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Ecological studies indicate that structurally complex habitats support
elevated biodiversity, stability and resilience. The long-term persistence of
structured habitats and their importance in maintaining biodiverse hotspots
remain underexplored. We combined geohistorical data (dead mollusc
assemblages, ‘DA’) and contemporary surveys (live mollusc assemblages,
‘LA’) to assess the persistence of local seagrass habitats over multi-centennial
timescales and to evaluate whether they acted as long-term drivers of bio-
diversity, stability and resilience of associated fauna. We sampled structured
seagrass meadows and open sandy bottoms along Florida’s Gulf Coast.
Results indicated that: (i) LA composition differed significantly between
the two habitat types, (ii) LA from seagrass sites were characterized by sig-
nificantly elevated local biodiversity and significantly higher spatial stability,
(iii) DA composition differed significantly between the two habitat types,
and (iv) fidelity between LA and DA was significantly greater for seagrass
habitats. Contemporary results support the hypotheses that local biodiver-
sity and spatial stability of marine benthos are both elevated in structured
seagrass habitats. Geohistorical results suggest that structured habitats per-
sist as local hotspots of elevated biodiversity and faunal stability over
centennial-to-millennial timescales; indicating that habitat degradation and
concomitant loss within structurally complex marine systems is a key
driver of declining biodiversity and resilience.

1. Introduction

Structural complexity of habitats has been predicted to boost biodiversity [1],
stability [2,3] and resilience [4,5] of faunal associations. In marine ecosystems,
empirical studies of coral reefs, seagrass meadows and other structurally complex
habitats yielded multi-pronged support for this hypothesis. First, structured
marine habitats represent well-known hotspots of o-diversity [2,6]. Second,
increased biodiversity frequently correlates with increased structural complexity
[1,7]. Finally, assemblages of marine organisms associated with structured habi-
tats often display reduced B-diversity owing to spatio-temporal stability and
elevated resilience [3,4,8,9]. While past empirical efforts advanced our
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understanding of how structured habitats support diverse
and resilient marine communities, the focus has been on
spatial patterns examined over short, subdecadal to decadal
timescales [8,9]. By contrast, our long-term (centennial to
multi-millennial) understanding of the influence of structured
habitats on patterns and processes is limited [10-12]. Ques-
tions regarding how structured marine habitats functioned
during preindustrial times and whether structural complexity
played an important role over centennial-to-millennial time-
scales remain unexplored, including uncertainties regarding
spatio-temporal stability of structured habitats [12]. Are they
persistent local features or transient phenomena? Ecological
studies alone cannot address those questions directly.

Conservation palaeobiology attempts to answer questions
regarding long-term dynamics of species assemblages by
providing quantitative estimates of biologically relevant
information about past ecosystems [13-15]. One of the key
strategies is joint sampling of living assemblages (LA) and
surficial death assemblages (DA) that archive past popu-
lations [14,16-18]. Live-dead comparative studies in marine
systems focus mainly on molluscs because they tend to be
abundant, ecologically important and dominated by species
with durable shells [17-19]; thus, generating time-averaged
DA spanning centuries or millennia [19-22]. In addition,
bottom-dwelling molluscs and other macrobenthos are sensi-
tive to substrate type and sediment characteristics (e.g. [23])
providing a potential diagnostic tool for delineating seafloor
habitats that vary in structural complexity.

Contemporary LA document present-day characteristics
of structured and unstructured habitats and assess hypoth-
eses about spatial variation in benthic fauna (e.g. [24]).
However, if individual seagrass meadows wax and wane or
shift location, then localized hotspots of a-diversity deli-
neated in contemporary studies are neither unique spatially
nor is their specific location distinctive over longer time inter-
vals. In addition, if present-day differences in composition
and resilience between assemblages in structured and
unstructured habitats are largely driven by human stressors,
contemporary data may exaggerate the importance of struc-
tured habitats when compared with pre-human systems.
DA data can help evaluate those uncertainties by providing
records of centennial-to-millennial patterns in evenness,
a-diversity, B-diversity and faunal composition in the absence
of severe anthropogenic changes [25,26]. In addition, drastic
changes in DA may elucidate the nature and magnitude of
anthropogenic impacts [13]. Live-dead comparisons have
been frequently used in palaeobiology to assess the fidelity
of DA as archives of living communities [16,17,27,28] and
evaluate the magnitude of recent shifts in biological commu-
nities that potentially may reflect anthropogenic activities.
DA record past communities largely predating human
impacts and LA represent the contemporary, impacted
communities [13,14,29,30].

