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 This dissertation focuses on the importance of pelagic subsidies in the 

Northeast Pacific to rocky shore community regulation.  My results document the 

patterns of pelagic subsidy supply, determine if those subsidies are correlated with 

community structure, and examine if community regulation differs between areas of 

high- and low-subsidies.  Understanding how consistent ocean features and currents 

affect the supply of subsidies to rocky shore communities, and how those communities 

are in turn regulated, will enable managers to more effectively implement 

conservation and management policies. 

 In Chapter 2, my co-authors and I studied the spatial and temporal patterns of 

pelagic subsidies along the northern California and Oregon coasts.  Intertidal 

invertebrate recruitment consistently changed from very high levels north of Cape 

Blanco (southern Oregon), to intermediate levels between Capes Blanco and 

Mendocino (northern California), to very low levels south of Cape Mendocino.  

Phytoplankton concentration and mussel growth was higher north of Cape Blanco than 

south of Cape Blanco.  Importantly, the regional differences in phytoplankton 

concentration and mussel growth suggest that bottom-up inputs may also be affecting 

community structure within the region. 



 In Chapter 3, my co-authors and I examined the correlations between 

ecological subsidies and the cover and density of mussel bed organisms.  There was a 

strong correlation between our general measure of pelagic subsidies and the 

composition of the mussel bed community.  However, cover of the main constituent of 

the mussel bed, Mytilus californiainus, was not correlated with subsidies.  This study 

confirmed the association between subsidies and community structure that had been 

previously untested. 

 In Chapter 4, using a comparative-experimental approach I addressed the effect 

of recruitment on early mussel bed succession.  Invertebrates dominated succession in 

the high-recruitment region studied, while algae played a principle role in the 

succession pathway of the low-recruitment region studied.  While recruitment 

appeared to underlie the regional differences in early mussel bed succession, the 

differing effects of competition and predation within each recruitment regime led to 

different successional regimes. 
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Ecological Subsidies to Rocky Shore Communities: Setting the Stage for 
Community Dynamics in the Northeast Pacific 

 

Chapter 1: General Introduction 

 

Linkages between ecosystems can be important to both population and 

community dynamics (e.g., Turner and Rabalais 1994, Polis and Hurd 1996, 

Cederholm et al. 1999).  In coastal marine communities, links between pelagic and 

benthic components of the ecosystem often have been found to be strong 

(Roughgarden et al. 1988, Duggins et al. 1989, Bustamante et al. 1995b, Menge et al. 

1997a, Connolly and Roughgarden 1999b, Hughes et al. 2000, Navarrete et al. 2005).  

Some of the links, such as larval production and supply, vary on relatively large 

spatial scales (> 10s of km; Hughes et al. 2000, Connolly et al. 2001, Menge et al. 

2004, Leslie et al. 2005).  A better understanding of how these links vary and how 

they affect community regulation is needed to better manage our marine ecosystems. 

In this dissertation, I focus on two general ways in which benthic communities 

are linked to the pelagic ecosystem (termed benthic-pelagic coupling; c.f. Menge et al. 

1997a).  First, oceanographic processes, such as coastal upwelling, affect the 

distribution and supply of propagules to benthic communities (Roughgarden et al. 

1988, Wing et al. 1995b, Connolly et al. 2001), potentially having a strong influence 

on population (Gaines and Roughgarden 1985, Caley et al. 1996) and community 

dynamics (Menge and Sutherland 1987, Roughgarden et al. 1988, Connolly and 

Roughgarden 1999b, Menge et al. 2003).  Second, oceanographic processes also affect 

benthic communities through the production, concentration and delivery of 

phytoplankton and other particulates, primary food sources for filter feeding 

invertebrates.  As these are both inputs (larvae and particulates) into the benthic 

community from outside of the benthic community, we refer to these two types of 

inputs as ecological subsidies (c.f., Polis and Hurd 1996). 

 My dissertation research was conducted along the northern California and 

Oregon coasts.  The U.S. west coast in general has been the focus of intensive studies 



 
 
 

2 

on rocky intertidal community-dynamics (e.g., Dayton 1971, Gaines and Roughgarden 

1985, Connolly and Roughgarden 1998 ), oceanography (e.g.,  Huyer 1983, Hickey 

1998, Batchelder et al. 2002a), and benthic-pelagic coupling (e.g., Roughgarden et al. 

1988, Menge et al. 1997a, Connolly et al. 2001), allowing me to build upon the work 

of others. 

 Ocean currents.—Coastal upwelling is a dominant feature of ocean circulation 

along the coasts of northern California and Oregon.  It occurs when equatorward 

winds along with the Corriolis effect push warmer surface waters offshore, and those 

waters are replaced along the coast by colder waters from depth.  Along the U.S. west 

coast there is a latitudinal gradient in the amount of upwelling with a transition around 

Cape Blanco, in southern Oregon (Parrish et al. 1981, Huyer 1983, Barth et al. 2000, 

Huyer et al. 2005).  South of Cape Blanco upwelling tends to be stronger, more 

consistent and occurs over a longer season than along the Oregon coast north of Cape 

Blanco.  The regional difference is the result of differences in the strength of 

upwelling winds, a latitudinal gradient in the Coriolis effect, and the predominance of 

coastal promontories in southern Oregon and California that intensify winds. 

 Subsidies.—Coastal upwelling pushes larvae of intertidal organisms offshore 

away from suitable adult habitat (Roughgarden et al. 1988, Farrell et al. 1991).  The 

rates of mussel and barnacle recruitment, important basal species in rocky intertidal 

communities, along the northern California and Oregon coasts are correlated with the 

regional pattern of upwelling (Connolly et al. 2001).  High sessile invertebrate 

recruitment rates have been found at sites north of Cape Blanco where upwelling is 

weaker.  In contrast there are low rates of sessile invertebrate recruitment to sites 

along the central and northern California coast.  However, the recruitment patterns in 

the upwelling transition area around Cape Blanco have not been studied extensively. 

Along the central Oregon coast, on the scale of 10s of kilometers, the 

concentration of phytoplankton and other particulates vary consistently with near 

shore ocean circulation patterns (Menge et al. 1997a, b).  For example, ocean 

circulation around Heceta Bank, a submarine bank off central Oregon, acts as a 
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retention zone for phytoplankton and zooplankton (Lamb and Peterson 2005).  In near 

shore regions, like Heceta Bank, where particulates are retained and frequently 

brought towards shore during upwelling relaxation events, the growth rates of filter 

feeding invertebrates are high (Menge et al. 1997a, Sanford and Menge 2001).  In 

contrast, sites in coastal areas off Oregon where particulates are not retained near 

shore, there are lower growth rates of filter feeding invertebrates.  Neither the 

concentration of particulates nor the growth rates of filter feeding invertebrates have 

been examined along the southern Oregon and northern California coasts, where there 

is greater upwelling resulting in more offshore advection of surface waters. 

 Community Structure.— Along the coasts of Washington and Oregon, 

researchers working at rocky shores sites have found that post-recruitment factors such 

as competition, predation, and disturbance have strong impacts on the abundance and 

distribution of organisms (e.g., Paine 1966, Dayton 1971, Paine 1974, Menge et al. 

1994).  In contrast, in central California those factors appear less important in 

regulating the community.  The abundance and distribution of dominant basal 

invertebrates are most strongly affected by fluctuations in recruitment (Gaines and 

Roughgarden 1985).  Combining these observations with evidence that coastal 

upwelling carried larvae offshore away from suitable adult habitat led Roughgarden et 

al. (1988) to propose that weaker upwelling and thus lower offshore larval transport 

along the Oregon and Washington coasts results in saturating recruitment, leading to 

post-recruitment processes, such as competition, predation and disturbance, regulating 

community structure in those areas.  In contrast, they proposed the stronger upwelling 

and thus higher offshore larval transport off California results in low-recruitment that 

does not saturate spatial resources, leading to population abundances following 

fluctuations in generally low levels of recruitment.  Consistent with this hypothesis, 

more recent research has identified a latitudinal gradient in the cover of sessile 

invertebrates, with higher cover of sessile invertebrates north of Cape Blanco than 

south of Cape Blanco (Connolly and Roughgarden 1998). 
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Building upon the framework summarized above, in this dissertation I have 

advanced our understanding of how pelagic subsidies affect rocky shore communities.  

Specifically I addressed the following ecological questions about benthic-pelagic 

coupling along the northern California and Oregon coasts: 

1. What are the spatial and temporal patterns of pelagic subsidies? 

2. Are the spatial patterns of pelagic subsidies associated with the cover and 

density of rocky shore organisms? 

3. Are post-recruitment factors more important in regulating the abundance of 

organisms in the high-recruitment area than in the low-recruitment area, as the 

Roughgarden et al. (1988) hypothesis predicts? 

4. Does early mussel bed succession differ between regions of high- and low-

recruitment rates of sessile invertebrates? 

To answer these questions I conducted a variety of field studies along the 

northern California and Oregon coasts using observational (Chapters 2 and 3) and 

comparative-experimental (Chapter 4) approaches. 

In Chapter 2, to address question 1, my co-authors and I studied the spatial and 

temporal patterns of pelagic subsidies.  While recruitment of sessile invertebrates is 

known to be higher along the central and northern Oregon coast than along the central 

and northern California coast, recruitment patterns in the upwelling transition region, 

between Cape Arago in southern Oregon and Cape Mendocino in northern California, 

have not been well documented (Connolly et al. 2001).  Additionally, it is unknown 

whether phytoplankton concentrations in coastal waters and growth rates of sessile 

invertebrates at sites along the northern California coast differ from sites along the 

central Oregon coast.  We report the results of a four-year study of invertebrate 

recruitment rates, chlorophyll-a concentrations (a proxy for phytoplankton), and 

mussel growth rates at sites along the northern California and Oregon coasts, including 

several sites within the upwelling transition region. 

 In Chapter 3, to address question 2, my co-authors and I examined the 

correlations between ecological subsidies and the cover and density of mussel bed 
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organisms.  While latitudinal gradients in rocky shore community structure (Connolly 

and Roughgarden 1998) and ecological subsidies, including recruitment of several 

dominant intertidal invertebrates (Connolly et al. 2001), have been found in this 

region, whether or not community structure is correlated with those ecological 

subsidies has not been determined.  In this study we characterized the community 

composition of the mussel bed at several sites along the northern California and 

Oregon coasts and compared our results to our data on subsidies (Chapter 2) to 

determine the degree of covariation between them. 

 Chapter 4 addressed the final two questions: (question 3) does recruitment 

level affect early mussel bed succession and (question 4) the importance of post-

recruitment factors.  Surprisingly, despite the pervasiveness of open populations in 

marine communities, the effect of recruitment on succession has rarely been 

examined.  Using a comparative-experimental approach (Menge et al. 2002), I 

examined early mussel bed succession at sites within the high-recruitment region in 

central Oregon and at sites in the low-recruitment region in northern California.  

Additionally, I monitored the intensity of competition and measured the strength of 

predation using an exclusion experiment. 

 In Chapter 5, I discuss and tie together the findings of these studies to describe 

our current understanding of rocky shore community regulation along the northern 

California and Oregon coasts.  Lastly, I briefly compare this body of work to other 

research on benthic-pelagic coupling, describing the importance of pelagic subsidies to 

rocky shore community structure. 
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ABSTRACT 

 Through bottom-up inputs and larval transport, benthic-pelagic links are 

increasingly being found to be important in their effect on benthic community 

structure.  Recent work on community structure of northeast Pacific rocky shores has 

focused on latitudinal differences in recruitment of intertidal invertebrates as a driver 

of variation in community structure.  Recruitment differences are associated with a 

transition in upwelling near Cape Blanco in southern Oregon.  Here we examine the 

transition in recruitment along the northern California and Oregon coasts, document a 

latitudinal gradient in bottom-up factors, and examine if major coastal promontories 

associated with upwelling plumes potentially separate benthic-pelagic coupling into 

regions.  We monitored the recruitment of intertidal invertebrates, chlorophyll a 

concentrations in coastal waters, and the growth rates of mussels at numerous sites 

along the northern California and Oregon coasts.  The transition in recruitment of 

intertidal invertebrates from north to south changed from very high levels north of 

Cape Blanco, to intermediate levels between Capes Blanco and Mendocino, to very 

low levels south of Cape Mendocino.  The specific shape of the recruitment cline 

varied among species.  Chlorophyll a concentrations and mussel growth rates were 

higher north of Cape Blanco than south of Cape Blanco, indicating that bottom-up 

factors may also drive regional differences in rocky shore community structure.  

