure S8) into two equivalent, onshore (sandy intertidal and fluvially-

influenced nearshore) and offshore (muddy offshore transition and distal prodelta) segments.

Abundance-diversity relationship in macrofaunal assemblages. We estimate regression

coefficients specifying the effect of abundance on diversity using the linear mixed-effect
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models (all variables normalized to z-scores). The effect of fossil abundance on fossil
diversity (ADRE) will vary not only as a function of time averaging but also as a function of
ecological variables (such as energy or resource availability) that jointly affect standing
abundance and diversity of living assemblages (ADRL, Figure 2B-D). We use water depth as
such a variable as it affects the diversity and standing abundance of benthic invertebrates
(Tumbiolo and Downing 1994; Cusson and Bourget 2005). Water depth can also covary with
sediment accumulation and thus can confound the effects of sediment accumulation on fossil
diversity or abundance. The effect of water depth is thus partialled out in the assessment of
the two hypotheses postulating that sediment accumulation reduces diversity and abundance
of fossil assemblages. We then assess the corollaries that correspond to three levels of
conditioning (three rows in Figure 2): (1) ADRE is unconditionally positive, (2) ADRE is
positive when conditioned on an energy availability gradient; and (3) ADRF disappears when
the effect of sediment accumulation on ADREis partialled out. The third level is equal to a
structural equation model that finds that the model that incorporates the effect of abundance
on diversity is not better than the model where the covariance between abundance and

diversity is set to zero.

To estimate the effect of abundance on diversity, we use the linear mixed-effect
models that account for heterogeneity among cores (with random intercepts and slopes) and
within-core temporal autocorrelations (with a covariate represented by a stratigraphic depth
and the within-core correlation structure modelled by the autoregressive process of order 1,
using the nlme package, Pinheiro et al. 2023). The variation in sediment accumulation,
abundance, and diversity is markedly smaller within cores than among cores (Figure S9), and
the majority of cores in offshore environments were deposited under slow net sediment
accumulation. Therefore, the fixed effects covary with random effects, violating the
assumption of the mixed-effect models. We thus partitioned the fixed effects into within and
between-core effects of abundance and sediment accumulation on diversity in these models
(van de Pol and Wright 2009). Although this approach increases the number of parameters,
the between-core effect of abundance on diversity can be expected to mirror the scaling effect
when time averaging varies primarily among cores. Finally, we use generalized additive
models to visualize the shape of the dependency of abundance and diversity on water depth
and a two-line test to assess whether this dependency along the whole bathymetric gradient is
U-shaped (Simonsohn 2018). We transformed fossil abundance, diversity, and sediment
accumulation to natural logarithms as the empirically documented STRs tend to be

10
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approximately linear in the logarithmic space (White et al. 2006) and such transformation also
reduces the skewness of residuals.

Abundance-diversity relationship in microfaunal living and fossil assemblages. To assess
the ADR. and ADREF in another clade, we compiled from the literature (1) 30 surveys of
abundance and diversity in living benthic foraminifers (Table S3); and (2) 73 surveys of
abundance and diversity in fossil benthic foraminifers in Holocene-Pleistocene cores, using
the Biodeeptime database (Smith et al. 2023). We restricted the data to surveys with at least
10 samples with volume- or mass-standardized counts per geographic region or per time
series (Table S4). We quantified the ADR_ in 30 regions and the ADRE at the scale of (1)
individual cores (73 series) and (2) at the scale of larger regions that consist of at least two
cores (25 series). As the ADR( is based on modern spatial surveys whereas the ADRF is
assessed on the basis of spatio-temporal stratigraphic record, we use a simple Pearson
correlation to compare the ADR. and ADRFr of microfaunal assemblages (generalized least-
squares accounting for temporal autocorrelation led to similar results). All data are available
at https://doi.org/10.5061/dryad.fttdz0903 and R language scripts at
https://doi.org/10.5281/zen0do.11664933.

RESULTS

Effects of sediment accumulation on macrofaunal abundance and diversity. Sediment
accumulation in the northern Adriatic Sea declines from ~10 cm/y in onshore deltaic
environments to only ~0.001 cm/y at offshore locations. As predicted, fossil abundance is
affected negatively by sediment accumulation when water depth (energy availability) is
partialled out in mixed-effect models (B = -0.18, p < 0.0001, Figure 3A, Table 1). Similarly,
fossil diversity is negatively affected by sediment accumulation in mixed-effect models (f = -
0.18, p < 0.0001, Figure 3D). Although molluscan abundance declines with water depth in
living assemblages (p = -0.47, p < 0.0001, Figure 3B), fossil abundance is invariant to water
depth (B =0.02, p=0.37, Figure 3C). The PIE-based diversity increases with water depth in
both living (B = 0.3, p <0.0001, Figure 3E) and fossil assemblages (f = 0.33, p =<0.0001,
Figure 3F).
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Macrofaunal abundance-diversity relation. The ADRL is negative (f =-1.17, p < 0.0001,
Baepth = -0.7, p < 0.0001, Figure 4A). In contrast, the unconditional ADRE is generally positive
(B=0.72, p = 0.03) but rather complex, U-or V-shaped (two-line test with a breakpoint at
diversity = 1.9 separates a negative segment from a positive segment, with p < 0.05). The two
maxima in fossil abundance correspond to (1) almost monospecific assemblages in onshore
environments and (2) diverse assemblages in offshore environments (Figure 4B). The linear
mixed-effect model shows that the between-core effect of abundance on diversity is positive
when conditioned on water depth (PBaepth = 0.73, p < 0.0001, Figure 4C) whereas the within-
core abundance effect on diversity is negative (Bdepth = -0.023, p = 0.029). This contrast
between among-core and within-core abundance effects on diversity is striking when analyses
are limited to offshore environments (Boetween = 0.33, p < 0. 001, Bwithin = -0.11, p = 0.001,
Figure 4D). The unconditional ADRE is thus a composite of two patterns: the fossil diversity
does not systematically change with abundance in onshore environments (f = 0.61, p = 0.66,
light gray points in Figure 5A), whereas it increases with abundance in offshore environments
(B=0.99, p <0.0001, light gray points in Figure 5B), ascending in parallel with increasing

time averaging (contours in Figure 5B).

Macrofaunal abundance-diversity relation conditioned by sediment accumulation. The
positive effect of between-core abundance on diversity in mixed-effect models disappears
when conditioned on sediment accumulation (B =0.11, p=0.77, Bdepth = 0.15, p = 0.4). The
within-core abundance has weak negative effects on diversity (p=-0.025, p = 0.08, Bdepth = -
0.03, p = 0.029, Table 1). Given that the effect of abundance on diversity is not positive and
that the AIC of the full model that includes the effect of fossil abundance on fossil diversity
(AIC = -3244.6) is only 1.9 units smaller than the AIC of the model that does not incorporate
this effect (AIC = -3242.7), the positive relation between the abundance and diversity of fossil

assemblages is accounted for by the confounding effect of sediment accumulation (Table 1).