Here, we integrated data from contemporary (live) and
historical (dead) mollusc assemblages (e.g. [14,18,29,30]) to
evaluate the long-term importance of structured seagrass
patches and unstructured open sand habitats that form a
patchy mosaic along Florida’s Gulf Coast. LA data serve to
assess the role of structured seagrass habitats in controlling
spatial ecology of present-day mollusc assemblages, whereas
DA and live-dead comparisons allow us to evaluate long-
term stability and ecological importance of structurally
complex habitats [14,16-18]. If local faunal assemblages

persist relatively unchanged over centennial-to-millennial [ 2 |

timescales, DA should be similar to contemporary faunal
associations, and spatial variation in faunal composition of
DA should parallel that observed today. Conversely, if local
faunal assemblages varied notably through time, the faunal
composition and spatial variability of DA are not expected
to mimic LA patterns (e.g. [14]). Two explanations can be
postulated to explain spatio-temporal instabilities and live-
dead disagreements. First, seagrass habitats have not been
stationary, and thus, DA in the area are a homogenized
(time-averaged) mixture of molluscs from seagrass and
open sand habitats [20]. Second, structured habitats in prein-
dustrial ecosystems did not play as prominent a role in
dictating assemblage composition as they appear to play
today, and thus, DA are not distinguishable between seagrass
and less structured sandy sites, even if both habitats have
been stationary. Using Florida’s Gulf Coast as a model
system, we assess the contemporary and long-term
importance of structurally complex seagrass habitats.

The Big Bend region of Florida, with the second largest contigu-
ous seagrass meadow (ca 3000 km?) in the eastern Gulf of Mexico
[31], is among the least disturbed coastal ecosystems in the USA
[32]. The extensive size of this ecosystem, which serves as a nur-
sery habitat and haven for a broad suite of marine organisms,
underlines the ecological and economic importance of the Big
Bend seagrass meadows [32,33]. Detailed historical data on
spatial distribution of seagrass habitats are available thanks to
two broad-scale surveys. The first study, conducted annually
between 1974 and 1980, examined macrophytes at 300 stations
between the northern Big Bend and Florida Bay [31]. In 2000, a
second survey re-examined 188 of the original 300 stations to
quantify changes in seagrass [34]. Based on these surveys, we
identified 12 sampling sites in shallow (1.0-4.0 m) coastal
waters near the Steinhatchee River: three seagrass sites, four
open sand sites and five transition sites (figure 1). Seagrass
sites were localities with seagrass present in prior surveys and
2016. Open sand sites were localities with seagrass absent in
prior surveys and 2016. Transition sites were localities with
seagrass present in 1980, absent in 2000 and either present or
absent in 2016.

Between July and August 2016, samples of LA and DA were col-
lected at four stations (northeast, northwest, southeast,
southwest; relative to station coordinates at each of the 12 sites
(48 LA and 48 DA samples total). Each sample was collected
using a 10 cm diameter PVC suction pipe attached to a sampling
pump [35]. The pipe was moved continuously for 2 min over a
constant surface area (approx. 0.3 m?). Immediately prior to suc-
tion sampling, all aboveground macrophyte tissue was collected
and frozen for determination of dry weights. Additionally, three
quadrats were deployed at each station to quantify macrophytic
per cent area cover (PAC). Cover estimates were averaged to
yield one PAC for each of the 48 stations.

Individual samples were stepwise sieved. Coarser size frac-
tions (8+ and 4-8 mm) were picked exhaustively, while 2—4 and
1-2 mm size fractions were subsampled (100 ml for LA, 25 ml
for DA) to reduce processing time. Live individuals were
restricted to only those that retained soft tissue. Dead specimens
were defined as shells devoid of any soft tissue. Only shells and
valves retaining more than 85% of the original shell were
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Figure 1. Map of the area of study. Individual sites are differentiated by habitat type.

counted. Disarticulated valves of bivalves were counted as 0.5 of
an individual. All specimens were identified to the lowest poss-
ible taxonomic level using authoritative taxonomic compendia
[36-38].