Distinctive timing between regions of recruitment and plankton pulses suggests 

benthic-pelagic coupling may be somewhat independent between these regions, which 

are separated by major coastal promontories.  Our results highlight the large variability 

in benthic-pelagic coupling along the northern California and Oregon coast that drive 

the latitudinal gradient in rocky shore community structure in the northeast Pacific. 

 

INTRODUCTION 

Linkages between ecosystems can be important to both population and 

community dynamics (e.g., Turner and Rabalais 1994, Polis and Hurd 1996, 

Cederholm et al. 1999).  In coastal marine communities, links between pelagic and 
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benthic components of the ecosystem often have been found to be strong, especially 

when larger spatial scales are considered (Roughgarden et al. 1988, Duggins et al. 

1989, Bustamante et al. 1995b, Menge et al. 1997a, Connolly and Roughgarden 

1999b, Hughes et al. 2000, Navarrete et al. 2005).  There are two general ways in 

which benthic communities are linked to the pelagic ecosystem (termed benthic-

pelagic coupling; c.f. Menge et al. 1997a).  First, oceanographic processes, such as 

upwelling affect the distribution and supply of propagules to benthic communities 

(Roughgarden et al. 1988, Wing et al. 1995b, Connolly et al. 2001), potentially having 

a strong influence on population (Gaines and Roughgarden 1985, Caley et al. 1996) 

and community dynamics (Menge and Sutherland 1987, Roughgarden et al. 1988, 

Connolly and Roughgarden 1999b, Menge et al. 2003).  Second, through nutrient 

pulses upwelling can also influence phytoplankton and detritus concentration, which 

are primary food sources for filter feeding invertebrates such as barnacles and mussels, 

key “basal” species in intertidal communities.  As these are both inputs (particulates 

and larvae) into the benthic community from outside of the benthic community, we 

refer to these two types of inputs as ecological subsidies (c.f., Polis and Hurd 1996).   

The northeast Pacific has been the focus of intensive studies on rocky intertidal 

community-dynamics (Paine 1966, Dayton 1971, Gaines et al. 1985, Gaines and 

Roughgarden 1985, Farrell 1991, Menge et al. 1994, Connolly and Roughgarden 

1998, Sanford 1999b, Menge 2000, Nielsen 2003), oceanography (Parrish et al. 1981, 

Huyer 1983, Lentz 1991, Largier et al. 1993, Hickey 1998, Batchelder et al. 2002a, 

Barth and Wheeler 2005), and benthic-pelagic coupling (Ebert and Russell 1988, 

Roughgarden et al. 1988, Farrell et al. 1991, Wing et al. 1995a, Wing et al. 1995b, 

Menge et al. 1997a, b, Wing et al. 1998, Connolly and Roughgarden 1999a, b, Sotka 

et al. 2004, Leslie et al. 2005).  These studies along the U.S. west coast provide the 

framework for understanding the effects of consistent ocean circulation patterns upon 

community structure through benthic-pelagic coupling.  Factors such as competition, 

predation, and disturbance play a primary role in explaining the patterns of distribution 

and abundance of organisms at rocky intertidal sites along the coasts of Washington 
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(Paine 1966, Dayton 1971) and Oregon (Farrell 1991, Menge et al. 1994, Navarrete 

and Menge 1996, Berlow 1997). Recent work has shown that variability in ecological 

subsidies is correlated with the strength of predation at least along the central Oregon 

coast (Menge et al. 1994, Menge et al. 1997a, Menge et al. 2004).  On the rocky 

shores of Washington and Oregon, which have ample recruitment, communities were 

thought to be structured by post-recruitment processes.   In contrast, at rocky intertidal 

sites along the central California coast, fluctuations in the abundance of organisms was 

postulated to be the result of recruitment variability, because low recruitment 

prevented post-recruitment processes from coming into play (Gaines and Roughgarden 

1985, Roughgarden et al. 1988). 

A dominant feature of the California Current system during the spring and 

summer is coastal upwelling.  Upwelling is caused by the combination of southward 

winds and the Coriolis effect pushing warm nutrient poor surface waters offshore, 

which are replaced along the coast by cold nutrient rich water from depth (Fig. 2.1.; 

Parrish et al. 1981, Huyer 1983, Hickey 1998).  The offshore flow of water in 

upwelling systems carries benthic larvae offshore where they are concentrated at the 

front between the colder upwelled water and warmer offshore water (Roughgarden et 

al. 1988, Farrell et al. 1991, McCulloch and Shanks 2003) or in gyres that may retain 

larvae (Ebert and Russell 1988, Wing et al. 1998).  Recruitment to coastal populations 

occurs when upwelling winds relax, bringing offshore waters with larvae back onshore 

(Farrell et al. 1991, Wing et al. 1998, Shanks et al. 2000).  Along the U.S. west coast 

there is a latitudinal gradient in the amount of coastal upwelling (Parrish et al. 1981, 

Huyer 1983).  It is the result of differences along the coast in the wind field, the 

strength of the Coriolis effect, and the number of coastal promontories that intensify 

winds (Fig. 2.1.; Huyer 1983).  Upwelling varies from being relatively weak, 

intermittent and occurring primarily during summer months along the Washington 

coast to being relatively strong, persistent and occurring throughout much of the year 

along the central California coast. 
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Figure 2.1. Oregon and northern California sea surface temperature (AVHRR image) 
on 5 September 1994.  Image courtesy of J. Barth and T. Strub, OSU College of 
Oceanic and Atmospheric Sciences. 
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Roughgarden et al. (1988) hypothesized that a latitudinal gradient in community 

structure exists along the U.S. west coast.  This was postulated to be the result of a 

corresponding gradient in recruitment of invertebrates caused by the latitudinal 

gradient in upwelling (e.g., Connolly and Roughgarden 1999).  Recruitment of 

invertebrates in central California was thought to be low because the strong and 

persistent upwelling in the region would typically carry larvae far offshore away from 

suitable adult habitat and hold them there.  The resulting low recruitment onshore 

should thereby be the primary cause of variation in abundance and distribution of 

organisms in intertidal communities.  In contrast, along the coast of Washington 

recruitment of dominant invertebrates was thought to be high, because the weaker and 

more intermittent upwelling should allow larvae to be retained in nearshore waters.  

The resulting high recruitment should saturate the habitat and result in the dominance 

of post-recruitment factors (i.e., competition, predation, and disturbance) as the 

primary cause of variation in abundance and distribution. 

Several studies have examined the Roughgarden et al. (1988) hypothesis with 

mixed results.  A latitudinal gradient in both recruitment of intertidal invertebrates 

(Connolly et al. 2001) and the abundance and distribution of dominant intertidal 

invertebrates (Connolly and Roughgarden 1998) appeared to be consistent with the 

hypothesis, while predictions about top-down effects (Connolly and Roughgarden 

1999) were only partially supported (Menge et al. 2004).  Rather than a gradual cline 

in recruitment with decreasing latitude, however, evidence suggested that an abrupt 

transition occurs at or around Cape Blanco, Oregon (Connolly et al. 2001), where 

there is a concurrent abrupt transition in upwelling (Parrish et al. 1981, Huyer 1983, 

Barth et al. 2000).  Because the spatial resolution of the recruitment dataset was rather 

coarse, with an unsampled gap around Cape Blanco of ~350 km (3o latitude) between 

Cape Arago and Cape Mendocino, the nature of the transition, in recruitment, whether 

linear or non-linear with distance alongshore, was unclear.  Similarly, it was unknown 

if a parallel change in phytoplankton concentration was also correlated with ocean 

current patterns, as they are along the central Oregon coast (Menge et al. 1997a).  
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Determining the patterns of ecological subsidies within this region should help clarify 

how nearshore ocean circulation affect benthic-pelagic coupling. 

Oceanographic Setting 

Along the northern California and Oregon coasts during spring and summer, 

the California Current forms a fast southward flowing coastal jet that is the frontal 

boundary between the relatively cold upwelled waters and the warmer offshore waters 

(Fig. 2.1.; Huyer 1983, Strub et al. 1991, Brink et al. 2000).  Along the Oregon coast 

north of Cape Blanco, the coastal jet tends to be located over the mid continental shelf, 

approximately 10-30 km from shore (Barth and Wheeler 2005).  At Heceta Bank, a 

submarine ridge off central Oregon, the coastal jet follows the continental shelf 

offshore and around the bank, setting up a cyclonic circulation over the bank (Barth et 

al. 2005a, Castelao and Barth 2005), which acts as a retention zone for phytoplankton 

and zooplankton (Lamb and Peterson 2005).  During upwelling relaxation events 

waters retained over the bank flow onshore and northward (Kosro 2005), delivering 

high concentrations of larvae and phytoplankton to rocky shore sites in central Oregon 

(Menge et al. 1997a).  At Cape Blanco, south of Heceta Bank, intensification of 

upwelling leads to the coastal jet separating from the continental shelf where it 

stretches, deepens and becomes oceanic as it moves well offshore (100+ km) to the 

south of the cape (Barth et al. 2000).  Cape Blanco separates a region to the north 

where the coastal jet follows the continental shelf bounding a relatively narrow zone 

of upwelled water from a region to the south where the jet is oceanic, meandering and 

bounds a relatively large zone of upwelled water (Batchelder et al. 2002a, Huyer et al. 

2005).  Cape Mendocino is also associated with an expansion of upwelling.  The 

northwest facing shoreline just north of Cape Mendocino suppresses upwelling 

(Largier et al. 1993), while the summer upwelling maximum along the U.S. west coast 

occurs in the area just south of Cape Mendocino (Parrish et al. 1981). 

While the coasts of Washington and northern and central Oregon are relatively 

straight, southern Oregon and northern California feature major coastal promontories 

(Cape Blanco, Cape Mendocino, Point Arena, and Point Reyes).  These coastal 
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promontories are associated with intensified coastal upwelling that forms cold water 

filaments that can extend far offshore (Davis 1985, Kelly 1985, Ebert and Russell 

1988, Largier et al. 1993, Hickey 1998, Barth et al. 2000) and may join as well as 

result in large meanders to the offshore oceanic jet (Strub et al. 1991, Hickey 1998, 

Brink et al. 2000).  The intensification of upwelling at coastal promontories may 

reduce the number of larvae in nearshore waters.  As larvae over the shelf are swept 

southward and encounter a plume of upwelled water at a coastal promontory, they 

may be flushed offshore away from suitable adult habitat (Ebert and Russell 1988) and 

potentially prevented from reaching coastal waters south of the plume (Wing et al. 

1998).  Indeed, phytoplankton, zooplankton, and nearshore waters have been found to 

be carried offshore by upwelling plumes and large meanders in the coastal jet (Abbott 

and Zion 1985, Strub et al. 1991, Batchelder et al. 2002a, Peterson and Keister 2002, 

Barth et al. 2005b, Ressler et al. 2005).  Evidence that upwelling plumes may work as 

a barrier to dispersal comes from surface drifters released north of coastal 

promontories that were carried offshore by a plume where they remained or did not 

return to inshore waters south of the promontory within the period of a typical larval 

duration (Davis 1985, Brink et al. 2000, Barth 2003).  In contrast to the intensified 

upwelling at coastal promontories, areas to the south of headlands can be “upwelling 

shadows” where larvae may be retained (Graham et al. 1992, Largier et al. 1993, 

Graham and Largier 1997, Wing et al. 1998, Roughan et al. 2005). 

