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Abstract

Benthic marine fossil associations have been used in paleontological studies as multivariate environmental proxies, with
particular focus on their utility as water depth estimators. To test this approach directly, we evaluated modern marine
invertebrate communities along an onshore-offshore gradient to determine the relationship between community
composition and bathymetry, compare the performance of various ordination techniques, and assess whether restricting
community datasets to preservable taxa (a proxy for paleontological data) and finer spatial scales diminishes the
applicability of multivariate community data as an environmental proxy. Different indirect (unconstrained) ordination
techniques (PCoA, CA, DCA, and NMDS) yielded consistent outcomes: locality Axis 1 scores correlated with actual locality
depths, and taxon Axis 1 scores correlated with actual preferred taxon depths, indicating that changes in faunal associations
primarily reflect bathymetry, or its environmental correlatives. For datasets restricted to taxa with preservable hard parts,
heavily biomineralized mollusks, open ocean habitats, and a single onshore-offshore gradient, the significant correlation
between water depth and Axis 1 was still observed. However, for these restricted datasets, the correlation between Axis 1
and bathymetry was reduced and, in most cases, notably weaker than estimates produced by subsampling models.
Consistent with multiple paleontological studies, the direct tests carried out here for a modern habitat using known
bathymetry suggests that multivariate proxies derived from marine benthic associations may serve as a viable proxy of
water depth. The general applicability of multivariate paleocommunity data as an indirect proxy of bathymetry is
dependent on habitat type, intrinsic ecological characteristics of dominant faunas, taxonomic scope, and spatial and
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temporal scales of analysis, highlighting the need for continued testing in present-day depositional settings.
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Introduction

Relative species abundance can frequently be described as a
function of measured environmental variables (direct gradient
analysis), as community composition varies along environmental
gradients. Conversely, environmental gradients may be inferred by
detecting patterns of variation in community composition (indirect
gradient analysis) [1]. The latter approach is frequently employed
in paleoecological analyses (e.g., [2,3,4]), and consists of arranging
community samples along axes of variation based on their
composition, followed by interpretation of the axes in terms of
environmental gradients [5]. Indirect gradient analysis is typically
performed using multivariate ordination techniques applied to
community abundance data [1]. These techniques allow for
plotting samples in ordination space, to capture the major
directions of variation in faunal composition. Ordination axes
are then interpreted post-hoc in terms of putative eco-environmen-
tal gradients controlling species composition and sample distribu-
tion. Present-day settings allow for a direct comparison of
ordination scores derived from community data against actual
environmental variables. This study employs modern benthic
mvertebrate communities to directly test the reliability of depth
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estimates derived from indirect ordinations of quantitative
community data.

In present-day ecosystems changes in environmental conditions
associated with water depth, such as decrease in light intensity,
decrease in wave energy, changes in ambient temperature, and
changes in salinity (related to distance from shore and precipita-
tion), are often reflected by fundamental differences in taxonomic
and ecological composition of marine benthic communities
[6,7,8,9,10,11]. In the fossil record faunal composition is also
likely to change notably with water depth (e.g., [12,13,14,15,16]),
a view often supported by indirect multivariate analyses of fossil
associations evaluated against independent lithological and/or
ecological proxies (e.g., [4,13,17,18,19,20,21,22,23]). Many mod-
ern ecological studies, however, identify factors other than depth
as primary controls (e.g., [24,25,26,27,28]). Furthermore, most
paleontological studies are limited to one, or at most a few, higher
taxa (but see [13,23,29]), particularly heavily biomineralized
organisms such as brachiopods and mollusks (e.g., [4,22,30]).
Because studies examining the effect of preservation biases on
community ordination patterns are lacking, it remains unclear
whether ordinations based on subsets of communities, confined to
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Figure 1. Map of sample locations. Inset box in top left corner shows location of the field area in North Carolina. Each locality (numbered 1-55)
was sampled a minimum of three times. In the restricted data analyses, open ocean localities are all localities except 10-15 and 21-22, and the small

grid of samples consists of localities 39-55.
doi:10.1371/journal.pone.0095711.g001

biomineralized organisms, accurately detect ecological gradients
observed for the entire community.

In this study, dredge samples collected along an onshore-
offshore gradient off the coast of North Carolina, were used to
assess the reliability and fidelity of multivariate community proxies
of bathymetry. Using the resulting benthic invertebrate commu-
nity data, we evaluated four research questions:

First, we assessed the hypothesis that depth estimates based on
faunal composition provided reliable measures of actual bathym-
etry (and related environmental parameters). Under this hypoth-
esis, indirect ordination scores derived solely from faunal
composition data are expected to correlate with locality water
depth (known a prior, and independent of faunal data). This
hypothesis predicts that indirect ordination scores of species should
correlate with the actual preferred species depth, which can be
estimated directly in modern settings via direct ordination methods
(weighted averaging sensu [31]).

Second, by deriving ordinations using various subsets of the
community, we assess the multivariate fidelity of the marine
benthic associations from a paleontological perspective; specifical-
ly, comparing the performance of indirect ordinations for all taxa,
preservable taxa, and heavily biomineralized mollusks. These
three datasets, which represent neontological data (all taxa) and
two paleontological proxies (preservable taxa and heavily biomi-
neralized mollusks), respectively, are used here to evaluate their
mutual consistency and compare their relative effectiveness in
capturing environmental information.

Third, we compare the results of Principal Coordinates
Analysis, Correspondence Analysis, Detrended Correspondence
Analysis, and Non-Metric Multidimensional Scaling, in terms of
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their consistency and their effectiveness in deriving robust
environmental proxies from multivariate community datasets.

