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Abstract Mussel (Mytilus californianus) populations
were studied throughout California to determine chan-
ges over the past few decades, and, in particular, to
determine if declines reported for southern California
have occurred outside of the region. We compared
mussel cover, biomass, and bed thickness reported in
historic studies in the mid-1970s to 1980s with mea-
surements made in 2002. Mussel cover and biomass in
southern California declined markedly over the past few
decades with a mean cover loss of 31.2% (40.2% loss)
and biomass loss of 25.1 kg m~2 (51.3% loss). Changes
in mussel bed thickness were not as strong as cover and
biomass, but also appeared to decline over time.
Declines were limited to the southern California region,
since mussel cover, biomass, and bed thickness remained
unchanged or increased at sites in central and northern
California. Causes for mussel declines in southern Cal-
ifornia are unknown, but may include human visitation,
increased sea surface temperatures, and pollution.

Introduction

Rocky intertidal communities along wave-exposed
coasts are highly dynamic and susceptible to both short-
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term and long-term change. Mussel beds (mostly Myti-
lus californianus Conrad, 1837) dominate the wave-
exposed coastline in the eastern north Pacific Ocean
from Alaska to Baja California (Ricketts et al. 1985) and
are an ecologically important community within the
intertidal zone harboring a high diversity of species with
historic measures of over 300 bed-associated species at a
location (Suchanek 1992) and over 750 species within a
geographic regions (i.e. southern California; Kanter
1980). Since mussels are filter feeders that consume large
amounts of plankton and detritus, they serve an
important function as an energy link, providing sec-
ondary production for a wide number of predators.
Mussel beds are subjected to short-term changes when
mechanical disturbance tears large portions of mussels
from the rock (Paine and Levin 1981). Newly created
space within mussel beds are often repopulated by sur-
rounding mussels or by new recruits (Paine 1974, 1984;
Paine and Levin 1981). Well-known studies of mussel
beds on the northern portion of the Pacific coast of the
United States suggest that, although short-term changes
may occur, over the long-term, distributional bound-
aries of these communities are relatively stable (Paine
1974; Paine and Levin 1981).

Recent observations in the Southern California Bight
(SBC) suggest that beds in this region have not been
stable over the past few decades (Robles 1996). Anec-
dotal observations of researchers working in the area
suggest that thick, multi-layered, contiguous mussel
beds have become single layered beds with frequent
patches of bare rock or encrusting algae (Robles 1996).
Long-term monitoring studies of fixed photoplots
established in mussel beds in the SCB have also revealed
decreases in mussel percent cover (Raimondi et al. 1999;
Engle and Davis 2000a, b; Richards and Lerma 2000; R.
F. Ambrose et al., unpublished data). Marked declines
(>20%) were observed at nine of 15 mainland sites and
seven of 23 sites on the Channel Islands for ongoing
monitoring studies initiated between 1982 and 1997.
However, two of eight sites in central California, with
initiation of study in either 1992 or 1995, also exhibited
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decreases in mussel cover, suggesting that declines may
also be occurring outside of the SBC.

The goal of this study was to document changes in
mussel populations over the past few decades across a
broad geographic scale. We wanted to test quantitatively
the anecdotal observations suggesting declines in
southern California and determine if changes in mussel
populations occurred across the entire California coast.
The historical data were compiled from a series of
studies conducted in the mid-1970s to 1980s (Acker-
mann 1971; Kanter 1977, 1978; Straughan and Kanter
1977; Straughan 1978; Kinnetics 1986; Lohse 1990;
Kinnetics, unpublished data). We compared mussel
cover, biomass, and bed thickness measured at several
sites in southern California in 2002 to historical data
from the same sites. We compared mussel population
measures along the entire California coast to determine
if mussel changes have occurred outside of southern
California. This study has significant implications as
losses of these ecologically important microhabitats can
have dramatic consequences on the flora and fauna of
the rocky intertidal zone, in particular on the diversity of
species living within the bed.