In this study we quantified ecological subsidies over several years at sites from 

Point Arena, CA to Cape Meares, OR, a distance of ~850 km.  We focused on two 

classes of ecological subsidies, inputs of larvae and of particulates, and how these 

varied across the previously unstudied gap in southern Oregon and northern 

California.  We quantified recruitment rates of barnacles and mussels, phytoplankton 

concentrations, and growth rates of the dominant mussel species to determine the 

relationship between oceanic circulation and these ecological subsidies.  We predicted 

that bottom-up effects on phytoplankton and mussels were inversely related to strength 

of upwelling.  Areas of strong and persistent upwelling were predicted to have low 
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recruitment and low bottom-up inputs to filter feeding invertebrates because the 

concentration of larvae and particulate food for filter feeders would be diluted by 

advection away from the coastal zone.  Areas with moderate and intermittent 

upwelling were predicted to have higher larval and food concentrations and thus 

inputs from ecological subsidies should be stronger.   

We tested three hypotheses concerning the unstudied gap.  Changes in 

subsidies exhibit: 1) a steady linear decrease from Cape Blanco southward, 2) a single 

step function transition from high values north of Cape Blanco to low values south of 

Cape Blanco, and 3) two step function transitions with one step at Cape Blanco and 

one step at Cape Mendocino.  While the coastal upwelling regime has a large 

transition at Cape Blanco, upwelling intensity increases from Cape Blanco to south of 

Cape Mendocino (Parrish et al. 1981), potentially leading to a linear decrease across 

the region (i.e., hypothesis 1).  Alternatively, the abrupt change in circulation at Cape 

Blanco could serve as a barrier between a region of high subsidies to the north and low 

subsidies to the south (i.e., hypothesis 2).   Another alternative is that the upwelling 

plume associated with Cape Mendocino (Largier et al. 1993) could serve as a second 

barrier to dispersal, generating successive nonlinear drops in subsidies around both 

Capes Blanco and Mendocino (i.e., hypothesis 3). 

 

METHODS 

 Study sites (n = 24) were located on wave-exposed rocky shores along the U.S. 

West coast from Point Arena, CA (38.94° N) to Cape Meares, OR (45.47° N) (Fig. 

2.2.).  Recruitment and growth studies were conducted at the mid tidal-elevation of the 

mussel bed (Mytilus californianus).  During each year of the study there were at least 

four study sites in the previously unstudied recruitment-transition region between 

Cape Mendocino (40.43° N) and Cape Arago (43.31° N) (Connolly et al. 2001). 

Chlorophyll (a) 

 Chlorophyll-a concentrations of inner shelf waters were measured at least 

monthly from May to August from 2000 to 2003 (minimum n = 4 samples per year). 



 
 
 

15 

TH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Map of northern California and Oregon coasts showing locations of study 
sites and major headlands.  The type of studies at each site are indicated by symbols as 
follows: ● = chlorophyll a concentrations; ▲ = mussel growth rates; ■ = mussel and 
barnacle recruitment.  Sites are specified with a multi letter abbreviation as follows: 
CM = Cape Meares (45.47); FC = Fogarty Creek (44.84); BB = Boiler Bay (44.83); 
SR = Seal Rock (44.50); YB = Yachats Beach (44.32); SH = Strawberry Hill (44.25); 
GH = Gull Haven (44.20); CA = Cape Arago (43.31); BP = Blacklock Point (42.87); 
CB = Cape Blanco (42.84); RP = Rocky Point (42.72); BH = Burnt Hill (42.23); LR = 
Lone Ranch (42.10); PSG = Point St. George (41.78); FK = False Klamath Cove 
(41.50); FWR = Fresh Water Rocks (41.20); TH = Trinidad Head (41.07); CMEN = 
Cape Mendocino North (40.42); CME = Cape Mendocino (40.35); SC = Shelter Cove 
(40.03); KH = Kibessilah Hill (39.60); FB = Fort Bragg (39.43); VD = Van Damme 
(39.28); PA = Point Arena (38.94). 
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On each collection date five water samples were collected at each site during a low 

tide period (e.g., Menge et al. 1997b).  Replicates were collected from the edge of the 

reef by dipping 250 ml opaque plastic (HDPE) brown bottles clamped to the end of a 2 

m long pole to a depth approximately 50 cm below the water surface.  Chlorophyll-a 

concentrations were determined following established procedures (Parsons et al. 1984, 

Menge et al. 1997b).  In the field, 50 ml of seawater was filtered through a 25 mm 

combusted Whatman glass fiber filter (GF/F) with a pore size of 0.7 μm using a low 

vacuum pressure (10 mm Hg), sealed in a centrifuge tube and placed on ice and 

transported to the laboratory where it was stored at -20°C until processing.  

Chlorophyll-a concentration was determined using a Turner Designs Model TD 70 

fluorometer after a 12-hour extraction in 90% HPLC acetone in the dark at -20°C.  

The fluorometer had been previously calibrated using a pure chlorophyll-a standard.  

While point measures in the ocean can vary widely compared to temporally integrated 

measures (Gaines and Bertness 1993), comparisons between data from our sampling 

program, more frequent bottle samples and continuous fluorometric sampling from 

field deployed fluorometers are all strongly correlated, and thus serve to identify clear 

regional patterns (F. Chan, K. Nielsen and B. Menge unpublished data). 

Mussel Growth 

 To determine the growth rate of Mytilus californianus at each site we followed 

established procedures (Menge 1992, Menge et al. 1994).  At each site small mussels 

(Mytilus californianus; 35-50 mm) were collected in situ and marked by filing a 2 mm 

notch in the growing (posterior) end of the mussel.  As the mussel grows, the notch is 

repaired and leaves a distinct mark from which initial size and growth can be 

measured.  Mussels were placed ventral side down in clumps of 30 or 50 mussels that 

were placed haphazardly in mussel bed gaps.  Mussel clumps were covered tightly 

with plastic mesh (Vexar; NorPlex, Auburn, WA) fastened to the rock with washers 

and lag screws that were screwed into plastic wall anchors placed in holes drilled in 

the rocks (Menge et al. 1994).  The mesh was loosened after one month to allow 

firmer attachment and removed after a second month.  Approximately a year later, 
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mussels were collected and measured for final length, and growth (notch to growing 

edge of mussel).  At the northern sites in all years and at southern sites during the last 

year of measurement, initial lengths (notch to anterior end) were also measured. Since 

a mussel is not flat, the three measurements (final, initial, and growth) form a triangle.  

Initial lengths for the southern sites in the first two years of the study were back 

calculated using a formula (growth = 0.620 + 1.145(final-initial)) derived from 

regression analysis of the data where all three measures were taken (R2 = 0.979, n = 

857).  Growth rates were calculated as proportional growth (final length-initial 

length)/initial length) * day-1 * 1,000. 

 The timing of transplants, numbers of mussels per clumps, and sites used each 

year varied slightly in several ways.  At northern sites (CM, FC, BB, SR, YB, SH, 

GH, CA, CB; see Fig. 2 caption for site codes) mussels were transplanted in 10 

clumps of 50 in June of 1999 and collected in May of 2000.  In 2000-2001 and 2001-

2002 mussels were transplanted in May and collected the following May, but the 50 

mussels consisted of 25 in situ mussels and 25 mussels from a common source site 

(marked with two notches).  Here, only data from the 25 in situ mussels were used; the 

comparison of in situ versus common source mussels will be reported elsewhere.  At 

southern sites in all years there were 8 clumps of transplant mussels.  In 1999-2000 

(LR, PSG, FWR, KH, FB) we used 30-mussel clumps that were put out in July and 

collected in June.  In 2000-2001 (LR, PSG, FK, TH, CMEN, SC, KH, FB) we used 

50-mussel clumps that were put out in June and collected in May.  In 2001-2002 (BH, 

PSG, TH, CME, SC, KH, FB) we used 50-mussel clumps that were put out in May 

and collected the following May.  These slight differences are unlikely to affect 

regional comparisons of mussel growth as measurements were standardized to a 

growth per day basis, the measurements were taken over relatively long periods (a 

year), and the regional patterns were consistent between years. 

Settlement and Recruitment 

 Mussel recruitment was measured using plastic mesh balls (SOS Tuffy pads, 

The Clorox Company, Oakland, California, USA; Menge et al. 1994), hereafter 
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termed “mussel collectors.”  Mussel recruits are defined as juvenile mussels that have 

metamorphosed into the adult form.  At each site five mussel collectors were attached 

to the substrate using stainless steel screws and washers that were inserted through the 

collector and fastened to the rock using a plastic wall anchor in a drilled hole.  Mussel 

collectors were placed haphazardly in the mid intertidal zone mussel bed.  They were 

exchanged monthly from late March to December from 2000 to 2003.  Recruitment of 

mussels was not monitored during winter months as high waves during winter storms 

often preclude collector exchange.  Further, recruitment is very low during winter 

months (Connolly et al. 2001).  Mussel collectors were taken from the field to the lab 

and stored at -20° C until processed.  Mussels were counted by cutting open the mesh 

pad and spraying it down thoroughly with water into a lab tray.  Tray contents were 

poured through a 250 μm sieve, and sieve contents were then cleaned off into Petri 

dishes with a small amount of water.  Mussels were counted and identified to genus, 

because Mytilus californianus and Mytilus trossulus are not readily distinguishable at 

that size (Menge et al. 1994).  Examination of cleaned mussel collectors under a 

dissecting scope revealed no remaining mussels.  Mussel collectors with exceptionally 

high recruitment (>4,000 recruits per mussel collector) were sub-sampled by dividing 

the sample with a plankton splitter into either halves or quarters. 

 Settlement of barnacles was determined using 10 x 10 x 0.4 cm plexi-glass 

plates covered with safety walk tape (3M Company, Saint Paul, Minnesota, USA; 

Menge 2000), hereafter termed “settlement plates.”  Barnacle settlement is defined 

here as the combination of barnacle cyprids (last planktonic larval stage), 

metamorphosed barnacles and empty barnacle tests (dead barnacles that were once 

settlers) found on a settlement plate.  Plates were attached to the rock with a stainless 

steel lag bolt fastened with a plastic wall anchor in a drilled hole.  Barnacle settlement 

was monitored over the same time periods and exchanged on the same schedule as 

mussel collectors.  Upon collection, settlement plates were returned to the laboratory 

where settlers were counted under a dissecting scope.  We identified Balanus glandula 

and Chthamalus dalli cyprids and barnacles to species.  Settlement plates were sub-
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sampled when total barnacle settlers were greater than 1,000 by dividing the plate into 

four equal corner sections and randomly choosing a corner to count. 

Analysis 

 Sites were grouped into regions for analysis.  When two regions were used, 

sites were grouped into a “North” (sites north of Cape Blanco) and “South” (sites 

south of Cape Blanco).  When three regions were used, sites were grouped into 

“Southern” (south of Cape Mendocino), “Central” (sites between Capes Mendocino 

and Blanco), and “Northern” (north of Cape Blanco) regions.  We included the CB site 

with sites south of Cape Blanco because oceanographically this site is more similar to 

sites to the south than to the north (Barth et al. 2000, Freidenburg 2002).  We grouped 

CME and CMEN sites with sites to the south of Cape Mendocino because these sites 

are a few kilometers south of the actual Cape Mendocino. 

Analysis of variance (ANOVAs) and analysis of covariance (ANCOVAs) were 

used to determine how each biological parameter measured varied among sites.  

Response variables were chlorophyll-a concentrations, growth rates of the mussel M. 

californianus, recruitment of Mytilus spp., and settlement of B. glandula and C. dalli.  