Finally, we examine how geographic scope of the analysis alters
the strength of the bathymetric signal, as the relationship between
community composition and depth is expected to scale spatially
and temporally [10,20,32]. Results are compared for the entire
study arca (~952 km?), open ocean habitats (~578 km?), and a
confined onshore-offshore gradient (~180 km?).

Study Area Description

The coast of North Carolina is protected from the open ocean
by barrier islands and sandbars. Storm activity is concentrated in
the fall and winter (September-February), with waves arriving
predominantly from the northeast during winter months and from
the southeast during summer months. The area behind these
islands and bars, referred to as the back-sound, is typically more
lagoonal/estuarine and somewhat sheltered from swells and
storms. The average salinity of the open marine waters in the
region is 36 ppt, with the warm Gulf Stream flowing from the
south. Inner shelf waters vary seasonally in temperature (>28°C in
summer, 12-14°C in winter) [33]. Nearshore average salinity is
34 ppt, and estuarine waters vary in salinity levels dependent on
precipitation. Water depth is relatively shallow on the continental
shelf, and increases gradually to ~70 m with increasing distance
from shore to the edge of the continental shelf [33]. The shelf
break (~120 km off the coast of Onslow Bay) marks a sudden
dramatic increase in depth. Sediments include fine and medium to
coarse sands and gravel [33].
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Table 1. Sample location data.

Locality Samples Richness Abundance Depth (m) GPS

1 3 3 47 19.0 N34° 34.383" W76° 40.474'
2 3 12 47 18.8 N34° 35.044" W76° 39.650'
3 6 18 105 18.3 N34° 36.506" W76° 38.372'
4 6 29 256 16.7 N34° 37.691" W76° 37.404'
5 3 25 409 11.7 N34° 39.516" W76° 34.956'
6 3 9 63 187 N34° 34.863" W76° 39.714'
7 3 20 72 18.7 N34° 35.888" W76° 38.913'
8 6 36 408 155 N34° 38.363" W76° 36.237'
9 5 22 247 8.0 N34° 39.473" W76° 34.576'
10 3 21 119 85 N34° 38.258" W76° 32.752'
11 6 55 562 9.9 N34° 40.698" W76° 36.834'
12 4 31 537 8.8 N34° 37.449" W76° 32.854'
13 6 23 435 52 N34° 48.006" W76° 41.216'
14 8 40 398 54 N34° 45.751" W76° 40.562'
15 8 45 593 5.6 N34° 43.445" W76° 41.622'
16 8 25 1253 13.6 N34° 40.877" W76° 39.929'
17 6 12 73 6.7 N34° 41.307" W76° 41.185'
18 7 18 283 7.9 N34° 41.460" W76° 42.554'
19 5 30 189 9.6 N34° 40.499" W76° 38.665'
20 4 17 208 15.5 N34° 39.028" W76° 38.063'
21 7 16 235 83 N34° 41.528" W76° 38.142'
22 5 29 213 4.9 N34° 41.374" W76° 33.769'
23 3 22 179 16.0 N34° 40.375" W76° 43.591'
24 3 31 779 15.0 N34° 39.755" W76° 40.362'
25 3 21 116 16.3 N34° 38.595" W76° 40.642'
26 3 16 87 17.0 N34° 37.585" W76° 40.868'
27 3 13 56 18.0 N34° 36.316" W76° 41.138'
28 3 15 65 183 N34° 35.403" W76° 41.331'
29 6 14 62 18.0 N34° 35.952" W76° 44.557'
30 3 14 91 17.5 N34° 36.819" W76° 44.487'
31 3 18 134 16.0 N34° 38.218" W76° 44.358'
32 3 22 128 17.0 N34° 39.459" W76° 44.176'
33 3 19 217 16.0 N34° 35.740" W76° 34.505'
34 3 9 60 18.0 N34° 34.928' W76° 35.792'
35 3 9 55 18.0 N34° 34.009" W76° 36.660"
36 3 8 59 19.0 N34° 33.921" W76° 40.914'
37 3 7 64 19.0 N34° 33.230" W76° 43.016'
38 3 13 82 18.7 N34° 34.442' W76° 44.632'
39 3 8 106 18.3 N34° 34.939" W76° 54.526'
40 3 15 82 169 N34° 37.281" W76° 47.791'
41 6 21 143 16.8 N34° 38.852" W76° 48.196’
42 4 21 137 133 N34° 41.149" W76° 48.010'
43 4 19 207 16.0 N34° 40.118" W76° 48.143'
44 4 33 356 17.2 N34° 36.891" W76° 50.267'
45 3 20 319 17.0 N34° 38.122" W76° 50.702'
46 3 22 442 16.0 N34° 39.306" W76° 50.736'
47 3 21 205 13.0 N34° 40.761" W76° 50.570"
48 3 16 257 1.3 N34° 40.739" W76° 53.045'
49 3 20 251 16.0 N34° 40.015" W76° 54.028’
50 3 15 100 16.0 N34° 35.938" W76° 50.392'
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Locality Samples Richness Abundance Depth (m) GPS

51 6 20 129 16.3 N34° 38.005" W76° 53.658'
52 3 12 94 17.0 N34° 37.060" W76° 54.003'
53 3 12 126 17.0 N34° 36.077" W76° 54.068'
54 3 12 546 17.0 N34° 34.772" W76° 54.699'
55 3 12 143 18.0 N34° 35.938" W76° 50.392’

Number of samples collected at each locality is listed under “Samples”.
doi:10.1371/journal.pone.0095711.t001

Ethics Statement

All necessary permits were obtained for the described study,
which complied with all relevant regulations. No permits are
required for general dredging in the study area. As all dredging
was conducted using the Duke University Marine Lab (DUML)
facilities and equipment, field collections fell under the DUML
invertebrate collections permits (Duke University Marine Lab
Scientific or Education Permit 707075 for 2011, 2012, and 2013).
With the exception of species identification voucher specimens, all
individuals were released m situ after counting and identification.
No protected species were identified in the sampled material. Data
and R script to perform all analyses are included in supplemental
materials.