(c) Radiocarbon dating

As indicated by previous dating studies, surficial shell accumu-
lations in shallow subtidal settings typically represent
multi-centennial to multi-millennial records (e.g. [21,39,40], and
references therein). To confirm those expectations, we performed
radiocarbon dating of 90 individual valves of mollusc bivalves.
Specimens were dated using carbonate-target radiocarbon
dating, an efficient and affordable method [41] successfully
tested for marine bivalve molluscs [40].

(d) Statistical analyses

Non-metric multidimensional scaling (NMDS), an indirect ordina-
tion technique based on a heuristic search in a low-dimensional
space [42-44], was employed to ordinate samples in terms of
their similarity in faunal composition. The Bray—Curtis dissimilar-
ity was used to estimate pairwise distances between samples in
multivariate space. Raw data were double standardized (maxi-
mum standardization and relative standardization based on
maximum and total number of individuals, respectively) prior to
analysis [45]. Initial ordinations were performed for both k=2
and k = 3 dimensions. The resulting ordinations produced qualitat-
ively comparable sample configurations, but three-dimensional
NMDS was used in the final analyses because of more acceptable
stress values.

To test whether the centroids of sample groups were statisti-
cally distinguishable, we employed permutational multivariate
analysis of variance (PERMANOVA) based on the Bray-Curtis
distance for logjo-transformed relative abundance data. The
model treated assemblage (death or life) and habitat (seagrass,
sand or transition) as fixed factors and site (three seagrass, four

sand and five transition) as a nested factor in habitat. Although
PERMANOVA tends to be an effective test for evaluating differ-
ences in location, it may perform poorly in the case of
unbalanced sampling design when dispersion is heterogeneous
across the sample groups [46]. However, the number of sites
per habitat was only slightly unbalanced. Moreover, the largest
group (five transition sites) was characterized by the highest dis-
persion, which made the test more conservative [42]. For both
those reasons, PERMANOVA was applied to the complete data-
set. In addition, pairwise comparisons were made among levels
of significant terms involving fixed factors. The software PRIMER
[47] was used to carry out PERMANOVA.

Station-level (o) diversity was calculated separately for LA and
DA using Shannon’s H diversity index for sample-standardized
data (n=18 per sample) (table 1). Other measures of diversity/
evenness (not reported here) yielded comparable outcomes.
Custom-designed resampling (randomization) protocols were
used to assess differences in o-diversity between habitats, separ-
ately for LA and DA data. p-Diversity was calculated at two
spatial scales. Within-site comparisons among habitats estimated
small-scale variation in faunal composition. Within-habitat
comparisons across sites provided a broad-scale assessment of
B-diversity. Because different measures of B-diversity can yield
variable outcomes and produce non-monotonically related esti-
mates (e.g. [28]), we used two approaches to ensure that the
results were robust. Both involved mean pairwise Bray—Curtis
distances with statistical significance estimated using custom-
designed randomizations and multivariate homogeneity of
dispersion [48] implemented using the ‘betadisper” function in R
package ‘vegan’ [49]. In addition, the relationship between
macrophyte PAC and the faunal composition of mollusc LA
and DA (estimated by NMDS1 axis scores) was estimated
using simple linear regression. Transition sites were used in
this analysis owing to their variable aboveground macrophyte
cover, which completed the gradient between 0% (open sand)
and nearly 100% (seagrass).
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Table 1. Results of comparisons of o-diversity, within-site B-diversity, within-habitat [-diversity, faunal composition and fidelity between LAs and DAs [}

associated with seagrass and open sand habitats. (—, not significant. The p-values are indicated by asterisks; *p < 0.05; **p < 0.01; ***p < 0.001.)

