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AB STRACT

In marine settings, quantitative bathymetric models can be developed using various water depth proxies, including
epibiont distribution, sedimentologic features, and the distribution of benthic taxa in time and space. Here, the late
Quaternary bathymetric history of the Po coastal plain (Italy) has been reconstructed using mollusk samples from a
network of 16 cores. Multiple analytical approaches have been applied in a comparative fashion. A direct ordination
approach was used to estimate sample bathymetry using weighted averaging of genera with known preferred depth.
Weighted averaging carries an advantage of analytical simplicity and produces direct ordination models expressed in
environmentally meaningful units. Indirect ordination methods, based on depth estimates developed using posteriori-
calibrated ordination strategies (correspondence and detrended correspondence analysis calibrated against present-day
bathymetric data), yielded results consistent with weighted averaging. Regardless of the choice of analytical methods,
mollusk assemblages yielded bathymetric proxies congruent with independent sequence stratigraphic interpretations
derived previously for both Late Pleistocene and Holocene transgressive-regressive cycles. The mollusk-derived
proxies quantify spatial bathymetric gradients across the basin and local trends in absolute water depth in response to
relative changes in sea level. However, for cores located in the most proximal part of the basin, mollusk-based or-
dinations failed to provide viable estimates due to inclusion of mixed marine and nonmarine mollusk faunas and
scarcity of fossiliferous horizons necessary for adequate quantitative sampling. The multiple analytical approaches
cross evaluated in this study consistently suggest that high-resolution quantitative bathymetric estimates can be
derived for mollusk samples independent of stratigraphy for fully marine settings. When applied simultaneously to
both samples and taxa, these approaches provide a viable strategy for quantifying stratigraphic and paleontological
patterns and enhancing interpretations of basin-scale depositional systems.

Online enhancements: supplementary figures.

Introduction

The field of stratigraphic paleobiology has pro-
gressed considerably in the past 20 years: an in-
creasing integration of sequence stratigraphy and
quantitative paleobiology has enhanced our ability
to explore jointly stratigraphic and paleobiologic
patterns in time and space (Cisne and Rabe 1978;
Brett 1995; Holland 1995, 2000; Patzkowsky and
Holland 1996; Holland et al. 2001; Scarponi and
Kowalewski 2004; Holland and Patzkowsky 2007;

Hendy 2013). In particular, fossil-derived patterns
provide us with an independent assessment of en-
vironmental changes potentially refining and cross
testing sedimentary-based interpretations andmod-
els (Holland 2000; Miller et al. 2001; Peters 2005,
2006; Peters and Heim 2010; Patzkowsky and Hol-
land 2012; Scarponi et al. 2014).
It has been shown that taxonomic composition

of assemblages at the basin scale correlate to en-
vironmental gradients such as water depth (ba-
thymetry), salinity, energy, substrate, oxygen, and
nutrient levels (Funder et al. 2002; Ceregato et al.
2007; Patzkowsky and Holland 2012 and refer-
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ences therein). Also in ecological studies, bathyme-
try, which tends to correlate with many other en-
vironmental variables, is commonly invoked to
describe faunal gradients (e.g., Carney 2005; Ola-
barria 2006; Konar et al. 2008; Smale 2008; Zuschin
et al. 2014) and has been demonstrated to be an
effective tool for delineating past biotic changes
(Holland 2005; Hendy and Kamp 2007). However,
other variables can also leave an important or even
overriding imprint in the geological record (Laf-
ferty et al. 1994; Redman et al. 2007; Bush and
Brame 2010; Huntley and Scarponi 2012; Amorosi
et al. 2014b). The focus of this article is to evaluate
water depth as an environmental variable and as-
sess its importance in controlling spatial and tem-
poral ecological patterns within a sequence strati-
graphic context.

Changes in water depth along and across sedi-
mentary successions can be estimated using vari-
ous strategies. Sedimentologic features such as
grain size, bedding, and sedimentary structures are
frequently employed to semiquantitatively recon-
struct bathymetric gradients (Dattilo 1996; Zong
and Horton 1999; Holland and Patzkowsky 2007).
Epibiont and microendolith distribution can also
be used to identify the photic zone (Smrecak 2008;
Hannon and Meyer 2014). Last, macrobenthic ma-
rine invertebrates can be used to develop numerical
bathymetric-based interpretations of sedimentary
successions by means of multivariate ordination
analyses (e.g., Cisne and Rabe 1978; Holland et al.
2001; Scarponi and Kowalewski 2004; Scarponi and
Angeletti 2008). This study focuses primarily on
the last of these approaches.

Here, we examine the latest Quaternary (!130
k.yr. ago) succession of the Po coastal plain, which
is part of an active sedimentary basin that is well
understood in terms of its sequence stratigraphic
architecture and recent sea-level history.

Quaternary successions offer a powerful advan-
tage for exploring paleoecological patterns within
their sequence stratigraphic framework because
samples are dominated by extant taxa with well-
understood biology, ecology, biogeography, and tax-
onomic/phylogenetic affinity. Such paleoecologi-
cal data can be calibrated against estimates derived
from modern environments and provide us with a
direct means for testing the accuracy and strength
of quantitative paleoecological strategies for re-
solving depositional environments and outline se-
quence stratigraphic interpretations of sedimen-
tary successions.

In a pilot study assessing the latest Quaternary
fossiliferous marine sequences of the Po coastal

plain (Italy), Scarponi and Kowalewski (2004) doc-
umented a bathymetric gradient from three cores
representing a two-dimensional cross section
oblique to the regional depositional profile. These
incipient data indicated that paleoecological data
coupled with ecological estimates frommodern en-
vironments can provide a powerful tool for joint
stratigraphic-paleobiologic analyses of Quaternary
sedimentary basins. Building on this initial analy-
sis, we undertake here a comprehensive examina-
tion of the late Quaternary successions of the south-
eastern Po coastal plain using a three-dimensional
network of cores distributed along and across the
depositional profile of the basin. From these cores,
we assess the value of an integrated analysis of se-
quence stratigraphic and quantitative paleoecolog-
ical patterns. The aim of this project is threefold:
(1) to determine the viability of paleoecological
data for deriving quantitative estimates of water
depth, (2) to compare different analytical strategies
for deriving such bathymetric estimates, and (3) to
explore the informative value of this approach for
quantifying bathymetric gradients and enhancing
stratigraphic interpretations of sedimentary suc-
cessions.

Geological Setting

The Po Plain, situated in northern Italy, is the
emerged surface of a relatively large foreland basin
bounded by the Alps to the north and the Apen-
nines to the south (i.e., Po Basin; fig. 1A). Its rock
record includes a thick succession of strongly de-
formed Pliocene and less tectonically disturbed
Pleistocene to Holocene deposits (Pieri and Groppi
1981). The Po Basin geometry has been investi-
gated in detail during past decades through the
integration of seismic studies and well-log inter-
pretations aimed at the exploration of natural re-
sources. These studies have led to internal subdivi-
sion of the Pliocene-Quaternary succession of the
Po Basin into a series of third-order depositional
sequences. The basal unconformities arewell devel-
oped at the basin margin, where they mark phases
of dramatic basin reorganization generally related
to phases of intense tectonic activity (e.g., Gunder-
son et al. 2011). These unconformities grade basin-
ward into correlative conformable surfaces.

