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a b s t r a c t
Caribbean reef corals have declined sharply since the 1980s, but the lack of prior baseline data has hindered identiﬁcation of drivers of change. To assess anthropogenic change in reef environments over the
past century, we tracked the composition of subfossil assemblages of bivalve and gastropod mollusks
excavated from pits below lagoonal and offshore reefs in Bocas del Toro, Panama. The higher prevalence
of (a) infaunal suspension-feeding bivalves and herbivorous and omnivorous gastropods in lagoons and
(b) epifaunal and suspension-feeding bivalves and carnivorous and suspension-feeding gastropods offshore reﬂected the greater inﬂuence of land-based nutrients/sediments within lagoons. Temporal
changes indicated deteriorating environmental conditions pre-1960 in lagoons and post-1960 offshore,
with offshore communities becoming more similar to lagoonal ones since 1960. Relative abundances
of dominant bivalve species tracked those of their coral hosts, revealing broader ecosystem effects of
coral community change. The nature and timing of changes implicate land-based runoff in reef
deterioration.
Ó 2015 Published by Elsevier Ltd.

1. Introduction
Caribbean coral reefs have undergone a dramatic transformation over historical time, beginning with a loss of coral reef megafauna centuries to millennia ago (Jackson et al., 2001; Pandolﬁ
et al., 2003) that culminated with a 50% loss of corals since the
initiation of systematic ecological surveys in the 1970s (Jackson
et al., 2014). These declines have been attributed to multiple
anthropogenic stressors including ﬁshing, land-based pollution,
and global climate change as well as coral and urchin disease epidemics that began in the 1980s and whose drivers remain unresolved (Aronson and Precht, 2001; Hughes et al., 2003; Fabricius,
2005; Jackson et al., 2014). Because reef ecological survey data is
restricted to the past few decades and multiple anthropogenic disturbances have been affecting reefs simultaneously, the relative
importance of these stressors is debated (Hughes et al., 2003).
Without an ecological baseline for Caribbean reef ecological
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communities and environments that predates disease and bleaching epidemics, it is impossible to disentangle or mitigate the drivers responsible for recent catastrophic declines.
Coral reefs within the Bocas del Toro region (‘‘Bocas’’) along the
western Caribbean coast of Panama are no exception to the overall
Caribbean trend. Benthic surveys have revealed an up to 10%
decline in live coral cover from 1999–2002, the ﬁrst four years of
ongoing monitoring in this region (Guzmán, 2003). A recent reef
coring program conducted at fringing reefs in Bocas’ Almirante
Bay found a general transition in coral dominance from Porites furcata to Agarica tenuifolia that occurred sometime after 1960 and
was unprecedented over a millennial scale (Aronson et al., 2004,
2005). The analysis of subfossil coral assemblages excavated from
large pits below modern reefs in Bocas conﬁrmed that recent reef
deterioration has deeper historical roots: the loss of the regionally
co-dominant staghorn coral Acropora cervicornis occurred before
1960 and in some cases likely as far back as the early 1900s in
lagoonal reefs, contemporaneous with the onset of land clearing
for industrial agriculture (Cramer et al., 2012; Cramer, 2013).
This change predated urchin and coral disease and coral bleaching
events by at least two decades at lagoonal reefs, conﬁrming the
important role of local anthropogenic stressors.
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The majority of Caribbean coral reef monitoring has been
restricted to surveys of corals, macroalgae, urchins, and ﬁsh
(Jackson et al., 2014), with little effort devoted to tracking the status of other common reef organisms and virtually no attempts to
track multi-year changes in reef environmental quality (e.g., water
clarity, siltation, eutrophication; Jackson et al., 2014). Bivalve and
gastropod mollusks are abundant and diverse components of
Caribbean coral reefs with a variety of documented life habits,
making them ideal indicators of reef environmental conditions
(Todd, 2001; Oehlmann and Schulte-Oehlmann, 2002; Todd et al.,
2002). Bivalve and gastropod community composition has been
successfully utilized to infer environmental gradients in coral reef
and seagrass habitats across space (Jackson, 1972, 1973; Heck,
1977; McClanahan, 1992, 2002a) and over geological (Allmon,
2001; Johnson et al., 2007; Leonard-Pingel et al., 2012) and
ecological timescales (McClanahan, 2002b). Their usefulness as
environmental proxies can therefore be leveraged to provide
additional information about the timing and causes of recent reef
deterioration.
To produce a pre-disease/bleaching baseline and timeline of
change for coral reef environments in Bocas, we reconstructed
gastropod and bivalve community composition from the past
50–150 years from subfossil assemblages excavated from large pits
below modern reefs. These data were collected to provide ecological context for historical changes in coral communities observed on
these same reefs (Cramer et al., 2012). First, we used the variability
of the reef molluscan community across a known natural environmental gradient (lagoonal versus offshore reefs) to test the reliability of faunal differences as environmental proxies. Second, we
assessed molluscan community change over the past 50–150 years
to reconstruct a more detailed picture of the nature of reef environmental change during a period of increasing human disturbance.
This study serves as the ﬁrst complete description of modern or historical coral reef bivalve and gastropod communities from the
southwestern Caribbean, and provides additional evidence that
land-use changes associated with the growth of banana plantations
in the coastal zone of Bocas during the ﬁrst half of the 20th century
were a driver of historical reef degradation in this region.
1.1. Mollusks as environmental indicators
The dominant feeding habits and substrate relationships exhibited by bivalves and gastropods can be used to assess various
aspects of the reef environment including wave action, relative
amount of planktonic/benthic productivity, the relative amount
of hard/soft substrata, and stress (Table 1). The prevalence of
suspension-feeding bivalves or gastropods indicates high current/wave action or lower amounts of suspended sediments
(Levinton, 1991; Birkeland, 1987, 1988; Vermeij, 1990) while the
prevalence of deposit feeders indicates low-ﬂow conditions or
higher amounts of organic debris (Sanders, 1958; Jackson, 1972;
Arruda et al., 2003). Reef environments with higher relative planktonic productivity are likely to host more suspension feeders, while
reef environments with high benthic algal productivity can support
more herbivores (Russ, 2003). Dominance of epifaunal or boring
bivalves is an indication of high (live or dead) coral cover
(Hauser et al., 2007; Harries and Sorauf, 2010), while dominance
of infaunal bivalves is an indication of high sediment and lower
coral cover (Leonard-Pingel et al., 2012). Molluscan life habits
may also indicate the amount of environmental stress in a reef
environment, which can have a natural or anthropogenic source.
Simpliﬁed, herbivore-dominated food webs are typically found in
high stress environments (Odum, 1985; McClanahan, 1992).
Likewise, higher relative amounts of infaunal forms may indicate
the presence of stressful environmental conditions above the sediment–water interface, such as ﬂuctuating oxygen concentrations,