Methods

At 21 locations along the California coast (Fig. 1),
mussel population measures were taken for comparisons
with studies conducted in the mid-1970s to 1980s.
Mussel cover was measured and compared to historic
data at eight sites, mussel biomass was compared to
historic data at six sites, and mussel bed thickness
comparisons were made at fourteen sites (Table 1). The
mussel bed sites were relocated to the best of our ability
based on descriptions in previous reports which varied
greatly in the level of detail. Although the exact plots
were not relocated, we feel confident that the same area
of shoreline was sampled. Site descriptions, locations,
and photographs of sampled sites during 2002 are
archived in Smith (2005).

To measure mussel cover, twenty 0.5x0.7 m quadrats
were randomly placed inside the boundaries of mussel
beds, avoiding the upper and lower boundaries to
standardize among sites and to avoid edge effects.
Mussel cover was estimated using a point intercept
method; mussel presence was recorded beneath 100
uniformly distributed points on a grid in each quadrat.
Up to 25 additional quadrats were randomly placed and
cover recorded depending on the size of the mussel bed
and availability of sampling time. Mussel cover was
measured within quadrats similar to methods used in
one of two studies reporting historic cover (Kinnetics
1984). The remaining study reporting historic mussel
cover (Lohse 1990) used a line-intercept method to
measure cover. Although methods differed slightly, we
feel that data are comparable because both historic and
current measures of mussel cover within a bed are used

as an estimate of cover for the entire bed. We chose to
keep the methods the same across all sites so that sam-
pled sites in 2002 could be readily compared among one
another (Smith 2005).

Change in mussel cover indicates whether mussel
beds have become less contiguous and patchier with
frequent open areas of bare rock or non-mussel cover.
However, cover may not be sensitive to change in mussel
abundance due to problems associated with a layered
community (Ambrose et al. 1995). For example, a loss of
several top layers of mussels in multi-layered beds may
not result in a change in percent cover though abun-
dances and biomass may have declined severely. Data
documenting decreases in biomass and bed thickness are
more sensitive in detecting change in layering than per-
cent cover data.

Mussel biomass and mussel bed thickness were
measured in five of ten randomly chosen 0.5x0.7 m
quadrats with the highest mussel cover to ensure that
subsequent mussel population measures were taken
within the mussel bed instead of within gaps. To facil-
itate comparison with historic data, methods were
based on previous studies that were concentrated in
areas of high mussel cover. Although areas of high
mussel cover were specifically targeted by previous
studies, they also were believed to be representative of
the whole mussel bed at that time (R. Kanter and D.
Straughan, personal communication). At six sites, we
harvested a 300 cm? plot directly in the center of each
of the five quadrats and measured mussel biomass (wet
weight of shell and tissue). Before measurements of
biomass, all organisms attached to the shell of the
mussel were removed and any excess water within the
shell drained. At four of the six sites, methodology used
to measure biomass was based on studies reporting
historic data (Straughan and Kanter 1977). At two sites,
the methodology differed; Kinnetics (unpublished data)
measured biomass at Kibesillah Hill in 0.0625 m?
quadrats while Ackermann (1971) measured biomass at
Bodega Head in 0.01 and 0.05m? quadrats and
reported data in dry weight. Data were converted to
biomass per square meter to ensure comparability. To
facilitate comparison with previous data at Bodega
Head, dry weights of mussel tissue were obtained by
placing tissue in a 60°C oven for 24 h. To simplify and
facilitate graphical presentation comparable with the
other sites, the dry weight to wet weight ratio was cal-
culated from 2002 data (R*=0.992, P<0.001) so that
dry weights from historical data could be transformed
into wet weights.

To measure bed thickness, twenty grid points within
each of the five chosen quadrats were haphazardly
chosen and thickness measured using a steel pin
pushed through the bed until it reached the understory
rock. Measures of bed thickness were conducted in the
same manner as methodology of past studies (Kanter
1977, 1978; Straughan and Kanter 1977; Straughan
1978).
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Fig. 1 Map of sampled sites
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Statistical analysis

To investigate changes in mussel cover, biomass, and
bed thickness in southern California, mean site data
within the region in 2002 were compared with data from
previous studies with a paired f-test. Similar compari-
sons were made within the central/northern California
region to determine if change had occurred outside of
southern California. Only a portion of the studies
reporting historic data included replicate data. In cases
where replicates were reported, z-tests were used to
analyze differences between historic and 2002 data

within a site.