The uppermost third-order depositional sequence
of the Po Basin consists of Middle Pleistocene
to Holocene deposits. On the basis of magneto-
stratigraphic data, its lower boundary (at 0.87 Ma,
according to Muttoni et al. 2007) is close to the
Matuyama-Brunhes reversal. This depositional se-
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quence consists of a series of eight vertically
stacked, higher-order (fourth-order) depositional
cycles, which exhibit distinctive transgressive-
regressive trends and reflect a clear glacio-eustatic-
induced cyclicity (Amorosi et al. 1999; fig. 1B).
Detailed sedimentologic and paleobiologic core-

based analyses integrated in a well-resolved chrono-
stratigraphic framework (amino acid, radiocarbon,
and pollen) documented the paleogeographic and
paleoclimatic development of the Po coastal plain
during the latest Quaternary and its marked rela-
tionship with the most recent Quaternary eustatic
sea-level changes (fig. 1B). Two prominent strati-
graphic markers, corresponding to characteristic
wedge-shaped coastal sand bodies with very simi-
lar internal architecture, are recorded beneath the
modern coastal plain at 0–30-m and 95–120-m core
depth intervals, respectively. These nearshore to
shallow-marine packages are separated by a thick
succession of alluvial deposits. Recent studies (e.g.,
Amorosi et al. 2004) have documented that these
coastal bodies were deposited under predominantly
glacio-eustatic (100 k.yr.) control during the last
two major transgressive pulses and subsequent sea-
level highstands, corresponding to marine isotope
stage (MIS) 5e and 1, respectively (fig. 1B). In con-
trast, coastal to alluvial sedimentation took place
in a subsiding setting, during the long phase of
sea-level fall between MIS 5d and 2. Stratigraphic
architecture recovered from the deepest parts of
the studied cores suggests phases of episodic sedi-
mentation and widespread erosion in alluvial set-

tings corresponding to—and/or immediately post-
dating—the penultimate glacial maximum (i.e.,
MIS 6).
Marine isotope stratigraphy is a method of de-

termining the relative ages of marine sediments on
the basis of measurement of isotopic ratios of sta-
ble isotopes of 16O and 18O in carbonate and phos-
phate shells of microorganisms. The O16/O18 ratio
measured in microfossil shells generally approxi-
mates the oxygen isotope ratio of the water in
which those shells grew. Consequently, oxygen
isotopes estimated from microfossil tests can be
used as a proxy for ocean temperature and ice vol-
ume. When ice caps build up as a consequence of
climatic cooling phases, the 16O isotope is prefer-
entially captured in the continental ice and the
ocean water becomes enriched in 18O. Because ice
caps and temperature are both driven by Milan-
kovitch climatic oscillations, oxygen isotope se-
quences can be subdivided into stages (MIS) and
used to refine the late Cenozoic time scale (Emi-
liani 1955, 1966; Gibbard 2007). The MIS bound-
aries are defined as midpoints between maxima
and minima and are assumed to be globally iso-
chronous. The MIS time intervals can be cross
correlated directly with terrestrial sequences using
direct dating techniques. For the Po coastal plain
successions, direct correlation was achieved by di-
rect dating (14C) and the use of pollen markers.
Rapid climatic change (and subsequent sea-level

rise) following the late Middle Pleistocene glacial
maximum induced a rapid landward migration of

Figure 1. Map of the study area (A) and geological cross section (B) of the uppermost deposits of the southern Po Plain
(from Amorosi et al. 2014a, 2014b). A, Localities indicated by black circles. B, Geological cross section along a plane
defined by A to A′, with the cores occurring below sea level because the region is an abandoned Po delta lobe subject
to sediment compaction and subsidence. Numbers on the right indicate the marine isotope stage (MIS) for the lower
part of that sequence. Only the five most recent fourth-order depositional cycles are shown. FSST p falling stage
systems tract; HST p highstand systems tract; LST p lowstand systems tract; T-R p transgressive-regressive;
TST p transgressive systems tract. Scale: 1∶50,000.
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the depositional environments. This landward shift
of the shoreline is recorded by superposition of
the lower wedge-shaped coastal body onto the gla-
cial continental deposits. In sequence stratigraphic
terms, this unit corresponds to transgressive sys-
tems tract (TST) and highstand systems tract (HST)
deposits related to MIS 5e.

The overall eustatic sea-level fall documented
between ∼120 and ∼30 ka (MIS 5e/5d transition to
MIS 3/2 transition) induced a forced and general-
ized downward shift of facies, documented in the
study area by coastal (MIS 5e–5a) to alluvial plain
(MIS 4–3) bodies of variable thickness bounded
by clustered erosional surfaces (falling-stage sys-
tems tract [FSST]; Amorosi et al. 2004). Paleosols
are also recorded (especially landward), suggest-
ing fluvial entrenchment during falling sea level.
However, lesser climatic changes and higher fre-
quency pulses punctuated the long-lived erratic
FSST and are recorded in the sedimentary succes-
sion by relatively continuous, peat-enriched depos-
its representing primarily lagoon (MIS 5c) to wet-
land (MIS 5a and 3) depositional settings (Amorosi
et al. 2004).

The sedimentary expressions of the last glacial
maximum (LGM) and the early phases of the post-
LGM transgression (MIS 2) are generally scarce.
Channel entrenchment at theMIS 3/2 transition led
to widespread paleosol development in the study
area (Amorosi et al. 2014a), whereas the active
lowstand sedimentation (lowstand systems tract
[LST]) was restricted to the adjacent incised val-
leys. Consequently, in interfluve position the over-
lying transgressive surface tends to merge with the
sequence boundary.

The ensuing postglacial dynamics (ca. MIS 1)
are manifested in a well-studied and chronologi-
cally framed wedge-shaped coastal body (depicting
a transgressive-regressive cycle) that shows strik-
ing affinity with the Late Pleistocene (MIS 5e) one.
Hence, the transgressive surfaces of MIS 5e and
1 age, which mark facies shifts in more distal parts
of the basin while recording important sedimen-
tary hiatuses farther inland (see Amorosi et al. 2003
for detailed information), are considerably easier to
identify than the other key sequence stratigraphic
surfaces.

The lower transgressive deposits record the rapid
landward migration of a lagoon-barrier-estuary sys-
tem, giving way to widespread marginal marine
sedimentation in the eastern part of the study area.
During the early stages of transgression, the back-
stepping migration of coastal facies resulted in the
development of a characteristic wave ravinement

surface, usually enriched in fossils, that divides the
transgressive deposits into two wedges thickening
in opposite directions (fig. 1 in Scarponi and Ko-
walewski 2004). Across the investigated area, the
ravinement surface marks the boundary between
the lower TST (marsh and inlet facies associations)
and the upper TST (lower shoreface and offshore
transition deposits).