Materials and Methods

Samples were collected in a series of dredges, near the city of
Beaufort, North Carolina, U.S.A. (Figure 1). Sampling was
completed in four field seasons (June 2011, November 2011,
May of 2012, and April 2013) to capture seasonal variation in
community composition. Repeat visits to localities served to
minimize seasonal variation in sample composition and reduce the
magnitude to which richness and relative abundances in the living
population may be underestimated. Day et al. [12] conducted
similar surveys of the benthic invertebrate fauna repeated in
different seasons within a year, and determined that seasonal
effects on faunal composition were negligible in the study area.

Dredging was conducted at 55 localities, resulting in a total of
221 dredge samples collected from a variety of habitats, depths,
and distances from shore (Table 1). At each locality a minimum of
three samples were collected, utilizing the following types of
equipment (minimum one sample each): a benthic sled, a dredge
basket, and a van Veen grab. The benthic sled was lined with
I mm wire mesh to ensure representative sampling of smaller
species and juveniles, and van Veen samples were wet sieved
(1 mm mesh). In the case of benthic sled and basket samples, the
entire sample was carefully examined, and all invertebrates
identifiable without the aid of a microscope, with the exception
of small encrusting species (such as bryozoans and sponges), were
counted and identified to the lowest taxonomic level possible
(typically species). The resulting live samples consist of multiple
higher taxonomic groups (e.g., bivalves, gastropods, arthropods,
echinoderms, annelids, etc.). Although surficial dredging of this
nature provides limited coverage of the sea floor both in terms of
surface area covered, and depth below sediment-water interface,
infaunal organisms were adequately represented; 27% of live
species surveyed and 36% of individuals were infaunal.

Sampling resulted in an abundance matrix consisting of 11248
individuals, 231 species, and 220 samples from 55 localities.
Localities with less than 30 individuals, species with less than 10
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individuals, and taxa occurring only at a single locality were
removed from the data matrix (see below for justification). The
resulting matrix, consisting of 9505 individuals (Table S1), 69
species (Table S2), and 49 localities (Table S3), was used as the
initial dataset in all subsequent analyses. Data were analyzed using
common multivariate ordination techniques: Principal Coordi-
nates Analysis (PCoA or Classical Multidimensional Scaling),
Correspondence Analysis (CA), Detrended Correspondence Anal-
ysis (DCA), and Non-Metric Multidimensional Scaling (NMDS).
The bivariate relationship between community composition and
bathymetry was evaluated via a reduced major axis regression of
scores from Axis 1 of a given ordination against the appropriate
water depth (m) estimates (locality water depths or weighted
species occurrence depths). Locality water depth was recorded
when sampling localities, using the onboard depth sounder
(£0.3 m).

Weighted species occurrence depths were obtained for each
species by weighted averaging of a species across all localities in
which that species was present. For example, Species A found in
two localities only, with Locality X at 10 m including n=5
specimens and Locality Y at 8.5 m including »=100 specimens,
would have a preferred water depth calculated as (10%5+8.5%100)/
(100+5)=8.57 m. Note that this approach represents a direct
ordination method based on direct measurements of water depth.

Multiple indirect ordination strategies have been developed for
community and other compositional data, including four widely
used methods. PCoA represents relationships between objects in
multidimensional space, and involves translation of dissimilarities
between objects into Euclidian distances [34,35,36]. Ordinations
produced in PCoA, however, can distort ordination gradients [37],
especially for sparse data matrices, forcing long gradients into
curved patterns (the horseshoe effect). CA involves the repeated
averaging of scores, maximizing the correspondence between
species and locality scores [38,39], and can also suffer from
curvilinear distortions (the arch effect) and compression of gradient
extremes. DCA was developed to counter these distortions [40].
DCA divides the first axis into segments and centering each
segment on zero of Axis 2 (detrending) removing any systematic
relationship between scores, and shifting the positions of localities
along the first ordination axis by rescaling the segments [40]. This
straightens out the arch generated by correspondence analysis, and
the ends of the gradient tend to be less compressed. This rescaling
may not, however be desirable in all cases [37,41]. NMDS is an
iterative technique that optimizes the placement of samples into a
low-dimensional space minimizing the mismatch between rank-
order of multivariate ecological dissimilarity and Euclidean
distances in NMDS space [42,43,44,45]. NMDS is also potentially
affected by arch effect and, in addition, this non-eigenvector
method does not maximize the variability associated with
individual axes [46]. These indirect ordination methods (especially
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Figure 2. Locality and species abundance filtering. (A) Dashed
grey line indicates number of localities retained at a given minimum
acceptable sample size. Solid black line indicates adjusted R? values
from regression of Axis 1 scores with locality depths. (B) Grey line with
triangles indicates number of species retained at a given minimum
acceptable sample size (i.e, a minimum acceptable number of
specimens per species). Solid black line with circles indicates adjusted
R? values from regression of Axis 1 scores with weighted species
occurrence depths. In both figures, each R? value represents a new
ordination. Note that a minimum species abundance of 10 and
minimum locality abundance of 30 was used for all analyses, which
allowed us to retain the bulk of the data and R? consistent with values
observed for larger sample sizes.
doi:10.1371/journal.pone.0095711.g002

CA, NMDS, and DCA) are widely employed in ecology and
paleoecology, but numerous controversies surround their relative
effectiveness and validity (e.g., [20,31,41,46]). Analyses were
therefore performed using all four types of ordination techniques
to both facilitate comparison with other studies of both modern
and ancient communities, and to compare their relative perfor-
mance in the specific case of the data analyzed here.

