MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 435: 63–74, 2011
doi: 10.3354/meps09234

Published August 22

Patterns and processes of compositional change
in a California epibenthic community
Cascade J. B. Sorte1, 2, 3,*, John J. Stachowicz1, 2
1

Department of Evolution and Ecology, University of California, Davis, California 95616, USA
2
Bodega Marine Laboratory, University of California, Bodega Bay, California 94923, USA
3
Present address: Department of Environmental, Earth and Ocean Sciences, University of Massachusetts, Boston,
Massachusetts 02125, USA

ABSTRACT: As human modifications of the earth’s systems have increased, so has interest in understanding past changes in order to predict future ecological trajectories. We compared historical
(1969–1971) and contemporary (2005–2009) abundances of species in the marine epibenthic community of Bodega Harbor, California, USA. Between these 2 time periods, we found a decrease in the
abundance of native species and an increase in non-native dominance, including of several species
that were either rare or absent ~35 yr ago and whose introduction was likely human-mediated. This
compositional shift was concurrent with an increase in local water temperature of ~1°C over the same
interval. To address the potential role of ocean warming in facilitating the increase of the new dominant species and maintaining compositional shifts, we evaluated the correlation between temperature and recruitment for 15 species. We found that recruitment timing and magnitude were positively
related to temperature for non-native species but not for native species overall. Combined with previous results suggesting effects of ocean warming on the relative performance of native vs. nonnative species in this community, our study indicates the potential for continued dominance of nonnative species in Bodega Harbor due to local temperature increases. Simultaneously, anthropogenic
transport has been responsible for several recent introductions of competitively dominant species,
and shifts in contaminant loads or other factors between the 2 time periods could also contribute to
compositional shifts, both historically and in the future. Our results highlight the need for studies of
these additional factors, as well as the mechanisms underlying their effects on compositional shifts, in
order to predict future changes.
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Fouling community
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Recent increases in both species introductions and
global temperatures have been implicated in causing
observed shifts in the composition of communities
(Sala et al. 2000, Walther et al. 2002, IPCC 2007a,b).
Exploring the direction and potential causes of such
shifts by comparing historical and contemporary
records can provide insights into the likely trajectories
of future biological changes (e.g. Barry et al. 1995,
Sagarin et al. 1999, Dijkstra et al. 2007, Knowlton &

Jackson 2008). Here, we compare the historical and
current composition of a marine epibenthic community
based on measurements taken 35 yr apart, and we address the relationship between species’ responses to
temperature variation — specifically, the effects on recruitment patterns — and their observed changes in
abundance.
Marine epibenthic communities have been used as
model systems for the study of fundamental ecological
questions, including those about community assembly,
diversity–invasibility relationships, multiple stable

*Email: cjsorte@ucdavis.edu

© Inter-Research 2011 · www.int-res.com

INTRODUCTION

64

Mar Ecol Prog Ser 435: 63–74, 2011

states, and succession (e.g. Sutherland 1974, Sutherland & Karlson 1977, Stachowicz et al. 1999). Epibenthic communities are also ideal systems in which to
study processes driving and maintaining changes in
community composition. Because of the species’ relatively short generation times (<1 yr) and fast turnover
rates, large changes can be potentiated over a period
of years to decades (Boyd 1972, Sutherland & Karlson
1977, Dean & Hurd 1980). In addition, the species differ in their responses to variation in ocean temperatures (e.g. Stachowicz et al. 2002, McCarthy et al. 2007,
Epelbaum et al. 2009, Sorte et al. 2010a,b), such as
those predicted by global warming scenarios, and
epibenthic communities are becoming increasingly
dominated by non-native species (e.g. Cohen & Carlton 1995, Lambert & Lambert 1998, Harris & Tyrrell
2001).
Space is a limiting resource in this system (Osman
1977, Stachowicz et al. 1999); thus, processes responsible for space acquisition (including recruitment,
growth, and overgrowth competition) play important
roles in determining community composition. For individuals of common taxa such as bryozoans and tunicates (sea squirts), initial space acquisition is via
recruitment of planktonic larvae that metamorphose
into their benthic adult form on either non-living substrata (e.g. human-made docks and natural rocky
reefs) or on living substrata (e.g. mussels or solitary sea
squirts). Because of the role of recruitment in space
acquisition, and because its magnitude and phenology
can be temperature-dependent and species-specific
(Stachowicz et al. 2002), temperature effects on recruitment have the potential to cause or reinforce
changes in the composition of the community.
Specifically, we examined whether the epibenthic
community of Bodega Harbor, California has become
increasingly dominated by non-native species. We
then assessed whether there was evidence of one
potential mechanism for such a shift: non-native species responding more favorably to warmer temperatures than natives (Dukes & Mooney 1999). Both temperatures and invasions have increased worldwide
over the past century (Cohen & Carlton 1995, 1998,
Ruiz et al. 1997, Vitousek et al. 1997), which is consistent with the hypothesis that climate change will facilitate the spread of invaders; however, it is difficult to
infer causation due to myriad confounding factors.
Thus, studies comparing traits and responses of native
and non-native species are essential in helping to
disentangle the role of environmental changes from
that of e.g. increased anthropogenic transport of nonnatives in driving this pattern (e.g. Stachowicz et al.
2002, Fields et al. 2006, Chown et al. 2007, Scheibling
& Gagnon 2009, Sorte et al. 2010a, Willis et al. 2010).
There is recent evidence that phenologies of non-