During the late phase of fast sea-level rise, the
shoreline shifted up to ∼20/30 km west of its
present-day position, recording the maximum ma-
rine ingression. This stratigraphic interval, devel-
oped at peak transgression, includes the maximum
flooding surface (MFS). In cores, the MFSmarks the
turnaround from a deepening-up to a shallowing-
up tendency. This surface has no obvious physi-
cal expression and has been identified uniquely on
the basis of subtle paleontological features (Scar-
poni and Kowalewski 2004; Amorosi et al. 2008 and
references therein).

From the middle Holocene onward, the reduced
rate of eustatic sea-level rise induced the basin-
ward migration of coastal depositional environ-
ments. The basinward shift of facies took place at
progressively increasing rates (e.g., Amorosi et al.
2008; Scarponi et al. 2013), as documented by the
transition from an aggradational to a distinctive
progradational stacking pattern of facies. At rela-
tively distal locations, progradation is expressed
in marine deposits by shallowing-upward (i.e., off-
shore to nearshore or prodelta to delta front) depos-
its. Landward, delta plain and coastal plain deposits
record a dynamic environmental mosaic of wet-
lands, fluvial channels, and partly emerged lands,
where autogenic (e.g., channel avulsion, differen-
tial compaction, delta lobe abandonment) and allo-
genic (higher-frequency climatic oscillation) sig-
nals are tangled and difficult to decouple.

In addition, changes in sediment supply, fre-
quency of depositional environments, and net ac-
cumulation rates are tied closely to the temporal
resolution of the fossil assemblages. A recent study
by Scarponi et al. (2013) demonstrated that time
averaging in the Po Plain fossil record varies pre-
dictably with sequence stratigraphic patterns. Spe-
cifically, time averaging gradually increased up-
ward through the TST and was most extensive
within the condensed sections (MFS). This trend
was reserved in the HST, with increasingly thicker
and less time-averaged beds observed upward.

In summary, a distinctive sequence stratigraphic
architecture of the Po Plain is well understood
in terms of facies architecture, patterns driven by
base-level changes, vertical and lateral changes in
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rates of depositional processes, and the scale of
time averaging affecting paleontological samples.

Sampling Methods and Data Sets

A total of 16 cores were selected from the south-
eastern Po coastal plain (study area) to ensure ade-
quate coverage of both the Holocene and the Late
Pleistocene cycles (fig. 1A). These coreswere drilled
as part of a large, multidisciplinary effort focused
on understanding in detail the subsurface stratal
patterns of late Quaternary Po Plain deposits (i.e.,
the new Geologic Map of Italy project; http://www
.apat.gov.it/) and evaluating the groundwater sa-
linity dynamic in the coastal aquifer near Ravenna
(Greggio et al. 2012). Core spacing (fig. 1A) varies as
a function of paleocoastal morphology (Amorosi
et al. 2003) and the large-scale patterns of the last
marine ingressions (fig. 1). Hence, a large number
of cores occur in the northernmost portion of the
study area, where transgressions flooded wider ar-
eas due to the low gradient/inclination of the plain
(fig. 1A). Southward, the marine deposits become
progressively restricted by the Apennines (fig. 1A).
The sequence stratigraphic interpretation of these

cored deposits has already been developed on the
basis of integrated sedimentologic, geochemical,
and micropaleontological evidence (Amorosi et al.
2003 and references therein). Various micropale-
ontological tools (foraminifers, ostracods, and pol-
len) have been employed to reconstruct the spatial
and temporal development of depositional environ-
ments within Po coastal plain deposits, highlight-
ing short-term environmental oscillations under
strong glacio-eustatic control (Amorosi et al. 2004).
In addition, 11 of the 16 cores have been time con-
strained using 14C radiometric dates, mainly on the
basis of peat layers and 14C-calibrated amino acid
racemization dates for ∼250 bivalve shells (Scar-
poni et al. 2013 and references therein).
A total of 611 bulk samples (∼375 cm3 each) were

collected from the studied cores with vertical
spacing of 4 m or less. Samples were dried (24 h at
457C), soaked in ∼4% H2O2 (≤4 h, depending on
lithology), and wet sieved down to 1-mm screens.
For some samples (massive clay), this process was
repeated at least two times. For each sample, all
mollusk specimens (the most abundant macro-
fossil group represented in cores) were identified to
the species level (when possible) and counted. Less
frequent macrobenthic remains (such as serpulids
or crustaceans) were noted but not counted. The
term “specimen” is applied here to a complete fos-
sil or a fragment that can be reliably identified as a

unique individual (e.g., apex for gastropods or umbo
for bivalves). In the case of bivalves, each valve or
unique fragment was counted as 0.5 specimens.
Along with species counts, the lithology, systems
tract, lithofacies, core depth, site altitude, and age
(Holocene or Pleistocene) were included for each
sample on the basis of well-log information stored
in the geological cartography database of the Re-
gione Emilia-Romagna and from published (e.g.,
Amorosi et al. 1999, 2003) and unpublished (for
cores 15–17) data.

The Po Plain Mollusk Data Set. The raw data set
produced from cores included 131,780 specimens
of bivalves, gastropods, and scaphopods. The data
matrix contained 234 species representing 152 gen-
era of mollusks. All analyses were conducted at
the genus level (48% of the genera are represented
by only one species) to suppress problems inher-
ent to species-level interpretations, especially con-
sidering that taxonomic identification was done
by multiple researchers. Supplementary multivari-
ate ordination and bathymetric correlations were
also conducted at the species level to assess if the
species-level data yielded results consistent with
those derived by genus-level analyses (see the sup-
plementary material, available online).
In addition to LST deposits, proximal (up-dip)

cores included a large portion of alluvial/continen-
tal samples. These samples are dominated by fresh-
water and terrestrial genera that likely respond
to different environmental drivers with respect to
the marine ones. Consequently, all analyses be-
low are restricted to samples dominated by lagoon
or marine genera. The removal of freshwater and
terrestrial taxa (which account for !2% of speci-
mens in the data set) did not reduce the number
of samples and specimens in a substantial way,
only the number of genera. In addition, to mini-
mize analytical volatility and remove statistical
outliers due to small sample size, all singletons
(genera occurring in one sample only) and all small
samples (n ! 20 specimens after the removal of
singletons) were excluded.
The criteria applied resulted in a minor loss of

specimens and a substantial loss of exceedingly
rare genera and inadequately small samples (fig. 2),
especially from alluvial/continental depositional
environments. Indeed, all LST (and a great part of
FSST) samples were removed from the culled data
set. The final data set used in all subsequent anal-
yses includes 297 samples, 128,603 specimens, and
196 species grouped in 104 genera.

Independent Ecological Estimates of Preferred Species
and Genus Depths. We obtained present-day water
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depth estimates of extant genera from the New
Technologies, Energy, and Environment Agency
(ENEA) Italian mollusk census database (http://
www.santateresa.enea.it/wwwste/malaco/home
.htm; table 1). The ENEA census is part of a coordi-
nated effort from multiple surveys that catalogued
their collections of the Mediterranean mollusks
and made them publicly available. The ENEA data-
base includes information on such things as locality
(latitude/longitude), collection methods (dredging,
immersion, etc.), water depth (m), substrate (sandy,
rocky, muddy, etc.), and the number of individuals
collected (both live and dead). These data were used
to acquire independent quantitative estimates of the
preferred water depth for genera commonly found
in the core material. Calculated water depths for
individual species for each genus were based on
samples from the ENEA data set that had three or
more live specimens in the collection, suggesting
that their presence in the sampled location was not
due to transport. The counts for both live and dead
specimens were combined for each collection that
met this criterion, and the total numbers of individ-

uals from all the available samples with their re-
spective collected depths were recorded.