To evaluate the effect of selective restriction of community data
(which is inevitable in the case of paleontological data and, in
practice, also affects ecological community analysis), ordinations
were performed using all taxa, preservable taxa, and heavily
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biomineralized mollusks to imitate common types of paleontolog-
ical data. Preservable taxa were defined herein as species with
biomineralized skeletal components, which therefore could poten-
tially be preserved in the fossil record (e.g., arthropods, echino-
derms, mollusks). This category excluded organisms with no
macroscopic hard-parts, such as polychaetes, sponges, and soft
corals. Heavily biomineralized mollusks consisted of species with
thick shells, having a relatively high preservation potential. Note
that the heavily biomineralized mollusk category restricted the
analysis to one higher taxon and also eliminated mollusk species
that have thin, fragile shells (e.g., Anomia simplex) or lack shells (e.g.,
nudibranchs).

To investigate the effect of spatial scaling on the relationship
between bathymetry and community composition, results were
compared for the study area (all localities, arca ~952 km?, depth
range 4-20 m, and variable salinity), open ocean habitats (all
localities excluding 10-15 and 21-22, area ~578 km? depth
range 7—19 m, and relatively invariant salinity), and a small grid of
samples along an onshore-offshore gradient (localities 39-55, area
~180 km?, depth range 11-18 m, and relatively invariant salinity).
At finer spatio-temporal scales, samples may not ordinate along
bathymetric gradients [30], and consequently, the strength of the
relationship between bathymetry and community composition in
ordination space may be expected to deteriorate.

The above datasets, selectively restricted by taphonomic,
taxonomic, and geographic criteria, are subsets of the entire
dataset. The ordinations based on reduced datasets may be
expected to perform less effectively in regression models owing to
loss of information associated with loss of taxa, localities, and
specimens, resulting in lower values of R?, merely as an artifact of
reduced dimensions of the data matrix and smaller numbers of
specimens per sample and/or per taxon. Random subsampling
without replacement was therefore used to generate replicate
random subsets of the total dataset while mimicking dimensions
and sample sizes of the restricted datasets analyzed above. NMDS
was performed for each randomly resampled dataset, and only
NMDS ordinations with a stress of 0.2 or lower were retained.
Stress values >0.2 are generally considered poor and potentially
uninterpretable [31,47]. Although such generalizations regarding
the interpretability of stress values are arguably oversimplified as
stress values vary based on the number of samples and species
[47,48], the 0.2 cutoff value 1s still relatively lenient, allowing us to
include many more outcomes in resampling simulations. Out-
comes of individual simulation runs are thus more variable,
producing more conservative estimates of standard errors. In
addition, NMDS analyses performed in three dimensions (which
inevitably notably reduced stress values) produced ordinations
consistent with their two-dimensional counterparts (only the latter
results are reported here). For all NMDS runs with stress <0.2, R?
values were computed for Axis 1 scores and the independent depth
estimates. 1000 iterations were run for each subset. The
distribution of the resampled R? values were compared with the
actual values observed for the entire dataset and for the actual
restricted datasets. Separate simulations were performed for each
of the four restricted dataset (preservable, robust mollusks, open
ocean, and onshore-offshore gradient). The offset between the
mean R? values obtained in simulation and the R? value for the
total dataset provide an estimate of the bias due solely to the effect
of data restriction. Note that if the R? value for a given restricted
dataset approximates the mean R? value in the corresponding
simulation, the poorer performance of the restricted dataset can be
attributed to sampling information loss rather than lower
informative value of the specific non-random subset of data
targeted in a given restricted analyses. Conversely, departures
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Figure 3. Ordination species score plots for all four ordinations types. (A) PCoA (Axis 1=18%, Axis 2=12%), (B) CA (principal inertias
CA1=51%, CA2=49%), (C) DCA, (D) NMDS (stress 0.19). Symbols in (A), top right, denote depth ranges.

doi:10.1371/journal.pone.0095711.g003

from the model prediction would suggest that the restricted dataset
is less (or more) informative than would be expected for a random
subset derived from the entire dataset.

Minimum acceptable sample size per locality was determined
by performing NMDS, and correlating Axis 1 scores with species
and locality depths at 10 specimen increments. Iterative removal
of localities demonstrated that R? values were relatively stable
even when localities with n<30 were included, and only became
volatile above the threshold value of n=280 (Figure 2A). In
contrast, for species, R? values were relatively stable regardless of
the threshold. Consequently, a relatively small threshold value of
n=10 specimens per species was used, which allowed the
retention of the majority of species and a substantial fraction of
localities in the final analysis.

PLOS ONE | www.plosone.org

All ordinations and analyses were performed using R (version
2.15.1; Tables S4-S7). PCoA (Bray-Curtis distance) and DCA
(Chi-square distance) were performed using the “Vegan” package
[49]. The default setting of 26 segments was used in all DCA
analyses. NMDS (Bray-Curtis distance) and CA (Chi-squared
distance) were performed using the “MASS” package [50].
NMDS was performed using two and three dimensions (see
above).