temperature, and/or salinity (Jackson, 1972, 1973), while prevalence of chemosymbiotic forms indicate low oxygen conditions
(Jackson, 1973; Ríos-Jara et al., 2008).
The size structure of bivalve and gastropod communities provides an additional reliable indicator of reef environmental condition. Within a habitat, environments with continuous or pulsed
disturbances are generally composed of smaller species with short
life cycles and high colonization rates (Odum, 1985; Birkeland,
1987). For bivalves in particular, higher environmental stress tends
to result in smaller size classes of the epifaunal community and
larger size classes of the infaunal community. This pattern is due
in part to the selection for smaller, rapidly-colonizing epifaunal
forms and larger, quickly- and deeply-burrowing infaunal forms
under high-stress conditions (Jackson, 1972, 1973). Smaller gastropod and bivalve size structures can also result from prolonged
human exploitation of these communities that disproportionately
affect larger individuals (Hockey and Bosman, 1986; de Boer
et al., 2000; Roy et al., 2003; O’Dea et al., 2014).
2. Materials and methods
2.1. Study region
Bivalve and gastropod subfossil assemblages were sampled
from the Bocas region along the western coast of Caribbean
Panama. The region is divided into two large semi-enclosed
lagoons: the Chiriquí Lagoon, which is inﬂuenced by freshwater
discharge from several large rivers, and the smaller Almirante
Bay, which is less affected by river runoff but is geographically closer to the current epicenter of banana production in the ﬂoodplain
of the Changuinola River (Fig. 1). Outside and to the east of these
lagoons, the coastline is generally more exposed to oceanic conditions. A steep coastal mountain chain extending up to 400 m in
altitude runs approximately 1–3.5 km inland from the coast,
resulting in short and fast-ﬂowing rivers that produce a consistent
ﬂow of fresh water to the coastal zone year-round (Guzmán et al.,
2005). The water from these rivers forms a freshwater lens that is
approximately 0.5 m thick and rich in suspended organic material
that ﬂows into both lagoons (Guzmán et al., 2005). Both Almirante
Bay and Chiriquí Lagoon have a higher concentration of nutrients,
chlorophyll, and zooplankton biomass compared to environments
with more exposure to the Caribbean Sea and less exposure to river
runoff (D’Croz et al., 2005). The region has a long history of human
exploitation of coastal environments extending back at least
1000 years (Roberts, 1827; Linares, 1980; Pandolﬁ et al., 2003;
Wake et al., 2013), with large-scale coastal land clearing for banana
agriculture beginning in the late 1800s in Chiriquí Lagoon and continuing today primarily in the northwest portion of Almirante Bay
(Gordon, 1982; Guzmán, 2003; Cramer, 2013). The lower water
clarity within the lagoons has been attributed in part to the input
of sediments and pollutants from agriculture, mining, and oil
transport and storage within the coastal region (Guzmán and
Jimenez, 1992; Guzmán and Garcia, 2002; Guzmán, 2003).
2.2. Data collection
Molluscan subfossil assemblages were collected from six reef
sites total. Sites were selected to represent a range of environmental conditions, from lagoonal environments inﬂuenced by moderate to substantial amounts of river runoff to offshore
environments more inﬂuenced by oceanic conditions including
seasonally strong wind and wave action. Three reef sites (STRI
Point, Punta Donato, Punta Laurel) were located in lagoonal environments and three (Bastimentos Island, North Popa Island,
Tobobe) were located in semi-exposed offshore reef environments
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Fig. 1. Study sites and sampling scheme for molluscan subfossil assemblages from Bocas del Toro, Panama. Solid circles are lagoonal and open circles are offshore sites. Three
replicate pits were sampled per site. PTDTO = Punta Donato, STRI PT = STRI Point, BAST = Bastimentos Island, NPOPA = North Popa Island, PTLRL = Punta Laurel, TOB = Tobobe.

(Fig. 1). Lagoonal sites are exposed to greater annual variability in
salinity and water temperature than offshore sites (Heck, 1977;
D’Croz et al., 2005). Although reef sites were separated into two
distinct ‘‘lagoonal/offshore’’ environments, sites span a range of
exposures to wind and wave action.
Bivalve and gastropod shells were obtained by excavating four
20 cm-thick layers from a 60 cm-diameter circular pit (Fig. 1).
Pits were excavated at 5 m water depth from patches with little
or no living coral but adjacent to modern reef areas with living
coral cover. Three replicate pits were excavated from each reef site.
Excavations were carried out with the aid of a circular metal frame
to prevent the collapse of material from outside the pit. Shells were
extracted along with coral rubble using small gardening shovels
and ice scoopers, and material was placed into bottomless buckets
lined with 7 mm mesh netting that retained larger and more easily
identiﬁable mollusk and coral remains >7 mm. Due to the dense
packing of coral and mollusk material, however, many shells
<7 mm were retained in the samples and included in the data presented here. Material was extracted from four distinct layers
extending down to 80 cm below the reef surface: 0–20 cm, 20–
40 cm, 40–60 cm, and 60–80 cm. Voucher specimens of bivalve
and gastropod shells were deposited at the Smithsonian Tropical
Research Institute and all remaining shells were deposited in the
Geological Collections at Scripps Institution of Oceanography.
Reef environmental gradients related to differing hydrographic
conditions and/or anthropogenic land clearing were assessed from
analysis of carbonate and mud content of sediment from each sample, which indicate relative degree of autochthonous (marine) and
allochthonous (land-based) inputs, respectively. Sediments from
each layer within each pit were collected by inserting a 2.500 diameter and 20 cm long PVC tube into the reef matrix before commencing excavation of that layer. Percent carbonate was
determined by acid digestion (10% HCl) of the <2 mm sediment
fraction, while the mud (<63 lm) fraction was determined by sieving dry sediments from the <2 mm fraction over a 63 lm sieve.
2.3. Radiocarbon dating
Age ranges for mollusk assemblages from each horizon and pit
(i.e., sample) were estimated from radiocarbon dating of
co-occurring coral fragments of P. furcata or Agaricia tenuifolia.
Radiocarbon dates were produced for 93 coral fragments total, providing 1–2 dates for each sample. Radiocarbon analyses produced

‘‘fraction modern’’ values that included background subtraction
and d13C correction (Stuvier and Polach, 1977) which is equivalent
to F14C (Reimer et al., 2004), as well as calendar years AD from the
calibration of radiocarbon ages. Radiocarbon ages were converted
to calendar years using one of two reference datasets. Fraction
modern values <0.927 (corresponding to ages older than c. 1750
AD) were converted to calendar years using the Calib 6.0 program
(Stuiver and Reimer, 1986) and the IntCal/MarineCal09 calibration
dataset based on tree ring chronologies (Reimer et al., 2004),
whereas values >0.927 were converted to calendar years using
the Calibomb program (Reimer et al., 2004) and a surface water
F14C reconstruction for the Caribbean from a Montastraea faveolata
coral core from Puerto Rico (Kilbourne et al., 2007).
This calibration procedure produced conservative estimates of
measurement uncertainty for all parameters, and provided calendar age probability distribution functions and ranges that included
one standard deviation (Tables 1 and 2). Due to the dramatic
increase in bomb-produced 14C concentrations in surface ocean
waters that began in the late-1950s and peaked in the
mid-1970s, we could unambiguously distinguish samples from
before and after circa 1960. Consequently, we labeled samples with
calendar ages older than 1960 and 1960 or younger ‘‘pre-bomb’’
and ‘‘post-bomb’’ to analyze temporal trends within and between
these periods. The few layers with two dated coral fragments that
contained one pre- and one post-bomb age were assigned to the
post-bomb category. Coral fragments with very high fraction modern values could deﬁnitively be assigned post-bomb calendar ages
with very high precision (±5 years or less), while those with very
low values could deﬁnitively be assigned pre-1900 calendar ages.
Due to a large number of ﬂuctuations in ocean surface water
F14C values during the 19th and 20th centuries, fraction modern
values often corresponded to more than one possible calendar
age range. When possible, some age ranges were eliminated by
assuming stratigraphic order of ages among horizons within a
pit. The calibrated age for each coral fragment was estimated by
including all remaining possible age ranges and computing the
midpoint. For a given coral fragment, all possible calendar age
ranges were either pre-bomb or post-bomb.
2.4. Mollusk community data
Gastropod and bivalve shells were identiﬁed to species, subgenus, or genus level, resulting in a total of 88 gastropod and 78
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Table 1
Calibrated radiocarbon ages obtained for each pit and layer at lagoonal sites, represented by midpoint value and ± one standard deviation. Maximum span of years encompassed
within each pit computed from subtracting youngest possible age from 0–20 cm layer from oldest possible age from 60–80 cm layer. One age reversal indicated by ⁄.
PTDTO