Hence, for each species retrieved in the Po
coastal plain deposits, its preferred bathymetry
was estimated (via the ENEA database) as the
specimen-weighted average depth. The genus-level
water depth (ENEA genera [EG]) was then calcu-
lated by averaging species-level estimates. Thus,
for genera represented by only one species, species
depth and EG are equivalent. We obtained EG esti-
mates for 24 genera (represented by 44 species) that
were most common in the core material (table 1).

Analytical Methods

The final Po Plain data set (see above) represents a
large, multivariate data matrix suitable for the
development of quantitative environmental esti-
mates applicable to core samples included in the
data set. This data set is available on request from
the first author. On the basis of initial analyses of
three cores (Scarponi and Kowalewski 2004), we
postulate that bathymetry is the primary correla-
tive of variation in faunal composition across the
sampled cores. Here, we employ a series of multi-
variate strategies to evaluate this hypothesis using
a large data set derived from a three-dimensional
network of core samples. In addition, this hypoth-
esis is further tested by means of ecological esti-
mates of preferred species and genus depths de-
rived independently using present-day bathymetric
data (see the description of the ENEA data set
above).

Multiple strategies can be employed to develop
a bathymetric model suitable for interpreting dif-
ferent tracts of facies in a sequence stratigraphic
perspective. Here, we focus on two analytical tech-
niques: weighted averaging and a posteriori ordi-
nation.

Weighted Averaging. Weighted averaging, a pre-
cursor to correspondence analysis (CA), is a direct,
one-dimensional ordination strategy (Hill 1973;Mc-
Cune and Grace 2002) where external environmen-
tal information is used to ordinate samples or taxa.
In this particular case, genus-preferred bathyme-
try attributes are employed to develop sample-level
paleoenvironmental (water depth) estimates. Here,
the average water depth of a Po Plain sample is
computed by considering all genera present in that
sample for which EG estimates (pgenus-preferred
depths via relevant species-level estimates from
the ENEA data set) are available (table 2; fig. 3). The
estimated sample depth via weighted averaging
(S-WA) is computed as the mean EG of the above-
mentioned genera weighted by the number of speci-

Figure 2. Effect of removal of small samples, single-
tons, and nonmarine taxa on the percentage of infor-
mation retained. The loss of information for the Po
Plain–culled data, with no singletons and no nonmarine
taxa (black), is only slightly more pronounced than that
observed for the raw data (gray) when considering spec-
imens and samples. However, the removal of nonmarine
taxa and singletons greatly reduces the data set at the
taxon level, where there is a dramatic separation be-
tween the data sets (black and gray lines). All final
analyses were based on the marine data set with samples
that contained at least 20 specimens. The dashed line
indicates the final data set.
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mens per genus. For example, if a sample contains
four genera with EG estimates, the sample depth is
estimated using EG values of the four taxa (e.g.,
25.58, 20.33, 22.86, and 213.16 m) weighted by
the number of specimens of those genera present
in that core sample (e.g., 150, 10, 28, and 56). In this
example, the resulting sample depth (S-WA) ex-
pressed in meters would be 26.79 m. The advan-
tages of this strategy are its analytical simplicity
and derivation of a univariate ordination function
that is a linear combination of variables (taxa) ex-
pressed in environmentally meaningful units. In
the case of our data, the obvious drawback of the
approach is the partial use of specimen counts de-
scribing a given sample (i.e., if a sample is domi-
nated by genera for which EG estimates are not
available, the sample depth estimates can be unre-
liable). Although the EG estimates are available for
the most common genera, some samples are af-
fected by this problem here, and their position along
the ordination axes may be inaccurate (only one
sample did not contain any genus with EG esti-
mates). Weighted averaging also allows for a recip-
rocal derivation of genus scores from S-WA scores.
The preferred genus depth (G-WA) is then com-
puted as a specimen-weighted average of S-WA

scores of all samples from which the targeted genus
has been retrieved (see table 2). This approach is
somewhat circular because S-WA values were de-
rived from EG estimates. However, this redundancy
allows for testing the robustness of sample depth
estimates and for estimating G-WA depth esti-
mates for all genera in the data set (even if it should
be reliable only for genera that nowadays peak in
the range of depositional environments recorded
by studied Po coastal plain deposits). Note that for
the 24 genera with modern depth information, G-
WA and EG values should correlate highly—a low
correlation would indicate that the 24 genera are
insufficient to generate robust depth estimates and/
or that the range of depositional environments re-
corded in the Po Plain data sets does not strongly
overlap with those recorded by the ENEA marine
data set (i.e., the ENEA data set is not represen-
tative of the Po Plain data set). Finally, we note
here that this approach is analytically related to
but not synonymous with CA, an indirect ordina-
tion approach that can be computed by iterative
reciprocal averaging of samples and taxa starting
from arbitrary score configurations (Gauch 1982).
The fundamental difference is that the weighted
averaging, as employed here, is based on external

Table 1. Summary of the Selected 24 Genera from the Po Plain and the New Technologies, Energy, and Environment
Agency (ENEA) Data Sets

Po Plain ENEA

Genus Rank
No. individuals
in fossil samples

No.
species EG (m)

No.
specimens

No. samples
(collections) SD (m)

Lentidium 1 84,373 1 22.86 18,590 20 1.90
Heleobia 2 10,542 1 2.95 5921 3 .28
Varicorbula 3 6027 1 213.51 40,527 121 6.56
Chamelea 4 5363 1 27.71 17,590 57 4.10
Abra 5 3120 5 27.14 5491 65 6.88
Spisula 6 2398 1 26.60 3739 48 7.31
Turritella 7 2355 1 218.26 3199 31 23.92
Tellina 8 1903 3 211.66 1684 85 8.92
Donax 9 1683 3 21.36 4510 31 3.90
Bittium 10 1424 2 24.91 4169 30 3.33
Cerastoderma 11 1037 1 2.326 5593 18 .96
Nassarius 12 902 4 26.99 1334 50 5.93
Dosinia 13 710 1 25.58 729 29 3.39
Antalis 14 647 3 219.24 421 27 11.01
Bela 16 458 3 26.93 46 5 10.20
Nucula 17 388 1 219.37 1617 85 12.47
Kurtiella 18 364 1 213.14 12,981 41 6.54
Glycymeris 19 326 2 27.67 266 11 6.78
Pitar 22 251 1 216.68 199 14 7.49
Acanthocardia 23 242 4 29.54 807 29 10.70
Euspira 24 239 2 219.24 229 22 20.59
Acteon 27 149 1 28.00 52 8 16.01
Fustiaria 28 137 1 215.76 33 3 3.90
Mimachlamys 36 66 1 214.89 564 20 12.89

Note. Rank abundance, number of individuals, and number of species are from the fossil Po Plain data set, and
estimated mean water depths (EG), standard deviations, and sample information are from the ENEA data set.
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environmental scores (preferred genus water depth,
in this case), whereas CA represents an uncon-
strained (indirect) approach where ordination is ob-
tained from sample versus taxa similarities without
a priori constraints given by external variables.