Reduced major axis regression (RMA), also known as Standard
Major Axis Regression, was used to develop linear models relating
water depth and Axis 1 ordination scores. This method is
particularly applicable here because the compared variables
(ordination scores and water depth) are of intrinsically different
types and thus require standardization prior to analysis (e.g., [46]).
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ordinations. (A) Principal Coordinates Analysis, (B) Correspondence Analysis, (C) Detrended Correspondence Analysis, (D) Non-Metric

Multidimensional Scaling.
doi:10.1371/journal.pone.0095711.g004

Furthermore, as substantial errors potentially affect both com-
pared variables, a Type II regression model is more appropriate
(e.g., [51]). RMA models were based on ordination scores
regressed against depth values (either locality depth or weighted
species occurrence depths).

All R? values reported herein are the adjusted R? values.
Whereas adjusted R? is most commonly applied to multiple
regression problems (to compensate for adding additional effects to
the model), it is also appropriate for simple linear regression when
data represent a sample, rather than exhaustive data for entire
statistical populations [46]. The adjusted R? is always lower than
unadjusted R? and provides a more conservative estimate of
amount of variance accounted for by the independent effect

PLOS ONE | www.plosone.org

variable. Because our samples are generally large and all models
are l-parameter models, the differences between the adjusted R?
and non-adjusted R? are trivial (often non-observable when R?
value is rounded to 2 decimal places). Pearson’s correlation
coeflicient (r) and 95% confidence intervals were calculated for
each data subset using both standard parametric approximations
and bootstrap resampling. Each bootstrap estimate was based on
1000 replicate samples obtained by sampling pairs of observations
with replacement.

Results

When species ordination scores are plotted by depth range
(Figure 3), species separate by depth along the first axis for all four
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doi:10.1371/journal.pone.0095711.g005

ordination techniques. Axis 1 scores are a significant predictor of
weighted species occurrence depths for all four ordination
techniques (Figure 4). Adjusted R? values are comparable across
ordination methods, with Axes 1 yielding the highest values for
NMDS and DCA (0.81 and 0.80 respectively), and lowest for
PCoA (0.64). Although regressions between Axis 1 scores and
locality depth are also all significant (p<<<<0.0001), R values are
lower (Figure 5). Again, NMDS yielded the highest (0.66) and
PCoA the lowest (0.44) R? value. As all four ordination techniques
produced similar regression results, all subsequent analyses focused
on the NMDS results. The depth gradient is clearly apparent in
the NMDS ordination plot (Figure 6), with species and locality
depths increasing to the left on Axis 1 (stress = 0.2). Axis 2 species
and samples do not align or group according to habitat type or

PLOS ONE | www.plosone.org

distance from the coastline. Whereas scores for the first axes are
highly consistent across different ordination types with absolute
value of r exceed 0.7 for all comparisons (Table 2), the scores for
the second axes are poorly correlated, with most absolute values of
7 below 0.2 (Table 2).

When data are restricted to preservable taxa only (46 localities,
61 species, 7545 individuals, Table S8; Figure 7), the regression for
species scores 1s still significant, although not as strong (Figure 8 C;
R?=0.79, p<<0.0001). When only heavily biomineralized
mollusks are retained (28 localities, 18 species, 3042 individuals,
Table S9) the relationship weakens considerably (Figure 8 E;
R?=0.25, p=0.003). Locality scores performed similarly; when
preservable taxa are retained the results are nearly identical to
those obtained for all taxa (Figure 8 D; R%*=0.67, $<<<0.0001),
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but the association between depth and locality scores weakens
considerably when only heavily biomineralized mollusks are
retained (Figure 8 F; R?=0.40, p=0.04). It should be noted that
organisms which vary in preservational potential (i.e., heavily
biomineralized species, species with fragile but skeletonized hard
parts, species with some hard parts such as chitin, and species with
soft tissues only) are present along the entire length of Axis 1
(Figure 7). Thus, the differences observed across the three
compared datasets (all taxa, preservable taxa, and heavily
biomineralized mollusks) are unlikely to represent an artifact of a
non-random clustering of organisms with high (versus low)
preservation potential along the first ordination axis.

Table 2. Axis score correlation coefficients.

Method r(L) r(Sp)
CA1 vs. DC1 —1.00* —1.00*
CA1 vs. MDS1 —0.81* —0.91*
CA1 vs. PCO1 0.91* —0.84*
PCO1 vs. MDS1 —0.88* 0.74*
DC1 vs. MDS1 0.81* 0.91*
DC1 vs. PCO1 —0.90* 0.84*
CA2 vs. DC2 0.09 0.11
CA2 vs. MDS2 —0.06 —0.09
CA2 vs. PCO2 0.21 0.54*
PCO2 vs. MDS2 0.56* 0.08
DC2 vs. MDS2 —0.19 —0.09
DC2 vs. PCO2 —0.48* 0.11
Spearman’s Rank correlation coefficients (r) of Axis 1 and Axis 2 locality (L) and
species (Sp) scores for each ordination method.