PTLRL

STRIPT

A

B

C

A

B

C

A

B

C

0–20 cm
20–40 cm

1900 ± 56
1935 ± 24

1907 ± 48
1899 ± 56

1925 ± 32
1926 ± 31

1885 ± 70

1853 ± 39

1935 ± 24

1964 ± 0
1618 ± 50,
1618 ± 50
1626 ± 50

60–80 cm

1829 ± 61,
1935 ± 24
188

1885 ± 70

1832 ± 59,
1839 ± 62
184

1926 ± 31,
1958 ± 1
81

1900 ± 54

1577 ± 52

158

439

1930 ± 27
1904 ± 45,
1908 ± 48
1549 ± 49,
1569 ± 53
1290 ± 35,
1470 ± 31
702

1901 ± 56
1914 ± 9

1866 ± 27

1930 ± 28
⁄
1609 ± 50,
1935 ± 25
1898 ± 57,
1930 ± 28
1822 ± 60,
1895 ± 52
196

1985 ± 19
1926 ± 33

40–60 cm

1975 ± 1
1934 ± 25,
1936 ± 23
1930 ± 28

Max. year
span

140

1925 ± 31,
1926 ± 31
1925 ± 32
64

Table 2
Calibrated radiocarbon ages obtained for each pit and layer at offshore sites, represented by midpoint value and ± one standard deviation. Maximum span of years encompassed
within each pit computed from subtracting youngest possible age from 0 to 20 cm layer from oldest possible age from 60–80 cm layer. One age reversal indicated by ⁄.
BAST

0–20 cm
20–40 cm
40–60 cm
60–80 cm
Max. year
span

NPOPA

TOB

A

B

C

A

B

C

A

B

C

1992 ± 4
1968 ± 1,
1968 ± 1
1974 ± 3

1981 ± 15
1975 ± 2,
1975 ± 2
1921 ± 28,
1925 ± 31
1935 ± 24

1974 ± 6
1975 ± 1

1978 ± 10
1954 ± 4

2000 ± 3
1974 ± 6

1981 ± 15
1981 ± 15

1999 ± 2
1981 ± 4

1983 ± 5
1975 ± 1

1975 ± 5
1969 ± 2

1958 ± 1,
1958 ± 1
1958 ± 1,
1975 ± 1
23

⁄

1978 ± 8

1977 ± 9

1981 ± 15

1975 ± 1

1963 ± 0

1930 ± 28

1935 ± 25,
1962 ± 1
78

1900 ± 55

1981 ± 15

1936 ± 23

158

30

1968 ± 0,
1978 ± 10
33

1958 ± 1,
1974 ± 3
23

1975 ± 1,
1975 ± 6
27

85

bivalve taxonomic groupings. Of these groupings, hereafter called
species, 32% were identiﬁed to species level for gastropods and
49% were identiﬁed to species level for bivalves. The abundance
of gastropod and bivalve species was calculated by shell weight
and by number of individual shells. Weight was computed from
all shell pieces that could be positively identiﬁed to genus level
or higher. The minimum number of individuals was calculated by
including only shells with an apex and/or aperture for gastropods
and by including shells with a hinge for bivalves (Gilinsky and
Bennington, 1994; Kidwell, 2013). Because varying sedimentation
rates could inﬂuence total shell abundance and proportional abundances of living molluscan communities are generally faithfully
represented in subfossil assemblages (Kidwell, 2013), we used proportional data. Species proportions were computed from the fraction total weight and fraction total individuals. Both approaches
yielded similar results; we present those from the latter. The average weight of an individual shell was computed for each sample by
dividing the total weight of all individuals by the total number of
individuals.
To assess environmental gradients on reef sites over space and
time, species were combined into functional groups according to
their feeding habits and substrate relationships as deﬁned in
Todd (2001). For bivalves, species were divided into three diet categories (suspension feeder, deposit feeder, chemosymbiotic
deposit feeder) and the two most common substrate relationship
categories (epifaunal or infaunal). For gastropods, species were
grouped into four diet categories: herbivore, carnivore, omnivore,
or suspension feeder. For species and functional group proportions,
relative abundances were compared between time horizons and
reef environments.
2.5. Statistical analyses
Due to non-normality and heteroskedasticity of data, a combination of non-parametric statistics was used to investigate trends
in abundance, richness, and species proportions over time and