Indirect Ordination Approaches. Initially, three
indirect (unconstrained) ordination procedures of-
ten used with compositional data (e.g., Holland
et al. 2001; Miller et al. 2001; Olszewski and Patz-
kowsky 2001; Kowalewski et al. 2002; Holland
2005; Zuschin et al. 2006; Holland and Patzkowsky
2007; Ivany et al. 2009; Zuschin et al. 2011; Ayoub-
Hannaa et al. 2013; Hendy 2013; Zuschin et al.
2014) were applied to the relative abundance ma-
trix: CA, detrended CA (DCA), and nonparametric
multidimensional scaling (NMDS) using the Bray-
Curtis dissimilarity measure. All three methods
produced comparable ordinations and strong post
hoc correlations with independent EG estimates of

genus-preferred depth. We report here the results
from DCA only. Although DCA suffers from mul-
tiple drawbacks (Beals 1984; Kenkel and Orlóci
1986; Minchin 1987; Wartenberg et al. 1987; Jack-
son and Somers 1991; McCune and Grace 2002), it
is often effective in reducing an arch effect (Hill and
Gauch 1980), especially when the distribution of
taxa is overwhelmingly controlled by a single gra-
dient, which is likely the case here (Scarponi and
Kowalewski 2004), as also indicated by a strong
arch effect observed in the CA ordinations of the
Po Plain data set (see below). This method has been
used successfully in numerous studies comparing
stratigraphic and paleoecological data (see refer-
ences in Patzkowsky and Holland 2012). Like DCA,
the NMDS ordinations displayed a reduced arch
effect, whereas CA produced ordinations with a
strong arch effect that was evident in both the ge-
nus and the sample ordinations.
The software package PAST (Paleontological Sta-

tistics; ver. 2.07; Hammer et al. 2001) was used to
obtain DCA scores using default settings with de-
trending on and 26 segments selected, the number
of first-axis segments that are rescaled to coun-
teract the arch effect. Relative abundance values
were log transformed using the downweight option
to minimize distortion of very abundant genera
(Hammer et al. 2001). SAS and SAS/IML software
was used to create the relative abundance data ma-
trix and to perform supplementary tests (SAS In-
stitute 2002). Bathymetric calibrations were cal-
culated using ordinary least squares of DC1 scores
against several types of depth estimates for sam-
ple and genera derived from the EG values for the
24 common genera in the Po Plain data set (ta-
ble 2). For sample depth, depth-calibrated scores
(S-DC) can be derived by regressing DC1 scores
against S-WA estimates obtained by weighted av-
eraging (see above). For genera, depth-calibrated
scores (EG-DC) can be similarly derived using orig-
inal EG estimates obtained from ENEA. Alterna-
tively, genus depth estimates (G-DC) can be derived
using G-WA scores. The depth-calibrated indirect
ordination can then be cross evaluated against di-
rect ordination estimates derived by weighted av-
eraging, as discussed above (fig. 3).

Cross Correlations of Bathymetric Models. The use
of multiple strategies allows us to derive partly
redundant estimates of sample depth (S-WA vs.
S-DC) and genus depth (G-WA vs. G-DC). The lat-
ter can be also contrasted against EG depth esti-
mates derived from the ENEA database either di-
rectly (EG) or indirectly (EG-DC). This redundancy
allows for multiple cross assessments of the con-
sistency of bathymetric estimates derived using

Figure 3. Flowchart illustrating the process of estimat-
ing water depth using multiple approaches based on the
ecological (New Technologies, Energy, and Environment
Agency [ENEA]) and Po Plain data sets. Squared seg-
ments indicate data matrices, and circled segments in-
dicate calculable depth estimates. See table 2 for expla-
nations of acronyms.

Journal of Geology 657MOD E L S F O R T RAN SGR E S S I V E - R E G R E S S I V E C Y C L E S



different analytical strategies and for assessing rel-
ative biases across bathymetric models (table 2).
Ideally, water depths calculated via weighted av-
eraging (S-WA) should correlate tightly with DC1-
calibrated water depths (S-DC) and yield quantita-
tively consistent depth estimates. Similarly, the
two genus-level calibrations (EG-DC and G-DC)
should result in equivalent DC1-calibrated depth
estimates congruent with direct ecological esti-
mates from modern genera (G-WA). For sample and
genus-level estimates, high pairwise correlations
and similar absolute depth estimates are desired
across all the models.

Results

Weighted Averaging. Genus depth (EG) estimates
from the ENEA and the Po Plain data set (G-WA)
predict comparable water depth (r2 p 0.96, n p 24,
P ! 0.0001; fig. 4). The G-WA parameter slightly
underestimates water depth relative to the EG pa-
rameter. However, this offset is relatively minor
(!1 m), indicating that the two metrics provide a
reasonably consistent estimate of the preferred ge-
nus depth. In figure 4, the few more notable de-
partures (these can exceed 1 m but are all below
5 m) of individual genera from the EG versus G-
WA regression line are observed. These can be ex-
plained as the result of differences in species rep-
resenting those genera in the ENEA versus Po Plain
data sets. For example, the preferred depth of the
genus Abra on the basis of its abundance in Po
Plain samples is G-WA p 22.8 m, whereas the
ENEA-based estimate is EG p 27.1 m. This rela-
tively high offset reflects the different proportional

weight of A. segmentum, a brackish species that is
rare in the ENEA marine data set (only six occur-
rences among 135 used in the computation) but
abundant in the Po Plain data set (1138 occurrences
among 3120).

Water depth estimates of Pleistocene and Holo-
cene samples based on direct ordination display a
left-skewed distribution, with shallow-water sam-
ples ∼0 to24m dominating the data set (fig. 5). The
Pleistocene sub–data set has a limited number of
samples (n p 44), producing a less pronounced left-
skewed depth pattern than theHolocene.Depth dis-
tributions grouped by sequence stratigraphic posi-
tion reflect the generalized water depth for each
depositional sequence (fig. 6). FSST samples include
primarily shallow-water sites, andmaximumflood-
ing samples span a relative wide range of depths (22
to 216 m). TST samples array across the depth gra-
dient with a greater number of samples occurring
around endpoints at 215 and 23 m in depth, sug-
gesting a possible bimodal distribution. The bi-
modal distribution can be a result of variable sam-
pling intensity of cores across the study area and
potential differential preservation within the net-
work of cores. The left-skewed distribution of the
HST samples can be explained by shallow-water
samples (∼0 to 24 m) dominating the data set be-
cause the HST here is generally represented by
fast stacking of thick sand bodies subject to low
compaction, resulting in an overrepresentation of
shallow-water sites in the data (see also Holland
and Christie 2013; Scarponi et al. 2013).