*Denotes significant correlations (o= 0.05).
doi:10.1371/journal.pone.0095711.t002
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NMDS ordinations performed at successively smaller spatial
scales yielded qualitatively consistent results. The dimensions of
the resultant restricted datasets are as follows: open ocean localities
consists of 42 localities, 52 species, 7120 individuals (Table S10),
and the onshore-offshore gradient consists of 17 localities, 50
species, 2830 individuals (Table S11). Localities separate by depth
along the first axis for all localities (Figure 9 A), open ocean
localities (Figure 9 C), and for the onshore-offshore gradient
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Figure 7. NMDS plot of species scores and preservation
potential. Symbols denote relative preservation potential (4 =heavily
biomineralized, 3 =fragile but skeletonized hard parts, 2=some hard
parts such as chitin, 1=all soft parts). Note that species with various
ranks of preservation potentials are distributed along the entire range
of Axis 1.

doi:10.1371/journal.pone.0095711.g007
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(Figure 9 E). Axis 1 scores are a significant predictor of locality
depths for open ocean localities (Figure 9 D; R?2=0.56, p<<
0.0001), and the onshore-offshore gradient (Figure 9 F; R? = 0.54,
$<<0.001), although the strength of the relationship is weaker, in
both cases, when compared to the results for all localities
(Figure 9 B; R*=0.66, p<<<0.0001).

When compared to the observed 1 value for the total dataset,
the mean R? values estimated by random subsampling are notably
lower for heavily biomineralized mollusks, open ocean localities,
and the onshore-offshore gradient (Figure 10), but comparable for
preservable taxa. Note that the simulations for preservable taxa
and open ocean localities result in the removal of a small number
of taxa and localities from the dataset. For three out of the four
restricted datasets (robust mollusks, open ocean localities, and the
onshore-offshore gradient), the observed R? values for the subsets
of data are lower than the mean R? values produced by random
subsampling. Simulated R? values for heavily biomineralized
mollusks and the onshore-offshore gradient, are widely dispersed.
Pearson’s correlation coeflicients are all negative and statistically
significant (T'able 3). The absolute values of coefficients are high
(mean=—0.73) and 95% confidence intervals are relatively
narrow, with the exception of the two datasets with smaller
sample sizes (robust mollusks with 18 species and 28 localities, and
the onshore-offshore gradient with 50 species and 17 localities).

Discussion

A strong relationship between bathymetry and faunal compo-
sition of marine benthic communities was observed along the
studied onshore-offshore gradient suggesting that environmental
factors associated with increasing water depth were the primary
factor controlling faunal composition of the marine benthos in the
study area, despite substantial habitat heterogeneity. Thus,
although multiple gradients likely affected community composition
in this region, water depth appears to have been a strong
correlative of primary processes that control community compo-
sition. Altering the minimum acceptable sample size required for
retention of localities and species did not obscure the observed
relationships between ordination outcomes and the bathymetry,
which appeared relatively strong even when rare taxa and
localities with low abundance were included. Regressions between
the known depth and Axis 1 ordination scores indicated that all
four ordination techniques identified bathymetry (and its implied
environmental correlatives) as the greatest source of variation in
the data, with NMDS scores yielding the highest R? values.
NMDS produced ordinations highly consistent with other methods
despite relatively high stress values (cutoff value of 0.2). These
results are consistent with previous studies concluding that the
results of DCA and NMDS are often comparable [20]. The
second axis could not be interpreted within the context of the
available environmental information. Moreover, the ordinations of
samples and species are highly inconsistent across different
ordination techniques suggesting strong and variable distortions
along second axes.

When only preservable taxa were retained in the analysis, the
bathymetric signal was still detectable, although somewhat weaker
relative to ordinations using the entire community. Preservable
taxa therefore served as a reasonable proxy for all taxa. Because
these taxa could potentially be preserved in the fossil record, the
results suggest that indirect ordinations of fossil communities may
provide viable proxies for bathymetric gradients in cases when
such gradients were ecologically important. Although the use of
restricted datasets limited to preservable species should provide a
proxy for fossil communities, such data do not incorporate the
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potential effects of substantial time-averaging that affects fossil
samples [52,53,54,55,56,57]. However, time-averaging tends to
average seasonal variations in faunal compositions and enhance
alpha diversity [58,59,60], while exerting only small loss of
information on beta diversity [56,58]. Consequently, it is likely
that time averaged samples would perform adequately in cases
when the preservable part of the community offers an informative
proxy for environmental gradients. Finally, the dataset restricted to
robust mollusks was less effective in detecting the bathymetric
gradient suggesting that, for our study area, the restriction of data
to robust mollusks would hamper paleontological analyses aimed
at detecting environmental gradients. While the poor performance
of mollusks cannot be readily evaluated from the existing data, the
underperformance of robust mollusks may be due to lower
diversity/high evenness (only 13 species total) and, possibly, broad
bathymetric distributions of some of the most abundant species
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(e.g., Mulimia lateralis is known to occur in depths up to 119 m,
Spisula solidissima up to 276 m, and Chione cancellata up to 108 m).

When analyses are restricted spatially to a single onshore-
offshore gradient reducing the geographic area from ~952 to 180
km? and the depth range from 16 to 7 m, the bathymetric gradient
is poorly manifested in ordination patterns. This outcome is not
inconsistent with the hypothesis proposed by Redman et al. [30],
that multivariate ordinations at fine spatial scales may be unable to
detect bathymetric gradients. At finer spatial scales, water depth
may no longer be the strongest control on the distribution of taxa,
and factors that were secondary at larger spatial scales may
become dominant (e.g., life mode and grain size).

Indirect ordination methods applied to marine benthic com-
munities spanning multiple habitats along a depth gradient appear
suitable for detecting environmental gradients even when restrict-
ed to non-random subsets of organisms that can be preserved in
the fossil record. The results reported here reinforce paleontolog-
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ical studies that successfully employed such analytical strategies in
the fossil record. However, restricting data to one group of
organisms or smaller spatial scales, where water depth may no
longer be the primary control, may reduce the effectiveness of
multivariate ordination methods to delineate bathymetric gradi-
ents even when strong gradients can be detected when multiple
groups of benthic organisms are analyzed simultaneously.