Microfaunal abundance-diversity relation. ADR. does not show any preference for positive
values (median r = -0.18), with six datasets exhibiting a significantly negative ADR. and two
datasets (7%) exhibiting a significantly positive ADR_ (Figure 6, Table S3). 30% of 73
Holocene-Pleistocene cores exhibit a significantly positive (unconditional) ADRr (median r

=0.08, Figure 6, Table S4). This estimate also incorporates environments with low variability
12
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in sediment accumulation where the positive ADRF is not expected to develop, and thus the
danger of misattributing the observed diversity fluctuations to ecological processes rather than
to the scaling effects is low. When the analyses are restricted to the cores with high variability
in time averaging and abundance, 12 cores exhibit significantly positive ADRF, 11 cores show
insignificant ADRF, and one core shows significantly negative ADRF, thus increasing the
percentage of significantly positive ADRr to 50% (Figure S10). Expanding the spatial scale of
microfossil datasets to those with more than one core reduces the number of all datasets to 16
(median r = 0.16), among which 50% show a significantly positive ADRF (Figure S11).

DISCUSSION

Slow sediment accumulation (high time averaging) enhances fossil abundance and
diversity. Our results are consistent with the two predictions positing that both abundance and
diversity decline with increasing sediment accumulation. Therefore, first, time-averaged fossil
abundance is primarily controlled by the lack of dilution by non-skeletal sediment rather than
by ecological forcing of standing abundance of living assemblages at yearly (or generational)
scales covarying with slow sediment accumulation. This conclusion is supported (1) by the
highest abundance of living molluscan assemblages in the Adriatic Sea occurring in the
onshore environments subjected to high sediment accumulation, (2) by the total abundance of
fossil assemblages exceeding that of living assemblages not affected by time averaging by
two orders of magnitude, and by (3) linear mixed-effect models that indicate that the negative
effects of sediment accumulation on fossil abundance are not confounded by other factors.
Second, the decline in sediment accumulation increases the diversity of fossil assemblages in
accordance with the STR. This effect is primarily observed in offshore environments with
variable sediment accumulation where fossil diversity exceeds the standing living diversity by

a factor of ~2-3.

Positive ADRF as a signature of temporal scaling. As sediment accumulation reduces both
abundance and diversity, and the positive ADRF disappears when conditioned on sediment
accumulation, the variability in abundance and diversity of fossil assemblages is uniquely
driven by variability in time averaging. The negative ADR_ also indicates that the ADRF that

is unconditionally positive or positive when conditioned on the energy availability is simply a
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consequence of variable sediment accumulation that plays a major role in modulating the
abundance and diversity of fossil assemblages. The effects of STR on the diversity patterns
resulting from variable time averaging of paleontological samples are significant, especially
in offshore environments (i.e., deeper than 10 m), and thus cannot be neglected in diversity
analyses. When cores systematically differ in sediment accumulation (and thus in time
averaging) but within-core variability in sediment accumulation remains relatively low as in
this study, the mixed-effect models effectively separate the scaling effects of time averaging
on the among-site diversity patterns from the ecological effects of abundance on diversity
unrelated to temporal scaling.

Regional ADRr shaped by onshore-offshore gradients in time averaging. When standing
abundances and diversities of communities are negatively related as in our molluscan dataset
and time averaging differs between onshore and offshore environments (Figure 5A-B),
regional-scale ADRF patterns can be complex. In two scenarios in Figure 5C, the initial,
regional-scale ADR( is negative in non-averaged assemblages, as observed along the
bathymetric gradient in the Adriatic Sea. In the first scenario, assemblages in four
environments are equally time-averaged and thus the regional-scale ADRr can remain
negative due to the absence of variability in temporal scaling (i.e., dashed light-gray arrows in
in Figure 5C). Such ADREF can be diagnostic of conditions when the weakly time-averaged
fossil record deposited in eutrophic or oxygen-deficient environments exhibit individual-rich
but species-poor fossil assemblages dominated by opportunistic species (Filipsson and
Nordberg 2004; Tsujimoto et al. 2008). In the second scenario, fossil assemblages in offshore
environments, initially with the smallest abundance, are time-averaged to 2000 years, whereas
assemblages in onshore environments are time-averaged to two years only, leading to the
positive ADRF (a dashed dark-gray arrow in Figure 5C). The negative ADR_ can thus be
reverted into the positive ADRr when the most productive assemblages are the least time-
averaged, as observed in our Adriatic data. This indicates that the positive ADRE is also
determined by the tendency of individual-rich but species-poor assemblages dominated by
opportunistic species to occur in environments least prone to time averaging. Despite this
additional complexity, the positive ADRE is still diagnostic of diversity variability controlled

by the temporal scaling effect.
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Using ADR to extract ecological signals from fossil assemblages. Even in the absence of
variability in time averaging, abundance and diversity can be positively associated if they
share a common ecological cause such as the total energy availability, leading to both diverse
and individual-rich assemblages (Hurlbert 2004; Pautasso et al. 2011; Edgar et al. 2017;
Thompson et al. 2020). Therefore, the positive ADR_ can lead to a false positive result with
respect to the role of time averaging in modulating diversity. However, several lines of
evidence indicate that local-scale ADRy is typically not positive. First, our analyses of
molluscan and foraminiferal assemblages and previous studies (Bolam et al. 2002; Covich et
al. 2004; Reiss et al. 2010; Leduc et al. 2012; Schonberg et al. 2014; van der Plas 2019; Dee
et al. 2023; Maureaud et al. 2019; Clare et al. 2022) show that the ADR_ at local scales is
either negative or close to zero (Figure 6). Second, the ADRr of molluscan assemblages
conditioned on sediment accumulation is not positive. Although both total abundance and
biomass are constrained by energy availability that can affect species diversity at local scales,
they are also linked by tradeoffs that can lead to a complex ADR (Kadmon and Benjamini
2006, Dornelas 2010). For example, marine benthic communities dominated by small-sized
species with high abundance tend to be less diverse than communities dominated by larger but
less numerous species (Warwick 1986; Warwick and Clarke 1994). Moreover, species
diversity at local scales is not a simple function of local energy availability because species
extinction is modulated by population sizes at regional scales of species geographic ranges
(attaining few 100s of km or more in marine benthic species). The relationships between
diversity and total number of individuals thus tend to be positive only in studies with regional
and biogeographic sampling grains (Chase and Ryberg 2004; Storch and Okie 2019; Storch et
al. 2018 Craven et al. 2020). The total abundance at local scales is swamped by source-sink
factors and tradeoffs between abundances and biomass and thus local ADR_ does not simply
scale down from biogeographic ADRL. The ADRE that is positive unconditionally or when
conditioned on energy availability is thus a useful tool for the detection of scenarios where
variability in diversity at local scales is determined by variability in time averaging. Our
analyses of macro- and microfossil records suggest that this scaling effect is a common,
taxon-independent feature of the fossil record (Fig. 5, Table S4) and thus needs to be

considered when assessing paleoecological data.