Indirect Gradient Analysis. DCA ordination of
mollusk genera from the Po Plain data set revealed
a wedge-shaped distribution of taxa, with an in-

Figure 4. Bivariate plot of the weighted-average water depth estimates for 24 genera using preferred water depths
from the New Technologies, Energy, and Environment Agency website (EG) and the Po Plain data set (G-WA). An
ordinary least squares model (black line on the plot and numbers in the upper left corner) indicates that G-WA is an
excellent predictor of EG.
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creasing range of DC2 scores toward low DC1 score
values (fig. 7). The wedge-shaped pattern may be
due to distortions related to detrending (as seen
in Bush and Brame 2010), but it may also capture
additional environmental information, as appears
to be the case for Po Plain mollusk associations
(Scarponi and Kowalewski 2004). For the lowest
DC1 scores (0–120), the DC2 scores of genera vary
widely (from 2176 to 695). As DC1 scores increase,
the variation along theDC2 axis gradually decreases
(fig. 7). The distribution of the 24 common extant
genera (table 1) along DC1 suggest that genera
are ordinated by water depth, with the shallowest-
water taxa (e.g., Heleobia, Lentidium, and Donax)
having lower DC1 scores and increasingly deeper-
water taxa (e.g., Turritella, Euspira, and Antalis)
having higher DC1 scores. To evaluate this rela-
tionship, the DC1 scores were evaluated against
the two depth proxies (ENEA [EG] and Po Plain [G-
WA]) using ordinary least squares (fig. 7, insets). For
both genus depth estimators, the DC1 scores are a
robust linear predictor of depth, indicating that the
primary gradient observed in the ordination of gen-
era is water depth (and/or its environmental correl-

atives). For the ENEA water depth estimate, DC1 is
a linear predictor with a model error (root mean
square error) of 2.6 m (r 2 p 0.82, np 24, P ! 0.0001;
fig. 7, inset A). For the G-WA depth estimate, the
DC1 scores perform comparablywell (r2p 0.81, np
24, P ! 0.0001; fig. 7, inset B), with a model error
of 2.8 m. DCA ordinations at the species-level dis-
played a weaker association between DC1 scores
and the EG water depth estimates (r2 p 0.41; see
the supplementary material).

Figure 5. Distribution of sample water depths (S-WA).
A, Holocene. B, Pleistocene.

Figure 6. Distribution of sample water depths (S-WA)
grouped by highstand systems tract (A), maximum flood-
ing zone (B), transgressive systems tract (C), and falling
stage systems tract (D).
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When samples are plotted in the same coordi-
nate system that was used above for genera (fig. 7),
they also form a wedge-shaped ordination pattern,
although samples with low DC1 scores are decid-
edly bimodal in terms of their DC2 scores, forming
two distinct sample clusters (fig. 8). Depth esti-
mates of the ordinated samples derived by weighted
averaging of the ecological data (S-WA) range from
∼0 to ∼18 m. Compared with the genus-level anal-
yses given above, deeper-water samples have high
DC1 scores and shallower-water samples have low
DC1 scores. Samples with low DC1 scores (!140)
and high DC2 scores (1250) represent brackish/
shallow-water environments, such as lagoonal and
back-barrier deposits. Samples with both low DC1
scores and low DC2 scores (!250) represent outer
lagoon to shallow marine samples, suggesting that
variation along the DC2 axis may represent salin-
ity and energy (as suggested by Scarponi and Kowa-
lewski 2004). DC1 scores also appear to be a good

predictor of sample water depth estimates (S-WA)
derived by direct ordination via weighted averag-
ing of EG (r 2 p 0.92, n p 264, P ! 0.0001; fig. 8,
inset). Sample DC1 scores produce depth estimates
to the nearest 1.3 m (fig. 8, inset). Samples with
estimated depths deeper than 25 m display a tight
linear correlation, but residuals for samples with
low DC1 scores (shallower than 25 m) are more
variable. Overall, S-WA depths correlate tightly
with DC1 scores.

A majority of the studied cores yield samples
that vary substantially in DC1 scores, reflecting
both shallowing and deepening trends through time
(fig. 9A). Proximal cores generally represent shal-
lower settings and do not capture deeper environ-
ments present in more distal cores. When the or-
dination of samples is coded by age, both the
Pleistocene and the Holocene samples cover the
entire depth gradient along axis 1 (fig. 9B). In as-
sessment of sequence stratigraphic patterns, both

Figure 7. Detrended correspondence analysis (DCA) of genera (black circles) with the 24 genera used for bathymetric
analysis (white circles). Deeper-water genera have high DC1 scores and comparable DC2 scores, and brackish/shallow-
water genera have low DC1 scores and variable DC2 scores. Eigenvalues: for DC1, 0.76; for DC2, 0.44. Percent
variance: for DC1, 57.7%; for DC2, 19.6%. It should be noted, however, that the percentage of explained variance of
DCA axes is suspect due to detrending and rescaling (Patzkowsky and Holland 2012). Insets, ordinary least squares
(OLS) regression for DC1 scores and EG depth estimates based on New Technologies, Energy, and Environment
Agency data (A) and OLS for DC1 scores and G-WA depth estimates derived from paleontological data using weighted
averaging (B).

660 J . M . W I T TM E R E T A L .



TST and HST samples spread across DC1 and oc-
cur in both DC2 clusters (fig. 9C). Samples identi-
fied as MFS/maximum flooding zone (MFZ) spread
across DC1 and have intermediate DC2 scores for
both landward and seaward cores (fig. 9C). FSST
samples have low DC1 scores because they repre-
sent nearshore environments, limiting the extent
of FSST samples along the depth gradient (fig. 9C).
There is no distinct separation of HST and TST
samples (via MFZ) along DC1 because cores range
across the depositional profile, mixing TST and
HST samples from sites with different proximity to
the regional depocenter.

Cross Evaluation of Calibrated Bathymetric Models.
Water depth estimates of genera derived by a direct
EG-constrained approach (G-WA) show a high cor-
relation with those obtained by the unconstrained
and calibrated approach (i.e., G-DC), thus indicat-
ing that the two approaches estimate water depth
for the selected 24 taxa in a concordant manner
(fig. 10A). The calibrated DC1 sample depths (S-DC)
are comparable to the weighted-average sample
depths (S-WA), indicating that the analyses are also
consistent for sample estimates (fig. 10B; table 3).
Although the different metrics used here corre-

late tightly, they produce somewhat different abso-
lute depth values for genera and samples (i.e., they

are somewhat offset relative to each other, with
genus depth estimates more widespread than sam-
ple depths for DC1; fig. 10). This is understand-
able as samples are a combination of genera; hence,
bathymetry estimates of samples will tend to show
a restricted range depth unless samples at both
ends record only the shallowest/deepest genus.
Depth calibrations of sample-level S-DC and

genus-level EG-DC (or G-DC; fig. 11B; i.e., the ap-
proach developed in Scarponi and Kowalewski
2004) were compared using intervals of 100 for the
DC1 scores (fig. 11). Similar results are produced
with both models, with S-DC slightly overestimat-
ing depths relative to the other approach (fig. 11).
With shallow DC1 scores (DC1 p 100), EG-DC
(or G-DC) and S-DC calibrations produced depths
with a difference smaller than 1.6 m: 23.5 (3.0) and
25.1 m, respectively (fig. 11). With higher DC1
scores (DC1 p 400), the difference between the
twometricswas slightlymorepronounced,with the
two calibrations being within 2.3 m of each other:
217.9 (217.8) and 15.6 m, respectively (fig. 11).
Hence, with DC1 scores ranging from 0 to 400, EG-
DC and G-DC depth estimates produce a wider
depth gradient (for EG-DC, from 11.2 to 217.9 m;
for G-DC, from 11.9 to 217.8 m) than S-DC depth
estimates (21.6 to 215.6 m).