Results

Cover

In southern California, mussel cover declined signifi-
cantly from previous reports (paired t-test, 1=35.67,
df=2, P=0.03) with a historical mean of 77.6+5.2%
and a mean of 46.4+8.6% in 2002. Regional means did
not change in central/northern California (paired ¢-test,
t=0.03, df=4, P=0.97) with a previous mean of
70.1+8.0% and a 2002 mean of 69.8+14.7%. At sites
within southern California, mussel cover declined from
previous reports at all sites (Fig. 2a). Only one of five
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Table 1 Sampled site names and locations, historic data references, the mussel population measures available from historic data, and year

of collection

Site name Latitude Longitude Reference Data reported
Cover Thickness  Biomass
Central/Northern California
Kibesillah Hill 39° 36" 14”7 123° 47 19” Kinnetics, unpublished data 1985
Sea Ranch 38° 43" 48”7 123° 29" 18” Kinnetics (1986) 1985
Bodega Head 38° 18" 58”7 123° 04" 19”  Ackermann (1971) 1967
Bolinas 37° 54" 13”7 122° 43" 34” Kinnetics (1986) 1985
Point Sierra Nevada 359437487 121° 19”7 02” Lohse (1990) 1987
Cayucos 35°26"26” 120° 54" 17”7 Kanter (1977), Lohse (1990) 1987 1973
Morro Bay 352227017 120° 52" 10”  Kanter (1977) 1973
Montana de Oro 35° 16" 36” 120° 53’ 24” Kanter (1977), Lohse (1990) 1987 1973
Government Point 34° 26 60”  120° 27" 39” Kanter (1978) 1976
Southern California
Channel Islands
San Miguel Is., Crook Point 34° 017 19”7 120° 22" 44”  Straughan and Kanter (1977) 1975
San Miguel Is., Cuyler Harbor 34° 02" 54”  120° 20" 12”  Straughan and Kanter (1977), 1975, 1976
Kanter (1978)
Santa Rosa Is., Johnson’s Lee 33° 547 10” 120° 06" 22” Kanter (1978) 1976
Santa Cruz Is., Willow’s Anchorage 33° 57" 50” 119° 45" 17”  Straughan and Kanter (1977), 1975, 1976 1975
Kanter (1978)
Catalina Is., Bird Rock 33°27°06” 118°29" 16” Kanter (1978) 1976
Mainland
Gaviota 34° 28" 56” 120° 13" 25”  Lohse (1990) 1987
Coal Oil Point 34° 24’ 24”7 119° 52" 41”  Straughan and Kanter (1977) 1975 1975
Goleta Point 34° 24" 17”7 119° 50" 37” Kanter (1978), Straughan (1978), 1987 1976
Lohse 1990
Carpinteria 34° 237 23”  119° 30" 97”  Straughan (1978), Lohse (1990) 1987 1976
Reef Point 34° 03" 56” 118° 59" 44”  Straughan (1978) 1976
Corona Del Mar 33° 35 24” 117° 52’ 07” Kanter (1978) 1976
Ocean Beach 32°44 387 117° 15" 19”  Straughan and Kanter (1977), 1975, 1976 1975

Kanter (1978)

sites within central/northern California declined
(Fig. 2b); cover increased or remained the same at the
remaining four sites. Replication was not reported in
previous studies, so statistical analyses within a site
could not be performed.