Annual site averages were used as the response.  For chlorophyll-a concentrations we 

used the average of the four collection dates per year at a site.  In the mussel growth 

analysis average initial size of mussels at a site for each year was included as a 

covariate to account for small differences in initial mussel sizes used between sites and 

years.  Settlement and recruitment were measured as the average number of recruits 

per day from April thru November.  Data were transformed as needed to meet 

ANOVA assumptions of normality (ln(y) for chlorophyll-a concentration, mussel 

recruitment and barnacle settlement; square root of (y) for mussel growth), and 

residuals were visually inspected for outliers.  Based on a priori knowledge of the 

coastal oceanography in the study region, for each biological parameter, three models 

were compared for best fit: 1) a linear gradient based on latitude (hereafter “latitude 

model”, 2) a single step cline with the transition occurring at Cape Blanco (hereafter 

“two-region model”), and 3) a two step cline with transitions at Cape Blanco and Cape 
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Mendocino (hereafter “three-region model”).  All models also included year and year 

by region or latitude interactions.  Since the latitude model and two-region model had 

the same number of parameters, the fit of the models were compared using R2 values 

for model fit.  The higher parameter three-region model was compared to the other 

models using extra sum of squares F-tests.  Effect groups (Years and Regions) were 

compared and 95% confidence intervals of differences were constructed using Tukey-

Kramer HSD. 

 To determine if there was a correlation between chlorophyll-a concentration 

and mussel growth rate, an ANCOVA model was constructed for study sites and years 

for which both chlorophyll-a concentration and mussel growth were measured.  

Average initial mussel size, year, and interactions between year and chlorophyll-a 

concentration were included in the model.  Mussel growth and chlorophyll-a 

concentration were transformed as needed to meet ANCOVA assumptions of 

normality (ln (y) for chlorophyll a concentration, square root of (y) for mussel 

growth). 

 To determine if there was evidence for regional breakpoints in the timing of 

biological events, we examined the correlations between sites in the timing of mussel 

settlement, barnacle recruitment and chlorophyll-a concentrations using multivariate 

statistics.  Multivariate analyses enabled us to examine the correlations between 

multiple sites simultaneously using multiple types of data.  A subset of sites (CM, FC, 

BB, SR, YB, SH, GH, CA, BH, PSG, TH, CME, KH and FB; 14 total) was analyzed 

that maximized both the number of sites in each region and the number of months with 

concurrent settlement and recruitment measures.  Only site averages were used for 

which settlement and recruitment were measured over the same month time period for 

all sites.  Sampling dates for chlorophyll-a concentrations were only used in the 

multivariate analyses if all sites in the subset were represented (n = 13). 

The recruitment, settlement and chlorophyll-a concentration data were 

transformed to give equal weight to the different types of data and to focus analyses on 

the temporal patterns rather than the obvious magnitude patterns.  First, the data were 
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ln-transformed to establish normal distributions for each response at a site.  Second, 

for each response type (e.g., Mytilus spp. recruitment) at a site, the data were 

converted to standard deviates from the mean of that response at that site.  This 

eliminated differences in magnitude between sites, making comparisons based on the 

number of standard deviations a sample was from the long-term mean for that site.  

Lastly, the data sets were combined to make a single matrix of 14 sites by 51 columns 

of standard deviates from sampling periods (chlorophyll-a concentration, n = 13, 

Mytilus spp. settlement, n = 14; B. glandula recruitment, n = 12; and C. dalli 

recruitment, n = 12). 

An NMS (non-metric multidimensional scaling; Kruskal 1964, Mather 1976) 

ordination of sites in standard deviate space was used to examine the correlations 

between sites and regions.  NMS has been shown to most accurately represent the 

underlying structure of several test data sets when compared to other ordination 

techniques (Minchin 1987, Clarke 1993).  It uses an iterative search for low stress, 

with stress defined as the relationship between ranked distances in the reduced 

dimension ordination space and the ranked distances in the original multidimensional 

data set.  We avoided local stress minima by carrying out 40 runs with random initial 

configurations and choosing the run with the lowest final stress for the analysis.  We 

used the global form of NMS, a Stability Criterion (McCune and Mefford 1999) of 

0.00001 units (using Kruskal’s stress formula 1; Kruskal 1964), and ended runs after 

10 iterations within that stability.  The dimensionality of the data set was determined 

using two criteria: each additional dimension had to decrease the final stress by 5 

units, and at that dimensionality the stress had to be lower than 95% of 50 runs with 

data randomly shuffled within columns (i.e., a Monte Carlo test with p < 0.05).  We 

compared our final NMS solution to a PCA (principle components analysis) 

ordination, the only other ordination type that can handle the negative numbers from 

our transformation to standard deviates, to ensure the NMS ordination accounted for 

more of the initial variation and that both ordinations revealed similar patterns.  NMS 
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ordination axes were rotated to best show the regional correlation patterns in two 

dimensions, and we used a regions overlay to help visualize those differences. 

We used MRPP (multi-response permutation procedure; Mielke 1984), a 

nonparametric procedure, to test for regional groupings (i.e., two-region and three-

region models) of sites in their timing of biological events.  Tests were also done for 

pairwise differences between regions in the three region model.  A Bonferroni 

corrected significance level (p < 0.0167) was used to protect for the multiple 

comparisons.  MRPP was performed on rank distances between sites, as it is more 

analogous to the NMS procedure (McCune and Grace 2002). 

Univariate analyses were run with JMP IN 4.0.4 (SAS 2001).  Multivariate 

analyses were completed with PC-ORD (McCune and Mefford 1999).  Euclidean 

(Pythagorean) distance measures were used for MRPP and NMS ordination. 

 

RESULTS 

Chlorophyll (a) 

 We found a latitudinal gradient in the concentration of chlorophyll-a in coastal 

waters along the Oregon and northern California coast (Fig. 2.3.).  The data were best 

fit by the latitude model (Table 2.1.).  Chlorophyll-a per liter was estimated to increase 

at a multiplicative rate of 1.34 times per degree of latitude (95% confidence interval 

from 1.23 to 1.46).  There was a significant effect of year, with chlorophyll-a 

concentrations estimated to be approximately 50% lower in 2003 than in 2001 and 

2002 (Tukey-Kramer HSD).  The latitude model fit better than the two-region model 

(R2 = 0.531 vs. R2 = 0.412), and although the three-region model had a slightly better 

overall fit (R2 = 0.558), there was no evidence the extra parameters in the three region 

model were needed to explain the variation in chlorophyll-a (Extra Sum of Squares F-

test, F4,56 = 0.832, P = 0.5105).  After accounting for year, chlorophyll-a in the 

Southern region  was lower than both Central and Northern regions, but chlorophyll-a 

concentrations in the Central and Northern regions were not different (Tukey-Kramer 

HSD). 
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Figure 2.3. Yearly mean concentration of chlorophyll-a (µg/l) in coastal water 
samples as a function of latitude.  Dotted lines indicate the location of Cape 
Mendocino (left) and Cape Blanco (right). 
 



 
 
 

24 

 
 
 
Table 2.1. Results of best fitting ANOVA or ANCOVA between the latitudinal 
model, two-region model and three-region model for Chlorophyll-a concentration, M. 
californianus growth, Mytilus spp. recruitment, B. glandula settlement and C. dalli 
settlement.  CA = Cape Arago. 
 

Analysis Source Df MS F P 

Chlorophyll (a) 
Concentration 

Year 
Latitude 
Year X Latitude 
Residual 

3
1
3

60

2.633
27.883
1.196
0.579

4.549 
48.166 
2.065 

0.0061
<0.0001

0.1143

M. californianus 
Growth 

Initial Mussel Size 
Year 
Two-Region 
Year X Two-Region 
Residual 

1
2
1
2

36

0.028
0.001
1.859
0.033
0.038

0.731 
0.020 

49.209 
0.873 

0.3983
0.9799

<0.0001
0.4262

Mytilus spp. 
Recruitment 
With CA 

Year 
Latitude 
Year X Latitude 
Residual 

3
1
3

54

1.745
129.690

3.137
0.973

1.794 
133.339 

3.226 

0.1592
<0.0001

0.0295

Mytilus spp. 
Recruitment 
Without CA 

Year 
Three-Region 
Year X Three-Region 
Residual 

3
2
6

47

0.212
69.930
1.779
0.658

0.323 
106.327 

2.705 

0.8088
<0.0001

0.0244

B. glandula 
Settlement 

Year 
Latitude 
Year X Latitude 
Residual 

3
1
3

55

0.278
55.240
0.604
0.483

0.575 
114.0715 

1.247 

0.6339
<0.0001

0.3016

C. dalli 
Settlement 

Year 
Three-Region 
Year X Three-Region 
Residual 

3
2
6

51

1.242
11.435
0.612
0.971

1.279 
11.777 
0.630 

0.2914
<0.0001

0.7054
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Mussel Growth 

 M. californianus growth rates were higher North than South (Fig. 2.4.).  After 

accounting for average initial mussel size at a site, the two-region model (Table 2.1.) 

explained more of the variation in mussel growth than the latitude model (R2 = 0.620 

vs. R2 = 0.427).  There was no evidence the extra parameters in the full three region 

model were needed (Extra Sum of Squares F-test, F3,42 = 1.18, P = 0.33).  After 

accounting for year and initial mussel size, chlorophyll-a was not correlated with 

mussel growth (ANCOVA Effect Test, F1,26 = 2.85, P = 0.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Annual proportional growth per day of the mussel M. californianus as a 
function of latitude.  Dotted lines indicate the location of Cape Mendocino (left) and 
Cape Blanco (right). 
 

Settlement and Recruitment 

 Mytilus spp. recruitment decreased with decreasing latitude (Fig. 2.5., top).  

The shape of the latitudinal change depended on whether or not CA, a consistent  
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Figure 2.5. Yearly mean Mytilus spp. recruitment (top) and B. glandula (middle) and 
C. dalli (bottom) settlement rates from April through December expressed as numbers 
per collector per day as a function of latitude.  Dotted lines indicate the location of 
Cape Mendocino (left) and Cape Blanco (right). 
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outlier in the north of Cape Blanco region, was included in the analysis.  With CA 

included, the latitudinal model (R2 = 0.729, Table 2.1.) fit better than either the two-

region model (R2 = 0.680) or the three-region model (R2 = 0.728, with four more 

parameters).  From north to south, Mytilus spp. recruitment was estimated to decrease 

at a multiplicative rate of 2.13 times per degree of latitude (95% confidence interval 

from 1.86 to 2.43).  Without CA the transition in Mytilus spp. recruitment was best fit 

by the three-region model (R2 = 0.834), which was a significant improvement on the 

two-region model (Extra Sum of Squares F-test, F4,47 = 3.51, P = 0.014).  Not 

including CA, the two-region model (R2 = 0.784) had a slightly better fit than the 

latitude model (R2 = 0.771).  Northern sites were estimated to have 40 times higher 

recruitment than Southern sites (95% Confidence Interval from 20 to 78.5, Tukey-

Kramer HSD) and 14 times higher recruitment than Central sites (95% Confidence 

Interval from 7.6 to 25.5, Tukey-Kramer HSD).  Central sites were estimated to have 

2.8 times higher recruitment than Southern sites (95% Confidence Interval from 1.4 to 

6.0, Tukey-Kramer HSD). 

 Settlement rate of the barnacle B. glandula decreased steadily with decreasing 

latitude (Fig. 2.5., middle).  The latitude model best explained the transition in B. 

glandula settlement (R2 = 0.696, Table 2.1.), with settlement per day estimated to 

decrease from north to south at a multiplicative rate of 1.6 times with each degree 

latitude after accounting for year (95% confidence interval from 1.5 to 1.8).  CA was a 

consistent outlier in the Northern region.  Analysis without the CA site improved the 

fit of the three-region model (from R2 = 0.646 to R2 = 0.729) and the two-region 

model (from R2 = 0.526 to R2 = 0.607), but the latitude model still explained the 

variation in B. glandula settlement better for the given number of parameters (R2 = 

0.720, Extra Sum of Squares F Test, F = 0.43, P = 0.79).  In the analysis without CA, 

Northern sites were estimated to have 12.6 times higher settlement than Southern sites  

(95% Confidence Interval from 7.0 to 22.8, Tukey-Kramer HSD) and 3.8 times higher 

settlement than Central sites  (95% Confidence Interval from 2.25 to 6.5, Tukey-
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Kramer HSD).  Central sites were estimated to have 3.3 times higher settlement than 

Southern sites (95% Confidence Interval from 1.7 to 6.3, Tukey-Kramer HSD). 

