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Abstract
A combination of historical bivalve surveys spanning 30–50 years and contemporary sam-

pling were used to document the changes in bivalve community structure over time at four

southern California and one northern Baja California estuaries. While there are limitations to

the interpretation of historic data, we observed generally similar trends of reduced total

bivalve species richness, losses of relatively large and/or deeper-dwelling natives, and

gains of relatively small, surface dwelling introduced species across the southern California

estuaries, despite fairly distinct bivalve communities. A nearly 50-year absence of bivalves

from two wetlands surveyed in a Baja California estuary continued. A combination of site

history and current characteristics (e.g., location, depth) likely contributes to maintenance of

distinct communities, and both episodic and gradual environmental changes likely contrib-

ute to within-estuary temporal shifts (or absences). We highlight future research needed to

determine mechanisms underlying patterns so that we can better predict responses of

bivalve communities to future scenarios, including climate change and restoration.

Introduction
Estuarine bivalve communities have been altered through direct and indirect human effects,
including overharvesting, habitat loss and alteration, pollution, the invasion of introduced spe-
cies and climate change [1,2,3,4,5]. Within southern California USA and Baja California,
Mexico, coastal ecosystems are particularly impacted by heavy use, coastal development, and
associated stresses, all of which have potentially influenced bivalve community structure.
Indeed, sporadic studies over the past 50 years of bivalve communities within estuaries
throughout this region indicate dramatic local shifts in intertidal bivalve communities [2,6]
(and references therein). These community-level changes have likely resulted in concomitant
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changes in the ecosystem functions and services, such as water filtration, biodeposition, biotur-
bation [7,8], provision of substrate for epibionts (e.g., algae and barnacles), refugia (e.g., crabs,
fishes)[9], and food resources for economically-important and threatened species (e.g., fish,
[10]; crabs, [11]; birds, [12]). Data that can inform predictions about changes in bivalve com-
munities, and their services, is of particular interest as we move into an era of changing climates
and environmental disturbances.

A combination of contemporary and historical data helps us to understand the current state
of ecosystems in the context of long time frames, and can shed light on the potential anthropo-
genic and environmental influences on community dynamics [13]. Although historical data
have a variety of potential limitations, including, inconsistent collection methods and potential
biases in temporal and spatial coverage, they are all we have to characterize past communities
[13,14] and serve as a valuable benchmark against which current and future changes can be
assessed [15,16,17]. In this study, we therefore combined historical datasets with contemporary
sampling in four southern California and one northern Baja California estuaries to document
the changes in (1) the diversity and abundance, and (2) structure of intertidal bivalve commu-
nities within and between estuaries over a nearly 50 year time period. Patterns were compared
to a null hypothesis of similar, random shifts in bivalve communities across all estuaries
through time. In the late-1960s to early-1970s, studies of intertidal bivalve communities were
conducted throughout estuaries in southern California (Mugu Lagoon, Los Peñasquitos
Lagoon, Mission Bay, Tijuana River Estuary) [18,19,20,21] and northern Baja California (e.g.,
Bahía de San Quintín) [20]. There were a few bivalve studies conducted in some of these estu-
aries in the intervening years helping to fill in the time line, and our current regional assess-
ments document the present status of bivalve communities.

Materials and Methods
Study estuaries were chosen based on availability of historic data and distribution throughout
the region (Table 1). Patterns of bivalve community change within each estuary were docu-
mented by comparing recently collected bivalve data (this study) to those from previous studies
of the same estuary (Table 1). Regional bivalve community trends were documented by com-
paring bivalve community data (both previous and from this study) across all estuaries. Some
previous studies included detailed maps, which allowed us to precisely re-sample the locations,
and others provided a description where we could broadly relocate original sampling locations.

Sampling stations and protocol
Intertidal salt marsh creeks were sampled within five estuaries located throughout southern
California and northern Baja California, including Mugu Lagoon, Los Peñasquitos Lagoon,
Mission Bay, and Tijuana River Estuary in California, USA and two distinct wetlands within
Bahía de San Quintín, Baja California, Mexico (Tables 1 and 2; Fig 1). Contemporary sampling
spanned seasons and weather patterns, however there were no catastrophic weather events
(e.g., storms, estuary closures) during this time span (December 2012- September 2013; see
below). All of the bivalve species sampled were either post-settlement juveniles or adults (1
mm or greater in size) that are characteristically long-lived, thus weather patterns during the
sampling period should not have greatly influenced the compositions observed.

Permission to enter the Tijuana River National Estuarine Research Reserve was granted by
Brian Collins, US Fish andWildlife Service under Special Use Permit 81680 14002. The Mis-
sion Bay site fell within the boundaries of the University of California Kendall Frost Marsh
Reserve and permission to conduct the sampling was granted from Isabelle Kay, Reserves Man-
ager at the U.C. Natural Reserve System. Entrance into Mugu Lagoon occurred as part of the
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San Onofre Nuclear Generating Station (SONGS) Mitigation Monitoring team led by S. Schro-
eter and H.M. Page. Collections were conducted under the California Fish and Wildlife Scien-
tific Collection Permit administered to T.S. Talley (Permit number SC-5295).

Fieldwork was conducted as close as possible to the time of year that previous samples were
taken, so that results would be temporally comparable (Tables 1 and 2; Fig 1). Samples were
collected in September 2013 fromMugu Lagoon, Los Peñasquitos Lagoon, and Tijuana River

Table 1. Study site, sample year, latitude/longitude (if available), core and sieve size used, location reported, and reference for past surveys. (“- -
-”refers to unavailable data).

Site Sample
Year

Latitude/
Longitude

Core size
(cm) Diam. x
Depth

Mesh
size
(mm)

No. samples (cores)
per sampling effort

No.
sampling
efforts

Location
reported by
study

Reference

Mugu Lagoon 1966 34°06’14”/
119°05’58”

25 x 25 1 15 1 Description [20]

Mugu Lagoon 1969–
1972

34°06’/ 119°
05’

28 x 56 3.2 19–74 10 Description [21]

Mugu Lagoon 2013 34°06’16”/
119°05’33”

10 x 20 1 60 (5 subsamples x
12 sites)

1 Current study
[22]

Los
Peñasquitos
Lagoon

1964 32°56’2”/
117°15’24”

- - - - - - - - - Map [18]

Los
Peñasquitos
Lagoon

1967–
1968

32°56’41”/
117°15’11”

30 x 30 - - - 13 7 Map [19]

Los
Peñasquitos
Lagoon

1987–
2008

32°56’37”/
117°15’21”

15 x 20 3 9–18 38 Map [6], PERL,
TRNERR
(unpub.)

Los
Peñasquitos
Lagoon

2013 32°55’59”/
117°15’32”

10 x 20 1 36 (9 subsamples x 4
sites)

1 Current study
[22]

Mission Bay 1964–
1966

32°47’33”/
117°14’06”

25 x 25 1 12 (2 subsamples x 6
sites)

5 Description [20]

Mission Bay 1994–
1996

32°47’29”/
117°14’24”

25 x 25 1 12 (2 subsamples x 6
sites)

4 Map [2]

Mission Bay 2009–
2011

32°47’27”
117°13’39”

0.0625 m2 1 12 (2 subsamples x 6
sites)

3 - - - Reyns (unpub.)

Mission Bay 2012–
2013

32°47’27”/
117°13’39”

15 x 30 1 12 (2 subsamples x 6
sites)

2 Current study
[22]

Tijuana River
Estuary

1969–
1972

32°33’/ 117°
08’

28 x 56 3.2 19–74 10 Description [21]

Tijuana River
Estuary

1976 32°33’18”/
117°07’14”

13.5 x 40 2 117 Map [23]

Tijuana River
Estuary

1986–
1987

32°33’27”/
117°07’23”

15 x 25 - - - 30–45 Map [24]

Tijuana River
Estuary

1986–
2007

32°34’29”/
117°07’24”

15 x 20 3 18–24 39 Map [6], PERL,
TRNERR
(unpub.)