The effects of temporal scaling can be expected to contribute to fluctuations in local
diversity at longer, million-year time scales not only owing to long-term changes in sediment
accumulation but also owing to secular changes in mixing and disintegration (Kidwell and
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Brenchley 1994). Time averaging documented in the Cenozoic marine fossil record can attain
more than 100 kyr (Zimmt et al. 2022), further magnifying the scaling effects because time
averaging attaining the scales of species diversification will accelerate species richness
accumulation in the logarithmic STR space (Rosenzweig 1998). Although pooling
assemblages with variable time averaging into million-year (macroevolutionary) bins with
approximately equivalent temporal grain size can alleviate the scaling STR effect, the cost of
such a procedure is the loss of spatial and temporal resolution. The stratigraphic records of
fossil assemblages with well-resolved age models can use sediment accumulation as a
conditioning variable that (1) can remove the biasing effects of differential diversity scaling
caused by variable time averaging and (2) can be used in the mixed-effect models to separate
the scaling STR effect from the original ADR_ driven by ecological covariance between total
abundance and diversity unrelated to scaling. Conditioning ADR on sediment accumulation
can thus both identify and correct for the scaling effect induced by time averaging when

comparing fossil biodiversity across space and time.
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700 Table 1 — Summary statistics of linear mixed-effect models describing a relationship between

701

sediment accumulation, water depth (inverse of energy availability), fossil diversity and

abundance (visualized in figures specified on the bottom of the table). The coefficient (effect

702
703

size), its standard error and p-values are shown for each predictor. Sediment accumulation and

abundance are partitioned into within- and between-core components. The effect of between-

704
705

core abundance on diversity is unconditionally positive or positive when conditioned on the
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706 water depth but becomes insignificant when conditioned also on between-core sediment
707 accumulation.
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Figure 1. The conceptual figures visualizing the dependency of species diversity on timespan

of observation (species-time relationship) that flattens rank-abundance distributions and

ultimately leads to positive abundance-diversity relationship. The results are is based on

outputs from two standard metacommunity models, including (A-B) neutral, spatially-implicit

metacommunity dynamics not limited (dashed gray) and limited by dispersal (solid black and

gray) and (C-F) non-neutral, spatially-explicit, dispersal-limited metacommunity dynamics

differing in species niche breadths (o) and in the strength of interspecific competition ().

Diversity is defined based on Hill-transformed diversity of order 2, using Simpson diversity

(dotted) and PIE-based diversity (solid). The PIE-based diversity remains constant when the

neutral dynamic is not limited by dispersal (gray dashed line in A). In this scenario, no
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temporal scaling of diversity occurs because when the metacommunity pool is randomly
sampled by the local community, the rank-abundance distribution does not change in shape
with increasing time averaging. In all other scenarios, both neutral or non-neutral variants,
any increase in the PIE-based diversity with increasing time averaging is associated with a
decline in the species dominance and in the slope of the rank-abundance distribution as shown
in the right column, where time averaging increases from 1 year (solid line) to 1000 years
(dashed line). Non-averaged and time-averaged rank abundance distributions in each scenario
are rarefied to the same sample size (n = 300 individuals in neutral and 150 individuals in
non-neutral models). The speciation timescale is 10,000 years and thus exceeds the maximum
time averaging. If time averaging attains speciation timescale, diversity will exponentially
increase in logarithmic space. The construction of species-time relationship follows a moving
window approach of White et al. (2006). The simulations of neutral model are based on
Hubbell (2001) and the simulations of non-neutral models follow Thompson et al. (2020),
with R scripts in the Supplement.
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Figure 2. The conceptual path diagram visualizing the variables that affect the abundance-

diversity relation in living (ADRL) and in time-averaged fossil assemblages (ADRF) as

informed by generalized fossilization models (TomaSovych et al. 2023). The nine cartoons

and three path diagrams exemplify the combined effect of ADRL and time averaging on

ADRE. (A) The conceptual path diagram. The white boxes represent the variables directly

measured or approximated in the fossil record. The gray ellipses visualize the variables not

directly measured in our dataset with fossil assemblages. Not all links are specified
exhaustively (e.g., sediment accumulation can negatively affect diversity or standing

abundance of living assemblage and fossil abundance can positively affect standing

abundance via taphonomic feedback). Energy availability can shape both abundance and

diversity of living assemblages, and thus determines ADR_. (B-M) Conceptual cartoons

visualizing three types of ADR_ patterns (with random, negative and positive ADR_ in three
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columns) and three levels of conditioning (with unconditional ADRrin B-D, ADRr
conditioned on energy availability in F-I, and ADRF conditioned on energy availability and
sediment accumulation in J-M). 25 fossil assemblages are subjected to random time averaging
(sampled from a uniform distribution delimited by 3 and 3000 years) and zero disintegration,
the STR exponent is 0.1, and gray arrows correspond to the scaling expected under time
averaging. Time averaging pulls the ADR of fossil assemblages (gray circles) towards
positive values (upper row), although the sign of the unconditional ADRr depends on the
initial configuration of living assemblages (black circles). When the ADR_ is ~0 (B), the
unconditional ADRr will be positive owing to the scaling effect. When the ADR_ is negative
(C), the unconditional ADREr will be less negative, but the scaling effect is cancelled out by
the negative sign of the ADRL. When the ADRL is positive (D), the unconditional ADRr will
remain positive, regardless of the scaling effect. The positive effect of time averaging on
abundance and diversity emerges in all scenarios when the ADRE is conditioned on the
ecological variable (e.g., energy availability) that forces the negative or positive ADR_ (F-H).
Such positive ADRr disappears when conditioned on the energy availability and sediment
accumulation (J-L), providing a key insight into the contribution of time averaging to
variability in fossil abundance and diversity. The path diagrams corresponding to each row

are shown in the right column.
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Figure 3. Sediment accumulation covaries negatively both with the abundance and diversity
of fossil assemblages as predicted by the scaling effects of time averaging on both variables
(via the species-time relationship). Sediment accumulation affects negatively both abundance
(A) and PIE-based diversity (D) in fossil assemblages (time averaging on the top axis
corresponds to the inverse of sediment accumulation, neglecting the thickness of the mixed
layer). Abundance declines with water depth (B), whereas the PIE-based diversity increases
with water depth (E) in living (non-averaged) assemblages. Abundance does not covary with
water depth (C), and the PIE-based diversity increases with water depth in time-averaged

fossil assemblages (F). Abundance~accumulation and diversity~accumulation relations in A
32
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and D are estimated with the linear mixed-effect models (Table 1). The bathymetric gradients
in abundance and diversity in living and fossil assemblages in B-C and E-F are fitted with
generalized additive models (with 95% confidence intervals). The insets with frequency
distributions capture negative effects of the effects of sediment accumulation on abundance
(A) and diversity (D), based on the resampling of posterior estimates of sediment
accumulation from Bayesian age-depth models. Note: N/dm?®— number of individuals in fossil