Supporting Information

Table S1 Filtered dataset used for all initial analyses.
Species by locality abundance matrix, rows are localities and
columns are species.

(CSV)

Table S2 Species list. Species number listed in column one,
weighted species depth (m) in column two, preservation potential
in column 3 (1 being no hard parts, 3 being robust, see text for full
description of categories), and range of depths in column 4 (1 =0—
49m, 2=599m, 3=10-149 m, 4=15-20 m). To be used
with R script.

(CSV)

Table S3 Locality list. Locality number listed in column one,
depth (m) in column two, general habitat type in column 3
(1 =harbor, 2 =back-sound, 3 =0-3 miles offshore, 4 = 6—4 miles
offshore, 5 =river), anthropogenic effects in column 4 (1 =least
disturbed, 2 =moderately impacted, 3 = highly impacted), depth
range (1=0-49m, 2=5-99m, 3=10-149 m, 4=15-20 m).
To be used with R script.

(GSV)

Table S4 R Script. Script to perform all analyses, associated
data files must be downloaded.
(R)

Table S5 Weighted species depths.
(CSV)

Table S6 Locality depths.

(CSV)
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transect. Species by locality abundance matrix, rows are
localities and columns are species. Only localities form a small
set of transects have been retained.

(CSV)

Acknowledgments

We wish to thank the Duke University Marine Lab for providing facilities
and equipment, with special thanks to John T. Wilson, and to the following
people for assistance in the lab and field: AJ. Giuffre, A. Webb, T.A.
Dexter, S. Casebolt, K. O’Donnell, A. Hendy, A. Tucker, M. Meyer, J.
Sliko, J. Broce, D. Hawkins, H. McGettigan, K. Mack, S. Paskovitch, A.
Flemming, I. Satiro, and P. Riggs.

Author Contributions

Conceived and designed the experiments: CLT MK. Performed the
experiments: CLT MK. Analyzed the data: CLT MK. Contributed
reagents/materials/analysis tools: CLT MK. Wrote the paper: CLT MK.

13. Holland SM, Miller AI, Meyer DL, Dattilo BF (2001) The detection and
importance of subtle biofacies within a single lithofacies: The Upper Ordovician
Kope Formation of the Cincinnati, Ohio region. Palaios 16: 205-217.

14. Bilyard GR, Carey AG (1979) Distribution of western Beaufort sea Polychaetous
Annelids. Marine Biology 54: 329-339.

15. Webber AJ (2002) High-resolution faunal gradient analysis and an assesment of
the causes of meter-scale cyclicity in the type Cincinnatian Series (Upper
Ordovician). Palaios 17: 545-555.

16. Scarponi D, Angeletti L (2008) Integration of palacontological patterns in the
sequence stratigraphy paradigm: a case study from Holocene deposits of the Po
Plain (Italy). GeoActa 7: 1-13.

17. Scarponi D, Kowalewski M (2004) Stratigraphic paleoecology: Bathymetric
signatures and sequence overprint of mollusk associations from upper
Quaternary sequences of the Po Plain, Italy. Geology 32: 989-992.

18. Amati L, Westrop SR (2006) Sedimentary facies and trilobite biofacies along an
Ordovician shelf to basin gradient, Viola Group, south-central Oklahoma.
Palaios 21: 516-529.

19. Kowalewski M, Gurs K, Nebelsick JH, Oschmann W, Piller WE, et al. (2002)
Multivariate hierarchical analyses of Miocene mollusk assemblages of Europe:
Paleogeographic, paleoecological, & biostratigraphic implications. Geological
Society of America Bulletin 114: 239-256.

20. Patzkowsky ME, Holland SM (2012) Stratigraphic Paleobiology: Understanding
the Distribution of Fossil Taxa in Time and Space. Chicago: University of
Chicago Press.

21. Ziegler AM, Cocks RM, Bambach RK (1968) The composition and structure of
Lower Silurian marine communities. Lethaia 1: 1-27.

22. Hendy AJW (2013) Spatial and stratigraphic variation of marine paleoenviron-
ments in the middle-upper Miocene Gutan Formation, Isthmus of Panama.

Palaios 28: 210-227.

April 2014 | Volume 9 | Issue 4 | e95711



23.

26.

27.

28.

30.

31.

32.

33.

34.

36.

37.

38.

40.

Miller A, Holland SM, Meyer DL, Datillo BF (2001) The use of faunal gradient
analysis for intraregional correlation and assessment of changes in sea-floor
toporgraphy in the type Cincinnatian. The Journal of Geology 109: 603-613.

. Feder HM, Naidu AS, Jewett SC, Hameedi JM, Johnson WR, et al. (1994) The

northeastern Chukchi Sea: benthos-environmental interactions. Marine ecology
progress series 111: 171-190.

. Holmes NJ, Harriott VJ, Banks SA (1997) Latitudinal variation in patterns of

colonisation of cryptic calcareous marine organisms. Marine Ecology Progress
Series 155: 103-113.

Jorgensen LL, Pearson TH, Anisimova NA, Gulliksen B, Dahle S, et al. (1999)
Environmental influences on benthic fauna associations of the Kara Sea (Arctic
Russia). Polar Biology 22: 395-416.