Biomass

Mussel biomass (wet weight; kg m~?) declined signifi-
cantly in southern California, with biomass in 2002
(23.8+3.8 kg m ?) less than half that reported in pre-
vious studies (48.9+8.3 kg m~%; paired r-test, 1=23.07,
df=3, P=0.05). In central/northern California, biomass
was similar in 2002 (89.1 +27.1 kg m~?) to that of his-
toric data (61.1+9.6 kg m~%; paired r-test, r=1.6, df=1,
P=0.36). Within southern California, biomass declined
significantly at two mainland and one Channel Island
site (Fig. 2c; t-test, Ocean Beach (=4.73, df=38,
P=0.001; Coal Oil Point t=3.24, df= 6, P=0.018; San
Miguel Island, Crook Point 1=3.58, df=8, P=0.007).
Although not significant (z-test, =198, df=3§,
P=0.083), mean biomass at the remaining site within
southern California (Santa Cruz Island, Willow’s
Anchorage) was ranked lower in 2002 than in the past
(Fig. 2c). Biomass measures at sites within central/
northern California ranked higher in biomass in 2002
(Fig. 2d) but were not significantly different from

previous data (z-test, Bodega Head 7=1.95, df=9,
P=0.083; Kibesillah Hill 1=1.80, df=15, P=0.092).

Bed thickness

Mussel bed thickness in southern California ranked
lower in 2002 (59.9 4+ 5.9 mm) than that reported in the
past (68.1 £3.6 mm) but was not significantly different
(paired z-test, t=1.96, df=9, P=0.08). Bed thickness in
central/northern California ranked higher in 2002 with a
mean of 63.4+16.0 and a historic mean of 51.4+ 8.0 but
was not significantly different (paired z-test, t=1.2,
df=3, P=0.33). Within southern California, mussel bed
thickness declined at six of ten sites, including two sites
with declines >30 mm (Fig. 2e). Because of lack of
replication in previous studies, only three sites could be
analyzed statistically. Goleta Point exhibited significant
declines in bed thickness in 2002 as compared to historic
data (Goleta Point t-test, t=3.96, df=9, P=0.003); at
Reef Point and Carpinteria, bed thickness was similar to
that of historic data (z-test, Reef Point 1=0.04, df=12,
P=0.97; Carpinteria t=0.61, df=12, P=0.55). At sites
within central/northern California, bed thickness
remained the same or ranked higher in 2002 compared
to historic data. Replication was reported at three of
four sites. Statistical analysis revealed that bed thickness
remained the same at two sites (z-test, Montana de Oro
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t=0.89, P=0.41; Cayucos t=0.60, P=0.56) while
thickness significantly increased at the third site (Morro
Bay 1=4.0, P=0.02).

Discussion

Patterns of mussel population changes over the past few
decades suggest that mussels have declined in the SCB,
changing from multi-layered, continuous mats of mus-
sels into patchy beds with small clumps of single-layered
mussels interspersed between gaps of bare rock,
encrusting algae, or other non-mussel flora or fauna.
This supports other studies and observations by
researchers working in the area. Ongoing monitoring
studies reported decreases in cover at approximately
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60% of sites on the southern California mainland and
30% of sites on the Channel Islands (Raimondi et al.
1999; Engle and Davis 2000a, b; Richards and Lerma
2000; R. F. Ambrose et al. unpublished data). Robles
(1996) also reported large declines in mussel bed cover in
fixed plots through repeated panoramic photography of
entire mussel beds on Bird Rock on Catalina Island in
southern California over the past few decades. Further
declines have been observed in San Diego County, where
a hand drawn map of the intertidal zone at Cabrillo
National Monument in the mid 1970s included over 100
rocks dominated by the presence of Mytilus californianus
(Zedler 1976). Surveys conducted during this study in
2002 found only seven rocks where mussels were present,
with only a few dominated by mussels. Thus, the
declines in mussel populations in southern California are
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common throughout the SCB. However, this decline has
not occurred at all SBC sites as thickness comparisons,
in addition to mussel cover monitoring data, suggest
that some sites have not exhibited long-term change.