assemblages per sediment volume. Source data: Table S1-S2.
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Figure 4. ADR is pulled towards the positive values as living assemblages are transformed

into fossil assemblages as predicted by the hypotheses postulating the effects of time

averaging (via sediment accumulation) on fossil abundance and diversity, and becomes

insignificant when conditioned on sediment accumulation. Raw (unconditional) ADR is

negative in living assemblages (A) and positive in fossil assemblages (B), and ADRr remains

positive when conditioned on the water depth (C-D). The black lines represent the fit by the

generalized least-square model (with spherical correlation structure) in the ADRL (A) and by

the linear mixed-effect model (cores as random effects and temporal autocorrelation modelled

by the autoregressive process of order 1) in the ADRr (B). The gray lines in B correspond to
the U-shaped fit to the ADRE by the generalized additive model. This ADRF pattern
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represents a trace of the scaling pathway that pulled offshore assemblages (with low diversity
and low abundances) towards high fossil abundance and diversity. (C) Positive ADRr
conditioned on the water depth, with residuals of between-core abundance effect on the x axis
and diversity residuals on the y axis. (D) Focusing just on offshore assemblages allows for
plotting the actual abundances and diversities rather than their residuals. The linear mixed-
effect model with random slopes and intercepts visualizes that within-core ADRF tends to be
negative whereas the between-core effect of abundance on diversity is markedly positive. (E-
G) Path diagrams visualizing the positive relation between fossil abundance and diversity
(unconditional ADREF, E), the ADRr remains positive when conditioned on the water depth
(F), and the ADRE disappears when conditioned on the water depth and sediment
accumulation (G) on the basis of 489 fossil assemblages in the Adriatic Sea. The numbers in
white boxes represent standardized regression coefficients from linear mixed-effect models
(with abundance and sediment accumulation effects corresponding to the between-core effects
in Table 1), the dashed links reflect insignificant paths. The numbers in parentheses in G refer
to the model where the effect of abundance on diversity is set to zero. Source data: Table S1-
S2.

35



813

814
815
816

50

i A OnShore B Living assemblages

Fossil assemblages

10
1

Hill-transformed PIE-based diversity
5
|

025 1 10 100 1000 10000

® Living assemblages '

B 7 B . Offshore Fossil assemblages

20

10
I

Hill-transformed PIE-based diversity

Qe
5y ~time averaging
per 5cm
= increment
! | | | ! |

025 1 10 100 1000 10000
o
O = .
= 7 C. Scaling oo
o 50vr 100yr : 10kyr

10yr

1 vr

10 20

5
|
BN

2
]

TA equal at all sites
- TA highest at species-rich site

1
|

Hill-transformed PIE-based diversity

[ I I | ! I
025 1 10 100 1000 10000

Abundance (N/dm? in living assemblages,
N/dm?®in fossil assemblages)

Figure 5. Reconstructing the scaling pathway leading from the negative ADR\ to the positive
ADREF by embedding living and fossil assemblages in the same abundance-diversity space.

The small differences in abundance and diversity between living (black) and fossil
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assemblages (gray) in onshore environments with high sediment accumulation (>0.1 cm/y)
and thus very low time averaging (A) contrast with the ladder-like progression of abundance
and diversity in offshore environments (B), where sediment accumulation is lower than 0.1
cm/y and more variable, leading to the positive ADRr. The contours correspond to
approximate time averaging (in years) in 5 cm-increments (the inverse of sediment
accumulation in years/cm multiplied by 5), fitted by generalized additive models. The boxes
show mean abundance and diversity values with 95% bootstrapped confidence intervals. (C)
The abundance shift along the x-axis depends on the sediment accumulation, assuming no
disintegration and the diversity shift along the y-axis depends on the scaling slope of the
species-time relationship (here, STR exponent is equal to 0.15, and all molluscs are assumed
to have temporally-constant abundance and 1-year lifespan). The initial local-scale ADR_ is
negative in non-averaged assemblages (four black circles, with poorly-diverse assemblages
with high abundance and highly-diverse assemblages with low abundance). The shift towards
the positive (regional-scale) ADRFr is magnified when species-rich but individual-poor
assemblages are more averaged (to 10 kyr) than species-poor and individual-rich
assemblages, as observed in the northern Adriatic Sea (black arrows with STR exponent =
0.1, with endpoints connected by the dashed black line). In the absence of variability in time
averaging, the ADRr will remain negative (dashed gray lines). In A and B, as the volume of
fossil samples varies between ~0.8-1.3 dm?, we standardize densities in living assemblages to
N/dm? in these order-of-magnitude analyses (Van Veen grabs used for sampling living
assemblages penetrate to sediment depths of 5-15 cm and are thus similar to the thickness of

core increments ranging between 4-10 cm). Source data: Table S1-S2.
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Figure 6. The systematic difference in the sign of the ADR. and ADRr exhibited by benthic
foraminifers can reflect the effect of variable time averaging, with 29% of local FDRs and
50% of regional FDRs exhibiting significantly positive relation. The ADR_ patterns estimated
on the basis of spatial surveys (n=30) are on average slightly negative. The ADRF patterns are
based on fossil assemblages observed in local stratigraphic series (n=73) and in regional

spatio-temporal datasets with at least two cores (n=25). Data sources: Table S3 and S4.
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Supporting text

Sampling. The dataset with 1,150 living assemblages compiled from 27 studies (Figure S1,
Table S1) is restricted to assemblages with a minimum size of 10 individuals. In some cases,
it includes repeated bi-annual or annual sampling (such assemblages were not pooled to avoid
analytical time averaging). The assessment of the abundance-diversity relationship is based on
assemblages that were completely censused at the species level. Several surveys focused on
estimating the abundance of the most common species (Lentidium mediterraneum or
Chamelea gallina) in the shallowest habitats document extremely high population densities,
exceeding 20,000-30,000 individuals/m2. Although they do not capture the sample total
abundance (i.e., all molluscan individuals), we use these densities as minimum estimates of
abundance in assessments of the depth-abundance relationship in Figure 3. Such incomplete
samples that lack data on abundances of other species were excluded from other analyses of
ADRs.

The 26 cores with 489 fossil assemblages span from siliciclastic deltaic settings with a
high sediment accumulation rate (in the NW Adriatic Sea and in the Gulf of Trieste) to
current-winnowed and sediment-starved, siliciclastic-carbonate settings with a low sediment
accumulation rate (in the NE segment). The cores archive the recentmost centuries at sites
with a high sediment accumulation rate (0.2-2 cm/y) or span ~9-10 kyr (corresponding to the
flooding of the northern Adriatic shelf) at sites with low sediment accumulation rates (<0.02
cmly). These short cores were split into 4-5 cm-thick increments; assemblages from all
increments were surveyed. Fifteen cores (> 10 m-long) from the Po coastal plain (deposited at
~ 1 cm/y during the highstand phase and at < 0.25 cm/y during the transgressive phase,
Scarponi et al. 2013) were split into 5 and 10 cm increments that were sampled either at
regular intervals separated by 1-3 m or more densely at intervals characterized by facies
shifts. 489 fossil assemblages cover delta front (n=105), barrier island (n=32), transgressive
sand sheet (n=68), prodelta (n=207), and offshore transition facies associations (n=78). Total
abundance refers to the total number of uniquely identifiable specimens (with umbo or hinge
preserved) and thus is not affected by differences in fragmentation among sites or increments.
When sample sizes exceeded more than several thousands of individuals, increments were

split into fractions and the fraction-level count was multiplied by the fraction inverse to derive
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the total abundance per total increment volume (e.g. if half of the sample was processed, the
total number of individuals was multiplied by two) (Gallmetzer et al. 2019).