Tijuana River
Estuary

2013 32°34’04”/
117°07’53”

10 x 20 1 60 (5 subsamples x
12 sites)

1 Current study
[22]

Bahía de San
Quintín

1966 30°30’52”/
116°00’39”

25 x 25 1 4–10 1 Description [20]

Bahía de San
Quintín

2004 - - - 10 x 50 5 - - - - - - - - - [25,26]

Bahía de San
Quintín

2013 30°29’52”/
116°00’04”

15 x 30 1 24 (2 subsamples x
12 sites)

1 Current study
[22]

doi:10.1371/journal.pone.0148220.t001
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Estuary; in December 2012 and April 2013 at Mission Bay (Kendall-Frost Marsh Reserve/
Northern Wildlife Preserve), and in June 2013 at North Marsh and Cemetery Marsh, both in
Bahía de San Quintín. A station represents the location of the bivalve core samples within the
site, which were taken between 30-cm above and below Mean Lower LowWater. The number
of stations varied between sites (Table 1).

Table 2. Morphological characteristics of study sites. Pore water salinity was collected on April 2013 in Mission Bay, June 2013 in Bahía de San Quintín,
January 2014 in Tijuana River Estuary, February 2014 at Mugu Lagoon and Los Peñasquitos Lagoon.

Site Total area of estuary
(km2)

Total area of tidal flat
(km2)

Area of salt marsh/channel
habitat (km2)

% Pore water salinity
(± SD)

Reference:

Mugu Lagoon 10.12 0.52 0.15 27 (±0.6) [27]

Los Peñasquitos
Lagoon

1.42 .0.13 0.12 26.25 (±2.39) [28,29]

Mission Bay 18.62 0.13 0.46 37 (±0.93) [30]

Tijuana River Estuary 10.12 0.60 2.49 27.33 (±0.7) [28]

Bahía de San Quintín 48.00 8.85 9.57 31.58 (±3.28) [31]

doi:10.1371/journal.pone.0148220.t002

Fig 1. Map of intertidal study sites in southern California, USA and northern Baja California, MX. The map was adapted from a Creative Commons 3.0
image fromWikimedia Commons.

doi:10.1371/journal.pone.0148220.g001
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The intertidal marsh site surveyed within Mugu Lagoon is located approximately 0.4 km
from the mouth of the estuary (Table 2; Fig 1). We sampled 12 stations, which consisted of 6
stations located in the main channel and another 6 stations located in the side creeks. At each
station, five bivalve subsamples were taken, each separated by approximately 10 meters yield-
ing a total of 60 samples. Sampling areas within Mugu Lagoon overlapped with most of the
areas sampled in previous studies.

In the Los Peñasquitos Lagoon site, four stations were sampled each containing 9 bivalve
subsamples taken 3–5 m apart (total of 36 samples) (Table 2; Fig 1). The sampling areas were
located from the mouth to the tidal creeks in the eastern end of the lagoon and spatially over-
lapped with all of the previous studies except for [6]. Desmond et al. (2002) sampled all stations
except for a station located in the southern end of Los Peñasquitos Lagoon, which was taken
into account when analyzing data.

The tidal creek surveyed within the Mission Bay site (Kendall-Frost Marsh Reserve/North
Wildlife Preserve, hereafter referred to as Mission Bay) is about 5 km from the mouth and is
located at the northeast corner of the bay (Table 2; Fig 1). We sampled six stations, each con-
taining two bivalve subsamples taken 2–3 m apart (total of 12 bivalve samples). Stations were
located equidistantly along the wetland’s main channel. This site had similar sampling proce-
dures and overlaps with all of the previous studies.

The intertidal marsh site at Tijuana River Estuary is located approximately 0.6 km from the
mouth of the estuary (Table 2; Fig 1). We sampled 12 stations, which consisted of 6 stations
located in the main channel and another 6 stations located in the side creeks. At each station,
five subsamples were taken, each separated by approximately 10 meters yielding a total of 60
samples. Sampling areas within this site overlapped with most of the areas sampled in previous
studies. The south arm of Tijuana River Estuary sampled by Peterson [21] has since changed
significantly due to sedimentation, so no samples were collected there and thus this dataset
were interpreted with caution.

Two distinct sites were sampled for bivalves in Bahía de San Quintín: Cemetery Marsh (30°
27’34”N, 115°56’05”W) located about 7.4 km from the mouth, and North Marsh (30°29’53”
N, 116°00’04”W) located 14.8 km from the mouth of the estuary (the sampling locations in
MacDonald 1969) (Table 2; Fig 1). At each site, six stations were sampled, each containing a
pair of subsamples taken 2–3 m apart (total of 12 samples at each site).

Bivalve core size varied by site as a result of leveraging different ongoing sampling programs
in these areas. Mission Bay and Bahía de San Quintín stations had 15-cm diameter x 30-cm
depth cores. Mugu Lagoon and the Tijuana River Estuary are part of current monitoring of San
Onofre Nuclear Generating Station (SONGS) mitigation program, and a bivalve core size of
10-cm diameter x 20-cm depth was used in this study. A 10-cm diameter x 20-cm core was also
used at Los Peñasquitos Lagoon. Bivalve cores were each wet sieved in the field using a 1-mm
mesh sieve, but sieve sizes vary between this and prior studies (Table 1) thus data were exam-
ined with caution since the ranges of sieve size used may influence comparison of total abun-
dance (e.g., not capturing juveniles). The portion of sample retained on the sieve was collected
and frozen at -18°C until bivalve enumeration and identification could be performed under a
dissecting microscope in the lab.

Data analyses
Comparisons of bivalve abundances across sites (within time periods) and across time periods
(within sites) were made using one-way ANOVA and Tukey’s HSD a-posteriori pairwise com-
parisons in JMP Pro 12.0.1 [32]. The average total bivalve abundance per study, standardized
to a 0.25m2 diameter core, was used as the dependent variable. Abundance data were log10 (x
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+ 1) transformed prior to statistical analyses to normalize the data structure and homogenize
the variances [33].

Comparisons of species richness within and among estuaries over time were made using
sample-based rarefaction curves created in EstimateS [34]. Using our sample-based abundance
data, the individuals within samples were randomly resampled, without replacement, to calcu-
late the expected number of species and unconditional confidence intervals [35] for a given
number of individuals (within samples). Estimates are based on the number of species averaged
across resampling runs of each sample. Random starting points for 100 runs were used, with
the upper abundance limit of 10 set for rare species [34]. Our species richness data were the
abundance of each species averaged across all the samples collected during a sampling event
(sampling of a site within a distinct study period). Differences in species richness within estuar-
ies over time was determined by visual inspection of the 95% confidence intervals, where non-
overlapping intervals indicate differences.

Changes in bivalve communities among sites over time were explored using multivariate
statistical analyses in which the averaged bivalve abundance data were grouped into (used as
replicates in) four broad time periods: late 1960s-mid 1970s, late 1980s-mid 1990s, late 1990s-
mid 2000s, and late 2000s-present. The time period groupings were defined based on little to
no bivalve community differences between years within these periods (ANOSIM p� 0.16) or,
when only one survey per year was available, by visual comparisons that revealed no consistent
changes in species abundances.

Bivalve community similarities and differences were visualized using non-metric multidi-
mensional scaling (nMDS; see [36]) on Bray-Curtis similarity indices of log (x+1) transformed,
unstandardized data using R Statistical Platform [37]. Six different random starting points with
up to 1,000 steps were used. The stress values from the six runs were examined for stability to
determine whether a global solution had been found. Only analyses with stress values of<0.2
were used; stress is a measure of how well the solution (in this case the two-dimensional nMDS
plots) represents the distances between the data. Clarke (1993) suggests values<0.1 are good
and<0.2 are useful. Significance testing for differences in bivalve composition among estuaries
and among decadal time periods was completed using an analysis of similarity (ANOSIM) pro-
cedure [36]. The significance levels of resultant pairwise comparisons were determined using
sequential Bonferroni-adjusted alphas. Testing for interactions between time period and estu-
ary was not possible due to the lack of replication (studies) during some time periods for some
estuaries so analyses were run separately. Analyses of bivalve dissimilarities between site and
date groups, and the particular taxa contributing to the dissimilarity, were carried out using
SIMPER [36]. The SIMPER results specify which taxa are responsible for the ANOSIM results
by comparing the average abundances of taxa between groups. The average dissimilarity
between samples from the groups is computed and then broken down into contributions from
each species. Those species with high average terms relative to the standard deviation are
important in the differentiation of groups.