parameter

life assemblage o-diversity

within-site B-diversity

within-habitat B-diversity

faunal composition

death assemblage o-diversity

within-site B-diversity

within-habitat B-diversity

faunal composition

life versus death fidelity (Spearman’s p)

fidelity (Jaccard—Chao)

fidelity (Spearman’s p)
(

fidelity (Jaccard—Chao)

assemblages

We quantified live-dead fidelity (i.e. faunal agreement
between sympatric LA and DA samples) using: (i) Spearman’s
rank-order correlation coefficient (p) that assesses the within-
site. LA-DA agreement in species rank order; and (ii) the
Jaccard—Chao similarity index that also assesses live-dead
faunal agreement but includes abundances and adjusts for
under-sampling of rare species [14,50]. The 1-2 mm size fraction
was excluded because their inclusion can unduly reduce fidelity
[25,41]. Because the fidelity measures are sensitive to sample size
for zero-inflated counts (e.g. species-level counts of specimens),
fidelity estimates may be increasingly underestimated when
either a LA or DA sample used in a given pairwise comparison
contains few specimens. To ensure statistically standardized
comparisons across groups, LA and DA samples were ordered
from highest to lowest n; independently, where n; is the total
number of live specimens recorded at a given station.
Subsequently, the higher of the two n; was subsampled to the
lower of the two n;. This strategy resulted in two series of
samples with the same n;, while maximizing the number of
specimens retained. The subsampling was repeated 10000
times to estimate statistical uncertainty for each habitat
type (pilot analyses suggested that estimates stabilize well
below 10000 iterations).

To assess the influence of differential post-mortem sorting of
shells by currents and storms, we compared the relative contri-
butions of less than 2 mm, less than 4 mm and less than 8 mm
size fractions to the total number of shells in each DA sample
from seagrass and sand habitats using Welch two-sample
t-tests and correlation with NMDS axes.

3. Results

(a) Temporal structure of death assemblages

Valves of small bivalves (Transenella spp. and Codakia orbicu-
laris) were selected for radiocarbon dating owing to their
ubiquitous presence. These specimens (1 =90) represented
six samples (with the number of specimens per site ranging
from n=15 to n=19) collected at six different sites along
the western coast of Florida. Selected sites varied in density
and composition of seagrass. Consistent with previous
dating efforts in other regions [40,51], radiocarbon ages
spanned two millennia, with the oldest shell age estimated
at 1873 years BP. The mean shell age was 426 years BP, and

test

two-way randomization
two-way randomization
two-way randomization
PERMANOVA

two-way randomization
two-way randomization
two-way randomization
PERMANOVA

Wilcoxon test

Wilcoxon test

two-way randomization

result

seagrass > open sand*
seagrass < open sand**
seagrass < open sand***
seagrass # open sand***
seagrass &~ open sand —
seagrass < open sand —
seagrass < open sand**
seagrass # open sand***
seagrass < open sand***
seagrass < open sand***
seagrass < open sand***

two-way randomization seagrass < open sand***

the median shell age was 157 years BP. Moreover, 60% of
dated shells were more than a century old, and 40% were
more than 500 years old.

(b) Summary for life and death assemblages

The 12 sites yielded 50 619 specimens representing 154 taxa of
molluses. LA included 7224 individuals representing 110
taxa, whereas DA included 43395 specimens representing
146 taxa. Three species of seagrass (Thalassia testudinum, Syr-
ingodium filiforme and Halodule wrightii) and several species of
drift algae were recorded. Molluscs, Schwartziella catesbyana
and Bittiolum varium, were the most abundant species at sea-
grass sites for both LA and DA. For open sand sites, the most
abundant species in LA were Olivella spp. and Parvanachis
obesa, whereas Parvilucina crenella and Chione elevata were
the dominant species in DA.

(c) Life assemblages

Seagrass and open sand sites differed in their contemporary
faunal compositions, with LA from seagrass and open sand
forming two non-overlapping clusters in the NMDS ordina-
tion space (figure 2). The two-sample groups separated
along axis 1 of the ordination; with all seagrass samples exhi-
biting negative NMDS1 scores (less than —0.5) and all open
sand samples exhibiting positive NMDS1 scores (greater
than 0.5). Open sand samples were more dispersed in the
ordination space (figure 2). Live samples from five transi-
tional sites formed a very broad cluster, including samples
that plotted between seagrass and open sand samples and
samples that overlapped either seagrass or sand clusters
(electronic supplementary material, figure S1). Transition
samples exhibited the greatest dispersion (electronic sup-
plementary material, figure S1). Results of PERMANOVA
indicated that all factors and interactions represented signifi-
cant effects and were generally consistent with the visual
patterns observed in NMDS (electronic supplementary
material, tables S1 and S2). To determine if these differences
in community composition correlated with vegetation cover,
the NMDS1 axis was compared to seagrass PAC. NMDSI
scores of live mollusc samples displayed a strong positive
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Figure 2. NMDS of 28 samples representing seven sites; three seagrass and
four open sand sites, respectively. The ordination (k=3 dimensions) was
derived using the Bray—Curtis dissimilarities applied to relative abundance
counts. Filled symbols represent LA and open symbols represent DA. Site
numbers, i.e. unique spatial identifiers, are indicated for each sample.