native species have shifted concurrently with global
increases in air and ocean temperatures (IPCC 2007a):
events such as flowering (Willis et al. 2010) and recruitment (Stachowicz et al. 2002) are now occurring earlier
in the year, in a direction that could give non-natives
an advantage via priority effects (see Shulman et al.
1983) if natives do not respond similarly. We assessed
the evidence for this in the Bodega Harbor epibenthic
community, specifically asking:
(1) How has the abundance of native vs. non-native
species changed in this community over the past
~35 yr?
(2) Is temperature positively associated with recruitment for species that are increasing in abundance such
that this association could underlie or reinforce shifts in
abundance?
We also examined the potential role of other environmental factors and discuss the evidence that changes
in these factors (as opposed to temperature) could
underlie observed community shifts.

MATERIALS AND METHODS
Study sites. Bodega Harbor (CA; 38.3290° N,
123.0581° W) is a strongly marine-influenced harbor,
with 55 to 80% of its water exchanged during each
tidal cycle (Boyd 1972) and freshwater input occurring
intermittently from streams that form during the winter
rainy season. Boyd (1972) studied the epibenthic community of Bodega Harbor at Mason’s Marina between
February 1969 and March 1971. We compared Boyd’s
historical data to those we collected between May 2005
and September 2009 at Spud Point Marina, where
we monitored environmental parameters, as well as
recruitment of epibenthic species and development of
the community.
Previous studies have shown that recruitment
dynamics (Byrnes & Stachowicz 2009) and common
species on docks (C. Sorte unpubl. data) are similar
between Spud Point (our site) and Mason’s Marina
(Boyd’s site), which are < 300 m apart. Furthermore, we
compared species composition on 10 × 10 cm experimental settlement plates (N = 4) deployed simultaneously at Spud Point and Mason’s Marina from June
2006 until January 2007. We found that after 7 mo of
community development, there was no difference in
native or non-native abundances between the sites
(t-test p > 0.4; see Fig. S1 in the supplement at
www.int-res.com/articles/suppl/m435p063_supp.pdf).
Community development also did not differ between 2
settlement substrata: masonite (used by Boyd 1972)
and PVC plastic (used in contemporary studies). A
comparison of N = 4 plates per settlement substrate
deployed in June 2010 indicated that there was no
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significant difference in community composition
(ANOSIM R = –0.125, p = 0.829) or in cover of natives,
non-natives, or individual species between the substrata (t-test p > 0.2; see supplementary Fig. S2). Thus,
overall, methods and study sites appear similar, permitting direct comparison of the 2 datasets.
Community composition. We quantified community
composition on plastic settling plates deployed in May
(N = 7) and July 2006 (N = 8). At each deployment date,
we prepared a set of 10 × 10 cm grey PVC plastic plates
that had been sanded to create a rough surface. As in
Boyd (1972), plates were suspended horizontally and
upside down on a rack deployed 1 m below the surface
of floating docks.
We photographed the community plates in midFebruary 2007 and visually estimated the abundance
of each species from the digital photographs. The
abundances on the 2006–2007 plates were compared
to those on 12 × 12 cm masonite plates deployed by
Boyd (1972) in May and July 1970 and collected in
early March 1971 (Table 12 in Boyd 1972). For both the
historical and contemporary data, we calculated the
average cover of bare space and of each species across
all plates and time points. Due to ambiguity in species
identifications, we considered the following as cryptogenic: all hydroid Obelia species, the tunicate Botrylloides sp. in Boyd (1972), and the tunicate Ciona and
sponge species from our recent observations. None of
these cryptogenic species was abundant (< 7% cover in
total); thus, our main conclusions regarding relative
abundance of native and non-native species would not
be altered if the cryptogenics’ regions of origin could
be unambiguously determined.
In addition to assessing species’ abundances on
plates for comparison to Boyd’s (1972) data, we also
surveyed the adult community on the vertical sides of
floating docks (the most abundant hard substratum
available) to determine contemporary composition of
the most mature fouling assemblages in Bodega Harbor. We quantified percent cover in five 0.0625 m2
quadrats at 4 locations that differ in distance from the
shore. Quadrats were randomly placed just below the
water surface, and a total of N = 100 quadrats was
counted over 5 surveys conducted in October 2006,
June 2007, September 2007, August 2008, and July
2009. For each species, we calculated average total
cover, live cover (relative proportion of occupied space,
excluding bare space), and primary cover (live cover
after excluding mussels which themselves function as
substratum).
Recruitment. Recruitment of epibenthic species in
Bodega Harbor was recorded between May 2005 and
September 2009 (see supplementary Fig. S3 for sampling dates). To quantify recruitment, we deployed 4
sanded 10 × 10 cm PVC plastic plates on a rack at a
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depth of 1 m, as described above for the adult plates. At
the end of each collection interval (1 to 4 wk; see supplementary Table S1), plates containing recruits were
removed and transported to the lab where we counted