Age models and sediment accumulation rates. Short and densely-sampled cores include
M13, M14, M20 and M21 in the proximal parts of the Po prodelta, POS514-GC-25-5 in the
distal parts of the Po prodelta, M28 and M29 in the Isonzo prodelta (Bay of Panzano), M38 in
the current-winnowed Gulf of Venice, M1 and M53 at Piran, and M44 at Brijuni. Fifteen (>
10 m-long) cores from the Po coastal plain include 240-S8, 205-S4, 205-S14, 205-S10, 205-
S9, 205-S7, 204-S7, 205-S1, 205-S2, 256-S3, 205-S6, 204-EM-S5, 188-EM-S4, 187-EM-
S12, and 187-C Goro. Sediment cores were sampled with two sampling strategies that partly
differ in core length, core diameter and density of increment sampling. Age models were
directly estimated for cores Po 3-M13, Po 4-M21, Panzano-M28, Piran-M53, and extrapolated
to spatially-proximate cores Po 3-M14, Po 4-M20, Panzano-M29, and Piran-M1 with highly —
similar lithological attributes and stratification patterns (Figure S3). In contrast to shorter
piston and gravity cores, age models at the coastal Po Plain are based on a smaller number of
age-dating levels (at least two dated levels per systems tract) (Figure S2). The core lithology
and fossil molluscan assemblages in these cores were described previously (Scarponi and
Kowalewski 2004, 2007; Kowalewski et al. 2015; Gallmetzer et al. 2017, 2019; Tomasovych
et al. 2018; Berensmeier et al. 2023).

The primary references for 26 cores are as follows: 240-S8 (Campo et al., 2020; Cheli
et al., 2021), 205-S4 (Scarponi et al. 2013; Amorosi et al., 2017; 2020; 2021), 205-S14
(Scarponi et al., 2013; Amorosi et al., 2017), 205-S10 (Sarti et al., 2009; Campo et al., 2020),
205-S9 (Sarti et al., 2009; Bruno et al., 2017; Amorosi et al., 2020), 205-S7 (Cibin et al.,
2005; Scarponi et al., 2013; Amorosi et al., 2017), 204-S7 (Calabrese et al., 2009; Amorosi et
al., 2017; Bruno et al., 2019), 205-S1 (Amorosi et al., 2003; Sarti et al., 2009), 205-S2
(Campo et al., 2020; Amorosi et al., 2021), 256-S3 (Severi et al., 2005; Campo et al., 2020),
205-S6 (Sarti et al., 2009; Amorosi et al., 2017, 2020), 204-EM-S5 (Amorosi et al., 2017),
204-EM-S4 (Amorosi et al., 2017), 188-EM-S5 (Amorosi et al., 2017), 187-EM-S12
(Amorosi et al., 2017), 187-C_Goro_| (Sarti et al., 2009), Po 3 M13, Po 3 M14, Po 4 M20, Po
4 M21 (Tomasovych et al. 2018), Panzano M28 and M29 (Tomasovych et al. 2017), Piran 1
M1 and Piran 2 M53 (Mautner et al. 2018, TomaSovych et al. 2019), Venice M38 (Gallmetzer
et al. 2019), Brijuni M44 (Schnedl et al. 2018, Tomasovych et al. 2022), and Poseidon core
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POS514 — GC-25-5 (Berensmeier et al. 2023). The top-core age estimation of cores drilled at
the Po Plain, which was a swampy area until a few decades or centuries ago, is based either
on the year of final land reclamation of the area where the core was drilled (the cores 205-S1,
205-S2; 204 EM-S5, and 188 EM-S5 were drilled in areas that were reclaimed in 1964 AD,
the core 205-S6 was drilled in area reclaimed in 1919 AD, the core 205-S7 in area reclaimed
in 1933 AD, and the core 205-S10 in area reclaimed in 1958 AD) or on the basis of

information in geological maps and seismic profiles (Scarponi et al. 2013).

Bayesian age-depth models and sediment accumulation (cm/y) were estimated with
the Bacon function (rbacon package, Blaauw and Christen 2011, Blaauw et al. 2021) on the
basis of 1) single-shell radiocarbon estimates (with the mean age and age error represented by
standard deviation based on the radiocarbon calibration), 2) amino-acid and radiocarbon
estimates from multiple shells dated from the same core increment (with the mean of age
distribution and its standard error; the spread of within-increment ages directly reflects natural
time averaging of co-occurring shells as the measurement error is typically smaller than range
of ages induced by slow sedimentation and high mixing in these cores, Scarponi et al. 2013;
Tomasovych et al. 2017, 2018, 2022), and 3) the timing of the boundary between the
highstand systems tract and the maximum flooding zone constrained on the basis of seismic
stratigraphy (~7,000 years BP, Amorosi et al. 2017). The calibration of amino acid and
radiocarbon ages and among-core correlations are presented in the references cited in the
previous paragraph, the input data for the Bacon function are listed in the Supplementary
Table 6. The parameter of the prior beta distribution for autocorrelation among sediment
accumulation rates within cores was set to a minimum dependency (mean=0.01) with shape =
100 (corresponding to a small variance in memory). The prior beta distribution for sediment
accumulation time (in years/cm) was set to the overall long-term sedimentation time (core
duration/core thickness) and the shape parameter of the beta distribution was set to 0.5 (when
core spanned several systems tracts) or 2 (when empirical age data do not indicate any major

change in sediment accumulation rate).

Sediment accumulation rates based on age models in these cores are moderate to high
(0.1-5 cmly) in facies associations deposited in intertidal and upper shoreface environments.
They are more variable in lower shoreface to offshore environments, ranging from very low
(~0.001 cmly) at locations affected by winnowing and sediment starvation to high (~5 cm/y)

at deltaic settings (Figure S4-S5). This bathymetric decline in sediment accumulation is in
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966 accord with modern, decadal-scale estimates in deltaic settings and with the bathymetric
967 decline in sediment accumulation observed in the northern Adriatic Sea (Frignani and
968 Langone 1991).