75

space. For all analyses, the sample unit was a single time horizon
within a single replicate or pit, resulting in 6 sites  3 pits  4 time
horizons = 72 samples total.
Changes in molluscan communities before 1960 were assessed
from 10 pits (nine lagoonal and one offshore) containing more than
one pre-bomb horizon, and changes after 1960 were assessed from
9 pits (all offshore) with one or no pre-bomb horizons. Within each
of the two time periods, the oldest (deepest) and youngest (shallowest) layers were compared. All molluscan taxonomic groups
which comprised on average 5% or more of their respective ecological communities (‘‘common’’ taxa) in the pre-1960 or post-1960
periods were included in analyses of temporal change. Statistical
signiﬁcance of temporal changes in molluscan taxonomic and
functional group composition was determined using the
two-tailed version of the Wilcoxon signed-ranks nonparametric
paired t-test, with changes tracked within individual pits.
Statistical differences between reef environments (lagoonal v offshore) were assessed using a bootstrapping procedure for each
community parameter which sampled pit layers from each environment with replacement 1000 times to produce a distribution
of differences in mean values. Distributions were deemed statistically different between environments if 95% conﬁdence intervals of
the difference between mean values did not include zero; p-values
were determined by permuting data 1000 times and computing
the proportion of permuted differences in mean values that were
greater than observed mean differences (Efron and Tibshirani,
1986). All p-values were adjusted to control for the false discovery
rate associated with multiple statistical comparisons (Benjamini
and Hochberg, 1995). Differences in species composition between
reef environments were assessed by computing the Bray-Curtis
dissimilarity value and using the Analysis of Similarity (ANOSIM)
procedure, a permutation test that compares within- versus
between-group differences (Clarke, 1993). This procedure computed a test statistic R which scales from 1 (within-group similarity  between-group
similarity)
to
+1
(within-group
similarity  between-group similarity). A p-value for R was
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computed by permuting the data 1000 times. A comparison of the
spatial versus temporal component of community variation was
performed by computing the Bray-Curtis dissimilarity and then
using the bootstrapping procedure to test for a signiﬁcant difference between community dissimilarity over space (among pits at
a given time period) versus time (between time periods within a
given pit).
To determine if molluscan communities at offshore and lagoonal reefs have become more similar over time, community dissimilarity and Principal Components Analysis (PCA) were assessed for
two data pairings: (1) oldest (60–80 cm) horizon from offshore pits
and youngest (0–20 cm) horizon from lagoonal pits, and (2) youngest (0–20 cm) horizon from offshore and lagoonal pits.
Between-environment dissimilarity was determined by computing
Euclidean distances (chosen for straightforward comparison with
PCA results) between relative abundance matrices from each environment. Signiﬁcant change in the average between-environment
dissimilarity was determined using the bootstrapping procedure.
Separate analyses were performed for relative abundance matrices
of species and functional group composition. To visually assess
temporal changes in similarity between offshore and lagoonal
communities, separate PCAs were performed for species and functional group datasets for each data pairing. For all analyses, statistical signiﬁcance was determined at the p = 0.05 level. All analyses
were conducted using the R software package (R Core Team 2013).
3. Results
3.1. Radiocarbon dates
Radiocarbon dates represented calendar ages ranging from
1290 AD ± 25 to 2003 AD ± 3 (Tables 1 and 2). The overwhelming
majority of all layers from lagoonal pits were from the pre-1960
period, with bottom layers from three lagoonal pits (from two reef
sites) conﬁrmed to be older than 1900 AD (Fig. 3). In contrast, the
majority of offshore pit layers were from the post-1960 period,
although two pits had bottom layers older than 1960 AD (Fig. 3).
The calibrated radiocarbon ages of the deepest pre-bomb horizons
varied greatly, from c. 50–750 years BP, although the majority of
pits had maximum ages that extended back to the late 1700s or
1800s (Tables 1 and 2 and Fig. 3). The large age range is due to variation in sedimentation rates among pits and inherent limits and
uncertainties associated with the calibration of radiocarbon ages
from young fossil material (Guilderson et al., 2005). The large standard errors of many of the calibrated radiocarbon ages from the
pre-bomb period made it difﬁcult to measure and compare sedimentation rates within and between individual pits. However,
comparison within each pit of the oldest possible age from the
60–80 cm layer with the youngest possible age of the 0–20 cm
layer produced an estimate of the maximum possible number of
years encompassed by an individual pit: 239 years and 59 years
on average for lagoonal and offshore pits respectively (Tables 1
and 2). By comparison, coral rubble accumulation rates measured
from lagoonal sites in Bocas and Belize predict a possible age span
of 80–140 years for lagoonal pits (Aronson et al., 2004; Hilbun,
2009).
3.2. Reef environment
Although sediments from both reef environments were predominantly carbonate, the carbonate fraction was signiﬁcantly
higher at offshore than lagoonal sites (mean percent carbonate = 94% and 91%, respectively; Table 1). Conversely, although
the mud content of sediments was very low in both environments,
percent mud was signiﬁcantly higher at lagoonal sites (offshore
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mean = 1%, lagoonal mean = 2%). No signiﬁcant temporal trends
were detected in the percent carbonate or mud within the preor post-1960 periods.
3.3. Community differences between reef environments
3.3.1. Bivalves
The pit excavations produced a total of 23,658 bivalve individuals weighing 11.0 kg. A total of 73 bivalve species were sampled,
with 68 and 50 species occurring at lagoonal and offshore sites,
respectively (Table 1). Bivalve abundance was signiﬁcantly higher
at lagoonal than offshore sites, with an average of 585 and 75 individuals per sample at each environment, respectively. Although
both environments were dominated by suspension feeding
bivalves, their percentage was signiﬁcantly higher at offshore
(93% of individuals) than lagoonal sites (90% of individuals;
Fig. S1), reﬂecting greater water motion and/or planktonic productivity and lower amounts of ﬁne suspended sediments on these
reefs. Although both reef environments were dominated by epifaunal bivalves living on hard substrates, offshore sites had a signiﬁcantly higher proportion of epifaunal individuals (91%) compared
to lagoonal sites (85%). This pattern indicated a higher availability
of live or dead coral at offshore sites and/or higher sediment or
algal cover at lagoonal sites. All three feeding modes of infaunal
bivalves were more prevalent on lagoonal reefs, but only the proportion of infaunal suspension feeders was signiﬁcantly higher
(Table 1).
Bivalve species composition was signiﬁcantly distinct between
offshore and lagoonal sites (ANOSIM R = 0.31; p < 0.001). Within
each environment, species composition varied signiﬁcantly more
over space (among pits at a given time period) than over time
(between time periods within a given pit), with average
Bray-Curtis dissimilarity values of 0.47 and 0.27, respectively.
Bivalve communities were composed of a small number of dominant species and a larger number of rare species (Table S1 and
Fig. 2). Assemblages from both reef environments were dominated
by the epifaunal suspension feeders Dendostrea frons, Chama congregata, and Barbatia cancellaria at one or both time periods.
Together, these species comprised an average of 47% and 54% of
individuals at offshore and lagoonal sites, respectively. The dominance of epifaunal suspension feeding bivalves in both environments is indicative of high-productivity coral reef environments
dominated by hard substrates and inﬂuenced by terrigenous nutrients from river runoff (Birkeland, 1987; Todd et al., 2002). The
prevalence of D. frons is a clear indication of the presence of
branching colonies of the plexaurid and gorgoniid corals and staghorn coral A. cervicornis that are the primary hosts on which this
oyster lives (Forbes, 1971; Cramer et al., 2012). The prevalence of
dominant Chama congregata and subdominant C. macerophylla, typically found cemented to (dead) coral or other limestone debris
(Jackson, 1972; Harries and Sorauf, 2010), indicates high availability of (live or dead) coral substrate.
Notable but non-signiﬁcant differences in the relative abundance of dominant (at least 10% of community in either pre-or
post-1960 time period) and subdominant (5–10% of community
in either time period) bivalve species provided more insight into
the differing environmental conditions at lagoonal and offshore
reefs (Fig. 2). Although dominant in both environments, the dead
coral rubble-associated epifaunal suspension feeder C. congregata
was more abundant in lagoons, while branching Porites
coral-associated epifaunal suspension feeder B. cancellaria
(Stanley, 1970) was more abundant offshore. The epifaunal suspension feeder Ctenoides was dominant at lagoonal but only subdominant at offshore sites. This bysally-attached species has
previously been recorded primarily in high energy environments
(Hauser et al., 2007). Other subdominant species included
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Fig. 2. Common bivalve species (comprising at least 1% of community) from a = lagoonal and b = offshore reefs. ES = epifaunal suspension feeders, IS = infaunal suspension
feeders, ID = infaunal deposit feeders, IC = infaunal chemosymbiotic deposit feeding bivalves. Dotted lines are 95% bootstrapped conﬁdence intervals. See Table S1 for full
species names.

epifaunal suspension feeders Lima lima, Caribachlamys imbricata,
and C. sentis offshore, and Arca imbricata at lagoons, highlighting
the prevalence of hard substrata and relatively high plankton productivity in both environments. However, the greater importance
at lagoonal sites of the infaunal chemosymbiotic deposit feeder
Lucinisca nassula/muricata – which can tolerate high temperature,
low salinity, high suspended sediments, and stagnant conditions
– indicates that lagoonal environments are more stressful in terms
of these factors (Jackson, 1972; Hauser et al., 2007).
3.3.2. Gastropods
The pit excavations produced a total of 13,666 gastropod individuals weighing 5.67 kg. A total of 85 gastropod species categories
were sampled, with 67 and 75 species sampled at lagoonal and offshore sites, respectively (Table S2). As with bivalves, gastropod
abundance was signiﬁcantly greater at lagoons, with an average
of 299 and 80 individuals per pit layer, respectively. Although
abundance was greater at lagoonal sites, individual shell weight
was signiﬁcantly greater at offshore sites (Table 3).
As with bivalves, gastropod trophic structure differed between
offshore and lagoonal reefs. Although gastropod abundance was
dominated by herbivores at both reef environments, a signiﬁcantly
higher proportion of carnivores were present at offshore (26% of
individuals) compared to lagoonal sites (9% of individuals;
Table 1). Offshore sites also had a signiﬁcantly higher proportion
suspension feeding individuals, while lagoonal sites had signiﬁcantly higher proportion herbivorous and omnivorous individuals
(Table 3). These differences conﬁrm the higher benthic productivity, lower amount of water motion, greater degree of salinity

and/or temperature stress (McClanahan, 1992), and/or lower habitat complexity (Kohn and Leviten, 1976) at lagoonal sites.
Gastropod species composition differed signiﬁcantly between
reef environments (ANOSIM R = 0.53; p < 0.001). Within lagoonal
and offshore reefs, composition varied signiﬁcantly more over
space than over time, with average Bray-Curtis dissimilarity values
of 0.50 and 0.32; respectively. Gastropod communities were composed of a small number of dominant species and a large number
of rare species, a pattern observed in coral reef gastropod communities from other areas of the Caribbean (McClanahan, 1992,
2002a) and the western Indian Ocean (McClanahan, 2002b).
Offshore sites had greater evenness in species proportions, and
contained a larger number of species comprising P1% of the community (28 species) compared to lagoonal sites (11 species). The
greater dominance by a few gastropod species at lagoonal sites
may be a reﬂection of greater environmental stress.
Gastropod communities in both reef environments were dominated by the herbivorous snail Cerithium spp. (primarily composed
of Cerithium litteratum and Cerithium eburneum), comprising 30%
and 54% of individuals at offshore and lagoonal sites, respectively
(Table S2 and Fig. 4). This species is typical of backreef environments and surrounding coarse carbonate sediments (Ekdale,
1974; Cerridwen and Jones, 1991) and is common in Caribbean
coral reef and seagrass habitats (Jackson, 1972; Heck, 1977;
McClanahan, 1992; Cox, 1997). The remaining two species that
comprised P5% of individuals at both reef environments were
the herbivorous gastropods Astraea tecta and Hemitoma octoradiata. A. tecta is commonly found in biogenic habitats such as coral
reefs and seagrass beds (McClanahan, 1992), while H. octoradiata
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Fig. 3. Proportions of gastropod functional groups by individual pit and layer. White horizontal line indicates boundary between pre- and post-1900 AD, solid horizontal line
indicates boundary between pre- and post-1960 AD, stars indicate layers with age reversals. Note different scale for suspension feeders for one pit.