relation with seagrass PAC (*=0.67, p=0.001). The corre-
lation increased further when NMDS1 scores were averaged
across sample sets binned by PAC values (r*=0.83, p<
0.001; figure 3a).

a-Diversity (Shannon’s H) for live samples from seagrass
sites was significantly greater than for open sand sites (two--
sample randomization; p=0.016; figure 4a). Analysis of
pairwise Bray—Curtis dissimilarities among stations within
specific sites indicated that seagrass stations were less variable
in faunal composition than open sand stations (two-sample
randomization; p = 0.001; figure 5a). The same relationship of
reduced B-diversity was observed within-habitat types,
where samples compared across seagrass sites were more
similar in faunal composition than samples compared across
open sand sites (two-sample randomization; p<0.001;
figure 5c). This difference also manifested in the ordination
plot (figure 2), with samples from seagrass sites clustered
more tightly than samples from open sand sites (figure 2)
despite seagrass sites being further apart than open sand
sites (mean pairwise distance: 17 versus 9 km; figure 1). The
median o-diversity scores of live samples associated with
transition sites were similar to open sand sites (figure 4a).
Transition sites displayed the highest median within-habitat
B-diversity (figure 5¢), but intermediate within-site B-diversity
(figure 5a). Consistent results were obtained when estimating
B-diversity using homogeneity of multivariate dispersion [45].

(d) Death assemblages

NMDS ordination of DA samples was largely consistent with
patterns reported for LA: (i) seagrass samples and open sand
samples formed non-overlapping clusters separated along
NMDS1 axis (figure 2); (ii) DA samples from seagrass sites
were least dispersed and transition samples most dispersed
in the ordination space (figure 2; electronic supplementary
material, figure S1); (iii) transition samples plotted between

seagrass and open sand habitat types (electronic supplemen-
tary material, figure S1); (iv) seagrass, open sand and
transition samples differed significantly in faunal compo-
sition (electronic supplementary material, tables S1 and S2);
and (v) NMDS1 scores for DA samples displayed a strong
linear relationship with PAC estimates *?=0.71; p <0.001;
figure 3b). However, DA samples differed from LA samples
by having a less notable separation in the ordination space
along the NMDS1 axis and more tightly grouped clusters of
samples relative to LA samples within each habitat (figure 2).

(e) Live—dead fidelity

Live-dead fidelity was high for nearly all samples from seagrass
sites, but relatively low for all samples from open sand sites
(figure 6a,b). The mean per-habitat fidelity estimates (average
fidelity of sites within a given habitat) were statistically dis-
tinguishable between seagrass and open sand sites for both
Spearman’s rank correlation and Jaccard-Chao similarity indi-
ces (electronic supplementary material, table S3). Significant
differences in fidelity also were observed for sample-standar-
dized comparisons. Transition samples displayed intermediate
fidelity (electronic supplementary material, figure S2a,b),
which were significantly different from both seagrass and
open sand habitats in raw samples for Spearman and Jaccard-
Chao metrics (electronic supplementary material, table S3).
Similar outcomes were obtained for sample-standardized com-
parisons, although the mean Spearman p estimates were not
significantly different when comparing open sand and
transition sample sets (electronic supplementary material,
table S3).

(f) Comparative taphonomy of habitats

No significant differences in relative contribution were found
for any of the size fractions examined (electronic supplemen-
tary material, table S4). Proportions of fractions also were not
correlated with NMDS axis 1 (+*<0.15 in all comparisons;
median r = 0.03; electronic supplementary material, table S4).