 C. dalli settlement rates were lowest at Southern sites (Fig. 2.5., bottom).  

None of the latitudinal change models explained the transition in C. dalli settlement 

well (three-region, R2 = 0.378; latitude, R2 = 0.260; two-region, R2 = 0.180), but of the 

three models, the three-region model fit best (Table 2.1.).  The additional resolution 

provided by the extra parameters in the full three-region model from the full latitude 

model was weakly supported (Extra Sum of Squares F Test, F4,51 = 2.43, P = 0.0599), 

but if (the non-significant) interaction terms were excluded, the extra parameters in the 

three-region model was strongly supported over the latitude model (Extra Sum of 

Squares F Test, F1,57 = 6.87, P = 0.01).  Further, deletion of CA, a consistent outlier in 

the Northern region, from the analysis even more strongly supported the need for the 

extra parameters in the three-region model with interactions (Extra Sum of Squares F 

Test, F4,47 = 3.79, P = 0.009).  Using the three-region model with interactions, 

Northern sites were estimated to have 4.97 times higher settlement than Southern sites 

(95% Confidence Interval from 2.2 to 11.2, Tukey-Kramer HSD) and 1.2 times higher 

settlement than Central sites (95% Confidence Interval from 0.59 to 2. 5, Tukey-

Kramer HSD).  Central sites were estimated to have 4.1 times higher settlement than 

sites south of Cape Mendocino (95% Confidence Interval from 1.66 to 10.3, Tukey-

Kramer HSD). 

Spatial Correlations 

 Fluctuations in chlorophyll-a concentration, Mytilus spp. settlement, and 

barnacle recruitment were more highly correlated between sites within regions than 

between sites among regions (Fig. 2.6., Table 2.2.).  A NMS ordination indicated a 3 

dimensional solution was appropriate (Monte Carlo test, P = 0.0196, final stress = 

6.190) in which sites visually form three clusters that correspond to the three 

geographic regions.  Sites closer together in ordination space had more highly 

correlated temporal variation of biological responses than sites farther apart (e.g., FB 

versus KH: R2 = 0.648 compared to TH versus YB: R2 = 0.003).  The three-region  
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Figure 2.6. NMS ordination of sites in Mytilus spp. recruitment, B. glandula and C. 
dalli settlement, and chlorophyll-a concentration standard deviate space.  The 
ordination is based on standard deviates of sampling periods (monthly periods for 
recruitment and settlement, point samples for chlorophyll-a) from the site average of 
that parameter (e.g., Mytilus spp. recruitment).  Sites are compared to each other using 
sampling periods.  The closer sites are to each other in ordination space the more 
highly correlated the standard deviates across sampling periods were between those 
sites and the better the timing of recruitment, settlement and chlorophyll-a 
concentration matched between those sites.  The three dimensional ordination is 
rotated to show the regional structure of the ordination in two dimensions.  Symbols 
code for region, and sites are specified with their multi-letter abbreviation (see Fig. 2 
caption for code).  The NMS ordination represented the structure of the original data 
well (90.5 % of the variance represented).  Axes 1 and 2 were correlated with multiple 
sampling periods from each parameter. 
 
 
 
model fit the data better than the two-region model (Table 2.2.; two-region model A = 

0.259 versus three-region model A = 0.468).  However, the TH site from the Central 

region was an outlier.  In ordination space TH was located between the cluster of the 
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other two sites in the Central region (BH and PSG) and the cluster of sites from the 

Southern region (Fig. 2.6.).  This resulted in marginal but insignificant evidence that 

chlorophyll-a concentrations and settlement between the Central and Southern regions 

was more highly correlated between sites within each region than among sites between 

the two regions (Table 2.2.). 

 

 

Table 2.2.Results of MRPP (multi-response permutation procedure; Mielke 1984) 
tests for two-region and three-region models, and tests for all pairwise comparisons 
between regions.  The chance-corrected within-group agreement (A) is a measure of 
the effect size.  A = 0 when the heterogeneity within groups equals what is expected 
by chance, and A = 1 when all items within groups are equal. 
 
 Regions A P 
 

Three Region Model 
Two Region Model 

0.4676 
0.2592 

<0.0001 
0.0013 

 
 

Multiple Comparisons (significance when P <0.0167) 
Northern vs Central 
Northern vs Southern 
Central vs Southern 

 
0.2546 
0.3782 
0.3175 

 
0.0012 
0.0005 
0.0249 

 
 
 
  
 

 

DISCUSSION 

Latitudinal Variation in Bottom-Up Inputs 

 The increase from south to north in coastal chlorophyll-a concentrations (Fig. 

2.3., Table 2.1.), indicates that more phytoplankton is available to be consumed by 

filter feeding invertebrates north of Cape Blanco than south of Cape Blanco.  While 

phytoplankton is just one potential food source for filter feeding invertebrates in the 

rocky intertidal zone (others include detritus, bacteria, and zooplankton; Alfaro 2006), 

Bracken (2003, MS in prep.) has shown that mussel growth is faster when 

phytoplankton is the primary component of the particulate resources available to filter 

feeders.  Hence, the strong latitudinal gradient in chlorophyll-a is evidence that the 
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latitudinal gradient in community structure may be driven by more than just the 

latitudinal gradient in recruitment (Connolly et al. 2001).   

The gradient in chlorophyll-a concentration could be caused by regional 

differences in the generation and delivery of phytoplankton blooms to shore.  

Upwelling fuels phytoplankton blooms by bringing nutrient-rich water into the photic 

zone, but upwelling and other coastal circulation patterns also affect phytoplankton 

concentrations by transporting, concentrating and dispersing plankton to or away from 

an area.  Spitz et al. (2005) used a model to evaluate the balance between biological 

and physical forcing in controlling the cross-shelf patterns of nutrients, phytoplankton 

and zooplankton along the Oregon coast. They found that during upwelling the 

offshore advection of water leads to low concentrations of phytoplankton and 

zooplankton nearshore, while farther offshore high nutrient availability leads to 

phytoplankton blooms that outpace zooplankton grazing.  During downwelling, the 

high offshore biomass is brought back into nearshore waters.  This dynamic was 

observed along Washington, where upwelling flushed the coastal ocean with high 

nutrient low phytoplankton water (Roegner et al. 2002).  The upwelling resulted in a 

bloom of phytoplankton 10 to 40 km offshore that was delivered to shore once 

upwelling-favorable winds relaxed.  Similarly, off Pt. Arena, California, the growth of 

a phytoplankton bloom was documented in a parcel of water moving offshore in an 

upwelling jet, with the highest densities of phytoplankton reached only once the parcel 

of water was well offshore (Abbott and Zion 1985).  Along central Oregon 

phytoplankton is concentrated and retained offshore in an eddy over Heceta Bank 

during upwelling (Barth and Wheeler 2005).  During relaxation events the retained 

productivity is delivered onshore leading to higher concentrations of phytoplankton to 

the coast inshore of Heceta Bank than along a nearby stretch of coast to the north 

where phytoplankton was not retained offshore during upwelling (Menge et al. 1997a, 

Kosro 2005).   

The latitudinal change in coastal phytoplankton, like the latitudinal change in 

recruitment, is likely to be driven by regional differences in upwelling.  South of Cape 
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Blanco, where upwelling is stronger and more persistent (Parrish et al. 1981, Huyer 

1983, Hickey 1998), coastal waters may be consistently flushed with nutrient-rich, low 

phytoplankton water and rarely have phytoplankton blooms transported back toward 

the coast.  As nutrient-rich water in this region develops into a phytoplankton bloom, 

those waters bearing the bloom are likely to be carried far offshore by strong 

upwelling.  Furthermore, jets associated with the intensification of upwelling winds at 

coastal promontories at Cape Blanco (Barth et al. 2000), Cape Mendocino (Largier et 

al. 1993) and Point Arena (Abbott and Zion 1985) may flush phytoplankton offshore 

as nearshore waters moving southward in the flow of the California Current encounter 

these jets.  North of Cape Blanco, where upwelling is weaker and periodic (Huyer 

1983, Hickey 1998), coastal waters may get flushed with nutrient-rich low 

phytoplankton waters and then have subsequent relaxation events deliver 

phytoplankton blooms back to shore (Menge et al. 1997a, Spitz et al. 2005). 

Other potential causes of the latitudinal change in phytoplankton density along 

the shore include differences in nutrient availability and zooplankton grazing pressure.  

The nutrient availability hypothesis is unlikely given that the latitudinal gradient in 

upwelling is negatively correlated with the phytoplankton gradient.  Recent analyses 

suggest that in fact, along the Oregon and northern California inner shelf, nutrient 

concentration is negatively, not positively associated with phytoplankton 

concentration (F. Chan et al. unpublished data).  The grazing pressure hypothesis is 

also unlikely.  Zooplankton density in the inner shelf region is likely to be affected by 

the offshore transport of upwelling (e.g., Fig. 2.5., Roughgarden et al. 1988, Farrell et 

al. 1991, Wing et al. 1998, Connolly et al. 2001, Spitz et al. 2005), which would result 

in the opposite zooplankton density pattern needed to drive the phytoplankton 

gradient.  That is, assuming that our measures of recruitment reflect zooplankton 

concentration along the shore, zooplankton and phytoplankton concentration would be 

positively, not negatively correlated.  The correlations for nutrients and phytoplankton 

are based on shore and inner shelf samples; these patterns are likely to change farther 
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from shore as populations of phytoplankton and zooplankton increase in parcels of 

water that are moving offshore (e.g., Abbott and Zion 1985, Spitz et al. 2005). 

The higher growth rates of M. californianus north of Cape Blanco than south 

of Cape Blanco (Fig. 2.4., Table 2.1.) is further evidence of regional differences in 

bottom-up inputs to the northern California and Oregon coasts.  As the dominant 

competitor for space in this region (Paine 1966), regional differences in M. 

californianus growth rates are likely to affect community structure.  North of Cape 

Blanco the higher growth rate of M. californianus is likely to intensify competition for 

space and therefore also increase the importance of predation and disturbance of M. 

californianus as factors opening up space for other species (Paine 1966, Menge and 

Sutherland 1987).  In contrast the slower growth rate of M. californianus south of 

Cape Blanco is likely to decrease the intensity of competition for space while 

increasing the importance of recruitment events to fluctuations in cover of different 

species (Gaines and Roughgarden 1985). 

Further research is needed to determine the cause of the difference in M. 

californianus growth rates between north and south of Cape Blanco.  It is not possible 

to rule out food supply as the cause even though mussel growth rates were not 

correlated with chlorophyll-a concentrations and research along the central and 

southern California coasts did not find that the rate of M. californianus growth was 

related to variation in food supply (Phillips 2005).  While our sampling of chlorophyll-

a was able to capture the latitudinal gradient in coastal phytoplankton biomass, the 

four point samples each summer were probably not adequate to describe the integrated 

phytoplankton biomass at sites over the full year when mussel growth was measured 

(Gaines and Bertness 1993).  Additionally, measuring phytoplankton biomass does not 

capture the entire food supply of M. californianus that also includes detritus, bacteria, 

zooplankton and other organic material (Morris et al. 1980, Duggins et al. 1989, 

Alfaro 2006).  Temperature was correlated with M. californianus growth in central 

and southern California where there is a large gradient in temperature (Phillips 2005), 

but there are no large water temperature differences along the northern California and 
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Oregon coasts to explain the variation in mussel growth rates (B. Menge and C. Krenz, 

unpublished data).  Furthermore the time of emersion is unlikely to explain the 

difference, as there are no consistent differences in the range of tidal heights that 

mussel beds occupy north and south of Cape Blanco (B. Menge, unpublished data). 