There were no live bivalves present in Bahía de San Quintín during any of the sampling
years (1966, 2004, and 2013) so these sites were removed from both the within- and among-
site comparisons.

Results

Trends in abundance
Three of the six estuaries had unimodal abundance patterns through time, with abundance
peaks over 6x greater in Mission Bay and Tijuana Estuary than Los Peñasquitos Lagoon, in the
late 80s-mid 90s (Table 3A and 3B; Fig 2). Abundances tended to be lowest in the most recent
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(late 2000s –present) and/or the earliest time period (late 1960s-mid 1970s) (Table 3A; Fig 2).
Abundances in the two Bahía de San Quintín sites were consistently zero and no data existed
for Mugu from the late 1980s to the mid 2000s.

Trends in diversity
Bivalve richness, as measured by sample-based rarefaction, was similar or higher in the late
60s-mid 70s than in all other time periods (Fig 3A–3D). Richness throughout the late 80s to
mid 00s tended to be lower than in the 60s, and either higher or lower than current levels
depending upon estuary (Fig 3B–3D). Current richness levels were generally similar to the late
60s-mid 70s except for Los Peñasquitos Lagoon, where only one species was found as com-
pared to 7–8 in earlier time periods (Fig 3B). Similarly, the total number of species per estuary
indicated declines in most other estuaries, too. Mugu Lagoon had 11 species in the late 1960s-
mid 1970s, but 7 species in the most recent time period. Tijuana River Estuary had a total of 16
species in the late 1960s-mid 1970s, 25–29 throughout the late 1980s to the mid 2000s, and
then six in the most recent time period. Mission Bay was the exception with the highest species

Table 3. Results of comparisons of total bivalve abundance across (A) time periods and (B) estuaries using one-way ANOVA and Tukey’s HSD
pairwise tests. Abundances used were the average total abundance reported from each study that was used in this study. ML = Mugu Lagoon, LPL = Los
Peñasquitos, MB = Mission Bay, TJE = Tijuana Estuary, - - - = no significant difference detected.

A. Comparison of abundances across estuaries (within time period)

Time Period P df (n) F Pairwise results

Late 60s-mid 70s 0.614 3,3 (7) 0.7 - - -

Late 80s-mid 90s 0.006 2,18 (21) 6.8 MB, TJE > LPL

Late 90s-mid 00s <0.0001 2,17 (20) 21.4 TJE � MB � LPL

Late 00s-mid 10s 0.004 3,8 (12) 10.2 ML > LPL, MB, TJE

B. Comparison of abundances across time periods (within sites)

Site P df (n) F Pairwise results

Mugu Lagoon 0.800 1,1 (3) 0.1 - - -

Los Peñasquitos Lagoon 0.017 3,21 (25) 4.25 80s-90s � 60s-70s � 90s-00s, 00s-10s

Mission Bay 0.045 3,5 (9) 5.72 80s-90s � 90s-00s � 60s-70s, 00s-10s

Tijuana River Estuary 0.34 3,19 (23) 3.7 80s- 90s > all others

doi:10.1371/journal.pone.0148220.t003

Fig 2. Historical comparison of average bivalve abundances for each estuary studied in southern
California (Mugu Lagoon, Los Peñasquitos Lagoon, Mission Bay, Tijuana River Estuary) and northern
Baja California (Bahía de San Quintín). Error bars are ±1 S.E. Bivalve species abundance data were
averaged by year and grouped into four broad time periods.

doi:10.1371/journal.pone.0148220.g002
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richness in the most recent time period (9 species total), the lowest in the late 1990s-mid 2000s
(2 species), and five species during the late 1960s-mid 1970s and the late 1980s-mid 1990s time
periods. The two wetlands in Bahía de San Quintín had no live bivalves throughout the study
period.

Trends in bivalve community composition
Between-estuaries. Communities differed between each of the decadal time periods

(ANOSIM Global R = 0.43, P = 0.001) (Table 4A). The biggest difference occurred between
communities found in the late 60s-mid 70s and all other time periods (69–70% dissimilarity)
(Table 4A). Communities in the late 80s-mid 90s, when abundances of the introducedMuscu-
lista (= Arcuatula) senhousia peaked along with increases inMytilus galloprovincialis, Tagelus
californianus,Macoma nasuta and Leukoma staminea, and those in the late 90s-mid 00s, when
these species declined but were still abundant, were most similar (47% dissimilarity)
(Table 4A). The late 80s to mid 00s also corresponded with the decline or loss of many natives
including Laevicardium substriatum,Macoma sp., Leukoma laciniata, Nuttallia nuttallii, Tre-
sus nuttallii, and Cryptomya californica (Table 4A; S1 Table). The most recent communities,
compared with those in the late 60s-mid 70s, continued to support higher abundances ofM.
senhousia and lower abundances of the natives that declined throughout the 1980s and 1990s

Fig 3. Sample-based rarefaction curves (species richness as a function of number of individuals per
sample) (A-D) for each southern California estuary studied: Mugu Lagoon, Los Peñasquitos Lagoon,
Mission Bay, and Tijuana River Estuary. Error bars represent 95% confidence intervals. Rarefaction
data were averaged by year and grouped into 4 broad time periods.

doi:10.1371/journal.pone.0148220.g003

Examination of Bivalve Community Shifts

PLOS ONE | DOI:10.1371/journal.pone.0148220 February 3, 2016 8 / 18



(Table 4A; S1 Table). The most recent communities (late 00s-mid 10s) were 57–62% different
from those occurring between the late 80s to the mid 00s (Table 4A) owing to further declines
ofM. senhousia, T. californianus, L. staminea,M. nasuta, and higher abundances of a more
recent introduced species, Venerupis philippinarum (Table 4A; S1 Table).

Bivalve communities were generally distinct between estuaries (ANOSIM Global R = 0.63,
P = 0.001) despite community changes within the estuaries with time (Fig 4). Mugu Lagoon
bivalve communities were distinct from Los Peñasquitos and Mission Bay (71–87% dissimilar-
ity) due to higher abundances of a diversity of natives including L. staminea,M. nasuta,
Macoma sp.,Macoma secta, C. californica, and N. nuttallii (Fig 4; Table 4B; S1 Table). These
pairwise comparisons were, however, not significant at p = 0.05 but this was likely in part due
to the small sample size available for Mugu Lagoon (3 studies total). Tijuana River Estuary
most resembled Mugu Lagoon (p = 0.89, 52% dissimilarity) (Table 4B) and was distinct from
Los Peñasquitos and Mission Bay (69% dissimilarity each) (Table 4B; Fig 4) due to generally
higher abundances of the same natives that made Mugu distinct, as well as Tellina carpenteri,
L. substriatum, T. californianus and the invasiveM. senhousia (Table 4B). Los Peñasquitos
Lagoon communities were generally distinct from other estuaries due to dominance of T. cali-
fornianus in most time periods (Fig 4; Table 4B; S1 Table). Mission Bay bivalve communities
were distinct due to consistently higher densities of the introduced speciesM. senhousia and V.
philippinarum, and the native Chione fluctifraga (Fig 4; Table 4B; S1 Table).

Table 4. Comparisons of bivalve assemblages (abundance of each species) between (A) decadal time periods and (B) four southern California
estuaries. Bivalve data were averaged by year for each estuary (within each study) and pooled into four decadal time periods. Shown are ANOSIM pairwise
p values, and both the % similarity and the species contributing� 5% of the variability between groups from the SIMPER analyses. ANOSIMGlobal test sta-
tistics are: (A) Global R = 0.43, P = 0.001, and (B) Global R = 0.63, P = 0.001.