is commonly found in higher energy environments (Glynn, 1997)
where it is able to graze tough macroalgae and crustose coralline
algae growing on hard substrates (Steneck and Watling, 1982).
The identity of other subdominant species differed between environments, with the herbivorous Columbella mercatoria and corallivorous Coralliophila spp. prevalent at offshore sites and the
herbivorous Modulus modulus and primarily herbivorous Diodora
spp. prevalent at lagoonal sites. M. modulus is indicative of relatively high turbidity and high productivity environments and is
tolerant of salinity ﬂuctuations from freshwater runoff (Houbrick,
1980; McClanahan, 1992). The presence at offshore reefs of the
subdominant corallivores Coralliophila, Calliostoma and Cymatium
(Fig. 4) reﬂected the higher availability of hermatypic and gorgonian coral hosts at offshore reefs.
3.4. Temporal trends
No signiﬁcant trends were observed in bivalve or gastropod
total abundance within pre- or post-1960 time periods. However,
several signiﬁcant temporal trends occurred in gastropod functional group and bivalve species group composition that were
indicative of deteriorating reef environmental conditions. Those
that were previously reported in Cramer et al., 2012 are brieﬂy
summarized here and in Table 4: prior to 1960 (mostly lagoonal
sites), the relative abundance of the previously-dominant, staghorn
and gorgonian coral-associated tree oyster Dendostrea frons
declined while that of the branching Porites coral-associated clam
Barbatia cancellaria increased. During this period, individual
bivalve shell weight also declined for epifaunal but not infaunal
species, suggesting more stressful environmental conditions above

the sediment–water interface in particular (Jackson, 1972; Stanley,
1970). This trend can also likely be attributed to the loss of the relatively heavier-shelled D. frons. After 1960 (offshore reefs), D. frons
relative abundance and individual bivalve shell weight continued
to decline. A decline in relative abundance of carnivorous and
increase in herbivorous gastropods also occurred during this
period.
The relative abundance of dominant bivalves closely tracked
that of their preferred scleractinian coral hosts, with D. frons and
A. cervicornis proportions positively correlated at pre- and
post-1960 time periods (Spearman q = 0.66 and = 0.84, respectively; P < 0.001 in both cases and B. cancellaria and ﬁnger coral
P. furcata positively correlated after 1960 (q = 0.49, P < 0.01;
Fig. 5). Together, these trends reveal that bivalve species composition was greatly affected by the replacement of A. cervicornis with
P. furcata that occurred in the older layers of nine out of 18 pits
(Cramer et al., 2012). The loss of D. frons also suggests a decline
in the branching plexaurid and gorgoniid corals to which it was
commonly attached decades ago (Forbes, 1971).
Comparison of community dissimilarity and ordination results
between the oldest offshore/youngest lagoonal and youngest offshore/youngest lagoonal horizons revealed that offshore molluscan
communities have become more similar to lagoonal communities
since 1960, with Euclidean distances declining signiﬁcantly from
0.42–0.27 for the functional group analysis and from 0.66–0.52
for species group analysis (P < 0.05 in both cases). Ordinations
visually conﬁrmed the loss of distinctiveness between offshore
and lagoonal communities during the post-1960 period, which
was driven primarily by a reduction in carnivorous/increase in herbivorous gastropods and a loss of D. frons at offshore sites (Fig. 6).
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Table 3
Signiﬁcant differences in molluscan environmental and community parameters between lagoonal and offshore reef environments. Differences signiﬁcant at p = 0.05 level
(determined by bootstrapping procedure and multiple comparison correction described in Methods). Values are means (see Table S3 for 95% conﬁdence intervals and p-values).
Molluscan communities generally reﬂect higher benthic productivity, more suspended sediments, higher environmental stress, and lower coral cover at lagoonal reefs.

Environment
Bivalves

Gastropods

Parameter

Lagoonal

Offshore

Inferred environmental signal (lagoonal reefs)

Carbonate
Fine sediments (mud)
Abundance
Average shell weight
Epifaunal
Suspension feeders (all)
Infaunal suspension feeders
Abundance
Average shell weight
Carnivores
Herbivores
Omnivores
Suspension feeders

91%
2%
585
0.71 g
85%
90%
4%
299
0.37 g
9%
81%
9%
1%

94%
1%
75
0.33 g
91%
93%
2%
80
0.64 g
26%
69%
4%
3%

Higher terrigenous sedimentation
Higher terrigenous sedimentation
Higher benthic productivity/greater time averaging
Higher benthic productivity
Lower coral cover
Lower water motion/more suspended sediments
Lower coral cover/higher cover soft sediments
Higher productivity/greater time averaging
Lower predation
Higher productivity/higher environmental stress
Higher benthic productivity
Higher benthic productivity
Lower water motion/more suspended sediments

Fig. 4. Common gastropod species (comprising at least 1% of community) from a = lagoonal and b = offshore reefs. C = carnivore, H = herbivore, O = omnivore, S = suspension
feeder. Vertical lines are bootstrapped 95% conﬁdence intervals. See Table S2 for full species names.

4. Discussion
4.1. Reliability and temporal resolution of the coral reef subfossil
record
Several attributes of our subfossil data suggest they faithfully
represent a chronological sequence of historical change: only two
age reversals occurred out of 93 radiocarbon dates (Table 1), material was part of a tightly-packed matrix of coral rubble generally
found in life position and with no signs of re-working, and clear
continuous trends were found in coral and molluscan taxonomic
and functional composition. Because our subfossil assemblages
are undoubtedly time-averaged, we analyzed proportional data

which have been shown to faithfully represent the original living
molluscan community (Kidwell, 2013).
Although time-averaging was greater within lagoonal than offshore pits, the degree of time- averaging was difﬁcult to quantify
within and among individual lagoonal pits because of the large
uncertainties in pre-1960 calibrated radiocarbon ages in many layers. Compared to previous estimates of rubble accumulation rates
from Almirante Bay of 1–1.75 cm yr1 (Aronson et al., 2004;
Hilbun, 2009) which predict a possible age range of 80–140 years
for lagoonal pits, the average span of calibrated midpoint values
from the top and bottom layers was 137 years (Table 1). Two
lagoonal pits encompassed at least 400 years, and clearly had
lower
sedimentation
rates
(and
higher
degrees
of
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Table 4
Signiﬁcant temporal changes in molluscan community parameters from Wilcoxon sign-ranks tests. N = number of pits, V = sum of ranks of paired difference resulting in a positive
sign. Pre-1960 period is primarily lagoonal reefs; post-1960 is offshore reefs. False discovery rate multiple comparisons correction applied to p-values. (Note that this correction
changed P values for average shell weight (all) pre-1960 and D. frons post-1960 from P < 0.05 to P = 0.6).
Community parameter

Pre-1960

n

V

P

Post-1960

n

V

P

Bivalves

Dendostrea frons
Barbatia cancellaria
Average shell weight (all)
Average shell weight (epifaunal)

40–18%
6–18%
1.06–0.50 g
0.90–0.43 g

10
10
10
10

42
0
47
46

<0.05
<0.05
=0.06
=0.06

27–12%
–
0.50–0.26 g
0.43–0.34 g

9
–
9
9

32
–
36
30

=0.06
–
<0.01
<0.05

Gastropods

Carnivores
Herbivores

–
–

–
–

–
–

–
–

32–16%
60–79%

9
9

1
3

<0.05
<0.05

a

b

c

d

Fig. 5. Relative abundance of branching coral host species and their bivalve obligates in lagoonal and offshore reef environments. a = relative abundances of staghorn coral A.
cervicornis and tree oyster D. frons, b = D. frons attached to A. cervicornis, c = relative abundances of ﬁnger coral P. furcata and clam B. cancellaria, d = B. cancellaria. All
correlations signiﬁcant except for P. furcata versus B. cancellaria at lagoonal sites.