 

Latitudinal Recruitment Transition 

 The nature of the change in recruitment of sessile invertebrates north and south 

of Cape Blanco differed for each species studied (Fig. 2.5., Table 2.1.).  The 

intermediate levels of settlement and recruitment found in the Central region indicates 

that this is a transition region between the highest levels of recruitment found north of 

Cape Blanco and the lowest levels of recruitment found south of Cape Mendocino.  

There are several nearshore current patterns that could provide insight into potential 

causes of the Central transition region.  While upwelling is stronger and the upwelling 

front is typically farther offshore in the Central than in the Northern region, upwelling 

is typically even more intense and the upwelling front tends to be located even further 

offshore in the Southern region (Huyer 1983, Strub et al. 1991, Largier et al. 1993).  

Cold water filaments, which can be tens of meters deep and extend more than two 

hundred kilometers offshore, are associated with an intensification of upwelling at 

headlands in the California Current (Davis 1985, Kelly 1985, Ebert and Russell 1988, 

Hickey 1998), including Cape Blanco (Barth et al. 2000) and Cape Mendocino 

(Largier et al. 1993).  The areas immediately south of coastal headlands are often 

associated with an anticyclonic eddy (Largier et al. 1993, Barth et al. 2000) that can 

result in the retention of and higher recruitment of benthic larvae (Ebert and Russell 

1988, Wing et al. 1995a).  In contrast, north of coastal headlands nearshore waters 

move southward in the general flow of the California Current where they may get 

swept offshore with the recently upwelled cold water in the filaments (Largier et al. 

1993, Wing et al. 1995a, Barth et al. 2000, Batchelder et al. 2002a, Barth 2003), 

potentially resulting in the flushing of larvae far offshore.  The interaction between 

gradual upwelling intensification and the strong offshore flushing of larvae at Capes 
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Blanco and then Mendocino could result in the non-linear changes in larval 

concentration observed in the transition from the Northern to Central to Southern 

regions. 

 For all species, CA was a consistent outlier in the Northern region, which may 

be explained by consistently strong localized upwelling at Cape Arago (B. Menge, 

personal observation), which could generate smaller scale patterns that mirror larger 

scale changes further south.  The outlier status of this site is emphasized by the high 

recruitment seen at the next site south, Blacklock Point, located just north of Cape 

Blanco.  Our data, and three additional years of data by Freidenburg (2002) reveal 

levels of recruitment at this site that are much higher than at CA, more comparable to 

sites north of CA and intermediate between these and CB.  

The different latitudinal patterns of B. glandula and C. dalli settlement and 

Mytilus spp. recruitment indicate each species is interacting differently with the 

physical and biological environment.  Of the different species, the Mytilus spp. 

complex had by far the largest change in recruitment at Cape Blanco (Fig. 2.5., 95% 

confidence intervals for difference in Mytilus spp. recruitment between Northern and 

Central regions did not overlap with intervals for B. glandula and C. dalli).  As such, 

Mytilus spp. recruitment came closest to fitting the two-region model.  However, there 

were no consistent differences between species in the recruitment drop between the 

Central and Southern regions for all species measured (Fig. 2.5., 95% confidence 

intervals for differences between regions largely overlapped).  The large change in 

Mytilus spp. recruitment at Cape Blanco could be driven by recruitment of M. 

trossulus which is rare at sites south of Cape Blanco (Chapter 3) but abundant and 

known to recruit in high densities at sites north of Cape Blanco (Menge et al. 1994).  

Because M. californianus is the competitive dominant in the rocky intertidal zone 

(Paine 1966), it is critical to determine the individual species recruitment patterns for 

M. californianus and M. trossulus in order to understand how recruitment affects 

intertidal community structure along the coasts of northern California and Oregon. 
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B. glandula settlement was best fit by the latitudinal model despite having very 

similar settlement levels at all sites in the Central region (Fig. 2.5.).  The increase in B. 

glandula settlement from the Central to the Northern region was only about a third the 

magnitude of the increase for Mytilus spp. (Fig. 2.5., recruitment increase was 

estimated as 14.0 times higher for Mytilus spp. and 3.8 times higher for B. glandula). 

Regional comparisons suggest that recruitment of C. dalli varied relatively 

little across the transition region compared to the patterns for Mytilus spp. recruitment 

and B. glandula settlement (for best fitting model: C. dalli, R2 = 0.378; Mytilus spp., 

R2 = 0.834; B. glandula, R2 = 0.720), with greater differences in settlement occurring 

between sites within a region than between regions (Fig. 2.5.).  C. dalli also showed 

the smallest overall change in settlement through the study region (Northern region vs. 

Southern region: 5.0 times higher for C. dalli, 39.6 times higher for Mytilus spp., and 

12.6 times higher for B. glandula).  In contrast to the other species measured, C. dalli 

settlement in the Central region was lower but was still not different from settlement 

in Northern region sites (comparison of 95% confidence intervals).  The site with the 

highest measured C. dalli settlement was TH, located in the southern part of the 

Central region.  Additionally the southern-most study site, PA, had C. dalli settlement 

equivalent to sites in the Northern region during the year settlement was monitored 

there.   

Potential explanations for the C. dalli pattern include the possibility of 

measured settlement being lower than actual settlement at sites north of Cape Blanco.  

At times of very high B. glandula settlement, barnacle cover on the settlement plates 

approached 100% (C. Krenz, personal observation).  On these plates juvenile B. 

glandula may have overgrown smaller C. dalli recruits or preempted C. dalli 

settlement on the plates.  Alternatively, C. dalli settlement at sites south of Cape 

Blanco actually may be relatively high compared to the other species studied.  Since it 

is a weak competitor for space (Dayton 1971), C. dalli may attain higher cover with 

decreased competition for space south of Cape Blanco, resulting in higher larval 

output and recruitment despite higher offshore advection of larvae by upwelling 
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(Connolly and Roughgarden 1998, but see Connolly et al. 2001 and Chapter 3).  

Lastly, the different settlement pattern could be a result of C. dalli larval behavior that 

results in higher larval retention near shore (Young 1995). 

The different patterns of recruitment between species may be the result of 

differences in the life history and larval behavior of the different species studied.  

Zooplankton species composition and abundance changes from north of Cape Blanco 

to south of Cape Blanco, which is likely the result of both the separation of the coastal 

jet at Cape Blanco from the continental shelf to offshore waters and the stronger more 

persistent upwelling that occurs south of Cape Blanco (Batchelder et al. 2002a, 

Peterson and Keister 2002).  Significant quantities of zooplankton get transported into 

offshore oceanic waters by jets and filaments south of Cape Blanco (including at Cape 

Blanco), whereas north of Cape Blanco losses of zooplankton from shelf waters 

appear to be small (Batchelder et al. 2002a, Peterson and Keister 2002, Barth and 

Wheeler 2005, Lamb and Peterson 2005, Ressler et al. 2005).  Zooplankton behavior, 

such as vertical migration, may enable zooplankton to avoid being advected offshore 

(Batchelder et al. 2002b, Shanks and Brink 2005, Marta-Almeida et al. 2006).  With 

the very different circulation regimes in the Northern and Southern regions, 

mechanisms and behaviors that enable a zooplankter to be retained in one region may 

not be effective in the other region (Batchelder et al. 2002a, Peterson and Keister 

2002).  As different species of zooplankton, B. glandula, C. dalli and Mytilus spp. 

larvae likely have different behaviors, planktonic durations and occur in the plankton 

at different times resulting in differential retention in nearshore waters. 

 Connolly et al. (2001) laid out a strong argument that the latitudinal transition 

in recruitment is predominantly caused by regional differences in the offshore 

advection of larvae by upwelling, but it is appropriate to revisit this hypothesis in light 

of the data presented here documenting a broader latitudinal transition of ecological 

subsidies that includes particulates (Figures 2.3 and 2.4).  While there is strong 

evidence for offshore flow affecting recruitment along the U.S. west coast (i.e., Ebert 

and Russell 1988, Roughgarden et al. 1988, Farrell et al. 1991, Wing et al. 1995a, 
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Wing et al. 1995b, Wing et al. 1998, Connolly and Roughgarden 1999a, Connolly et 

al. 2001), a latitudinal difference of particulate inputs may contribute importantly to 

the latitudinal transition in mussel and barnacle recruitment along the coasts of 

northern California and Oregon by affecting the reproductive output of mussels and 

barnacles.  A lower reproductive output of barnacles and mussels south relative to 

north of Cape Blanco may also be influencing the latitudinal transition in recruitment.  

Along the central Oregon coast the reproductive output of B. glandula is positively 

associated with nearshore productivity as measured by chlorophyll-a (Leslie et al. 

2005).  Sites within a high productivity region had 5x greater larval production than 

sites within a lower productivity region.  While reproductive output of B. glandula 

was not correlated with subsequent recruitment at this scale (80 km separating 

regions), there may be a correlation on the larger scale of the coasts of northern 

California and Oregon if the association between productivity and larval production is 

maintained throughout this region.  In open populations at a local scale, larval 

production may not be associated with recruitment because of mortality (Gaines and 

Roughgarden 1987, Houde 1987, Underwood and Fairweather 1989), transport 

(Roughgarden et al. 1988, Wing et al. 1998), mixing (Hughes et al. 2000) and larval 

behavior (Grosberg 1982, Gaines et al. 1985).  However at larger spatial scales 

approaching or exceeding larval dispersal distances, a relationship between overall 

larval production and recruitment within a region may occur (Grosberg and Levitan 

1992), as has been found for brooding corals on the Great Barrier Reef (Hughes et al. 

2000). 

While bottom-up inputs can affect the reproductive output of individual 

mussels and barnacles, the size of mussel and barnacle populations also affects the 

total reproductive output of those populations.  Both tidal amplitude and the amount of 

rock surface available can affect the size of sessile invertebrate filter feeding 

populations.  While we do not have data on the total amount of rock surface available, 

tidal amplitude increases from south to north along the U.S. west coast, resulting in 

smaller tidal ranges that intertidal organisms live within at sites south of Cape Blanco 
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compared to sites north of Cape Blanco.  Adult densities of mussels and barnacles may 

also differ between the regions south and north of Cape Blanco, potentially affecting 

the total population size of these animals as well.  The cover of B. glandula is higher 

at sites north of Cape Blanco than south of Cape Blanco (Connolly and Roughgarden 

1998), as is the cover of M. trossulus (Chapter 3).  Connolly and Roughgarden (1998) 

also found M. californianus cover was higher at sites north than at sites south of Cape 

Blanco (but see Chapter 3), while cover of C. dalli showed the opposite pattern.  The 

suggestion that B. glandula and M. trossulus populations may be larger north than 

south of Cape Blanco points to the need to examine reproductive output of mussels 

and barnacles along the coasts of northern California and Oregon.   

The Scale of Benthic Pelagic Coupling 

 The groupings in the NMS ordination, of variation in correlations of 

recruitment and chlorophyll-a concentrations between sites, matched well to the three-

region model, with one exception, TH, which did not group out in a tight cluster with 

the other sites in the Central region (Fig. 2.6., Table 2.2.).  The clear grouping of the 

Northern sites with a noticeable separation from the Central sites reveals a break in the 

correlations between these two regions.  This break is confirmed by both the lack of a 

correlation between the two nearest sites, CA and BH, from each region in the analysis 

(Simple linear regression, P = 0.1850, R2 = 0.0363) as well as the pair wise MRPP 

results (Table 2.2.).  The physical or biological processes that cause variation in 

recruitment and coastal chlorophyll-a concentrations are evidently decoupled between 

the Northern and Central regions, likely the consequence of the change in ocean 

currents at Cape Blanco.  The weaker intermittent upwelling north of Cape Blanco 

(Huyer 1983, Batchelder et al. 2002a) may lead to pulses of recruitment and the 

delivery of phytoplankton into coastal waters that do not occur in the Central region 

because of the stronger more persistent upwelling that occurs there (Huyer 1983, 

Batchelder et al. 2002a).  In addition the large transport of nearshore water offshore at 

Cape Blanco (Barth et al. 2000, Peterson and Keister 2002, Barth 2003) may keep 

coastal recruitment and phytoplankton pulses from propagating southward along the 
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coast into the Central region.  Indeed, the greater offshore flow of water at and south 

of Cape Blanco has been found to alter the distributions and abundances of 

zooplankton in coastal waters between the Northern region and the Central region 

(Peterson and Keister 2002). 