and identified individuals to the lowest possible taxonomic level under a dissecting microscope. We replaced the collected recruitment plates with a new set
of clean (washed in freshwater) and re-sanded plates.
We calculated the average proportion of recruits that
were non-native species from counts of individual recruits (as individuals per 100 cm2, or each 10 × 10 cm
plate) for our contemporary data (from the most continuous period of 2006–2007) and for Boyd’s (1972) historical data on recruitment (measured over 4 wk intervals;
Table 4 in Boyd 1972).
Environmental parameters. Temperature was measured using iButton (2005; Maxim Integrated Products)
and TidbiT (2006–09; Onset Computer Corporation)
temperature loggers deployed on racks adjacent to the
recruitment plates at 1 m water depth. Temperature
was recorded every 5 to 30 min, and these measurements were used to calculate daily averages. Water
chemistry (salinity and in vivo chlorophyll (chl) a,
which is an indicator of phytoplankton food supply)
was quantified for 3 water samples collected from a
depth of ~1 m using a sampling pole. Water samples
were collected within 1 h of high tide to minimize variation associated with the tidal cycle. A refractometer
was used to determine salinity, and chl a was measured with a handheld fluorometer (Aquafluor handheld fluorometer no. 8000-001, Turner Designs). Mean
salinity and chl a values for each sampling date are
averages of the 3 replicate water samples. Water sampling was conducted approx. twice weekly in 2006 and
weekly in 2007–2009.
Recent temperatures in Bodega Harbor were compared to historical seasonal averages (Table 2 in Boyd
1972). In addition, we used finer-scale time-series data
from a single dataset on ocean temperature at Bodega
Marine Lab (a shoreline station on the outer coast) to
calculate monthly averages for the periods of Boyd’s
(1972) study and our study (Bodega Ocean Observing
Node, www.bml.ucdavis.edu/boon/; Scripps Institution
of Oceanography 1960–1995). To examine the relationship between temperatures in Bodega Harbor (where
surface heating would likely lead to higher temperatures) and the outer coast, we ran a linear regression on
the daily averages from 2 full years (March 2006–March
2008) in which temperatures at the 2 locations were
measured concurrently. Both the Bodega Harbor and
outer coast temperature datasets were continuous over
this period with few breaks (data were missing for a total
of 32 days over these 2 yr).
Models of recruitment and environmental parameters. To determine the relationship between our con-
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temporary measurements of recruitment and environmental variation, we used structural equation modeling (SEM; see Grace 2006) to assess 4 models containing 1 to 3 environmental parameters. Each data point
represented the cumulative recruitment over a single
deployment interval, and we related recruitment to the
mean value of environmental parameters (i.e. salinity,
chl a, and temperature) measured during that interval.
For each species and interval, we averaged the number of individuals on the 4 plates and calculated the
number of recruits per plate per day. We calculated the
mean temperature over the recruitment interval by
averaging the daily mean temperatures for that period.
Salinity and chl a values were the averages of values
collected on sampling dates within the recruitment
interval.
The 4 models (T, CT, ST, and CST; Fig. 1) included
different combinations of environmental parameters.
Temperature, as our variable of interest, was included
in all 4 models. The models CT and ST included chl a
and salinity respectively, and the model CST included
all 3 environmental factors. Models incorporating >1 of
the environmental parameters also included errors that
were allowed to covary freely between the parameters
(note that collinearity was low, with R2 values of 0.05
and 0.12 for correlations of temperature with salinity
and chl a respectively, and R2 < 0.001 for salinity vs.
chl a).
Day length was the single exogenous variable in all
4 models and was used as an indicator of the time of
year (i.e. season) and light intensity, which has been
associated with spawning for several of these species
(Svane & Young 1989, Wendt 2000, Stachowicz et al.
2002, Marshall & Keough 2004). Day length was, thus,
hypothesized to be related to recruitment both
directly (e.g. via effects of light intensity) and indirectly, due to effects on environmental variables (e.g.
seasonality of upwelling leading to temperature variation). Thus, in addition to accounting for autocorrelation between sampling intervals, explicitly including
day length in our analysis allowed us to address the
relationship between intra-annual variation in both
temperature and recruitment after accounting for seasonal changes.
We evaluated recruitment as a function of the environmental variables for intervals over which data were
measured concurrently (N = 80 for the temperature
model T, and N = 36 for models also including chl a
and/or salinity). We ran all 4 alternate SEM models
separately for each of the 15 species that settled on our
recruitment plates between May 2005 and September
2009, as well as for all natives, all non-natives, and
total recruitment, using the statistical software R (R
Core Development Team 2008) with the ‘sem’ and
‘sem.additions’ packages. Chl a values were square-
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Fig. 1. Structural equation models (T, CT, ST, and CST) of the
relationship between environmental parameters and recruitment. All 4 models included temperature (our primary
variable of interest) and day length (which accounted for
seasonality in recruitment)