Strong patterns of declines were observed in southern
California even though the methodology used was con-
servative. First, we targeted measures of mussel biomass
and bed thickness within plots of higher mussel cover to
facilitate comparisons with historic data and so that we
could measure biomass and bed thickness where mussels
are present as opposed to within gaps. Although many
of the historic measures of mussel biomass and bed
thickness also were concentrated within areas of high
mussel cover, they were believed to be representative of
the whole mussel bed (R. Kanter and D. Straughan,
personal communication). The same cannot be said for
many of the sites measured in 2002 in the SCB, where
many plots were excluded from biomass and bed
thickness measures because of low cover or high
patchiness. With exception of Montana de Oro, all sites
in central and northern California had mussel beds that
were relatively contiguous with high mussel cover
throughout the bed; thus, patchiness was not a concern.
In southern California, we measured mussel bed thick-
ness and biomass in the best portions of the mussel bed;
therefore these measures are less likely to detect changes.
Nonetheless, large declines in biomass and smaller
declines in bed thickness were observed in southern
California.

Second, the extent or size of a mussel bed was not
addressed in this study due to lack of historic data for
comparisons. However, the extent or size of mussel beds
may reveal declines to a much greater degree than
observed in this study. It is possible that mussel beds
may be smaller than present several decades ago as the
outer boundaries of the bed shrank inward. This has
been shown on Catalina Island in southern California
from repeated panoramic photographs taken of two
mussel beds over the past 20 years (Robles 1996). Since
cover, biomass, and thickness measures were taken
within mussel beds, our methodology does not detect
these types of changes. If indeed mussel beds have
decreased in size, in concert with observed declines in
mussel cover, biomass, and bed thickness within
remaining mussel bed boundaries, mussel beds may have
declined more severely than our data show.

Mussel cover, biomass, and bed thickness declines
were not observed outside of southern California, with
the exception of Montana de Oro where declines in
cover were observed. Montana de Oro is in the southern
portion of central California and is the only site within
the sampled central and northern California region
where human use is high. Although cover at this site
declined and the bed became patchier, thickness did not
change over time. This is attributed to the low thickness
of the bed historically (~25 mm); because thickness was
measured where mussels were present, change in an
originally thin, single-layered bed could not be detected.
Monitoring studies at sites in central California have

found declines in mussel cover at two of eight sites, all
south of Montana de Oro (Raimondi et al. 1999; P.T.
Raimondi et al., unpublished data). At sites north of
Montana de Oro, mussels have either remained the same
or have increased over the past few decades.

The causes for the observed declines in southern
California need to be further investigated. It is unlikely
that biotic changes, such as increased competition or
predation, in intertidal communities have caused
declines in mussels. For example, the abundance of the
primary predator of mussels, the seastar Pisaster och-
raceus, was highly variable among sites (Smith 2005)
with many southern California populations being deci-
mated over the past few decades by mortality resulting
from a “wasting” disease (Engle and Davis 2000a). A
combination of several alternative factors may contrib-
ute to mussel declines, including anthropogenic distur-
bance in the form of trampling and extraction, climate
regime shifts, and pollution (Robles 1996). Evidence
suggests that human disturbance from recreational vis-
itation to the intertidal zone causes damage to mussel
bed structure and depletes mussel abundance (Brosnan
and Crumrine 1994; Murray et al. 1999; Smith 2002,
2005; Ambrose and Smith 2005; Smith and Murray
2005). The frequency of sites subjected to high levels of
human use in central and northern California is much
lower than that of the SCB, where a large majority of the
rocky intertidal locations are subjected to human
activities (Smith 2005; J. R. Smith personal observa-
tion). Mussel declines in the SCB, a region where sites
are commonly subjected to anthropogenic disturbance,
coupled with no mussel change in central and northern
California, a region with a low frequency of sites
subjected to high human use, suggests that human use is
a contributing factor to observed mussel declines. Fur-
thermore, the only site showing a large decline within
central and northern California was at Montana de Oro
(percent cover data), a site subjected to high levels of
human activities. On the other hand, declines were
observed on the Channel Islands in southern California,
where human activities are essentially absent. Therefore,
human use cannot be the sole factor causing depleted
abundances.