The relatively few sites within each of the Southern and Central regions and the outlier 

status of TH weakened the statistical power of our tests and made it difficult to 

determine whether there were one or two regions south of Cape Blanco.  A 

comparison of the MRPP results for the two-region and three-region models indicates 

strong evidence for three regions, but the MRPP results for the comparison between 

the Central to the Southern region gave suggestive but inconclusive evidence for a 

difference between those two regions (Table 2.2.).  In addition there does not appear to 

be a clear break in correlations of recruitment and chlorophyll-a concentrations at 

Cape Mendocino between the Central and Southern regions as there was at Cape 

Blanco.  Recruitment and chlorophyll-a concentrations at TH were correlated with 

these measures at the other two Central sites and with the three Southern sites, even 

though there was a complete lack of any correlation between the Southern sites and 

the other two Central sites (Table 2.3.).  This odd result suggests that TH may 

represent another transitional region between the Central and Southern regions.  The 

lack of any correlation between the Southern and other two Central sites (BH and 

PSG) and the substantially better fit of the three region model are consistent with this 

idea. 

Despite the regional grouping apparent in the NMS ordination, sites located 

near to each other showed sizeable variation around the correlation between them 

(e.g., the correlation between KH and FB, located approximately 20 km apart, had an 

R2 = 0.6479).  The variation indicates that local processes, that operate on smaller 

scales than studied here, affect recruitment (e.g., Gaines et al. 1985, Shanks and 

Wright 1987, Raimondi 1988) and coastal chlorophyll-a concentrations (e.g., Menge 

et al. 1997b).  Even with that variability, the overlying regional correlations indicate 
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physical or biological forcing at the regional scale affects benthic-pelagic coupling 

across the region. 

 

 

Table 2.3. R-squared values for sampling period correlations between sites of the 
standard deviates from the site average for Mytilus spp. recruitment, B. glandula and 
C. dalli settlement, and chlorophyll-a concentration.  Asterisks denote P-values from 
linear regression (* P < 0.05, ** P < 0.01, *** P < 0.001). 
 

 BH PSG TH CME KH FB 
BH  0.1887** 0.0927* 0.0000 0.0038 0.0126 
PSG 0.1887**  0.1710** 0.0005 0.0074 0.0077 
TH 0.0927* 0.1710**  0.2522*** 0.2216*** 0.1514** 

CME 0.0000 0.0005 0.2522***  0.2713*** 0.3734***
KH 0.0038 0.0074 0.2216*** 0.2713***  0.6479***
FB 0.0126 0.0077 0.1514** 0.3734*** 0.6479***  

 

 

 

CONCLUSIONS 

 The rocky coast along northern California and Oregon is punctuated by a 

transition in pelagic subsidies.  Bottom-up inputs (phytoplankton) to rocky intertidal 

filter feeders were lower south of Cape Blanco than north of Cape Blanco.  The 

associated transition in recruitment does not appear to happen specifically at Cape 

Blanco as previously thought (Connolly et al. 2001).  Rather, the region between Cape 

Blanco and Cape Mendocino appears to be a transition zone between the very high 

levels of barnacle and mussel recruitment north of Cape Blanco and the very low 

levels of recruitment south of Cape Mendocino.  The nature of the transition, whether 

it was a steady latitudinal cline or happened in steps associated with coastal 

promontories, was species specific.  Evidence from the temporal fluctuations at sites 

in recruitment and chlorophyll-a concentrations indicates physical and or biological 

forcing affects benthic-pelagic coupling on a region level, with two and likely three 

separate regions between Cape Meares, OR, and Point Arena, CA, separated by the 
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coastal promontories of Cape Blanco and Cape Mendocino.  The timing of recruitment 

and chlorophyll-a concentrations at sites are correlated within regions but not between 

regions, suggesting that the time course of benthic-pelagic coupling is at least partially 

decoupled between regions. 

 The latitudinal difference in community structure (Roughgarden et al. 1988, 

Connolly and Roughgarden 1998) in the northeast Pacific is likely the result of 

latitudinal differences in subsidies (recruitment and phytoplankton inputs).  The 

transition in phytoplankton as a bottom-up affect is likely to affect both competition 

for space (Sanford and Menge 2001) and the reproductive output of mussels and 

barnacles (Leslie et al. 2005).  The potential for the reproductive output of mussels 

and barnacles to be affecting the latitudinal change in recruitment suggests that while 

the offshore advection of larvae is certainly important (Roughgarden et al. 1988, 

Farrell et al. 1991, Connolly et al. 2001) it may not be the only factor affecting 

recruitment.  The possible separation in benthic-pelagic coupling should be researched 

further with a focus of determining at what scale rocky shore communities contain 

populations that become more closed than open.  The findings presented here clarify 

the nature of benthic-pelagic coupling along the northern California and Oregon coasts 

and indicate the need for managers of benthic species to take into account the potential 

for regional differences in benthic-pelagic coupling. 
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ABSTRACT 

 Ecological subsidies from the pelagic environment are increasingly being 

found to set the stage upon which local species interactions are played out in 

temperate rocky shore communities.  Along the U.S. west coast it has been proposed 

that a latitudinal gradient in upwelling drives regional differences in community 

structure through upwelling’s affect on invertebrate recruitment, an ecological 

subsidy.  While latitudinal differences in rocky shore community structure and 

ecological subsidies, including recruitment of several dominant intertidal 

invertebrates, have been found in this region, it has not previously been tested whether 

or not community structure is correlated with those ecological subsidies.  At several 

sites along the northern California and Oregon coasts, we characterized the 

community composition of the mussel bed and monitored recruitment and sessile filter 

feeder food over a number of years.  The ecological subsidies we monitored had a 

high degree of covariation between sites, indicating a general latitudinal gradient in 

subsidies.  There was a strong correlation between our general measure of pelagic 

ecological subsidies that a site received and the composition of the mussel bed 

community at each site.  Interestingly several dominant species, including Mytilus 

californianus, were not correlated with subsidies while some of the strongest 

correlations were with predators, suggesting a bottom-up effect of ecological 

subsidies.  These results suggest and are consistent with previous work that pelagic 

subsidies are an important factor in regulating community structure of rocky intertidal 

communities along the U.S. west coast.  Similar research on the importance of pelagic 

subsidies in regulating the adjacent subtidal benthic communities is critical for the 

appropriate management of the important but depleted fisheries resources in those 

areas. 

 

INTRODUCTION 

Our understanding of the processes structuring rocky intertidal communities 

has shifted from a focus on local factors such as competition, predation and 
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disturbance, to the incorporation of factors varying on larger spatial scales including 

links to the surrounding pelagic environment (Menge and Branch 2001).  The 

influence of the pelagic environment on the structure of temperate rocky intertidal 

communities has been found to be important in several areas, including South Africa 

(Bustamante et al. 1995b), the U.S. west coast (Roughgarden et al. 1988, Menge et al. 

1997a, Connolly et al. 2001, Menge et al. 2004), New Zealand (Menge et al. 2003), 

and Chile (Broitman et al. 2001, Navarrete et al. 2005).  As global warming is 

predicted to alter coastal current patterns (e.g., Bakun 1990), climate change will 

likely bring changes to the connections between the rocky shore ecosystem and the 

surrounding pelagic environment.  Determining the prevalence and importance of 

links between temperate pelagic and benthic ecosystems will be critical to making 

accurate predictions of the effects of climate change on temperate rocky intertidal 

communities. 

We concentrate here on two general ways in which benthic communities are 

linked to the pelagic ecosystem (termed benthic-pelagic coupling; c.f. Menge et al. 

1997a).  First, oceanographic processes, such as upwelling, affect the survival, 

distribution and supply of propagules to benthic communities (Roughgarden et al. 

1988, Wing et al. 1995b, Connolly et al. 2001), potentially having a strong influence 

on population (Gaines and Roughgarden 1985, Caley et al. 1996) and community 

dynamics (Menge and Sutherland 1987, Roughgarden et al. 1988, Connolly and 

Roughgarden 1999b, Menge et al. 2003).  Second, through nutrient pulses upwelling 

can also influence phytoplankton and detritus concentration, which are primary food 

sources for filter feeding invertebrates such as barnacles and mussels, key “basal” 

species in intertidal communities.  As these are both inputs (particulates and larvae) 

into the benthic community from outside of the benthic community, we refer to these 

two types of inputs as ecological subsidies (c.f., Polis and Hurd 1996). 

Coastal upwelling is an ocean circulation pattern known to affect both 

recruitment subsidies (Roughgarden et al. 1988, Wing et al. 1995b, Connolly et al. 

2001, Navarrete et al. 2005) and particulate subsidies (Menge et al. 1997b, Broitman 
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et al. 2001) to coastal benthic communities.  It occurs along the western shores of 

landmasses when equatorward winds along with the Coriolis effect push the relatively 

warm and nutrient poor surface waters offshore, which are replaced with relatively 

cold and nutrient rich waters from depth.  Along the U.S. west coast there is a large 

latitudinal transition in the amount of coastal upwelling, with weaker upwelling along 

the central Oregon and Washington coasts and stronger upwelling along the central 

and northern California coasts (Parrish et al. 1981, Huyer 1983).  The transition in 

upwelling is the result of three factors: stronger and more consistent equatorward 

winds off the California coast, the presence of numerous headlands on the California 

coast that intensify upwelling winds, and a latitudinal gradient in the Coriolis effect. 

The latitudinal gradient in upwelling has been hypothesized to result in a 

latitudinal gradient in recruitment – through the offshore advection of larvae away 

from suitable adult habitat – that causes rocky intertidal community structure to vary 

along the U.S. west coast (Roughgarden et al. 1988).  Researchers working at rocky 

shore sites along the coasts of Washington and Oregon have found that post 

recruitment factors such as competition, predation, and disturbance regulate the 

abundance and distribution of organisms (e.g., Paine 1966, Dayton 1971, Paine 1974, 

Menge et al. 1994).  In contrast, research done in central California found that these 

factors were not as important in regulating the community.  Instead the abundance and 

distribution of dominant basal invertebrates were being driven by fluctuations in 

recruitment.  With evidence that coastal upwelling carried larvae offshore away from 

suitable adult habitat, Roughgarden et al. (1988) proposed that weaker upwelling 

along the Oregon and Washington coasts results in saturating recruitment levels that 

lead to post-recruitment processes, such as competition, predation and disturbance, 

regulating community structure in those areas.  In contrast, they proposed the stronger 

upwelling off California results in low recruitment levels that do not saturate resources 

and lead to population abundances following fluctuations in generally low levels of 

recruitment. 
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A latitudinal difference in both recruitment of intertidal invertebrates 

(Connolly et al. 2001, Chapter 2) and some aspects of community structure (cover of 

basal species; Connolly and Roughgarden 1998) has been found.  Additionally, there 

is evidence for a latitudinal difference in particulate food subsidies, with higher 

subsidies along the central Oregon coast than along the northern California coast 

(Chapter 2).  The transition in Mytilus spp. and B. glandula recruitment is dramatic, 

spanning over an order of magnitude (Connolly et al. 2001, Chapter 2).  However, the 

differences in community structure, especially within the mussel zone (mid-intertidal 

zone), are not as pronounced and show a high degree of within-region variation.  It 

therefore remains uncertain to what degree, if at all, variability in recruitment and 

particulate food subsidies is correlated with community structure.  In this article, we 

examine the degree of covariation between measures of recruitment and particulate 

food subsidies at sites along the northern California and Oregon coast.  We test 

whether those subsidies are correlated with the composition of the mussel bed 

community, including Mytilus californianus, the mussel bed foundation species 

(Connolly and Roughgarden 1998), as well as predators and other common species.  