A. Time periods ANOSIM
Pairwise p

Dissimilarity
(%)

Species contribution (%) for those contributing �4%

Late 60s-mid 70s vs. Late 80s-
mid 90s

0.001 70 M. senhousia (11), T. californianus (10), L. substriatum (9), L. staminea (9),
Macoma sp. (8), M. galloprovincialis (6), M. nasuta (6), L. laciniata (5), N. nuttallii
(5)

Late 60s-mid 70s vs. Late 90s-
mid 00s

0.001 69 Macoma sp. (15), L. substriatum (12), T. californianus (9), M. galloprovincialis (9),
L. lacinata (8), M. senhousia (6), L. staminea (6), T. nuttallii (5)

Late 60s-mid 70s vs. Late 00s-
mid 10s

0.015 69 Macoma sp. (13), L. substriatum (11), T. californianus (8), C. californica (7), M.
nasuta (6), M. galloprovincialis (6), L. laciniata (6), L. staminea (5), V. philippinarum
(5), N. nuttallii (5)

Late 80s-mid 90s vs. Late 90s-
mid 00s

0.001 47 T. californianus (17), M. senhousia (13), L. staminea (12), M. nasuta (9),
Laevicardium sp. (8), Tellina sp. (6)

Late 80s-mid 90s vs. Late 00s-
mid 10s

0.001 62 M. senhousia (22), T. californianus (16), L. staminea (15), L. substriatum (5)

Late 90s-mid 00s vs. Late 00s-
mid 10s

0.051 57 T. californianus (25), M. senhousia (15), L. staminea (12), Laevicardium sp. (5),
Chione sp. (5), Tellina sp. (5)

B. Estuaries

Mugu Lagoon vs. Los
Peñasquitos Lagoon

0.083 87 L. staminea (15), Macoma sp. (14), M. nasuta (12), C. californica (12), T.
californianus (8), L. substriatum (7), M. secta (7), L. laciniata (5)

Mugu Lagoon vs. Mission Bay 0.167 71 T. californianus (13), L. staminea (13), C. californica (12), M. senhousia (11), M.
nasuta (11), Macoma sp. (10), M. secta (8), C. fluctifraga (8)

Mugu Lagoon vs. Tijuana River
Estuary

0.889 52 C. californica (14), M. nasuta (12), T. californianus (11), N. nuttallii (9), M. secta (7),
L. substriatum (6), T. carpenteri (5)

Los Peñasquitos Lagoon vs.
Mission Bay

0.014 66 M. senhousia (37), T. californianus (18), M. nasuta (9), V. philippinarum (8), L.
staminea (6)

Los Peñasquitos Lagoon vs.
Tijuana River Estuary

0.001 69 L. staminea (17), M. nasuta (10), M. senhousia (8), L. substriatum (7), T. carpenteri
(6), T. californianus (6), C. californica (5)

Mission Bay vs. Tijuana River
Estuary

0.001 69 L. staminea (19), M. senhousia (12), T. californianus (9), M. nasuta (7), L.
substriatum (5), V. philippinarum (5)

doi:10.1371/journal.pone.0148220.t004
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Within-estuary. Mugu Lagoon. Of the 11 species present in the late 1960s-mid 1970s,
only five species were found in the late 2000s-present. Missing were mostly the larger species,
such as Diplodonta orbellus, N. nuttallii, Saxidomus nuttalli and T. nuttallii. Of the five species
still found, Leukoma staminea and Cryptomya californica experienced a 30–70% decrease in
abundance (S1 Table); C. californica had been the most abundant bivalve in the early time
period (S1 Table).Macoma secta,M. nasuta, and T. californianus, however, were 2–19% more
abundant in the most recent time than the early period, with T. californianus the most abun-
dance species recently (175 individuals per 490 cm2) (S1 Table).

For the two time decadal periods available for Mugu Lagoon, 12 native bivalve species and
one introduced species were found (S1 Table). The Manila clam, V. philippinarum was docu-
mented for the first time, albeit in relatively low abundance (1.4 individuals per 490cm2), near
the center of the main channel in Mugu Lagoon during 2013 sampling. Additional Manila
clams were also observed during this 2013 sampling period, between sampling locations.

Los Peñasquitos Lagoon. During the early 1960s, live bivalves were absent, corresponding to
the persistent closure of the estuary and increase in salinity to 60 ppt [18]. Of the 16 species

Fig 4. Non-metric multidimensional scaling plot of bivalve abundances over time for each southern California estuary studied: Mugu Lagoon (ML),
Los Peñasquitos Lagoon (LPL), Mission Bay (MB), and Tijuana River Estuary (TJ). Stress value = 0.17. Bivalve surveys were averaged by year and
grouped by decadal time period. Ellipses are drawn using visual assessment of the clustering of points within a Site-Time Period group.

doi:10.1371/journal.pone.0148220.g004
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found over the 4 decadal periods available for this lagoon, T. californianus was the only one
found at every period and the only species present in the most recent time period. Laevicar-
dium substriatum, Leptopecten latiauratus, L. laciniata,Macoma sp., T. nuttallii, andM. gallo-
provincialis were only found in the late 1960s-mid 1970s;M. nasuta andMactrotoma
californica were found in the late 1980s-mid 1990s; Laevicardium sp., L. staminea, Tellina sp.,
andM. senhousia were also found from the late 1980s but persisted until the mid 2000s; and
Argopecten ventricosus, Donax californicus, and Chione sp. were only found in the late 1990s-
mid 2000s.

A total of fourteen native bivalve species and two introduced species (M. senhousia andM.
galloprovincialis) were found in samples from this lagoon throughout the study period (S1
Table). Of the two introduced species,M. senhousia was most abundant and persistent. It
appeared and peaked in the late 1980s-mid 1990s (up to 24 ind. per 490cm2) and remained at
lower abundance throughout the late 1990s-mid 2000s (4–5 ind. per 490cm2) (S1 Table). How-
ever, patches ofM. senhousia were observed fall, 2006, outside of sampling stations in the east-
ern end of Los Peñasquitos Lagoon.Mytilus galloprovincialis was present in the late 1960s, but
has since disappeared from surveys.

Mission Bay. Of the 12 species found in Mission Bay throughout this study period, onlyM.
senhousia, an introduced species, and T. californianus were present in all four decadal time
periods available for this bay (S1 Table).Musculista senhousia has generally been the most
abundant species, appearing in the 1960s (avg. of 7 individuals per 490 cm2), peaking in the
late 1980s-mid 1990s (avg. of 2038 ind. per 490 cm2 in 1995), and remaining in relatively high
abundances through the most recent surveys (avg. of 1 to 57 ind. per 490 cm2) (S1 Table). Leu-
koma staminea was only found in the late 1960s-mid 1970s and late 1980s-mid 1990s, (S1
Table). Chione fluctifraga and C. californica were also present in the late 1960s-mid 1970s, but
disappeared after that sample period with only C. fluctifraga reappearing in the late 2000s-pres-
ent. Both Chione undatella andM. nasuta were present in the late 1980s-mid 1990s, were
absent in the late 1990s-mid 2000s surveys, and reappeared in the recent surveys. Clinocardium
nuttallii, Lyonsia californica,M. secta, and V. philippinarum, an introduced species, also
appeared in the late 2000s-present. The appearance of species in Mission Bay in the most
recent time period may, in part, be a factor of a larger sampling effort with 5 sampling events
compared with 1–2 in previous time periods. In the 2013 survey, the two introduced species,
M. senhousia and V. philippinarum, were the two most abundant species in this estuary (57
and 24 individuals per 490 cm2, respectively) (S1 Table).