root transformed, and recruitment rates for each
species were either square-root or power (y 0.1) transformed. When necessary, we applied the SatorraBentler correction to our coefficient estimates to
correct for a lack of multivariate normality. For comparison with the SEM results, we also ran multiple
regression analyses for recruitment (N = 33 intervals)
as a function of all 3 environmental parameters, as well
as of day length and recruitment in the previous interval (to account for any autocorrelation; Durbin-Watson
statistic = 1.70 to 2.69, p > 0.07).

RESULTS
Changes in community composition between
time periods
The native vs. non-native composition of the Bodega
Harbor epibenthic community has changed over the
past 35 yr due to both recent species introductions and
alterations in the abundances of already present species (Table 1). Native species dominated the 1970
plates whereas non-native species dominated the 2006
plates and dock surfaces (Fig. 2). On plates, non-native
species cover was an order of magnitude higher in
2006 than in 1970 (≥60% vs. ≤6%) whereas the cover of
natives decreased from ≥85% in 1970 to ≤39% in 2006
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Table 1. Species commonly observed in the Bodega Harbor epibenthic community in 1969–1971 (Boyd 1972) and/or in 2005–2009 (this study). Origin classifications — N: native, I: introduced, i.e. non-native, and C: cryptogenic. Abundance categories — 0: absent, X: present in low abundance, and XX: common; u:
non-identified species that could have been present. The 8 most common (XX)
species in 1969–1971 were those that Boyd (1972) referred to as dominant and
in 2005–2009 were those that represented > 3% cover in surveys of the docks
and/or experimental plates. Note that additional species that were rarely
observed were reported by Boyd (1972)
Taxon

Origin Species

Bryozoans

Tunicates

1969–1971 2005–2009 Change

I
I
I
I
I
N

Bowerbankia gracilis
Bugula neritina
Cryptosula pallasiana
Schizoporella sp.
Watersipora subtorquataa
Bugula californica

XX
X
XX
XX
0
XX

X
XX
u
XX
XX
X

–
+
?

I
I
I
I
N
N
C
C
C

Botrylloides violaceus
Botryllus schlosseri
Diplosoma listerianumb
Didemnum vexillumc
Ascidia ceratodes
Distaplia occidentalis
Botrylloides sp.d
Botrylloides diegensis
Ciona sp.

u
X
X
0
XX
0
XX
u
0

XX
X
XX
XX
XX
X
u
X
X

+

+

Anemones N

Metridium senile

X

XX

Annelids

N

Spirorbis sp.

X

X

+
–

+
+
+
?
?
+

Barnacles

N

Balanus sp. (crenatus?)

XX

X

–

Hydroids

C

Obelia spp.

XX

X

–

Sponges

C

Unknown

X

X

a

First record in the 1990s (J. Carlton unpubl.); b Identified as D. macdonaldi
in 1969–71 (Boyd 1972); c First record after 2000 (J. Stachowicz pers. obs.);
d
B. diegensis, B. violaceus, or both
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including the bryozoans Bugula neritina and Watersipora subtorquata and
the tunicates Botrylloides violaceus,
Diplosoma listerianum, and Didemnum vexillum. On average, the 8 most
common species on the 2006 plates
represented > 75% of primary live
cover on the docks, and we address
their recruitment patterns in more
detail below. In total, we identified 13
species on the adult plates, including 3
natives, 8 non-natives, and 2 cryptogenic species.
In the adjacent dock community,
non-native species also currently represent the majority of species and of
cover (Fig. 2). The 8 most common species in the dock community included
3 natives (Ascidia ceratodes, Balanus
crenatus, and the anemone Metridium senile) and 5 non-native species:
the mussel Mytilus galloprovincialis
(28.5% live cover), Watersipora subtorquata (22.4%), Botrylloides violaceus (9.4%), Diplosoma listerianum
(5.5%), and Bugula neritina (2.8%).
Surveys conducted between 2005 and
2009 revealed that non-natives represented 70.5% of cover and 85.2% of
live cover; bare space averaged 11.9%.