4. Discussion

(a) Overview

Results for LA data indicated (i) seagrass and open sand
habitats differed in faunal composition; (i) faunal assem-
blages displayed a compositional gradient as a function of
vegetation density; and (iii) o-diversity was elevated and
B-diversity depressed in seagrass habitats relative to open
sand habitats. These results are consistent with the hypoth-
esis that structured habitats enhance local diversity and
spatial stability of contemporary communities. Radiocarbon
dating indicates that the DAs represent a time-averaged,
multi-centennial archive from preindustrial times. Results
for DA samples indicated that (i) seagrass and open sand
sites differ in faunal composition consistent with LA data;
(ii) faunal composition of DA samples varied in concert
with changes in present-day vegetation density like LA
samples; and (iii) live-dead fidelity was higher in seagrass
compared to open sand. These results are consistent with
the hypothesis that localized seagrass patches represent
persistent features that harbour more stable, resilient
communities relative to unstructured habitats.
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Spatial structuring of molluscs archived in time-averaged DA
and contrasting fidelity results for the two habitats are consist-
ent with a two-pronged hypothesis that (i) seagrass habitats are
persistent and spatially stable features and (ii) structured habi-
tats played an important ecological role in controlling diversity
and composition of marine benthos over multiple centuries.
Whereas there is no reason to expect that the ecological role
of seagrass would have changed over evolutionarily short time-
scales, a long-term persistence of seagrass patches, including
subtle variations in vegetation density, is not intuitively
obvious. If seagrass patches had been ephemeral or mobile
over longer timescales, DA representing the two habitat
types would not have been distinguishable. The statistically
significant correlation between ordination scores for the time-
averaged DA and PAC of contemporary vegetation would
also not be possible if density of vegetation fluctuated notably.
This further reinforces the interpretation that small-scale habitat
features observed today are not ephemeral.

Outcomes of live-dead fidelity comparisons are also
consistent with the notion that seagrass meadows were
spatially stable and ecologically important features ([52,53]
and references therein). If DA had been an averaged mixture
of seagrass and non-seagrass mollusc associations, high live-
dead fidelity would not have been likely for seagrass sites.
Lower live-dead fidelity for less structured open sand sites
suggest this habitat is less stable. The intermediate location
of samples of DA from transition sites in ordination space

and relatively low fidelity for those sites reaffirms the long-
term persistence of seagrass sites as hotspots of elevated
faunal stability and resilience relative to adjacent, less
structurally complex habitats.

The long-term persistence of local seagrass patches
suggested by DA and live-dead analyses are consistent
with previous studies that postulated centennial-to-millennial
persistence of seagrass meadows in other regions (e.g. [54])
and palaeontological studies based on subsurface cores and
across surficial DA from areas where seagrass habitats are
present [11,55].

Although stability and importance of seagrass habitats
appears clear, the patterns in o and B-diversity in DA are
more difficult to interpret. One reason is that time-averaging
tends to increase a-diversity and suppress p-diversity [17,25]
by transferring B-diversity present in living communities to
a-diversity in DA [17]. This confounding effect is particu-
larly important here because time-averaging tends to
overestimate a-diversity and suppress B-diversity more sub-
stantially when B-diversity is high, as is the case here for
open sand habitats. Thus, the absence of a significant differ-
ence in a-diversity of DA between habitat types does not
necessarily negate the importance of structured habitats in
influencing local diversity of faunal assemblages. However,
significantly lower B-diversity in DA from seagrass sites,
when compared with DA from open sand sites, suggests
that time-averaging did not entirely mask stabilizing effects
of structured habitats.
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(c) Contemporary diversity and spatial stability in
faunal composition

LA results are consistent with the current understanding of
the ecological importance of seagrass. Elevated o-diversity
and depressed B-diversity observed for LA from seagrass
indicate that this habitat supports more diverse and spatially
stable communities than the neighbouring open sand habitats
[52,56]. Similarly, greater spatial variability in LA from open
sand habitats, relative to those from structured habitats, is
consistent with previous studies [28,47,53]. Suppressed B-
diversity estimates at multiple spatial scales (among stations
within sites and among sites within habitat) agree with the
general notion that physical features of structured habitats
foster development of distinct, spatially stable faunal commu-
nities [57]. In summary, LA results support the established
paradigm that structured seagrass habitats, buffered against
both biotic and abiotic fluctuations, harbour distinct, more
diverse and more spatially homogeneous mollusc assem-
blages than adjacent non-structured habitats more readily
influenced by local fluctuations [58].