Tijuana River Estuary. Three of the 39 species collected over the 4 decade time periods, L.
staminea,M. nasuta, and T. californianus, were present in every period. The natives, Chione
undatella, C. californica, L. substriatum, N. nuttallii, S. nuttalli, Tellina carpenteri, and T. nut-
tallii were found in the late 1960s-mid 1970s up to the late 1990s-mid 2000s, but were absent in
the late 2000s-present surveys. Several native and introduced species (Chione sp., Cumingia
californica, Laevicardium sp., Lyonsia californica,M. senhousia,M. galloprovincialis, Solen
rosaceus) that were found in samples from the late 1980s-mid 1990s were also absent in the late
2000s-present. The lack of detection of these species may in part be due to lower sampling
effort in the most recent time period (2 sampling events) than in earlier time periods (9–10
sampling events), however there were also only 2 sampling events during the late 1960s-mid
1970s period when many of the native species were found.

In total, 36 native bivalve species and four introduced species (Crassotrea gigas,M. senhou-
sia,M. galloprovincialis, V. philippinarum) were found in Tijuana River Estuary during this
study period (S1 Table).Musculista senhousia has generally been the most abundant intro-
duced species found in Tijuana River Estuary, appearing and peaking in the late 1980s-mid
1990s (as high as 164 individuals per 490 cm2), remaining present but in generally lower
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abundances in the late 1990s-mid 2000s (14–55 individuals per 490 cm2) and afterward disap-
pearing from samples. Although not present in our samples, dense patches of a fourth intro-
duced species, V. philippinarum were observed in 2013. It was associated with shell hash about
3–5 cm tidal elevation lower than where we sampled for this project.

Discussion
Examination of historical data spanning thirty to fifty years, in combination with newly-col-
lected data, demonstrated that bivalve communities have undergone dramatic changes at four
estuaries located throughout southern California. The only system with no change, Bahía de
San Quintín, northern Baja California, was due the continued absence of bivalves in samples.
In the late 1960s, only intact shells and no live bivalves were found indicating recent inhabita-
tion and die off [20]. Although we did not quantify abundances of shell material during the
2013 sampling, we noted a striking absence of any sort of intact or nearly intact shells indicat-
ing that there has been no apparent recolonization since that mid-century die off.

Throughout southern California over the last 50 years, bivalve diversity fluctuated with
booms and busts of introduced species, and ended with similar or lower levels of diversity as
compared to the late 1960s-mid 1970s. Community compositions have changed with intertidal
losses of several native species and concomitant gains of at least two introduced species. In gen-
eral, community structure has shifted from the presence of larger, longer-lived bivalve species
to a predominance of faster-growing, surface-dwelling smaller species [38]. The appearance
and peaks of new species, and the disappearance and, sometimes, reoccurrence of species dem-
onstrated the limitations of using historical data in which data gaps exist, and the importance
of long-term and at least semi-regular monitoring of estuarine communities.

Regional bivalve community changes
Declines and losses. Crooks (2001) saw the beginning of declines of native bivalves in

Mission Bay, and now we are seeing apparent declines in several systems across the region.
Small- to medium-sized native bivalves (e.g., C. californica, L. substriatum, T. carpenteri) that
were present in the late 1960s, and at times persisted to the mid 1990s, declined by the late
1990s-mid 2000s and disappeared from the intertidal by the late 2000s. Large natives (e.g., N.
nuttallii, S. nuttalli, and T. nuttallii) that were present, and sometimes dominant (e.g., N. nut-
tallii), in the late 1960s began to disappear from intertidal samples throughout the 1970s and
1980s. Several of these bivalves (e.g., C. californica, L. substriatum, N. nuttallii, S. nuttalli, T.
nuttallii) still occur in the subtidal waters of Mission Bay [39,40], and are only reduced or
absent from intertidal elevations. The other California estuaries do not have extensive subtidal
regions so may not have similar subtidal refuges [41]. Bahía de San Quintín, however, does
have extensive subtidal area (ca. 2200 ha, or about 45% of the bay) [31], yet the two study wet-
lands have remained devoid of bivalves since the 1960s, indicating other factors in play.

While climate change may have contributed to observed trends [15,42], the ranges of most
bivalves found throughout this study period extended well beyond the extent of our study loca-
tions [38] making it difficult to test for climate related shifts. It is also unlikely that this is the
only influential factor [15], as intertidal losses may be the result of ocean inlet restrictions and
closings, intertidal sediment deposition, and poor water quality [6,18,21,28,43]. The inlets of
most estuaries in southern California are channelized or constrained to allow surrounding
urban development including buildings, and both railroad and highway overpasses. These nar-
row channels commonly fill with sand, reducing tidal exchange with the estuary [44]. The
effects of reduced tidal flushing include eutrophication, hypoxia and salinities that vary with
time of year [41]. Hypersaline conditions form when closures occur in the warm, dry months,
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while hyposaline conditions result during cool, rainy months. Closures of the mouth of Los
Peñasquitos Lagoon throughout the late 1950s-early 1960s, coupled with discharge of treated
sewage effluent, resulted in extremely variable soil and water conditions [45]. Water salinity
fluctuated between fresh and hypersaline conditions (60 ppt), water quality declined, and losses
of plants (cordgrass; [44]), and bivalves [18] were observed through this period. Nearly annual
closures at Los Peñasquitos have continued leaving inhabitants vulnerable to fluctuating,
extreme conditions until dredging can occur, and potentially contributing to die-offs and the
species poor bivalve community (e.g., [44]). A closure of the mouth of the Tijuana River in
1984 resulted in hypersaline conditions and was associated with reductions or losses of many
bivalves, including S. nuttalli and N. nuttallii, as well as many other invertebrates [46].

Even without inlet closures, estuaries in this region can experience significant salinity reduc-
tions, associated with severe storms. Heavy rains over a 10-day period in 1969 reduced salini-
ties in Mugu Lagoon enough to cause significant mortality of low-salinity intolerant species
such as L. substriatum and T. californianus [21]. Losses of bivalves, such as L. laciniata andM.
secta, occurred in Tijuana River Estuary after catastrophic flooding in 1980 [46]. Such episodic
storm events contribute to the temporal and cross-estuary variability of species [21,47,48]. The
increased frequency and intensity of storms predicted with climate change [49] may therefore
continue to alter the variability and structure of bivalve communities.

Over-harvesting may have also contributed to intertidal bivalve declines especially for large
species [43]. Early commercial and sport fish may have reduced populations through direct
overharvesting, and through indirect effects of destructive fishing techniques [1,4,5], making
populations more vulnerable to disturbance and stress [50]. However, Mugu Lagoon, which
has been highly restricted to public access and fishing, has still experienced native bivalve
declines.

Habitat loss and associated influences of development may have contributed to intertidal
bivalve declines since the 1960s. Well documented is the direct loss of at least 75% of historic
estuarine area in this region due to land development [51]. Urban and industrial development
increases contaminant levels of coastal waters [52,53,54], clearing of lands surrounding estuar-
ies and adjacent watershed increases sedimentation rates [55], and agricultural and residential
development increases nutrient inputs [56], all of which have direct and indirect effects on
bivalve communities [57]. The absence of live bivalves, but the presence of many intact shells
in the two wetland sites in Bahía de San Quintín in the mid-1960s indicated recent die-offs
[21]. Corresponding with the 10–20 years leading up to this finding was expanded land clear-
ing for agriculture, the construction of several motels, and the establishment and operation of a
fish cannery on the lowlands surrounding the bay [58]. Although no data exist linking this
development to changes in the intertidal, such bursts of development in wetland transition and
adjacent upland areas likely have some influence on adjacent estuaries (e.g., [59,60]).

Persistence. Several native species were common historically and, despite localized
declines and increases, can still generally be found across the region, including T. californianus,
L. staminea, andM. nasuta. The regional persistence of these species may be in part attributed
to their tolerance to a wide range of sediment textures, with a preference for sandier areas
[2,23,39]. Shifts to coarser sediments due to beach nourishment activities have been observed
in localized areas throughout the region, which may contribute to the persistence of these spe-
cies [2,61,62]. The wetland in Mission Bay contained the highest sand content in comparison
to the wetlands of Mugu Lagoon, Los Peñasquitos Lagoon, and Tijuana River Estuary [22],
which corresponded with the finding of bivalve assemblages characteristic of sandier substrates
(T. californianus,M. nasuta, V. philippinarum, Clinocardium nuttallii).