Shifts in the recruitment phenology
of native vs. non-native species
(Fig. 2). One-sample t-tests showed that non-native
species composed a higher proportion of space on
plates deployed both in May (t = 12.847, df = 6, p <
0.001) and in July of 2006 (t = 7.227, df = 7, p < 0.001) as
compared to Boyd’s (1972) plate data.
The common species in the community also
changed. Boyd (1972) reported that the 8 most common species on plates included 3 non-natives, 3
natives, and 2 cryptogenic species. Of the 8 most common species on the May and July plates in 2006–2007,
6 were non-native, with the tunicate Ascidia ceratodes
being the only common native. The native bryozoan
Bugula californica and the barnacle Balanus crenatus,
which were formerly among the 8 most common species in the community, were not present on May and
July 2006 plates (but were found in low abundance on
the docks and on recruitment plates; Table 1) despite
covering as high as 5 and 59% on 1970 plates respectively (Boyd 1972). Of the 6 non-natives that were most
common on the 2006 plates, all but one (the bryozoan
Schizoporella sp.) were rare or absent in 1969–1971,

The relative timing of native and non-native recruitment appeared to have shifted between 1969–1971
and 2006–2007 (Fig. 3). In 1969–1971, native recruits
generally exceeded or equaled non-native recruits in
spring and early summer, with non-natives having a
numerical advantage in mid-summer through fall
(Fig. 3A). In contrast, non-native recruits exceeded
native recruits in the spring (April to June) in 2006 and
2007, whereas natives usually had an advantage in
summer and fall (Fig. 3B). Because variation between
individual plates was not reported by Boyd (1972), our
ability to compare these patterns statistically is limited
to treating individual years as replicates. Despite very
low power, comparisons by month between time periods showed that non-natives recruited in significantly
higher numbers in 2006–2007 than in 1969–1970 for
2 mo — June (t = 4.993, df = 2, p = 0.038) and December
(t = 6.802, df = 2, p = 0.021) — while natives tended to
recruit in greater numbers during the late summer and
early fall (although for these months, p > 0.08).
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1
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B
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1
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1969–1971
1969-1971
2006–2008

0.8
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0.2
0

F M A M J

J A S

O N D J

Changes in environmental parameters between
time periods

Fig. 3. Recruitment rates (log10[no. recruits 100 cm–2 plate d–1])
averaged by month during (A) a historical (1969–1971) and
(B) a recent (2006–2007) 2 yr sampling interval and summarized as (C) proportions of new individual recruits that were
non-native species over the 2 sampling intervals. In panels (A)
and (B), total number of recruits of native, non-native, and
cryptogenic species were calculated from recruitment rates
reported in Boyd (1972; average of N = 5 plates measured
over 4 wk intervals) and in this study (N = 4 plates, values
are averages of 1 to 4 recruitment intervals mo–1). Note that
zero values were plotted as 0.001, and no data were available
for September 2007. For panel (C), we calculated the proportion of recruits comprised of non-native species (no. nonnative ind./total non-native and native ind. 100 cm–2).
Monthly values are averages of 2 yr of data (± SE, except for
missing data in Sep 2007 and Jan 2008). Cryptogenic species
(those not identifiable as native or non-native) were not included in the analyses of proportions

Local seawater temperature has increased concurrently with the shifts in the epibenthic community composition of Bodega Harbor. The current harbor temperature is ~1°C higher than it was when Boyd (1972)
studied the local community (Fig. 4). Note that neither
study was conducted during a strong El Niño–
Southern Oscillation (ENSO) anomaly (Wolter 2010).

The average temperature was 11.8°C in 1970 (Boyd
1972), and we measured a daily average temperature
of 13.0°C based on continuous records collected between March 2006 and March 2008. This increase in
local temperature was also apparent based on continuous temperature records from the outer coast site

Fig. 2. Historical and contemporary composition of the
Bodega Harbor epibenthic community. Plates were deployed
in May and July 1970 and 2006 and were surveyed the following winter, in early March (1971) or mid-February (2007), respectively. Contemporary values are given as means ± SE of
N = 7 plates deployed in May 2006, N = 8 plates deployed in
July 2006, and N = 100 quadrats counted during 5 dock
surveys; errors for Boyd’s data are not available (Table 12 in
Boyd 1972). *For 1970 plates, white represents both bare
space and ‘other species’, i.e. those in Boyd (1972) that were
not identified to species level
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(Bodega Ocean Observing Node, www.bml.
ucdavis.edu/boon/; E. Sanford unpubl. data),
and coastal temperatures are strongly related
to those inside Bodega Harbor (R2 = 0.45,
p < 0.0001). Salinity in Bodega Harbor also
appeared to have increased between the
2 time points, with typical values ranging
from 32 to 34 during Boyd’s (1972) study and
averaging 35.9 (± 0.2 SE) during our study
(see also Sorte 2010).