Figure 8. Detrended correspondence analysis of samples (n p 297). Inset, scatterplot of sample water depth esti-
mates graphed against sample DC1 scores (n p 297). Root mean square error p 1.27 m.
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Figure 9. Detrended correspondence analysis of samples (n p 297). A, Position along depositional profile. Proximal
cores are indicated by white squares (cores 8, 13–15, 18–20), and distal cores are indicated by black circles (cores 1–7,
16, 17). B, Age. Gray diamonds indicate the Pleistocene, and black circles indicate the Holocene. C, Sequence-
stratigraphic position. Black-outlined gray circles indicate falling-stage systems tract samples, gray diamonds indicate
transgressive systems tract samples, open squares indicate maximum flooding zone samples, and black circles in-
dicate highstand systems tract samples.



Bathymetric Models and Their Application to Se-
quence Stratigraphy. S-WA and S-DC depth esti-
mates (see the equations in table 2) were calculated
for each sample, and the resultant water depth es-
timates were plotted stratigraphically (fig. 12). Both
parameters showed similar depth trends displaying
gradual deepening-upward followed by shallowing-
upward depth signals. S-WA and S-DC are slightly
offset compared with each other in both Pleisto-
cene and Holocene cores, with S-DC estimating
slightly deeper depths than S-WA except in core 3
from the Late Pleistocene, where S-WA estimates
deeper depths during maximum flooding (fig. 12B).

The stratigraphic plots of bathymetrically related
trends delineate and match the independent and ex-
pected sequence stratigraphic interpretations avail-
able for the Pleistocene and Holocene succession
of the Po Plain (fig. 1). Unlike core 3, however, cores
from proximal settings are generally less easy to
interpret, either showing substantial stratigraphic
disagreements with sequence stratigraphic inter-
pretations (fig. 12C) or revealing more complicated
patterns than those suggested by the regional se-
quence stratigraphic model (fig. 12D).
Water depths based on S-DC estimates of inde-

pendently derived MFS plotted by core (fig. 13)
show slight offsets in maximum water depths rel-
ative to each other across the Po Plain deposits.
Southern cores range in maximum water depths
from 7 to 12 m (fig. 13B) followed by a deeper-water
signal in northern cores, with maximum water
depths of 12 to 16m at peak transgression (fig. 13A).

Discussion

The water depth estimates derived from genus- and
sample-based bathymetric models are mutually
consistent and generally agree with the sequence
stratigraphic interpretations of the Po coastal plain
(with a few exceptions in very proximal areas).
However, their utility may be more limited when
applied to sedimentary basins in which fossil sam-
ples are dominated by either extinct genera or ex-
tant genera with poorly understood ecology and
bathymetric distribution. The approaches worked
well here because late Quaternary mollusk assem-
blages preserved in Po Plain deposits have remained
remarkably unchanged over the present and last
interglacial (Scarponi and Kowalewski 2007). Nev-
ertheless, the results affirm the general notion that
in marine systems bathymetry and depth-related
variables can represent an overriding control on
species composition. This indicates that indirect
ordination approaches may provide a successful in-
direct proxy of depth (without absolute depth cali-
bration) when also applied to older sedimentary
basins (e.g., Holland et al. 2001; Hendy 2013).
An additional limitation, specific to the direct

ordination approach, is its limited reliability for

Figure 10. Scatterplot of estimated and calibrated water
depths. A, Comparison of genus-level estimated water
depths with detrended correspondence analysis (DCA)–
calibrated genus water depths of the 24 taxa. B, Com-
parison of S-WA-estimated water depths with DCA-
calibrated S-DC.

Table 3. Correlation Coefficients of Depth Estimates

Depth estimate n Pearson’s r r 2 95% CI P (a p .05)

G-WA vs. G-DC 24 .90 .81 .69–.93 .0001
S-WA vs. S-DC 264 .96 .92 .90–.94 .0001
G-DC vs. EG-DC 24 1 1 .99–1.00 .0001
G-DC vs. S-DC 5 1 1 .99–1.00 .0175

Note. See table 2 for explanations of acronyms. CA p confidence interval.
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samples dominated by genera for which EG esti-
mates are not available. In the case of our data,
only one sample in the culled marine data set did
not contain any of the 24 taxa with EG water depth
estimates, and it was not used in any of the anal-
yses. Six of the 297 samples included only one ge-
nus of the 24 genera along with other minor taxa,
but these samples represented primarily very proxi-
mal cores (back-barrier and estuarine facies). For
samples affected by this problem, their position
along the ordination depth axis may be substan-
tially inaccurate. In this case or in case studies
where the lack of ecological data at taxa level could
hamper paleoenvironmental reconstructions, a cor-
relation analysis between indirect and direct de-
rived ordination estimates (fig. 11) can improve
the paleoenvironmental accuracy of poorly defined
samples and/or genera. The 24 extant genera used
here provide a good representation of the entire
bathymetric range, with their preferred depths
spread relatively evenly from 0 to 20 m (fig. 4). The
genus-level bathymetric estimates of the Po Plain
genera are not synonymous with the bathymetric

estimates of those in the Mediterranean today.
This is because the computation of the preferred
depth is based only on those species listed in the
ENEA database that were recovered from the Po
Plain sediments. The ENEA database includes ad-
ditional species from those genera that occur in
deeper-water settings that have not been sampled
by the network of core samples used here. More-
over, even though some of those genera are repre-
sented by multiple species in the study area, they
tend to have relatively narrow bathymetric distri-
butions (median standard deviation of 6.8 m), and
only a few genera occur over a substantial depth
range (table 1). The results also highlight limita-
tions of the proposed approach to identify bathy-
metric gradients. Ordinations of landward cores
show mixed paleoenvironmental trends likely re-
sulting from the influence of environmental vari-
ables that do not correlate strongly with bathyme-
try, such as variation in salinity or water energy
across shallow-water settings. Coastal/back-barrier
habitats that vary notably in salinity and water
energy are thus particularly problematic to use for
bathymetric reconstructions. The nonbathymet-
ric sources of variations are particularly noticeable
in figure 8, where samples with comparable DC1
scores separate into clusters along DC2, suggesting
different salinity and energy regimes. This DC2 in-
terpretation is consistent with microfaunistic and
sedimentary inferences independently obtained for
the same units (Amorosi et al. 1999, 2003).

The spatiotemporal scale of analysis may also
limit the importance of bathymetric gradients. Red-
man et al. (2007; see also Grill and Zuschin 2001)
found that at small spatiotemporal scales water
depth becomes less relevant for controlling ordi-
nation gradients. Instead, life mode appears to be
more appropriate for controlling variation from
site to site, based on microhabitat change. These
local heterogeneities may have also contributed to
variability across landward cores observed in the
bathymetric analyses of the Po Plain samples.