Although L. staminea and T. californianus were still present in 2013 and suitable sediments
existed in all estuaries [22], they were in lower abundances than in past years. Further, average
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length of these species reduced by half between 1976 and 1986 in the Tijuana River Estuary
[23,24,28]. Nearly constant wastewater inflows throughout the 1980s and into the 1990s in the
Tijuana River Estuary lowered salinity, and were attributed to declines in size and abundance
of T. californianus,M. nasuta, and L. staminea in stations closest to the inflow but not farther
away since all stations contained suitable sediments [28]. Similarly, current sediment and water
quality conditions in Mission Bay and Tijuana River should have been suitable to support the
broadly tolerant, surface dwelling suspension-feeders, L. staminea and Chione undatella, but
both were absent from 2013 samples and additional visual surveys of the wetland creeks and
tidal flats (T. Talley, personal observation) suggesting other factors at work [2]. One contribut-
ing factor may be the increase in both estuaries of V. philippinarum abundance (this study,
[63]), which was associated with declines of L. staminea in British Columbia [64].

Introduced species and bivalve community changes. Introduced species abundances in
these estuaries fluctuated through time.Musculista senhousia, a short-lived and fast-growing
invader, had a “boom and bust” population cycle in Mission Bay and, along withM. gallopro-
vincialis, in Tijuana River Estuary (S1 Table) [2]. Both species were common in the early
1990s, peaked in abundance in the mid 1990s and declined again by the early 2000s (S1 Table)
[22]. During the peak ofM. senhousia in Mission Bay in the 1990s there was a decline in surface
dwelling species (e.g., Chione fluctifraga, L. staminea) but not deeper dwelling species (M.
nasuta, T. californianus) [2]. However, despite the post-boom declines of these introduced spe-
cies, abundances of the surface dwellers have not returned to their previous levels and there
remains a greater number of introduced species, such asM. senhousia and V. philippinarum, in
these estuaries than in the mid-late 1960s. Indeed, V. philippinarum has increased in abun-
dance during the last five years in Mission Bay [22, 63]. This species was also present in 2013 in
Mugu Lagoon and was observed in dense patches in Tijuana River Estuary outside of sampling
stations. This moderately fast growing V. philippinarum (mature at 1–2 cm, 1.5–2 years) [65]
has been reported to dominate some intertidal regions of San Francisco Bay and Tomales Bay
in northern California, and coastal British Columbia, Canada [64]. Declines of L. staminea in
the Pacific Northwest of North America have been linked with the expansion of V. philippi-
narum, which has a similar filter feeding lifestyle and sediment preference to the native [64,66].
Faster growth rates allow the invader to outcompete the native for food [64,67]. Further, intro-
duced species, like V. philippinarum found in this study and Nuttallia obscurata found in Brit-
ish Columbia, may alter intertidal communities by serving as an accessible food source for
predators [66,68] thereby increasing the predator’s population and potential predation pres-
sure on all prey species. While additional work is needed to verify interactions from this study,
increased occurrence of V. philippinarum was observed in estuaries exhibiting declines in L.
staminea (Tijuana River Estuary, Mission Bay, Mugu Lagoon).

Conclusion
Intertidal bivalve communities throughout the southern California and northern Baja Califor-
nia region displayed trends of native species declines, and/or gains of introduced species over
the last 30–50 years. Regional climate change effects may have contributed to general, regional
trend [15, 42], but the extent of these influences are uncertain due to data gaps and the majority
of species being fairly ubiquitous throughout the study region. The ecological history, structure
(e.g., depth and size), and location (e.g., local climate, watershed development effects) of each
estuary likely contribute to the maintenance of relatively distinct communities despite shifts
within estuaries with time [21,69,70]. Both episodic events, such as El Niño events, storms and
inlet closures, and gradual environmental changes, such as sand intrusion and species intro-
ductions, likely influence communities and contribute to spatial and temporal variability in
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bivalve communities within and between estuaries [2,6,21]. The ecosystem functioning and ser-
vices of these systems also likely change as bivalve communities shift from deeper-dwelling,
larger taxa towards a predominance of surface-dwelling, smaller taxa [8,11,12,71]. This has impli-
cations for how future changes associated with climate change, land use, and water use will influ-
ence the structure and services provided by estuaries, and is an area in need of investigation.

Predicting change is the challenge. Historical data are valuable for understanding patterns
and offering insights into drivers of change and subsequent research priorities, but there are
limitations to this approach such as the gaps in data through time and the availability of
explanatory environmental data. One clear recommendation from our work is the need for
consistent long-term monitoring programs, which will allow for more robust assessment of
changes as well as management actions such as rapid response to potentially problematic
invaders. Also, based on our findings, we recommend that future research include the quantita-
tive testing of the environmental and demographic factors potentially driving declines and/or
limiting recovery of native bivalve communities. In particular, testing the relative effects of
environmental conditions, such as water quality and contaminants, sedimentation and fresh-
water flows, and interactions with introduced species, on bivalve communities would help to
determine whether current day estuaries are even suitable anymore for supporting lost and
declining natives. Studies of intrinsic influences on bivalve recovery may include a focus on
reproductive, dispersal or recruitment limitation (e.g., Allee effects), and could be explored in
estuaries with refuges, such as extensive subtidal areas. It is this understanding of the mecha-
nisms that underlying change that is crucial if we are to predict the outcomes of ecosystem and
bivalve restoration, the success of aquaculture, and in general how ecosystems will change into
the future.

Supporting Information
S1 Table. Average bivalve abundances (S.E.) at each estuary for the time periods used in
this study.
(XLSX)

Acknowledgments
We are grateful to the University of California Natural Reserve System, Tijuana River National
Estuarine Research Reserve, U.S. Fish and Wildlife Service, Torrey Pines State Park, as well as
Mark Page, Steve Schroeter, Andres Deza, and Justin Hoestery for site access and/or use of
data. Thanks to the field sampling assistance of Rosa Calvario, Marlem Rivera, Carla Pisbe,
Christine Whitcraft, Larisa Chavez, Liz Lopez, Nathalie Reyns’ 2009–2011 Marine Community
Ecology classes at University of San Diego, and Paul Detwiler’s 2013 Marine Science class at
San Diego Mesa College. We also thank Erik Thuesen and two anonymous reviewers for help-
ful comments that improved this manuscript.

Author Contributions
Conceived and designed the experiments: AN TST DMT. Performed the experiments: AN TST
DMT. Analyzed the data: AN TST DMT. Contributed reagents/materials/analysis tools: TST
DMT JAC NBR. Wrote the paper: AN TST DMT JAC NBR.

References
1. Strayer DL, Caraco NF, Cole JJ, Findlay S, Pace ML. Transformation of freshwater ecosystems by

bivalves. BioScience. 1999; 49(1): 19–27.

Examination of Bivalve Community Shifts

PLOS ONE | DOI:10.1371/journal.pone.0148220 February 3, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148220.s001


2. Crooks JA. Assessing invader roles within changing ecosystems: historical and experimental perspec-
tives on an exotic mussel in an urbanized lagoon. Biol Invasions. 2001; 3: 23–36.

3. Chew KK, Ma AP. Species Profiles: Life histories and environmental requirements of coastal fishes and
invertebrates (Pacific Northwest) Common Littleneck clam. U.S. Fish Wildl. Serv. Biol. Rep. 1987; 82
(11.78). U.S. Army Corps of Engineers, TR EL-82-4. 22 p.

4. Rothschild BJ, Ault JS, Goulletquer P, Heral M. Decline of the Chesapeake Bay oyster population: a
century of habitat destruction and overfishing. Mar Ecol Prog Ser. 1994; 111: 29–39.

5. Leet WS, Dewees CM, Klingbeil R, Larson EJ. California’s Living Marine Resources: A Status Report.
Sacramento: California Dept. Fish Game. UC D ANR Pub SG01-11. 2001. p. 435–453.

6. Desmond JS, Deutschman DH, Zedler JB. Spatial and temporal variation in estuarine fish and inverte-
brate assemblages: analysis of an 11-year data set. Estuaries Coast. 2002; 25: 552–569.