Temperature (°C)

18

Bodega Harbor average
Bodega Harbor
Outer coast

14
12
10
8
JJFMAMJJASONDJFMAMJJASONDJFM
F M A M J J A S O N D J FM A M J J A S O N D J FM
1969
1970
1971

Temperature (°C)

18

Correlation between environmental
parameters and recruitment

16

A
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B
16
14

In 2005–2009, water temperatures in
12
Bodega Harbor varied seasonally, peaking
during the primary recruitment season (April
10
through August), and inter-annually, with
2006 being the warmest year (mean ± SE:
8
14.77 ± 0.12°C during the recruitment season)
MJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASOND
2005
2006
2007
2008
and 2007 being the coolest (13.64 ± 0.11°C
during the recruitment season; Fig. 4B).
Date
Water temperatures ranged from a minimum Fig. 4. Local seawater temperatures during (A) 1969–1971 and (B) 2005–
daily average of 8.02°C in January 2007 to a 2008. Average Bodega Harbor temperature in 1969–1971 (11.8°C, dotted
maximum of 18.94°C during a heat wave in line in A) was calculated from seasonal averages given by Boyd (1972).
July 2006 when average daily temperature Bodega Harbor temperatures were measured continuously in 2005–2008
(grey line in B) by dataloggers deployed at 1 m depth; the average temremained >18°C for 6 continuous days.
perature (12.9°C, between Mar 2006 and Feb 2008) is also shown. Outer
The rate of recruitment into the epibenthic Coast values (black line) are monthly averages of temperatures measured
daily at Bodega Marine Laboratory (see ‘Materials and Methods’)
community was positively related to daily
average temperature (in SEM, multiple
and native species overall (multiple regression p =
regression, or both analyses) for 11 of 15 species that
0.043; SEM coefficient p = 0.033).
settled on our recruitment plates between May 2005
Recruitment of common epibenthic species varied
and September 2009, including 2 of 5 natives and
greatly both during the recruitment season and
all 8 non-natives (Table 2). In all 4 SEM and the multibetween years (Fig. 6). Initiation of recruitment tended
ple regression models, total non-native recruitment
to occur in April for the non-native tunicates and later
increased with increasing temperature (p < 0.03),
(May, or even July for Bugula neritina) for non-native
whereas recruitment rate of native species did not
bryozoans. Recruitment timing and magnitude were
change with temperature based on the 4 models that
highly idiosyncratic for the 2 most commonly recruiting
included multiple environmental variables (p > 0.24 for
native species (Distaplia occidentalis, Bugula califorall except the T-model; Table 2). After using multiple
nica; Fig. 6). As compared to recruitment dynamics in
regression to account for the effects of day length,
the coolest year (2007), recruitment in the warmest year
chl a, salinity, and recruitment in the previous time
(2006) tended to occur earlier and at greater rates for
interval, there was still a significant positive correla5 of 6 non-natives and for the native Bugula californica.
tion between the residuals of total recruitment and
However, for the native Distaplia occidentalis and the
temperature for non-native species (p = 0.018), but not
non-native Diplosoma listerianum, recruitment ocfor native species (p = 0.213; Fig. 5). Non-temperature
curred later and at lower rates in 2006, but earlier and
environmental variables were only rarely correlated
at higher rates in 2007.
with recruitment of individual species and with total
native or non-native recruitment as follows: chl a was
positively related to recruitment for Didemnum vexilDISCUSSION
lum (chl a p < 0.001 for both the multiple regression
and SEM coefficients), whereas salinity was negatively
Our comparison of historical and contemporary
related to recruitment for Distaplia occidentalis (multirecords indicates a change in the species composition of
ple regression p = 0.043; SEM coefficient p = 0.021)

Spirorbis sp.

N

C

C

Barnacles

Hydroids

Sponges

Unknown

Obelia spp.*

Balanus sp.

Metridium senile*

N

Botrylloides violaceus
Botryllus schlosseri
Diplosoma listerianum
Didemnum vexillum
Distaplia occidentalis

Annelids

I
I
I
I
N

Tunicates

0.526

0.790

0.476

0.633 < 0.001

0.047

–0.115

0.520 < 0.001

0.112

0.619 < 0.001
0.658 < 0.001
0.294
0.040
0.510 < 0.001
0.267
0.010

< 0.001 0.297 0.068
0.270 –0.005 0.975
< 0.001 0.606 < 0.001
< 0.001 0.635 0.002
< 0.001 0.616 < 0.001
< 0.001 0.748 0.003
< 0.001 0.764 < 0.001
0.471 0.094 0.645

0.590

–

0.289

0.455

–

0.024

–

0.304

0.044

–

0.784

–

0.249

0.623

–

0.026

–

0.225

0.032

–

0.873 < 0.001 0.803 < 0.001
0.578 < 0.001 0.601 0.003
0.350 0.020 0.434 0.013
0.268 0.141 0.537 0.025
0.018 0.923 –0.150 0.482

0.416
0.160
0.585
0.742
0.664
0.696
0.868
0.154

0.784

–

0.357

0.622

–

0.012

–

0.120

0.031

–

0.757 < 0.001
0.529 0.002
0.482 0.004
0.318 0.182
–0.211 0.407

0.240 0.116
–0.041 0.846
0.579 0.001
0.582 0.013
0.535 < 0.001
0.780 0.002
0.789 < 0.001
0.218 0.284