Another important caveat to the proposed ap-
proach is the confounding role of pooling data ob-
tained along the regional depositional profile. Pool-
ing of data from proximal and distal cores can mask
stratigraphic signals that are discernible in two-
dimensional cross sections parallel or perpendicu-
lar to the depositional profile of the basin. For ex-
ample, Scarponi and Kowalewski (2004), using an
array of three cores that did not differ dramatically
in their location relative to the regional depocenter
of the Po Basin, were able to recognize a distinct
stratigraphic signal overprinting the ordination pat-
terns, with TST, HST, and MFZ samples behaving

Figure 11. Bivariate plot of DC1-calibrated depths.
A, Comparison of S-DC and EG-DC depth estimates for
DC1 scores. B, Comparison of S-DC and G-DC depth
estimates for DC1 scores.
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in a predictable manner. However, when the ordi-
nation is based on a three-dimensional network of
cores encompassing both distal and proximal set-
tings, the sequence stratigraphic signals become
obscured (fig. 9C). The indistinct pattern arising
when samples are grouped by systems tracts is
caused by pooling sites along the depositional pro-
file, where proximal MFZ samples plot together
with late HST samples from more distal samples.
Moreover, deepening and shallowing-upward trends
based on water depth estimates are less clear or
obscured in part of the most proximal cores, possi-
bly adding to the lack of separation between HST
and TST samples in the ordinations (fig. 9C). The
stratigraphic context becomes more discernible
when analyses are restricted to an array of cores
(e.g., cores 4, 5, and 6) parallel to the shoreline and
equidistant to the depocenter (fig. 14A). In this
case—and similar to the findings of Scarponi and
Kowalewski (2004)—HST and TST samples ordi-
nate consistent with their sequence stratigraphic
interpretations (fig. 14A). Unlike the ordination
pattern encompassing all samples (fig. 9C), sample

DCA scores from the initial ordination plotted
solely for cores 4–6 display TST samples with low
to intermediate DC1 and DC2 scores. HST sam-
ples occur from intermediate to high DC1 and DC2
scores, demonstrating a noticeable separation be-
tween the HST and the TST. This separation indi-
cates that cores sampled parallel to the coastline
recover distal settings dominated by marine sam-
ples. In contrast, an ordination of a transverse tran-
sect of cores that include both proximal and dis-
tal settings produce ordination patterns where the
separation between systems tracts becomes blurred
(fig. 14B). BothTST andHST samples overlap across
DC1 and DC2, as seen in figure 9C.
Although the Po Plain data set contains an ex-

tensive number of samples from different systems
tracts and various depths, shallow-water HST sam-
ples dominate the data set (fig. 6). During the HST,
net accumulation rates are relatively high and in-
clude more frequent depositional events compared
with the other systems tracts of the Po Plain (Scar-
poni et al. 2013). The presence of numerous depo-
sitional events and thick sedimentary packages

Figure 12. Stratigraphic patterns in DC1-calibrated water depths based on sample- and genus-level estimators. Max-
imumflooding shown is based on independent sequence stratigraphic interpretations (e.g., Amorosi et al. 2003, 2004).
A, B, Examples of distal cores: Holocene transgressive-regressive cycle of core 3 (A) and Pleistocene transgressive-
regressive cycle of core 3 (B). C, D, Examples of proximal cores: Holocene transgressive-regressive cycle of core 8
(C) and Pleistocene transgressive-regressive cycle of core 13 (D). MFS p maximum flooding surface.
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allow for an increased deposition and preserva-
tion of shallow-water fauna, possibly creating a
bias in our data set for shallow-water samples. The
dominance of shallow-water samples is consistent
with recent modeling predictions of Holland and
Christie (2013).

Despite the above-described caveats, bathymet-
ric ordination models can potentially be applied
to various stratigraphic and paleobiologic settings.
Ordination models based on fossil assemblages
can potentially improve estimates of bathymetric
changes derived from facies analyses. The quanti-

Figure 13. Comparison of maximum flooding zones and surfaces from S-DC-estimated depths for the Holocene.
A, DC1-estimated maximum water depths plotted from seven northern cores. B, Map of northern Holocene cores and
contour lines of their estimated maximum water depth. C, DC1-estimated maximum water depths plotted from five
southern cores. D, Map of southern Holocene cores and contour lines of their estimated maximum water depth.
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tative ordination-based approach can allow for en-
vironmentally better-resolved analyses of Pleisto-
cene andHolocene communities and their response
to relative sea-level changes. Origination, extinc-
tion, and turnover rates can be explored in more
detail with respect to large-scale climatic, sea-level,
and environmental changes. Finally, the approach
enables tracking of onshore-offshore changes in
the distribution of individual taxa.
The coupling of bathymetric models with stra-

tigraphy allows for tracking of changes in relative
sea level through time and space (Miller et al. 2001;
Scarponi and Kowalewski 2004, 2007; Hendy 2013),
a method that can be viewed as a natural exten-
sion of the coenocorrelation approach of Cisne and
Rabe (1978; see also Springer and Bambach 1985).
The previous models focused on preferred water
depths of extant genera (EG) to quantify regional
bathymetric gradients (Scarponi and Kowalewski
2004; Scarponi and Angeletti 2008; Hendy 2013).
However, the multiordination approach proposed
here allows for cross validation of different bathy-
metric models against each other and against the

independently established sequence stratigraphic
interpretations. Posteriori-calibrated sample depth
estimates (S-DC) can be contrasted against esti-
mated sample depth estimates (S-WA) to determine
whichmodel ismost effective in explaining relative
water levels. These models can be further applied
to compare the direction of regional depositional
gradients and flooding across the basin, particularly
in the Quaternary because of well-known sea-level
fluctuations. In addition, these models can aid in
the development of paleobathymetric maps that
can estimate quantitative changes in water depth.
Paleobathymetric maps can show gradual deepen-
ing and shallowing-upward trends at multiple time
slices to illustrate regional changes in environment
and habitat within a given study area. Even in sit-
uations where environmental preferences for spe-
cies cannot necessarily be estimated directly (i.e.,
the older fossil record dominated by species that
lack closely related extant relatives), the composi-
tion of faunal assemblages can be modeled using
ordination methods to improve stratigraphic inter-
pretations (Cisne and Rabe 1978; Springer and
Bambach 1985; Holland et al. 2001).

Conclusions

In this study, we have developed multiple quanti-
tative ordination models to assess the regional ba-
thymetry across a stratigraphically well-resolved
area of the Po Basin (Italy). The ordination models
were consistent in estimating water depth dur-
ing the most recent geological history of the Po
coastal plain and reaffirmed that multivariate
analyses of fossil samples can (1) aid in evaluating
high-resolution transgressive-regressive cycles by
defining temporal water-level changes at fine reso-
lution, (2) track maximum flooding across a basin
by identifying maximum water depth through a
three-dimensional network of cores, and (3) explore
the spatial behavior of taxa by tracking their pre-
ferred depth distributions through time.
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