7. Zhou Y, Hongshen Y, Zhang T. Influence of filtering and biodeposition by the cultured scallop Chlamys
farreri on benthic-pelagic coupling in a eutrophic bay in China. Mar Ecol Prog Ser. 2006; 317: 127–141.

8. Van der Zee EM, van der Heide T, Donadi S, Eklof JS, Klemens Eriksson B, Olff H, et al. Spatially
extended habitat modification by intertidal reef-building bivalves has implications for consumer-
resource interactions. Ecosystems. 2012; 15: 664–673.

9. Gutierrez JL, Jones CG, Strayer DL, Iribarne OO. Mollusks as ecosystem engineers: the role of shell
production in aquatic habitats. Oikos. 2003; 101(1): 79–90.

10. Vinagre C, Cabral H, Costa MJ. Prey selection by flounder, Platichthys flesus, in the Douro estuary,
Portugal. J Appl Ichthyol. 2008; 24: 238–243.

11. Seitz RD, Knick KE, Westphal M. Diet selectivity of juvenile blue crabs (Callinectes sapidus) in Chesa-
peake Bay. Integr Comp Biol. 2011; 51: 598–607. doi: 10.1093/icb/icr098 PMID: 21859782

12. Lewis TL, Esler D, BoydWS. Effects of predation by sea ducks on clam abundance in soft-bottom inter-
tidal habitats. Mar Ecol Prog Ser. 2007; 329: 131–144.

13. Vellend M, Brown CD, Kharouba HM, McCune JL, Myers-Smith IH. Historical ecology: Using uncon-
ventional data sources to test for effects of global environmental change. Am J Botany 2013; 100:
1294–1305.

14. Kittinger JN, McClenachan L, Gedan KB, Blight LK. Marine Historical Ecology in Conservation: Apply-
ing the Past to Manage the Future. 2014. University of California Press. 312 pp.

15. Barry JP, Baxter CH, Sagarin RD, Gilman SE. Climate-related, long-term faunal changes in a California
rocky intertidal community. Science. 1995; 267:672–675. PMID: 17745845

16. Calabretta CJ, Oviatt CA. The response of benthic macrofauna to anthropogenic stress in Narragansett
Bay, Rhode Island: A review of human stressors and assessment of community conditions. Mar Pollut
Bull. 2008; 56: 1680–1695. doi: 10.1016/j.marpolbul.2008.07.012 PMID: 18774145

17. Magurran AE, Baillie SR, Buckland ST, Dick JM, Elston DA, Scott EM, et al. Long-term datasets in bio-
diversity research and monitoring: assessing change in ecological communities through time. Trends
Ecol Evol. 2010; 25:574–582. doi: 10.1016/j.tree.2010.06.016 PMID: 20656371

18. Miller JN. The present and the past molluscan fauna and environments of four southern Californian
coastal lagoons. M.S. Thesis, University of California San Diego. 1966.

19. Bradshaw J. Report of the Ecological Relationships in the Los Penasquitos Lagoon and Marsh, Torrey
Pines State Reserve. University of San Diego; 1968.

20. Macdonald KB. Quantitative studies of salt marsh mollusc faunas from the North American Pacific
Coast. Ecological Monographs. 1969; 39: 33–60.

21. Peterson CH. Stability of species and community for the benthos of two lagoons. Ecology. 1975; 56:
958–965.

22. Novoa A. Examining bivalve community shifts over time in several estuaries in southern California and
northern Baja California, MX. MS Thesis, University of San Diego. 2014.

23. Hosmer SC. Pelecypod-sediment relationships at Tijuana Estuary. M.S. Thesis, San Diego State Uni-
versity, California. 1977.

24. Duggan RM. The bivalve community and potential role of Laevicardium substriatum in the Tijuana Estu-
ary. M.S. Thesis, San Diego State University. 1989.

25. Hechinger RF, Lafferty KD, McLaughlin JP, Fredensborg BL, Huspeni TC, Lorda J, et al. Food webs
including parasites, biomass, body sizes, and life stages for three California/Baja California estuaries.
Ecology. 2011; 92(3): 791.

26. Kuris AM, Hechinger RF, Shaw JC, Whitney KL, Aguirre-Macedo L, Boch CA, et al. Ecosystem ener-
getic implications of parasite and free-living biomass in three estuaries. Nature. 2008; 454: 515–518.
doi: 10.1038/nature06970 PMID: 18650923

Examination of Bivalve Community Shifts

PLOS ONE | DOI:10.1371/journal.pone.0148220 February 3, 2016 16 / 18

http://dx.doi.org/10.1093/icb/icr098
http://www.ncbi.nlm.nih.gov/pubmed/21859782
http://www.ncbi.nlm.nih.gov/pubmed/17745845
http://dx.doi.org/10.1016/j.marpolbul.2008.07.012
http://www.ncbi.nlm.nih.gov/pubmed/18774145
http://dx.doi.org/10.1016/j.tree.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20656371
http://dx.doi.org/10.1038/nature06970
http://www.ncbi.nlm.nih.gov/pubmed/18650923


27. Onuf CP. The ecology of Mugu Lagoon, California: an estuarine profile. U.S. FishWildlife Serv. Biol.
Rep. 1987; 85(7.15). 122 pp

28. Nordby CS, Zedler JB. Responses of fish and macrobenthic assemblages to hydrologic disturbances in
Tijuana Estuary and Los Peñasquitos Lagoon, California. Estuaries Coast. 1991; 14: 80–93.

29. Beller EE, Baumgarten SA, Grossinger RM, Longcore TR, Stein ED, Dark SJ, Dusterhoff SR. Northern
San Diego County Lagoons Historical Ecology Investigation: Regional Patterns, Local Diversity, and
Landscape Trajectories. Prepared for the State Coastal Conservancy. 2014. SFEI Publication #722,
San Francisco Estuary Institute, Richmond, CA

30. City of San Diego. Mission Bay Park Master Plan Update. Prepared byWallace Roberts and Todd.
Adopted 1994 and Amended 2002 with Amendment no. 296786, San Diego, CA. www.sandiego.gov/
planning/programs/parkplanning/pdf/mbpmasterplanfv.pdf

31. Ward D, Morton A, Tibbitts TL, Douglas DC, Carrera-González E. Long-term change in eelgrass distri-
bution at Bahía San Quintín, Baja California, Mexico, using satellite imagery. Estuaries Coast. 2003;
26: 1529–1539.

32. JMP1, Version 12.0.1. SAS Institute Inc., Cary, NC, 1989–2007. www.jmp.com

33. Zar J. H., 2009. Biostatistical Analysis. 5th Edition. Prentice Hall, Englewood, N.J. pp. 960.

34. Colwell, R.K. 2013. EstimateS: Statistical estimation of species richness and shared species from sam-
ples. Version 9. Persistent URL: <purl.oclc.org/estimates>

35. Colwell RK, Chao A, Gotelli NJ, Lin S, Mao CX, Chazdon RL, Longino J. Models and estimators linking
individual-based and sample-based rarefaction, extrapolation and comparison of assemblages. J Plant
Ecol. 2012: 5: 3–21.

36. Clarke KR. Non-parametric multivariate analyses of changes in community structure. Austral Ecol.
1993; 18(1): 117–143.

37. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2013. ISBN 3-900051-07-0, URL http://www.R-project.org/

38. Coan EV, Bernard FR, Valentich-Scott P, Sadeghian PS. Bivalve Seashells of Western North America.
1st ed. Santa Barbara Museum of Natural History Monographs; 2000.

39. Dexter DM, Crooks JA. Benthic communities and the invasion of an exotic mussel in Mission Bay, San
Diego: A long-term history. Bull South Calif Acad Sci. 2000; 99(3): 128–146.