0.516
0.287
0.651
0.470
0.815
0.610
0.734
0.005

All species
All native species
All introduced species
Bowerbankia gracilis
Bugula neritina
Schizoporella sp.
Watersipora subtorquata
Bugula californica
< 0.001
0.004
< 0.001
0.003
< 0.001
< 0.001
< 0.001
0.976

Structural eq. model, temperature–recruitment path
T
CT
ST
CST
Stand.
p
Stand.
p
Stand.
p
Stand.
p

Species

Anemones N

I
I
I
I
N

Origin

Bryozoans

Taxon

0.002

–

0.001

0.003

–

0.199
0.471
0.953
0.035
–2.032

–0.583
–2.022
1.863
0.026
0.029
0.017
0.205
0.006

0.003

–

0.054
0.196
0.478
0.010
–3.367

–2.975
–3.366
0.681
–0.006
–0.013
0.003
–0.031
–0.007

0.177

–

0.001

–

0.517

–

0.878

0.183

–

–0.027

–

–0.033

–0.020

–

0.943
0.031
0.143 –0.159
0.359
8.469
0.558
1.202
0.043 –19.518

0.114
3.771
0.043 –19.590
0.290
10.712
0.513 –0.589
0.783
1.061
0.701
0.046
0.601 –0.671
0.379 –0.106

0.914
0.532
0.360
0.730
0.209
0.776
0.527
0.429

p

0.275

–

0.174

0.563

–

0.481
0.946
0.373
< 0.001
0.535

Multiple regression
Salinity
Chl a
Est.
p
Est.

0.381 >–0.001

0.091

–

0.002
0.005
0.131
0.077
0.244

0.764
0.246
0.027
0.018
0.582
0.102
0.010
0.484

Temperature
Est.
p

Table 2. Species on recruitment plates, including 5 native (N), 8 introduced (I, i.e. non-native), and 2 cryptogenic species (C). Standardized coefficients (Stand.) for the
temperature-to-recruitment paths are given for the 4 structural equation models (see Table S2 in the supplement at www.int-res.com/articles/suppl/m435p063_supp.pdf for
unstandardized coefficients and R2 values). Regression estimates (Est.) and p-values are presented for the recruitment relationships after accounting for the effects of day
length and recruitment during the previous sampling interval. T: temperature-only model, CT: chl a–temperature model, ST: salinity–temperature model, CST: chl a–
salinity–temperature model. *Only the Temperature-only model could be assessed due to low sample sizes in the other models. Values in bold are significant
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the Bodega Harbor epibenthic community
over the past ~35 yr to one that is increasingly dominated by non-native species.
New introductions certainly played a role
in this compositional shift, as many of the
most common species — including Watersipora subtorquata, which now covers
> 20% of the floating docks — were not
present during Boyd’s (1972) study. Our
data are also consistent with the hypothesis that the establishment and success (i.e.
increase in abundance) of non-native species has been enhanced by their more
favorable response to increased temperature relative to natives. We document an
increase in mean annual seawater temperature of ~1.0°C (Fig. 4), which is similar to
the warming associated with an increase
in abundance of southern-distributed
species, and a decrease of northerndistributed species, in a central California
intertidal community (Barry et al. 1995,
Sagarin et al. 1999). In our study, recruitment increased at warmer temperatures
for all 8 non-natives, individually and in
total, whereas recruitment was not related
to temperature for 3 of 5 native species as
well as for total native recruits.
In addition to the increased magnitude
of recruitment, non-native species recruited earlier at increased ocean temperatures (Figs. 3 & 6). This mechanism may
be quite common given similar findings
across locations that vary in mean temperature and seasonality (e.g. Keough &
Chernoff 1987, Stachowicz et al. 2002,
Auker & Oviatt 2008), especially despite
the potential for geographic variation
in population responses to temperature
(Grosholz 2001, Yund & Stires 2002).
Thus, the effects of changing temperature
on the timing of recruitment, combined
with widespread evidence for priority
effects among sessile organisms (Sutherland 1974, 1978, D’Antonio et al. 2001),
suggest a clear mechanism by which rising temperatures could lead to non-native
dominance in Bodega Harbor and similar
communities.
An even better understanding of the
relationship between temperature and
recruitment requires further studies of the
links between recruitment rates and adult
abundances (including time lags, dispersal distances, and larval sources), which
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Fig. 5. Temperature effects on the recruitment of (A) nonnative and (B) native species in the epibenthic community of
Bodega Harbor. Partial residual plots illustrate relationships
between temperature and recruitment after accounting for
the effects of day length, chl a, salinity, and recruitment during the previous interval. Recruitment of non-native species
increased with increasing temperature (p = 0.018), but there
was no relationship between recruitment of native species
and temperature (p = 0.213)