(d) Confounding factors and alternative explanations

Other potential explanations for observed outcomes exist.
First, observed differences between habitat types may be
an artefact of the spatial distribution of sampling sites. How-
ever, the study system is a relatively uniform shallow shelf
and all sites are comparable in terms of depth, with which
water energy, light penetration, salinity, temperature and
other parameters correlate tightly. Nevertheless, with one

exception, transition sites were located north of open sand
and seagrass sites (figure 1), so intra-regional differences
could influence the results. However, our primary findings
centre on seagrass and open sand habitats, and results for
transition sites tend to be intermediate between open sand
and seagrass despite their northward location. In addition,
all open sand sites are farther offshore than seagrass sites
100 and 96 (figure 1), potentially suggesting faunal differ-
ences may partly reflect distance to the shoreline.
However, seagrass site 117 is as far offshore as open sand
sites but still clusters tightly with other seagrass sites. Simi-
larly, a minor estuary of Steinhatchee River potentially
affects four sites. However, two of those are open sand
sites (98 and 101) and two are seagrass sites (96 and 100),
and samples from those sites cluster by habitat type in
disparate regions of the ordination space (figure 2).

Second, time-averaging could have produced observed
patterns if turnover rates of common species were much
higher among seagrass-associated molluscs. If seagrass-
associated molluscs were dominated by short-lived species
with massive spawning/recruitment events, we would
expect DA at seagrass sites to be dominated by recently
dead molluscs; making those sites more distinct and increas-
ing live-dead fidelity. However, a wide range of radiocarbon
dates and median shell ages greater than 100 years suggest
our results are unlikely to reflect dominance of recently
dead molluscs in the DA.

Third, results could reflect differences in taphonomy and
time-averaging between habitats. Several studies based on
sediment cores noted stratification of DA beneath seagrass
meadows, with shallower cores yielding DA in better agree-
ment with LA [11,27,28]. However, radiocarbon dating
attests to extensive time-averaging in the uppermost sedi-
ment layer in seagrass settings, and thus, a bias owing to
stratification seems unlikely [59].

Finally, taphonomic overprint could have resulted from
selective removal and/or entrapment of shell material by cur-
rents, storms and hurricanes. Such post-mortem movement of
shell material could explain less separation of habitats for DA
samples compared to LA samples (figure 2), rather than our
preferred explanation of spatial homogenization owing to
time-averaging of sympatric, non-contemporaneous assem-
blages (e.g. [17]). Differential transport could also explain
between-habitat difference in faunal composition, elevated
live-dead fidelity of seagrass sites and notable correlation
between vegetation density and faunal composition. If such
processes were important, vegetated and open sand habitats
should differ notably in size structure and taphonomic
characteristics of local shell accumulations. This is not the
case. Comparably small and fragile specimens dominate
samples from both habitats and relative contributions of
specimens from different size fractions are similar and statisti-
cally indistinguishable when comparing the open sand
versus seagrass samples (electronic supplementary material,
table S4). Also, NMDS1 scores and proportional contri-
butions of size fractions do not correlate notably (electronic
supplementary material, table S4): faunal composition does
not reflect sample-to-sample differences in proportional rep-
resentation of specimens from different size classes. These
results are consistent with numerous taphonomic studies
demonstrating that post-mortem transport is rarely a notable
bias in the fossil record of shelled macro-organisms (e.g.
[16,22,55,60]).
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(e) Concluding remarks

Analysis of LA from Florida’s Gulf Coast indicates contempor-
ary seagrass meadows exert a strong influence on spatial
structuring of local benthos by harbouring mollusc assem-
blages with distinct composition, locally elevated

biodiversity and increased spatial consistency. Whereas this
outcome is not novel on its own, it confirms previous reports
from other seagrass systems worldwide. By contrast, the
palaeontological dimension of this study provides us with a
novel insight into the long-term dynamics of seagrass habitats.
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The local patchwork of open sandy bottoms and seagrass mea-
dows observed today is not a transient, ever-shifting mosaic of
ephemeral habitat spots. Instead, small-scale details of the
contemporary ecological landscape originated prior to the
industrial revolution and its localized seagrass meadows
represent structured habitats with a long legacy.

The datasets supporting this article have been
uploaded as part of the electronic supplementary material.
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