40. Tuskes PM. Survey of Mission Bay mollusks, San Diego, California. Festivus. 2012; 44(2): 13–29.

41. Marcus L, Kondolf A. The coastal wetlands of San Diego County. California State Coastal Conser-
vancy. 1989. Available from: http://scc.ca.gov/webmaster/ftp/pdf/sd-coastal-wetlands-opt.pdf

42. Smith JR, Fong P, Ambrose R. Dramatic declines in mussel bed community diversity: Response to cli-
mate change? Ecology. 2006; 87:1153–1161. PMID: 16761594

43. Morrison RL. Environmental change on molluscan life in Mission Bay, San Diego. American Malacolog-
ical Union, Annual Report. 1952: 32.

44. Zedler JB. Introduction. In: Zedler JB. Handbook for Restoring Tidal Wetlands. CRC Press, LLC. Boca
Raton, FL. 2001. p. 1–38.

45. Carpelan LH. Physical characteristics of southern California coastal lagoons. In: Phleger FB, editors.
Lagunas Costeras. Universidad Nacional Autónoma de México, México; 1969. p. 319–334.

46. Zedler JB, Nordby CS. The ecology of Tijuana Estuary: an estuarine profile. U.S. Fish andWildlife Ser-
vice Biological Report. 1986; 85(7.5). 104 p.

47. Levin LA. Life history and dispersal patterns in a dense infaunal polychaete assemblage: community
structure and response to disturbance. Ecology. 1984; 65: 1185–1200. http://dx.doi.org/10.2307/
1938326

48. Peterson CH. Patterns of lagoonal bivalve mortality after heavy sedimentation and their paleoecological
significance. Paleobiology. 1985; 11: 139–153.

49. Melillo JM, Richmond TC, Yohe GW, editors. Climate Change Impacts in the United States: The Third
National Climate Assessment. U.S. Global Change Research Program. 2014. 841 p. doi: 10.7930/
J0Z31WJ2

50. Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E. Quantifying threats to imperiled species. Bio-
Science. 1998; 48: 607–615. doi: 10.2307/1313420

51. Stein ED, Cayce K, Salomon M, Bram DL, DeMello D, Grossinger R, et al. Wetlands of the Southern
California Coast: Historical Extent and Change Over Time. Southern California Coastal Water
Research Project Technical Report 826. 2014. Available from: www.sfei.org/sites/default/files/826_
Coastal%20Wetlands%20and%20change%20over%20time_Aug%202014.pdf

Examination of Bivalve Community Shifts

PLOS ONE | DOI:10.1371/journal.pone.0148220 February 3, 2016 17 / 18

http://www.sandiego.gov/planning/programs/parkplanning/pdf/mbpmasterplanfv.pdf
http://www.sandiego.gov/planning/programs/parkplanning/pdf/mbpmasterplanfv.pdf
http://www.jmp.com
http://www.R-project.org/
http://scc.ca.gov/webmaster/ftp/pdf/sd-coastal-wetlands-opt.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16761594
http://dx.doi.org/10.2307/1938326
http://dx.doi.org/10.2307/1938326
http://dx.doi.org/10.7930/J0Z31WJ2
http://dx.doi.org/10.7930/J0Z31WJ2
http://dx.doi.org/10.2307/1313420
http://www.sfei.org/sites/default/files/826_Coastal%20Wetlands%20and%20change%20over%20time_Aug%202014.pdf
http://www.sfei.org/sites/default/files/826_Coastal%20Wetlands%20and%20change%20over%20time_Aug%202014.pdf


52. Hoffman EJ, Mills GL, Latimer JS, Quinn JG. Urban runoff as a source of polycyclic aromatic hydrocar-
bons to coastal waters. Environ Sci Technol. 1984; 18(8): 580–587. doi: 10.1021/es00126a003 PMID:
22300054

53. Shiff K, Sutula M. Organophosphorus pesticides in storm-water runoff from southern California (USA).
Environ Toxicol Chem. 2004; 23: 1815–1821. PMID: 15352468

54. Wright SL, Thompson RC, Galloway TS. The physical impacts of microplastics on marine organisms: A
review. Environ Pollut. 2013; 178: 483–492. doi: 10.1016/j.envpol.2013.02.031 PMID: 23545014

55. Walling DE. Human impact on land-ocean sediment transfer by the world's rivers. Geomorphology.
2006; 79: 192–216.

56. Boesch DF, Brinsfield RB. Coastal eutrophication and agriculture: contributions and solutions. In:
Balázs E, Galante E, Lynch JM, Schepers JS, Toutant JP, Werner E, Werry PAThJ, editors. Biological
Resource Management: Connecting Science and Policy. Springer: Berlin; 2000. p. 93–115.

57. Dauer DM, Ranasinghe JA, Weisberg SB. Relationships between benthic community condition, water
quality, sediment quality, nutrient loads, and land use patterns in Chesapeake Bay. Estuaries Coast.
2000; 23: 80–96.

58. Kramer GW.Winter ecology of black brant at San Quintin Bay, Baja California, Mexico. M.S. Thesis,
Humboldt State University, California. 1976.

59. Thrush SF, Hewitt JE, Cummings VJ, Ellis JI, Hatton C, Lohrer A, et al. Muddy waters: elevating sedi-
ment input to coastal and estuarine habitats. Front Ecol Environ. 2004; 2: 299–306.

60. Houlahan JE, Keddy PA, Makkay K, Findlay CS. The effects of adjacent land use on wetland species
richness and community composition. Wetlands. 2006; 26: 79–96.

61. Morrison RL. A study of molluscs found at Mission Bay, San Diego, California: their classification and
special attention to their distribution. MS Thesis, University of Southern California. 1930.

62. Herring ML. Kendall-Frost Mission Bay Marsh Reserve. University of California Natural Reserve Sys-
tem, Berkeley, California; 1991. 3 p.

63. Talley DM, Talley TS, Blanco A. Insights into the establishment of the Manila clam on a tidal flat at the
southern end of an introduced range in southern California, USA. PLoS ONE. 2015; 10(3): e0118891.
doi: 10.1371/journal.pone.0118891 PMID: 25793603

64. Bendell LI. Evidence for declines in the native Leukoma staminea as a result of the intentional introduc-
tion of the non-native Venerupis philippinarum in coastal British Columbia, Canada. Estuaries Coast.
2014; 37: 369–380.

65. Bourne N. Distribution, reproduction and growth of Manila clam, Tapes philippinarum (Adams and
Reeves), in British Columbia. J Shellfish Res. 1982; 2: 47–54.

66. Byers JE. Marine reserves enhance abundance but not competitive impacts of a harvested nonindige-
nous species. Ecology. 2005; 86: 487–500.

67. Pranovi F, Franceschini G, Casale M, Torricelli P, Giovanardi O. An ecological imbalance induced by a
non-native species: the Manila clam in the Venice Lagoon. Biol Invasions. 2006; 8: 595–609.

68. Dudas SE, McGaw IJ, Dower JF. Selective crab predation on native and introduced bivalves in British
Columbia. J. Exp. Mar. Biol. Ecol. 2005; 325(1): 8–17

69. Wing SR, Leichter JJ. Variation in environmental conditions in a subtidal prey refuge: effects of salinity
stress, food availability and predation on mussels in a fjord system. Mar Ecol Prog Ser. 2011; 422: 201–
210.

70. Corbin JD, D’Antonio CM. Gone but not forgotten? Invasive plants’ legacies on community and ecosys-
tem properties. Invasive Plant Sci Manag. 2012; 5: 117–124.

71. Crooks JA, Khim HS. Architectural vs. biological effects of a habitat-altering, exotic mussel,Musculista
senhousia. J Exp Mar Bio Ecol. 1999; 240: 53–75.

Examination of Bivalve Community Shifts

PLOS ONE | DOI:10.1371/journal.pone.0148220 February 3, 2016 18 / 18

http://dx.doi.org/10.1021/es00126a003
http://www.ncbi.nlm.nih.gov/pubmed/22300054
http://www.ncbi.nlm.nih.gov/pubmed/15352468
http://dx.doi.org/10.1016/j.envpol.2013.02.031
http://www.ncbi.nlm.nih.gov/pubmed/23545014
http://dx.doi.org/10.1371/journal.pone.0118891
http://www.ncbi.nlm.nih.gov/pubmed/25793603