Increased sea surface temperatures associated with
the North Pacific Ocean climate regime shift in 1976
(Miller et al. 1994) may also have resulted in declines in
mussel beds. During the 1976 Pacific Decadal Oscilla-
tion shift, sea surface temperatures increased by ~1.5°C
(Roemmich and McGowan 1995). Increases in temper-
ature, however, are not likely the cause for mussel
declines as mussel growth is highest between 15 and
19°C (Coe and Fox 1942, 1944), temperatures that are
typical in southern California. Alternatively, increases in
sea surface temperature are followed by an increase in
stratification, isolating the deeper nutrient-rich layers
(Roemmich and McGowan 1995). As a result, produc-
tivity and food availability, as indicated by zooplankton
concentrations, decreased by 80% over the last few
decades (Roemmich and McGowan 1995) and has been



linked to decreases in other populations such as pelagic
sea birds, fish, and invertebrates (Viet et al. 1996, 1997,
Holbrook et al. 1997; Hyrenbach and Viet 2003; Schiel
et al. 2004). Previous work has suggested that food
availability is significantly and positively related to
mussel population measures (Smith 2005). Furthermore,
productivity has been shown to drive community
structure with high offshore levels, resulting in an
intertidal community dominated by filter feeders as op-
posed to a macroalgal-dominated community with low
offshore productivity (e.g. Menge et al. 1997). Therefore,
it appears that within southern California, food avail-
ability may be an additional and important factor
reducing mussel populations. In central and northern
California, zooplankton declines are not as clearly
documented as that of southern California because of
the lack of direct, long-time series data on productivity
or zooplankton concentrations but evidence suggests
that declines have occurred. Low frequency (interannual
and longer) changes in plankton have correlated well
with zooplankton changes observed in southern Cali-
fornia (McGowan et al. 1996). In addition, Oedekoven
et al. (2001) reported an increase in sea surface tem-
perature and an increase in thermocline depth suggesting
that production has likely decreased over the past few
decades. Although concurrent declines in zooplankton
have likely occurred in central and northern California,
productivity is generally higher than that of southern
California (SeaWiFS; http://www.seawifs.gsfc.nasa.gov/
SEAWIFS.html; for site-specific data, see Smith 2005),
and historically has been (McGowan et al. 1996).

Pollution of coastal waters may result in declines in
mussel abundance. Numerous studies have reported
elevated levels of pollutants in mussels (e.g. Alexander
and Young 1976; Eganhouse and Young 1976; Gordon
et al. 1980; Schiff et al. 2000; Segovia-Zavala et al. 2004)
and have tested the impacts of high levels of pollution in
lab experiments. For example, pollution may impair
adult and juvenile survivorship, reduce growth, and re-
duce the reproductive ability of adults (Kanter 1974;
Straughan 1976; Martin 1985; Suchanek 1993; Span-
genberg and Cherr 1996; Soto et al. 2000). However, the
ecological effect of these pollutants on mussel popula-
tions in situ has not been well studied. In addition, up-
take and incorporation of pollutants into mussel tissue
appears to vary greatly both spatially (within a bed) and
temporally (Gordon et al. 1980). Although levels may
continue to be elevated compared to natural levels, most
pollutants in the SCB have decreased markedly since the
early 1970s (Schiff et al. 2000). In addition, previous
work has suggested that contaminants are often in lower
levels on the Channel Islands compared to mainland
sites (Alexander and Young 1976; Eganhouse and
Young 1976, 1978). Observed mussel declines in this
study are unlikely linked to pollution as declines
occurred after pollutant levels had decreased. In addi-
tion, similar mussel declines were observed on both the
mainland and Channel Islands within the SCB even
though contamination on the islands is lower.
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In southern California, declines in mussel bed popu-
lations parallel changes in other intertidal flora and
fauna. For example, fleshy, coarsely-branched seaweeds
and thick-bladed kelps and rockweeds have been
replaced by encrusting or low lying articulated corallines
(Murray et al. 2001) and conspicuous invertebrates such
as black abalone, owl limpets, and sea stars have
declined in size and/or abundance, and, in some cases,
disappeared (Richards and Davis 1988; Miller and
Lawrenz-Miller 1993; Altstatt et al. 1996; Robles 1996;
Engle and Davis 2000a, b). More study of causation is
essential to understand declines of intertidal species
before these important communities are lost in southern
California.
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