969 The effect of sediment accumulation on abundance and diversity or conditional

970 independence between them may be assessed only when age models are based on a

971 sufficiently high number of dated intervals. When based on a few dated intervals, the

972 estimates of sediment accumulation rate will not resolve smaller-scale variability in

973 sedimentation (and thus in time averaging) when interpolating sediment accumulation rates to
974  undated levels. The estimates of sediment accumulation may be decoupled from time

975 averaging, thus potentially also not tracking the true variability in time averaging, but

976 Holocene fossil assemblages in the Adriatic Sea tend to show the close relation between

977 residence times of molluscan remains in 5-10 cm-thick increments predicted on the basis of
978 sediment accumulation and direct estimates of time averaging based on dating of at least ten

979 shells per increment (Scarponi and Kowalewski 2013, Tomasovych et al. 2022).

980 All analyses are performed with R Core Team (2021), version 4.3.0, including the
981 following packages: nime (Pinheiro et al. 2023), mgcv (Wood 2011, vegan (Oksanen et al.
982 2020), datawizard (Patil et al. 2020), AlICcmodavg (Mazerolle et al. 2023), truncnorm

983 (Mesmann et al. 2018), INEXT (Hsieh et al. 2016), piecewiseSEM (Lefcheck 2016),

984  synchrony (Gouhier T.C. and Guichard 2014), dplyr (Wickham 2016), ggplot2 (Wickham
985 2016), and rbacon (Blaauw and Christen 2011).

986

987 The species-time relationship (STR). The estimates of diversity that are independent of

988 sample size, such as the PIE-based diversity or rarefied species richness, will not increase

989 with increasing time averaging when assemblages are randomly assembled (not limited by
990 dispersal) from metacommunities with temporally constant species-abundance distributions
991 (gray dashed line in Figures 1A). This scenario is also directly equivalent to the random

992 sampling model when an increase in species richness reflects increasing sampling from a

993 static species pool (Coleman 1981).Therefore, except in rare scenarios where the temporal
994 dynamic of assemblages is not limited by dispersal and local assemblages are random samples
995 from the metacommunity that follows a random-walk dynamic (drift-diversification, Hubbell
996 2001), diversity estimates based on sample size standardization do not correct for among-

997 sample differences in time averaging. When the duration of the time series approaches the
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time scale of species diversification, PIE-based diversity will increase with increasing time

averaging even under a random metacommunity assembly.

Once time averaging integrates across community assembly limited by dispersal or
driven by non-neutral dynamic, different values of time averaging will produce misleading
differences in diversity. We note that the scaling effect does not necessarily increase the
evenness measures that have species richness in the denominator because the sensitivity of
these indices to time averaging depends on the ratio of higher-order diversity relative to
species richness. For example, in the absence of immigration from other regions and/or when
turnover in species identity at the local scale is minor, species richness will increase with
time, averaging less than the diversity of order two, thus also increasing evenness. When
species richness increases with time averaging at a higher rate than the diversity of order two
owing to significant turnover in species identity (as can happen in neutral models), evenness

can decline with increasing time averaging.

Bathymetric gradients in diversity and abundance. We assess differences in abundance and
diversity between living and fossil assemblages within habitats by partitioning living
assemblages (shallower and deeper than 10 m) and fossil assemblages (defined by two main
groups of samples in the cluster analyses that correspond to the assemblages dominated by
Lentidium and Chamelea on the one hand and by species preferring offshore habitats on the
other hand) into two equivalent depth segments differing not only in exposure to salinity
fluctuations, in hydrodynamic conditions and grain size but also in community composition.
The Bray-Curtis and Hellinger distances generate equivalent clusters and NMDS ordination
patterns (Figure S6-S8). The shallower (onshore) assemblages are dominated by Lentidium
and Chamelea (inhabiting nearshore environments), and the deeper (offshore) assemblages by
Varicorbula, Turritellinella, Timoclea and Gouldia (thriving in offshore transition and
offshore environments). This categorization allows us to assess whether the abundance and
diversity of fossil assemblages exceed those of living assemblages, as predicted by the R-
sediment model (Kidwell 1986), and to approximate how the ADRE is shaped by time
averaging while controlling for differences related to bathymetry. The analyses based on the
relationship between the Hill-transformed sample size-corrected Shannon diversity (Chao et

al. 2014), fossil abundance, and sediment accumulation generate almost identical results. In
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our datasets, the PIE-based diversity also correlates strongly with Pielou’s J in living (r =
0.85, p<0.0001) and fossil assemblages (r =0.91, p<0.0001).

As the positive FADR patterns are predicted to be observed when fossil assemblages
form under different sediment accumulation, we primarily focus on the regional-scale ADR
(observed in assemblages collected in multiple sediment cores that capture larger bathymetric
and geographic gradients or cover longer temporal extents than individual sediment cores) in
our analyses of fossil assemblages in the northern Adriatic Sea, although we also report the
local-scale ADRF (observed in individual sediment cores). The mean abundance of living
assemblages declines from 4,730 at depths <5 m to 853 at 10-20 m and to 243 at depths > 20
m. Fossil assemblages preserved in offshore environments are on average equally rich in
individuals as those from onshore environments, with mean abundance equal to 650-750
individuals/dm?® on both sides of the ordination gradient. The mean PIE-based diversity
increases with depth both in living assemblages (r = 0.22, p < 0.0001) by a factor of ~2-3,
from 3.1 at depths < 10 m to 3.2 at 10-20 m and 4.6 at depths > 20 m and in fossil
assemblages (r = 0.68, p = <0.0001). The PIE-based diversity of fossil assemblages increases
by a factor of ~3 when comparing onshore and offshore environments (from 2.7 in
assemblages with negative scores to 8.4 in assemblages with positive scores), parallel with
declining sediment accumulation. However, the diversity of fossil assemblages in offshore
environments is variable, ranging from almost monospecific assemblages up to highly diverse
assemblages with > 20 equally abundant species. The bathymetric decline in the dominance
structure in fossil assemblages parallels the increase in evenness (r [Pielou’s J] = 0.7, p <
0.0001). The Hill-transformed Shannon diversity gives similar results as PIE-based diversity.
The correlation between sediment accumulation and PIE-based diversity is negative when the
effect of abundance is factored out. The diversity of individual-rich fossil assemblages (with
more than 250 individuals/dm?3) is bimodally-distributed, whereas the diversity of individual-

poor fossil assemblages (<250 individuals/dm?) is distributed uniformly or unimodally.

Structural equation models. In parallel with the linear mixed-effect models, we also use
structural equation models (SEM, Schumacker and Lomax 2010) to assess whether a decline
in sediment accumulation increases the abundance and diversity of fossil assemblages and at
the same time accounts for the positive effects of abundance on diversity if conditioned by

sediment accumulation. Although this simple approach does not incorporate temporal
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autocorrelation and heterogeneity among cores, the among-variable relationships directly
parallel the setup of linear mixed-effect models. The saturated model (df=0) is compared with
a reduced model without any unique effect of abundance on diversity on the basis of the
Akaike information criterion and on the basis of the likelihood-ratio Chi-square statistic. The
full model visualized in Figure 2B (AIC = 4182.9) explains 48% of the variation in fossil
abundance by variability in sediment accumulation and water depth and 74% of the variation
in diversity by variability in sediment accumulation, water depth, and fossil abundance. All
paths are significant at p < 0.05, except for the effect of depth on abundance (p = 0.2) and
abundance on diversity (p = 0.18). 74% of the variation in diversity is also explained by
variability in sediment accumulation and water depth in the model where the covariance
between fossil abundance and fossil diversity is set to zero (AIC = 4183.2, likelihood-ratio
test ¥°= 1.77, p=0.18). The unconditional positive covariance between the abundance and
diversity of fossil assemblages is thus entirely accounted for by the effect of the sediment

accumulation.