time-averaging) than previously-published estimates. Therefore, it
is very likely that all of the lagoonal pits span all or most of the
entire 20th century.
4.2. Reef environmental gradients and molluscan community
composition
Our molluscan subfossil data provide the ﬁrst description of historical environmental conditions for reefs in Bocas and contribute
valuable information about current reef environments, as no environmental data exists for these reefs before 2000 and current monitoring continues to be limited in spatial and environmental scope

(Collin et al., 2009; Seemann et al., 2014). The bivalve and gastropod communities in Bocas were typical of coral reefs with a high
availability of hard substrates and relatively high productivity due
to the inﬂuence of river runoff. Although common taxa were relatively consistent across sites and environments, variation in total
mollusk abundance and functional group and species proportions
revealed subtle and localized differences in natural and/or
human-caused reef environmental conditions.
At lagoonal reefs, the higher prevalence of infaunal suspension
feeding bivalves and herbivorous and omnivorous gastropods conﬁrmed the greater nutrient availability, primary productivity, and
soft substrates from terrigenous runoff in this environment. At
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offshore reefs, the greater prevalence of epifaunal and suspension
feeding bivalves and suspension feeding gastropods signaled a
greater degree of water motion and availability of coral substrates,
while the larger size of gastropods indicated favorable environmental conditions for this group. The greater numerical abundance
of bivalves and gastropods within lagoons is likely in part due to
greater time-averaging within these pits, although larger bivalve
size suggests that these quieter, higher productivity environments
are indeed more favorable for this group. These patterns illustrate
the responses of coral reef mollusks to a complex suite of environmental stressors that include food availability, dislodgement, clogging of ﬁltering mechanisms by suspended sediments, and
variation in water temperature, salinity, and oxygen content.
Differences in reef sediment composition revealed similar but
much subtler distinctions between reef environments compared
to molluscan assemblages (Table 1). Despite the greater inﬂuence
of terrigenous runoff in lagoonal reefs, differences in percent
mud and non-carbonate (i.e., organic) content were less pronounced (although still signiﬁcant) than were expected based on
the observed differences in molluscan composition.
4.3. Historical change
Despite the large-scale clearing of coastal forests in Bocas in the
early 1900s for banana agriculture (Stephens, 2008; Cramer, 2013),
no temporal change in the abundance of mud or organic material
was observed in reef sediments. This may be because terrestrial
sediments are naturally introduced to lagoonal reef systems on a
multi-decadal scale during periodic ﬂooding events that

characterize this region (Guzmán, 2003). In addition, the composition of molluscan functional groups was not related to sediment
composition, likely because overall mud and organic contributions
were consistently low at both reef environments.
In contrast, changes in molluscan community composition signaled deteriorating reef environmental conditions prior to 1960
primarily in lagoons and after 1960 offshore. The decline in average
bivalve shell weight before and after 1960 and the decline in carnivorous/increase in herbivorous gastropods after 1960 further
implicate stressful reef environmental conditions which result in
short, simpliﬁed food chains (Odum, 1985; Birkeland, 1987).
The signiﬁcant temporal changes we observed in bivalve taxonomic composition revealed the cryptic effects of reef habitat
degradation on associated molluscan communities. Over the past
50–150 years, Bocas reefs were dominated by two epifaunal
bivalve species which preferentially attach to a single scleractinian
species. The relative abundance of the oyster D. frons closely
tracked that of its preferred staghorn coral host A. cervicornis and
the relative abundance of the clam B. cancellaria tracked that of
its preferred ﬁnger coral host P. furcata. Changes in bivalve species
composition demonstrated that the pre-1960 replacement of A.
cervicornis by P. furcata at two of the three lagoonal reef sites
(Cramer et al., 2012) precipitated a concomitant decline in the relative abundance of D. frons and increase in B. cancellaria. Coral
communities underwent a more complex change at offshore sites
after 1960 that entailed a two-step successional sequence of dominance by A. cervicornis ? P. furcata ? lettuce coral A. tenuifolia
(Cramer et al., 2012). As a result, no unidirectional change occurred
in either P. furcata or B. cancellaria, but relative abundances of these

a

b

c

d

Fig. 6. Principal Components Analysis of relative abundances of molluscan functional (a and b) and species groups (c and d) from offshore and lagoonal pits. Plots (a and c)
compare oldest (60–80 cm) horizon from offshore sites (open circle) and youngest (0–20 cm) horizon from lagoonal sites (solid circle), and plots (b and d) compare youngest
(0–20 cm) horizons from both offshore and lagoonal sites. 0–20 cm layer from Bastimentos pit A excluded because contained only one gastropod. Functional and species
groups labels located on origin are omitted.
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species closely and signiﬁcantly tracked each other (Fig. 5).
Because the total abundance of bivalves did not vary within or
between the pre- and post-1960 periods, we interpret these trends
as changes in the absolute abundance of these two bivalve species.
Moreover, because these bivalves are not harvested by humans,
trends are a direct result of changes in coral host availability.
This ﬁnding suggests that the recent dramatic loss of A. cervicornis
across the Caribbean has likely had a profound but previously
undetected effect on the abundance of the tree oyster D. frons.
These results also reveal that mollusks can be used as a reliable
proxy for coral community change.
4.4. Land-based runoff as driver of reef environmental change
The historical changes documented in reef bivalve and gastropod communities clearly indicate a marked deterioration of reef
environments deﬁnitively occurring prior to 1960 at lagoonal sites.
This timing is at least decades before outbreaks of coral and urchin
disease and coral bleaching that are widely cited as the cause of the
collapse of Caribbean coral communities. The nature and timing of
molluscan community change implicates land-based agricultural
activities as the main driver. At lagoonal reefs, the timing of change
is likely contemporaneous with the onset of extensive coastal land
clearing for banana agriculture in the ﬁrst half of the 20th century,
while at offshore reefs, changes are contemporaneous with the
introduction of large quantities of synthetic agrochemicals toxic
to marine life which were applied to plantations starting in the
mid-20th century (Stephens, 2008; Cramer, 2013). Declining water
quality due to land-based runoff since the mid-20th century has
been documented for Almirante Bay from terrestrial plant
biomarkers in reef sediments (Aronson et al., 2014) and from
recent small-scale monitoring studies (Collin et al., 2009;
Seemann et al., 2014), but the convergence of offshore and lagoonal molluscan communities since the 1960s documented here conﬁrms that water quality has also substantially deteriorated
offshore.
4.5. Recommendations
The analysis of subfossil reef bivalve and gastropod mollusks
provides a valuable window into the structure and functioning of
past reef environments and communities, providing a baseline
state from which to judge future change. The lack of quantitative
ecological data for reef communities pre-dating the 1980s and
the overall dearth of environmental and water quality data for
reefs in Bocas (and the Caribbean in general) have prevented an
accurate description of ecological change, impeding the development of a mechanistic explanation of recent reef deterioration.
The well-known and varied life habits and narrow environmental
tolerances of bivalve and gastropod mollusks make these common
reef organisms well-suited for assessing the environmental causes
of past and present change. The historical environmental changes
on reefs in Bocas del Toro uncovered by our paleoecological data
emphasize the urgent need for reef environmental monitoring programs and improved land management practices to prevent further reef degradation and to promote resiliency in the face of
impending climate change impacts.
Acknowledgements
We thank C. Angioletti, E. Ochoa, G. Jacome, P. Gondola, J.
Morales, and C. Degracia for help in the laboratory and ﬁeld in
Panama, T. Guilderson for conducting radiocarbon analyses and
assisting with calibrations to calendar ages, H. Guzmán for his help
with interpretation of study results, and Minerals Resources
Department and National Authority for the Environment of