Leliaert F, Anderson R]J, Bolton JJ, Coppejans E (2000) Subtidal understorey
algal community structure in kelp beds around the Cape Peninsula (Western
Cape, South Africa). Botanica Marina 43: 359-366.

McKinney FK, Hageman SJ (2006) Paleozoic to modern marine ecological shift
displayed in the northern Adriatic Sea. Geology 34: 831-884.

. Holland SM, Patzkowsky ME (2007) Gradient ecology of a biotic invasion:

biofacies of the type Cincinnatian Series (Upper Ordovician), Cincinnati, Ohio
Region, USA. Palaios 22: 392-407.

Redman CM, Leighton LR, Schellenberg SA, Gale CN, Nielsen JL, et al. (2007)
Influence of spatiotemporal scale on the interpretation of paleocommunity
structure: Lateral variation in the imperial formation of california. Palaios 22:
630-641.

McCune B, Grace JB (2002) Analysis of Ecological Communities. Gleneden
Beach: MjM Software Design.

Bandy OL, Arnal RE (1960) Concepts of foraminiferal paleoecology. AAPG
Bulletin 44: 1921-1932.

Menzel DW (1993) Ocean Processes: US Southeast Continental Shelf. Oak
Ridge: US Department of Energy.

Gower JC (1966) Some distance properties of latent root and vector methods
used in multivariate analysis. Biometrika 53: 325-338.

. Kenkel NC, Bradfield GE (1981) Ordination of epiphytic bryophyte commu-

nities in a wet-temperate coniferous forest, South-Coastal British Columbia.
Vegetatio 45: 147-154.

Williamson MH (1978) The ordination of incidence data. Journal of Ecology 66:
911-920.

Minchin PR (1987) An evaluation of the relative robustness of techniques for
ecological ordination. Vegetatio 69: 89-107.

Hatheway WH (1971) Contingency-table analysis of rain-forest vegetation. In:
Patil GP, Pielou EC, Waters WE, editors. Statistical Ecology. University Park:
Pennsylvania State University Press.

. Hill MO (1973) Reciprocal averaging: an eigenvector method of ordination.

Journal of Ecology 61: 237-249.
Hill MO, Gauch HG, Jr. (1980) Detrended correspondence analysis: An
improved ordination technique. Vegetatio 42: 47-58.

PLOS ONE | www.plosone.org

15

41.

42.

43.

44,

46.
47.
48.

49.

50.

51.

52.

53.

54.

56.

60.

Community Composition and Paleobathymetry

Wartenberg D, Ferson S, Rohlf FJ (1987) Putting Things in Order: A Critique of
Detrended Correspondence Analysis. The American Naturalist 129: 434-448.
Shepard R (1962) The analysis of proximities: Multidimensional scaling with an
unknown distance function. 1. Psychometrika 27: 125-140.

Shepard R (1962) The analysis of proximities: Multidimensional scaling with an
unknown distance function. II. Psychometrika 27: 219-246.

Kruskal JB (1964) Multidimensional scaling by optimizing goodness of fit to a
nonmetric hypothesis. Psychometrika 29: 1-27.

. Kruskal JB (1964) Nonmetric multidimensional scaling: A numerical method.

Psychometrika 29: 115-129.

Legendre P, Legendre L (2012) Numerical Ecology. New York: Elsevier.
Clarke KR (1993) Non-parametric multivariate analyses of change in
community structure. Australian Journal of Ecology 18: 117-143.

Vanderklift MA, Ward TJ, Jacoby CA (1996) Effect of reducing taxonomic
resolution on ordinations to detect pollution-induced gradients in macrobenthic
infaunal assemblages. Marine Ecology Progress Series 136: 137-145.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al. (2012)
Vegan: Community Ecology Package.

Venables WN, Ripley BD (2002) Modern Applied Statistics with S;. editor. New
York: Springer.

Sokal RR, Rohlf JF (1995) Biometry. New York: W.H. Freeman and Company.
Kidwell SM, Bosence WJ (1991) Taphonomy and time-averaging of marine
shelly faunas. In: Briggs DEG, Allison PA, editors. Taphonomy: Releasing the
Data Locked in the Fossil Record. New York: Plenum Press. 115-209.

Flessa KW, Cutler AH, Meldahl KH (1993) Time and Taphonomy:
Quantitative Estimates of Time-Averaging and Stratigraphic Disorder in a
Shallow Marine Habitat. Paleobiology 19: 266-286.

Kowalewski M (1996) Time-averaging, overcompleteness and the geological
record. Journal of Geology 104: 317-326.

. Kowalewski M, Bambach RK (2003) The limits of paleontological resolution. In:

Harris PJ, editor. High Resolution Approaches in Stratigraphic Paleontology,
Topics in Geobiology. New York: Kluwer Academic/Plenum,. 1-48.

Kidwell SM, Tomasovych A (2013) Implications of Time-Averaged Death
Assemblages for Ecology and Conservation Biology. Annual Review of Ecology,
Evolution, and Systematics 44.

. Kidwell SM (1997) Time-averaging in the marine fossil record: Overview of

strategies and uncertainties. Geobios 30: 977-995.

. Tomasovych A, Kidwell SM (2009) Fidelity of variation in species composition

and diversity partitioning by death assemblages: time-averaging transfers
diversity from beta to alpha levels. Paleobiology 35: 94-118.

. Olszewski TD (1999) Taking advantage of time-averaging. Paleobiology 25:

226-238.
Olszewski TD, Kidwell SM (2007) The preservational fidelity of evenness in
molluscan death assemblages. Paleobiology 33: 1-23.

April 2014 | Volume 9 | Issue 4 | e95711