Abundance-diversity relation in molluscan fossil assemblages. The frequency and the
strength of the ADRE in the stratigraphic record depends on the LADR (Figure 2A-C), on
disintegration and mixing processes, on variability in time averaging, and on the magnitude of
the slope of the STR, and is thus difficult to predict. The raw ADRE exhibiting the U-shaped
pattern reflects the complex interaction between the negative ADR_ and the time averaging
effect pulling the abundance-diversity relation towards positive values (Figure 4B). When the
ADR_ is not random and rather negative, as in the northern Adriatic Sea, conditioning the
ADREF on the main variable that covaries with the ADR_ (water depth) leads to a strongly
positive relationship (Figure 4C-D). We note that in a scenario where the scaling exponent of
the STR increases with depth but time averaging is equally high at all depths, offshore
assemblages will be more diverse than onshore assemblages but not more rich in individuals.
Therefore, the bathymetric shift in the STR slope alone, not associated with variability in time

averaging, is not sufficient to generate the abundance-diversity relation.

In any case, the positive ADRr can primarily emerge when abundance and diversity
patterns are assessed in stratigraphic successions deposited under variable sediment
accumulation. ADREr patterns within individual cores in our Adriatic dataset are rarely

significantly positive because most are characterized by a limited variability in sediment
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accumulation and fossil abundance. Simple Pearson correlations observed within individual
cores are highly variable, ranging between -0.7 and 0.63 (with significantly positive value
observed in one core only). 13 out of 20 cores exhibit a range of time averaging values among
5-10 cm increments that are smaller than 50 years, approximated on the basis of the inverse of
sediment accumulation. The strongly positive ADRr emerges in regional-scale analysis only
when assemblages within cores are time-averaged to varying degrees. Similarly, although the
microfossil records show the positive ADRE also at the scale of individual cores, the
proportion of datasets with significantly positive ADRF patterns increases to 50% when
assessed at regional scales spanning multiple cores.

Microfaunal records. Our criteria used in the selection of time series with fossil assemblages
from the Marben subset of the Biodeeptime database include explicit information on volume-
or mass-standardized estimates of per-assemblage total abundance, complete species-level
census abundance counts not excluding any rare species, at least ten samples with quantitative
abundance data per time series, and the associated age model. We assessed the frequency of
the significantly positive ADRF patterns at the scale of individual cores (73 datasets) and at
the scale of larger regions that consist of at least two cores (25 datasets). These datasets span
five orders of magnitude in duration, from 10 years to more than 100,000 years. However, we
also assessed the frequency of cores with a significantly positive ADRF relative to the total
number of cores in settings where the preconditions for a significantly positive ADRr are met.
For this purpose, we exclude the cores with low variability in time averaging and abundance
in a subset of analyses focused on individual sediment cores. We use these three criteria to
select this subset of cores - coefficients of variation in time averaging and in fossil abundance
across the cores exceed 0.25 (i.e., time averaging and fossil abundance vary by more than
25% relative to the mean abundance) and mean sediment accumulation rates are not high
(with mean sediment accumulation smaller than 0.2 cm/y). When computing the coefficient of
variation in time averaging between all adjacent assemblages in each core or region, we use
an inverse of the sediment accumulation as a proxy for time averaging (ignoring the depth of
the mixed layer). The generalized least-square models that account for temporal
autocorrelation (with the same structure as in the mixed-effect models) return a similar

frequency of significantly positive ADRF patterns for individual time series.
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Effects of disintegration and false negatives. The increase in fossil abundance driven
by the lack of dilution can be counteracted by the disintegration of skeletal remains.
Disintegration can reduce the abundance of dead individuals accumulating in the surface
mixed layer to below the standing abundance of their source living assemblage (Kidwell
2002). Post-mortem age-frequency distributions indicate that the disintegration of molluscan
remains occurs on decadal scales in the northern Adriatic Sea (Tomasovych et al., 2022).
Therefore, fossil abundances observed in this setting are expected to be smaller relative to
scenarios where disintegration is slower or can be neglected. However, the fossil abundance
in the core samples (mean = 730 N/dm?, max = 7,400 N/dm?) exceeds the living abundance
observed in benthic surveys (mean = 6 N/dm?, max = 122 N/dm?) by more than two orders of
magnitude in offshore environments. Therefore, the effect of disintegration does not cancel
out the negative relation between fossil abundance and sediment accumulation. In onshore
environments, the mean fossil abundance (mean = 650 N/dm?, max = 21,000 N/dm?) exceeds
the mean living abundance (mean = 50 N/dm?, max = 1,370 N/dm?) by a smaller factor than
in offshore environments, probably reflecting the effect of higher dilution of molluscan

remains by clastic sediments.

In general, the positive ADRFr can be a conservative criterion of the temporal scaling
effect owing to the potential for false negatives. Even when fossil remains disintegrate
rapidly, stochastic mixing by burrowers can still allow some remains to be buried into the
historical layers and thus will be incorporated into the stratigraphic record. This dynamic can
lead to highly time-averaged but shell-poor assemblages (Tomasovych et al. 2023), leading to
no differences in fossil abundance between weakly-averaged assemblages with lower
diversity and highly time-averaged assemblages with higher diversity. The scenario where
time averaging does not covary with fossil abundance can thus generate false negative results
concerning the role of time averaging even when diversity differences among fossil

assemblages are triggered by differences in time averaging.

Role of anthropogenic impacts. Both abundance and diversity of living assemblages
collected in the late 20th and in the 21st century can be negatively affected by anthropogenic
impacts, thus magnifying the differences between non-averaged living assemblages and time-
averaged fossil assemblages or artificially contributing to the positive ADREF (e.g., when some

weakly time-averaged assemblages have low diversity because they were sourced by
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impacted communities over the past decades). First, excluding the Anthropocene samples
(typically represented by assemblages sourced by communities in the 20th century and
located in the upper 20 cm of sediment cores, exceptionally in the upper 90 cm at Po Delta)
also generates a significantly positive ADRE in the whole northern Adriatic Sea (r = 0.46, p <
0.0001) and also within offshore environments (r = 0.71, p < 0.0001). Second, the disparity in
abundance between fossil and living assemblages driven by time averaging can be biased up
because abundances of some molluscan species and the overall molluscan production have
been depressed over the last century owing to anthropogenic eutrophication, hypoxia,
trawling, or pollution relative to the earlier Holocene conditions (Haselmair et al. 2021).
However, the 20"-century decline in molluscan population densities is probably not sufficient
to generate the order-of-magnitude increase in abundance in time-averaged fossil assemblages

relative to their living counterparts.