11

Panama and C. De Leon for providing collection permits. Study supported by Smithsonian Institution, NSF Integrative Graduate
Education and Research Traineeship, Center for Marine
Biodiversity and Conservation at Scripps Institution of
Oceanography, University of California Academic Senate, and
PADI Foundation’s Project AWARE.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.marpolbul.2015.
05.031.
References
Allmon, W.D., 2001. Nutrients, temperature, disturbance, and evolution: a model for
the late Cenozoic marine record of the western Atlantic. Palaeogeogr. Palaeocl.
166, 9–26.
Aronson, R.B., Precht, W.F., 2001. White-band disease and the changing face of
Caribbean coral reefs. Hydrobiologia 460, 25–38.
Aronson, R.B., Macintyre, I.G., Wapnick, C.M., O’Neill, M.W., 2004. Phase shifts,
alternative states, and the unprecedented convergence of two reef systems.
Ecology 85, 1876–1891.
Aronson, R.B., Macintyre, I.G., Lewis, S.A., Hilbun, N.L., 2005. Emergent zonation and
geographic convergence of coral reefs. Ecology 86, 2586–2600.
Aronson, R.B., Hilbun, N.L., Bianchi, T.S., Filley, T.R., Mckee, B.A., 2014. Land use,
water quality, and the history of coral assemblages at Bocas del Toro Panama.
Mar. Ecol- Progr. Ser. 504, 159–170.
Arruda, E.P., Domaneschi, O., Amaral, A.C.Z., 2003. Mollusc feeding guilds on sandy
beaches in Sao Paulo State, Brazil. Mar. Biol. 143, 691–701.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. Roy. Stat. Soc. B Met., 289–300
Birkeland, C., 1987. Nutrient availability as a major determinant of differences
among coastal hard-substratum communities in different regions of the tropics.
In: Birkeland, C. (Ed.), Comparison between Atlantic and Paciﬁc Tropical Marine
Ecosystems: Community Structure, Ecological Processes, and Productivity.
UNESCO Reports in Marine Science, vol. 46. UNESCO, Paris, pp. 43–98.
Birkeland, C., 1988. Geographic comparisons of coral-reef community processes. In:
Choat, J.H., Barnes, D., Borowitzka, M.A., Coll, J.C., Davies, P.J., Flood, P., Hatcher,
B.G., Hopley, D. (Eds.), Proceedings of the Sixth International Coral Reef
Symposium, Townsville (Australia), pp. 211–220.
Cerridwen, S.A., Jones, B., 1991. Distribution of bivalves and gastropod in the
Pleistocene Ironshore Formation, Grand Cayman, British West Indies. Caribb. J.
Sci. 27, 97–116.
Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community
structure. Aust. J. Ecol. 18, 117–143.
Collin, R., D’Croz, L., Gondola, P., Del Rosario, J.B., 2009. Climate and hydrological
factors affecting variation in chlorophyll concentration and water clarity in the
Bahia Almirante, Panama. In: Proceedings of the Smithsonian Marine Science
Symposium, pp. 323–334.
Cramer, K.L., 2013. History of human occupation and environmental change in
western and central Caribbean Panama. Bull. Mar. Sci. 89, 955–982.
Cramer, K.L., Jackson, J.B.C., Angioletti, C.V., Leonard-Pingel, J., Guilderson, T.P., 2012.
Anthropogenic mortality on coral reefs in Caribbean Panama predates coral
disease and bleaching. Ecol. Lett. 15, 561–567.
D’Croz, L., Del Rosario, J.B., Gondola, P., 2005. The effect of fresh water runoff on the
distribution of dissolved inorganic nutrients and plankton in the Bocas del Toro
archipelago, Caribbean Panama. Caribb. J. Sci. 41, 414–429.
de Boer, W.F., Pereira, T., Guissamulo, A., 2000. Comparing recent and abandoned
shell middens to detect the impact of human exploitation on the intertidal
ecosystem. Aquat. Ecol. 34, 287–297.
Efron, B., Tibshirani, R., 1986. Bootstrap methods for standard errors, conﬁdence
intervals, and other measures of statistical accuracy. Stat. Sci. 1, 54–75.
Ekdale, A.A., 1974. Marine molluscs from shallow-water environments (0 to 60
meters) off the northeast Yucatán coast, Mexico. Bull. Mar. Sci. 24, 638–668.
Fabricius, K.E., 2005. Effects of terrestrial runoff on the ecology of corals and coral
reefs: review and synthesis. Mar. Pollut. Bull. 50, 125–146.
Forbes, M.L., 1971. Habitats and substrates of Ostrea frons, and distinguishing
features of early spat. Bull. Mar. Sci. 21, 613–625.
Gilinsky, N.L., Bennington, J.B., 1994. Estimating numbers of whole individuals from
collections of body parts: a taphonomic limitation of the paleontological record.
Paleobiology 20, 245.
Glynn, P.W., 1997. Bioerosion and coral-reef growth: a dynamic balance. In:
Birkeland, C. (Ed.), Life and Death of Coral Reefs. Chapman and Hall, New York,
pp. 68–94.
Gordon, B.L., 1982. A Panama Forest and Shore. Boxwood Press, Paciﬁc Grove.
Guilderson, T.P., Reimer, P.J., Brown, T.A., 2005. The boon and bane of radiocarbon
dating. Science 307 (5708), 362–364.
Guzmán, H.M., 2003. Caribbean coral reefs of Panama: present status and future
perspectives. In: Cortes, J. (Ed.), Latin American Coral Reefs. Elsevier Science,
Amsterdam, pp. 241–274.

Please cite this article in press as: Cramer, K.L., et al. Molluscan subfossil assemblages reveal the long-term deterioration of coral reef environments in
Caribbean Panama. Mar. Pollut. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.05.031