often constitute a ‘black box’ in this and other systems.
Temperature can affect recruitment through direct
effects on adult fecundity (Yund & Stires 2002), larval
development (Berrill 1935, Scheltema & Williams
1982), spawning (Davis 1989), and/or larval survival
(Scheltema & Williams 1982), but we have no evidence
to assess which of these underlie the temperature–
recruitment link we observed. Additionally, due to
scaling of reproductive output with body size, a positive relationship of temperature with other demographic rates (i.e. growth and survival; Sorte et al.
2010a,b, Zerebecki & Sorte 2011) could feed back to
increase fecundity and recruitment.
Despite these known mechanistic links between
temperature and reproduction in the types of epibenthic organisms we studied, most natives did not
respond to increased temperature. This could be because annual temperature variation is generally low in
places where native hard substrate communities would
develop in northern California (Sorte et al. 2011, Zerebecki & Sorte 2011). Furthermore, high temperature is
not necessarily indicative of favorable conditions for
reproduction, as high food availability is associated
with low temperatures caused by upwelling on the

71

California coast (e.g. Blanchette et al. 2006). Thus,
there may have historically been little selective pressure to reproduce during warm periods. In addition, if
temperature indeed caused increases in native reproduction, then these effects might have been overwhelmed by non-natives responding more strongly to
high temperatures and reducing native reproductive
output due to competition. Non-native species in our
communities, in contrast, may respond positively to
ocean warming because many of them are from
warmer biogeographic provinces or regions with
greater seasonality and in which temperature is a more
reliable cue of favorable conditions for reproduction
(see Cohen 2005, Zerebecki & Sorte 2011).
Although many species treated here display consistent responses to warmer temperatures, such responses do not seem to explain the increase in all species.
For example, the widespread native tunicate Distaplia
occidentalis has shown decreased recruitment and survival (Sorte et al. 2010b) at elevated temperatures, yet
it is common today despite being absent from Boyd’s
(1972) surveys. Such inconsistencies indicate that other
forces may also contribute to compositional shifts. For
example, competitive superiority of recently established invaders likely played an important role in the
observed compositional shift. The 2 recent invaders
Watersipora subtorquata and Didemnum vexillum are
competitively dominant over several other colonial
species (Edwards & Stachowicz 2010) and could be
partly responsible for reduced native cover in recent
years. A native that has remained abundant, Ascidia
ceratodes, is a dominant competitor even to invaders
like W. subtorquata (Edwards & Stachowicz 2011),
which may have contributed to its persistence in the
community.
Changes in other abiotic factors such as salinity, food
availability, disturbance, and pollution could also have
influenced the observed community shift; however,
evidence for these factors’ roles is weak. Our data for
salinity showed a modest increase between sampling
periods. High salinity was associated with a decrease
in the recruitment of the native Distaplia occidentalis;
however, this species actually increased in abundance
between 1970 and the present. Similarly, chl a, which
is an index of food availability, was only associated
with recruitment for one species (Didemnum vexillum),
but chlorophyll levels associated with recent increases
in upwelling (Bakun 1990, Snyder et al. 2003) could
have also influenced species in other ways (e.g. by
increasing growth rate and competitive ability of nonnatives). Increases in pollution (Piola & Johnston 2007)
or decreases in predators (Sutherland 1974, Karlson
1978, Nydam & Stachowicz 2007, Osman & Whitlatch
2007) are both known to influence the relative abundance of natives and non-natives in fouling communi-
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Fig. 6. Epibenthic species recruitment measured in Bodega Harbor during the peak recruitment season (Apr to Aug, date given as
mo/d) of 2005–2009. Values are recruits per day averaged from four 100 cm2 settling plates over a known recruitment interval
(see Table S1 in the supplement at www.int-res.com/articles/suppl/m435p063_supp.pdf), and recruitment rates are interpolated
between samplings to create a smoothed line. Missing data are as follows: April 2005, August 2007, and April to June 2008.
Note that the scales of the y-axes vary between species, and recruitment of Bugula californica is plotted on a log scale
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ties. However, we lack data to assess whether there
has been a directional change in either of these factors
that could explain the observed shifts.
In conclusion, we have documented an increase in
non-native dominance in the Bodega Harbor epibenthic community over the past ~35 yr, concurrent with
an increase in local ocean temperatures. Given that
higher temperatures enhanced the overall recruitment
of non-native species but not of native species,
changes in recruitment with ocean warming could
help to maintain the observed compositional shift by
increasing the success of non-native species in this system. The competitive superiority of species that have
recently been introduced to the Harbor via human
activities also likely plays an important role, and this
superiority may, itself, be influenced by changes in
temperature. These observational data extending
decades into the past, together with recent experimental data on shorter time scales (Sorte et al. 2010b), lead
to predictions of continued increases in non-native
dominance with future warming. Finally, the links between climate, phenology, and subsequent community
interactions (also see Stachowicz et al. 2002, Willis et
al. 2010) may represent a general mechanism of warming-induced shifts in community composition in a wide
range of the earth’s ecosystems.
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