49



1170

1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183

1184

1185

1186

1187

1188

Community

size/1 m*

()1mmo
(O 1000

O 100

45.5
|

45.0
|

445
|

44.0
|

44.0

46.0

455

45.0

445

Species
diversity (q=2)
o 2

O 5

43.5

T
12.0 125 13.0 13.5 14.0 145 15.

43.5

12.0

12.5 13.0 135 14.0

Figure S1. Geographic distribution of living molluscan assemblages analyzed in this study

visualizes the negative relation between the standing abundance of molluscs and their

diversity in the northern Adriatic Sea. A. Total molluscan abundance in living assemblages

(individuals/m2) tends to decline with increasing water depth. B. The Hill-transformed PIE-

based diversity of living assemblages tends to increase with increasing water depth. Data

sources for assemblages collected alive: Ambrogi and Ambrogi 1985, Ambrogi et al. 1995,
ARPAE 2010-2019, Chiantore et al. 2001, ENEA database, Forni et al. 2005, Haselmair et al.
2021, ISPRA 2012, Mavric et al. 2010, Moodley et al. 1998, Nasi et al. 2020, N'Siala et al.
2008, Occhipinti-Ambrogi et al. 2002, Orel et al. 1987, Poluzzi et al. 1981, Prevedelli et al.
2001, Rigotti 2019, Scardi et al. 2000, Senes 1989, Simonini et al. 2005, Solis-Weiss et al.
2001, Targusi 2011, Tomasovych et al. 2019, Weber and Zuschin 2013, Zavodnik and

Vidakovic 1987, Zucchi Stolfa 1979.
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Figure S2. Age models for the Po Plain cores. Age model sources: 240-S8 (Campo et al.,
2020; Cheli et al., 2021 [sample CE]), 205-S4 (Scarponi et al. 2013; Amorosi et al., 2017;
2020; 2021), 205-S14 (Scarponi et al., 2013; Amorosi et al., 2017), 205-S10 (Sarti et al.,
2009; Campo et al., 2020), 205-S9 (Sarti et al., 2009; Bruno et al., 2017; Amorosi et al.,
2020), 205-S7 (Cibin et al., 2005; Scarponi et al., 2013; Amorosi et al., 2017), 204-S7
(Calabrese et al., 2009; Amorosi et al., 2017; Bruno et al., 2019), 205-S1 (Amorosi et al.,
2003; Sarti et al., 2009), 205-S2 (Campo et al., 2020; Amorosi et al., 2021), 256-S3 (Severi et
al., 2005; Campo et al., 2020), 205-S6 (Sarti et al., 2009; Amorosi et al., 2017, 2020), 204-
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Figure S3. Age models for the 1.5 m-long cores, with boxplots representing frequency
distributions of geochronological ages (i.e., postmortem ages) of molluscan remains based on
amino acid racemization calibrated by “C. The age models are partly informed by age
distributions but also by additional sedimentological and geochronological data (210Pb and
14C of plant remains). Sources for age distributions and age models: Po 3 M13 and Po 4 M21
(TomasSovych et al. 2018), Panzano M28 (Tomasovych et al. 2018), Piran 1 M1 and Piran 2
M53 (Mautner et al. 2018, Tomasovych et al. 2019), Venice M38 (Gallmetzer et al. 2019),
Brijuni M44 (Schnedl et al. 2018, Tomasovych et al. 2022), and Poseidon core POS514 —
GC-25-5 (Berensmeier et al. 2023).
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Figure S4. The distribution of sediment accumulation rates with respect to assemblage age.
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Figure S5. The frequency distributions of the fixed effects (effects of sedimentation on
abundance and diversity in the upper row and the effect of abundance on diversity
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expected under the repeated sampling of sediment accumulation rates from posterior

distributions derived from Bayesian age-depth models. They show that the effects of sediment

accumulation are consistently negative and the abundance effect on diversity conditioned by

sediment accumulation does not differ from zero.
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Figure S7. Sensitivity of ordinations to the underlying dissimilarity metric. The first NMDS
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Bray-Curtis, Hellinger and Chord distances. Onshore assemblages are represented by black
circles and offshore assemblages by white circles. The categorization of assemblages into

these two groups follows the clusters in Figure S8.
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Figure S9. Variability in abundance, in diversity, and especially in sediment accumulation is

markedly smaller within cores than among cores. Although some subset of cores from the Po

coastal plain archive depositional conditions varying in sediment accumulation, the majority

of cores in offshore environments were consistently deposited under low sediment

accumulation.
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Figure S10. Local-scale (single-core) abundance-diversity relation in a selection of 25

microfossil datasets with benthic foraminifers, with mean sediment accumulation < 0.2 cm/y,

coefficient variation in residence time > 0.25, coefficient variation in fossil abundance > 0.5,

and gamma-level PIE-based diversity exceeding five species. 12 datasets show a significantly

positive relation (black), one dataset shows a significantly negative relation (gray), and 12

datasets show insignificant relation (white). Data sources: Table S4.
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Figure S11. Regional-scale abundance-diversity relation in 16 microfossil datasets (at least

two sites per region) with benthic foraminifers. 8 datasets show a significantly positive

relation (black), six datasets show a significantly negative relation (gray), and two datasets

show insignificant relation (white). Sources: Table S4.
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Supporting tables

Table S1 — Diversity and abundance of living (non-averaged) molluscan assemblages in the
northern Adriatic Sea, with source references. Data columns correspond to the reference,
dataset ID (optional), latitude, longitude and water depth (m) of the assemblage, raw sample
size and total abundance/m?2. Diversity indices correspond to the effective number of species
based on the PIE-based and Simpson index, the effective number of species based on the
Shannon index, and evenness values based on the Pielou J and Bulla O.

Table S2 — Diversity and abundance of fossil (time-averaged) molluscan assemblages
collected in sediment cores in the northern Adriatic Sea. Individual fossil assemblages are in
rows, data columns correspond to the core ID, sediment depth (cm), increment thickness (cm),
systems tract (HST — highstand systems tract, MFZ — maximum flooding zone, TST —
transgressive systems tract), facies association/environment, sediment accumulation (cm/y),
sample size, fossil abundance/dm?®, Shannon H, Gini-Simpson index, Probability of
interspecific encounter, the effective number of species (Simpson and PIE), evenness values
based on the Pielou J and Bulla O, and the location of the assemblages along the first NMDS
axis.

Table S3 - Abundance-diversity relations in 30 geographic datasets with benthic foraminiferal

living assemblages (LADR), with references.

Table S4 — Abundance-diversity relations in 73 benthic foraminiferal fossil assemblages

(FADR) in local stratigraphic series and in regional datasets, with references.

Table S5 — Input chronological data for Bacon function.

Supporting scripts
R language scripts for models and species-time relation

R language scripts for cartoons and data analyses

Supporting references — methods, age data, molluscan fossil assemblages
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