12

K.L. Cramer et al. / Marine Pollution Bulletin xxx (2015) xxx–xxx

Guzmán, H.M., Barnes, P.A.G., Lovelock, C.E., Feller, I.C., 2005. A site description of
the CARICOMP mangrove, seagrass and coral reef sites in Bocas del Toro,
Panama. Caribb. J. Sci. 41, 430–440.
Guzmán, H.M., Garcıa, E.M., 2002. Mercury levels in coral reefs along the Caribbean
coast of Central America. Mar. Pollut. Bull. 44 (12), 1415–1420.
Guzmán, H.M., Jiménez, C.E., 1992. Contamination of coral reefs by heavy metals
along the Caribbean coast of Central America (Costa Rica and Panama). Mar.
Pollut. Bull. 24 (11), 554–561.
Harries, P.J., Sorauf, J.E., 2010. Epi- and endobionts on and in free-living colonies of
Manicina areolata (Cnidaria, Scleractinia): a comparison of two Pleistocene
communities from southern Florida. Palaios 25, 400–414.
Hauser, I., Oschmann, W., Gischler, E., 2007. Modern bivalve shell assemblages on
three atolls offshore Belize (Central America, Caribbean Sea). Facies 55, 451–
478.
Heck, K.L., 1977. Comparative species richness, composition, and abundance of
invertebrates in Caribbean seagrass (Thalassia testudinum) meadows (Panama).
Mar. Biol. 41, 335–348.
Hockey, P.A.R., Bosman, A.L., 1986. Man as an intertidal predator in Transkei:
disturbance, community convergence and management of a natural food
resource. Oikos 46, 3–14.
Houbrick, R.S., 1980. Observations on the anatomy and life history of Modulus
modulus (Prosobranchia: Modulidae). Malacologia 20, 117–142.
Hughes, T.P., Baird, A.H., Bellwood, D.R., Card, M., Connolly, S.R., Folke, C., Grosberg,
R., Hoegh-Guldberg, O., Jackson, J.B.C., Kleypas, J., Lough, J.M., Marshall, M.,
Nyström, M., Palumbi, S.R., Pandolﬁ, J.M., Rosen, B., Roughgarden, J., 2003.
Climate change, human impacts, and the resilience of coral reefs. Science 301,
929–933.
Jackson, J.B.C., 1972. The ecology of the mollusks of Thalassia communities, Jamaica,
West Indies. II. Molluscan population variability along an environmental stress
gradient. Mar. Biol. 14, 304–337.
Jackson, J.B.C., 1973. The ecology of mollusks of Thalassia communities, Jamaica,
West Indies. I. Distribution, environmental physiology, and ecology of common
shallow-water species. Bull. Mar. Sci. 23, 313–335.
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J.,
Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A., Hughes, T.P., Kidwell, S., Lange,
C.B., Lenihan, H.S., Pandolﬁ, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J.,
Warner, R.R., 2001. Historical overﬁshing and the recent collapse of coastal
ecosystems. Science 292, 629–637.
Jackson, J.B.C., Donovan, M.K., Cramer, K.L., Lam, V. (Eds.), 2014. Status and Trends of
Caribbean Coral Reefs: 1970-2012. Global Coral Reef Monitoring Network.
IUCN, Gland, Switzerland.
Johnson, K.G., Todd, J.A., Jackson, J.B.C., 2007. Coral reef development drives
molluscan diversity increase at local and regional scales in the late Neogene and
Quaternary of the southwestern Caribbean. Paleobiology 33, 24–52.
Kidwell, S.M., 2013. Time-averaging and ﬁdelity of modern death assemblages:
building a taphonomic foundation for conservation palaeobiology.
Palaeontology 56 (3), 487–522.
Kilbourne, K.H., Quinn, T.M., Guilderson, T.P., Webb, R.S., Taylor, F.W., 2007.
Decadal- to interannual-scale source water variations in the Caribbean Sea
recorded by Puerto Rican coral radiocarbon. Clim. Dyn. 29, 51–62.
Kohn, A.J., Leviten, P.J., 1976. Effect of habitat complexity on population density and
species richness in tropical intertidal predatory gastropod assemblages.
Oecologia 25, 199–210.
Leonard-Pingel, J.S., Jackson, J.B.C., O’Dea, A., 2012. Changes in bivalve functional
and assemblage ecology in response to environmental change in the Caribbean
Neogene. Paleobiology 38, 509–524.
Levinton, J.S., 1991. Variable feeding behavior in three species of Macoma (Bivalvia:
Tellinacea) as a response to water ﬂow and sediment transport. Mar. Biol. 11,
375–383.
Linares, O.F., 1980. Ecology and prehistory of the Aguacate Peninsula in Bocas del
Toro. In: Linares, O.F., Ranere, A.J. (Eds.), Adaptive Radiations in Prehistoric
Panama. Harvard University Press, Cambridge, pp. 57–66.

McClanahan, T.R., 1992. Epibenthic gastropods of the Middle Florida Keys: the role
of habitat and environmental stress on assemblage composition. J. Exp. Mar.
Biol. Ecol. 160, 169–190.
McClanahan, T.R., 2002a. A comparison of the ecology of shallow subtidal
gastropods between western Indian Ocean and Caribbean coral reefs. Coral
Reefs 21, 399–406.
McClanahan, T.R., 2002b. The effects of time, habitat, and ﬁsheries management on
Kenyan coral reef-associated gastropods. Ecol. Appl. 12, 1484–1495.
O’Dea, A., Shaffer, M.L., Doughty, D.R., Wake, T.A., Rodriguez, F.A., 2014. Evidence of
size-selective evolution in the ﬁghting conch from prehistoric subsistence
harvesting. Proc. Roy. Soc. B – Biol. Sci. 281, 20140159.
Odum, E.P., 1985. Trends expected in stressed ecosystems. Bioscience 35, 419–422.
Oehlmann, J., Schulte-Oehlmann, U., 2002. Molluscs as bioindicators. In: Markert,
B.A., Breure, A.M., Zechmeister, H.G. (Eds.), Bioindicators and Biomonitors.
Elsevier Science, Amsterdam, pp. 577–634.
Pandolﬁ, J.M., Bradbury, R.H., Sala, E., Hughes, T.P., Bjorndal, K.A., Cooke, R.G.,
McArdle, D., McClenachan, L., Newman, M.J.H., Paredes, G., Warner, R.R.,
Jackson, J.B.C., 2003. Global trajectories of the long-term decline of coral reef
ecosystems. Science 301, 955–958.
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey,
C.B., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson,
T.P., Hajdas, I., Heaton, T.J., Hogg, A.J., Hughen, K.A., Kaiser, K.F., Kromer, B.,
McCormac, F.G., Manning, S.W., Reimer, R.W., Richards, D.A., Southon, J.R.,
Talamo, S., Turney, C.S.M., van der Plicht, J., Weyhenmeyer, C.E., 2004. INTCAL09
and Marine09 Radiocarbon age calibration curves, 0–50 000 years CAL BP.
Radiocarbon 51, 1011–1150.
Ríos-Jarra, E., López-Uriarte, E., Galván-Villa, C.M., 2008. Bivalve molluscs from the
continental shelf of Jalisca and Colima, Mexican Central Paciﬁc. Am. Malacol.
Bull. 26, 119–131.
Roberts, O.W., 1827. Narrative of Voyages and Excursions on the East Coast and in
the Interior of Central America. Constable & Co. Edinburgh. University of Florida
Press, Gainesville, FL (Reprinted in 1965).
Roy, K., Collins, A.G., Becker, B.J., Begovic, E., Engle, J.M., 2003. Anthropogenic
impacts and historical decline in body size of rocky intertidal gastropods in
southern California. Ecol. Lett. 6, 205–211.
Russ, G.R., 2003. Grazer biomass correlates more strongly with production than
with biomass of algal turfs on a coral reef. Coral Reefs 22, 63–67.
Sanders, H.L., 1958. Benthic studies in Buzzards Bay. I. Animal-sediment
relationships. Limnol. Oceanogr. 3, 245–258.
Seemann, J., González, C.T., Carballo-Bolaños, R., Berry, K., Heiss, G.A., Struck, U.,
Leinfelder, R.R., 2014. Assessing the ecological effects of human impacts on
coral reefs in Bocas del Toro, Panama. Environ. Monit. Assess. 186, 1747–1763.
Stanley, S.M., 1970. Relation of Shell Form to Life Habits of the Bivalvia (Mollusca),
Geological Society of America Memoir No. 125, 296pp.
Steneck, R.S., Watling, L., 1982. Feeding capabilities and limitation of herbivorous
molluscs: a functional group approach. Mar. Biol. 68 (3), 299–319.
Stephens, C.S., 2008. Outline of History in the Province of Bocas del Toro, Panama.
SFS Publications, Eustis, FL.
Stuiver, M., Reimer, P.J., 1986. A computer program for radiocarbon age calibration.
Radiocarbon 28, 980–1021.
Stuvier, M., Polach, H.A., 1977. Reporting of 14C data. Radiocarbon 19, 355–363.
Todd, J.A., 2001. Molluscan life habits databases. In: Neogene Marine Biota of
Tropical America. <http://porites.uiowa.edu/database/mollusc/mollusclifestyles.
htm>.
Todd, J.A., Jackson, J.B.C., Johnson, K.G., Fortunato, H.M., Heitz, A., Alvarez, M., Jung,
P., 2002. The ecology of extinction: molluscan feeding and faunal turnover in
the Caribbean Neogene. Roy. Soc. B – Biol. Sci. 269, 571–577.
Vermeij, G.J., 1990. Tropical Paciﬁc Pelecypods and productivity: a hypothesis. Bull.
Mar. Sci. 47, 62–67.
Wake, T.A., Doughty, D.R., Kay, M., 2013. Archaeological investigations provide late
Holocene baseline ecological data for Bocas del Toro, Panama. Bull. Mar. Sci. 89,
1015–1035.

Please cite this article in press as: Cramer, K.L., et al. Molluscan subfossil assemblages reveal the long-term deterioration of coral reef environments in
Caribbean Panama. Mar. Pollut. Bull. (2015), http://dx.doi.org/10.1016/j.marpolbul.2015.05.031