Lastly, we determine which aspects of community composition vary with the larger 

correlation between subsidies and mussel bed community composition. 

 

METHODS 

 We collected subsidy and mussel bed community composition data at 13 wave-

exposed rocky shore sites along the U.S. West coast between Fort Bragg, CA (39.43° 

N) and Cape Meares, OR (45.47° N) (Fig. 3.1.).  Measures of subsidies were collected 

between 1999 and 2003, and included Mytilus spp., B. glandula and C. dalli 

recruitment and two proxies for particulate food subsidies: chlorophyll-a concentration 

and M. californianus growth rates.  The methods and results of these measures have 

been reported elsewhere (Chapter 2, Krenz et al. in prep).  All subsidies were 

measured at all sites with the exception that chlorophyll-a concentrations were not 

measured at Burnt Hill.  Data from Lone Ranch, located just to the south of Burnt Hill,  
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Figure 3.1. Map of northern California and Oregon coasts showing locations of study 
sites and major headlands.  Sites are specified with a multi letter abbreviation as 
follows: CM = Cape Meares (45.47); FC = Fogarty Creek (44.84); SR = Seal Rock 
(44.50); YB = Yachats (44.32); SH = Strawberry Hill (44.25); TK = Tokatee 
Klootchman (44.20); CA = Cape Arago (43.31); BH = Burnt Hill (42.23); LR = Lone 
Ranch (42.10); TR = Trinidad Head (41.07); CME = Cape Mendocino (40.35); KH = 
Kibesillah Hill (39.60); FB = Fort Bragg (39.43). 
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were used as a best estimate of chlorophyll-a concentrations at Burnt Hill.  Yearly 

averages of rates or concentrations of subsidies were used to create an overall site 

average.  The high degree of covariation between the different subsidies measured 

(Table 3.1.) allowed us to use principle components analysis (PCA) to condense the 

intercorrelated subsidies into one relative measure of overall subsidies at each site 

from the pelagic environment.  Prior to analysis, all data were ln-transformed to 

normalize distributions, with the exception of M. californianus growth rate data, 

which were already normally distributed.  Correlation coefficients were used to form 

the cross-products matrix for PCA.  PCA axes were determined to be significant if the 

eigenvalue for an axis was greater than the broken stick eigenvalue, indicating that 

axis contained more information than expected by chance (Jackson 1993). 

 

 

Table 3.1. Coefficients of determination (R2) between five measured subsidies: 
Mytilus spp. (Myt), B. glandula (Bal) and C. dalli (Chth) recruitment, chlorophyll a 
concentration (Chl), and M. californianus growth rates (MG).  Bolded values indicate 
evidence for a linear relationship (P < 0.05, simple linear regression). 
 

 Bal Chth Myt Chl MG 
Bal 1.000     

Chth 0.522 1.000    
Myt 0.811 0.339 1.000   
Chl 0.578 0.344 0.607 1.000  
MG 0.523 0.104 0.806 0.560 1.000 

 
 
 

 Aspects of the mussel bed community were measured at each site using a 

transect-quadrat method.  At each site, a 30m transect was placed in the wave exposed 

region along the mid elevation line of the mussel bed.  At a three-meter interval ten 

50cm X 50cm quadrats were placed along each transect so that half of the quadrat was 

above and half below the transect.  From each quadrat we measured cover of Mytilus 
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californianus, bare rock, Mytilus trossulus, Balanus glandula, Chthamalus dalli, 

Pollicipes polymerus, Semibalanus cariosus, algae and Nucella spp. egg capsules and 

densities of Nucella spp (N. canaliculata and N. ostrina) and sea stars within the 

mussel bed (Leptasterias hexactis and juvenile Pisaster ochraceus).  Cover included 

both the primary and secondary space occupied.  Mussel bed depth was measured at 

five fixed points in each quadrat by taking a screwdriver or long piece of rebar and 

forcing it through the mussel bed until it reached hard rock.  Lastly, the proportion of 

hummocked acorn barnacles was recorded in each quadrat as an estimate of intensity 

of competition for space (Bertness et al. 1998).  A barnacle was considered 

hummocked if crowding by other barnacles had visibly altered its shape from the 

uncrowded volcano shape.  The densities of Pisaster ochraceus, a keystone predator 

of mussels (Paine 1966), were determined at each site within three haphazardly placed 

10m X 2m band transects placed along the lower edge of the mussel bed at each site.  

Community composition data from sites with high and low subsidies were compared 

using t-tests.  Cover data were arcsine square-root transformed and count data were ln-

transformed to meet the assumption of normality.  A categorical response variable of 

high and low subsidies was constructed from the first component of the PCA analysis 

of subsidies, using positive and negative values to denote high and low subsidies 

respectively (Fig. 3.2.). 

 A non-metric multidimensional scaling (NMS; Kruskal 1964, Mather 1976) 

ordination of sites in community composition space was used to examine the 

relationship between community structure and pelagic subsidies.  NMS has been 

shown to most accurately represent the underlying structure of several test data sets 

when compared to other ordination techniques (Minchin 1987, Clarke 1993).  It uses 

an iterative search for low stress, with stress defined as the relationship between 

ranked distances in the reduced dimension ordination space and the ranked distances 

in the original multidimensional data set.  We avoided local stress minima by carrying 

out 40 runs with random initial configurations and choosing the run with the lowest 

final stress for the analysis.  We used the global form of NMS, a Stability Criterion  
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Figure 3.2. Latitude versus the combined measure of bottom-up inputs, PCA axis 1.  
PCA axis 1 was derived from analysis of Mytilus spp., B. glandula and C. dalli 
recruitment, chlorophyll a concentrations, and mussel growth. 
 

 

(McCune and Mefford 1999) of 0.00001 units (using Kruskal’s stress formula 1; 

Kruskal 1964), and ended runs after 10 iterations within that stability.  The 

dimensionality of the data set was determined using two criteria: each additional 

dimension had to decrease the final stress by 5 units, and at that dimensionality the 

stress had to be lower than 95% of 50 runs with data randomly shuffled within 

columns (i.e., a Monte Carlo test with P < 0.05).  Community composition data were 

transformed prior to analysis to meet assumptions of normality, as previously done for 

the t-tests, and a general relativization was used on each measure of community 

composition to keep the ordination from being unduly influenced by one or two 

measures.  We compared our final NMS solution to a PCA ordination to ensure the 

NMS ordination accounted for more of the initial variation and that both ordinations 

revealed similar patterns. 

 The NMS ordination was rotated to maximize the correlation between the 

general measure of relative subsidies (PCA axis 1) and one of the NMS ordination 
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axes.  After the ordination was rotated the correlations between measured subsidies 

and ordination axes were examined.  Joint plots were constructed; overlaying the 

relationships of subsidies measured with the ordination to show the strength and 

direction of those correlations.  A multi-response permutation procedure (MRPP; 

Mielke 1984) was used on rank-transformed data to test whether differences in general 

subsidies corresponded to differences in community composition.  To fit the 

requirements of MRPP, a categorical response variable of high and low subsidies was 

constructed using positive and negative values, respectively, from the first PCA axis 

for general subsidies.  Lastly, the correlations between NMS ordination axes and 

community composition data were calculated and joint plots constructed to gauge 

which attributes of the mussel bed community may be responding to variability in 

subsidies.  Multivariate analyses were completed with PC-ORD (McCune and 

Mefford 1999).  Sørenson (Bray-Curtis) distance measures were used for NMS and 

MRPP analyses. 

 

RESULTS 

 The first principal component (PCA axis 1) accounted for just over 75% of the 

variance in measured subsidies and was the only axis that explained more information 

than expected by chance (Table 3.2.).  PCA axis 1 was also strongly correlated with all 

of the measured subsidies (Table 3.3.).  The amount of variance explained and the 

strong correlations with original subsidy measures indicates that PCA axis 1 estimates 

the relative amount of subsidies to rocky shore sites from the pelagic environment.  

PCA axis 1 scores are high for sites along the central and northern Oregon coast and 

are low for sites along the southern Oregon and northern California coast, with a clear 

break between sites with high and low scores (Fig. 3.2.). 

 Analysis of transect data showed evidence that sites with high subsidies 

compared to sites with low subsidies had higher cover of M. trossulus, P. polymerus 

and Nucella spp. egg masses; lower cover of algae; and higher densities of Nucella 

spp. and low zone adult P. ochraceus (Figures 3.3. and 3.4.).   Both the cover of S. 
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cariosus and the proportion of barnacles that were hummocked tended to be higher at 

sites of high subsidies compared to sites with lower subsidies.  No evidence was found 

for difference between sites of high subsidies and low subsidies in the cover of bare 

rock, M. californianus, B. glandula, or C. dalli; density of sea stars within the mussel 

bed; or depth of the mussel bed. 

 

Table 3.2. Results of Principle Components Analysis of five subsidies: Mytilus spp., 
B. glandula and C. dalli recruitment, chlorophyll a concentration, and M. 
californianus growth rates.  The percent of variance included in each axis and the 
cumulative percent of variance included are shown.  Only the first axis included more 
information than expected by chance (i.e., eigenvalue > broken stick eigenvalue). 
 

Axis Eigenvalue % of variance
Cumulative % of 

variance 
Broken Stick 
Eigenvalue 

1 3.843 76.851 76.851 2.283 
2 0.729 14.572 91.423 1.283 
3 0.274 5.485 96.908 0.783 
4 0.119 2.38 99.288 0.45 
5 0.036 0.712 100 0.2 

 

 

Table 3.3. Correlations between subsidies and the principle component from PCA of 
those subsidies (P < 0.01 for all correlations, simple linear regression). 
 

Subsidy Measure R2 with PCA axis 1 
Mytilus spp. recruitment 0.920 
B. glandula recruitment 0.887 

C. dalli recruitment 0.513 
Chlorophyll-a concentration 0.789 
M. californianus growth rate 0.735 

 

 

 The NMS ordination of sites in community composition space (Fig. 3.5.) and 

MRPP analysis of those data (chance-corrected within group agreement, A = 0.3254; P 

= 0.0006) showed strong evidence that sites within a subsidy level (high or low) were 

more similar to one another than sites of differing subsidy levels.  The NMS  
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Figure 3.3. Cover of bare rock (A), M. californianus (B), M. trossulus (C), B. 
glandula (D), C. dalli (E), P. polymerus (F), S. cariosus (G), and algae (H) in the mid 
intertidal zone at each study site.  Cover includes both primary and secondary cover, 
allowing total cover at each site to exceed 100%.  Sites are arranged from south to 
north, with cross-hatching denoting sites with low subsidies (PCA axis 1 scores < 0, 
Fig. 2) and diagonal lines indicating sites with high subsidies (PCA axis 1 scores > 0, 
Fig. 2).  Error bars represent the standard error of untransformed data around the site 
mean.  Asterisks denote degree of evidence found for differences in cover between 
sites of high and low subsidies (* P < 0.05, ** P < 0.01), but note that there was slight 
evidence for differences in the cover of S. cariosus (P = 0.0570). 
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Figure 3.4. Density of Nucella spp. (A), cover of Nucella spp. eggs (B), density of sea 
stars (L. hexactis and juvenile P. ochraceus) (D), proportion of hummocked barnacles 
(E), and mussel bed depth (F) in the mid intertidal zone, and density of P. ochraceus 
(C) in the low intertidal zone.  Sites are arranged from south to north, with cross-
hatching denoting sites with low subsidies (PCA axis 1 scores < 0, Fig. 2) and 
diagonal lines indicating sites with high subsidies (PCA axis 1 scores > 0, Fig. 2).  
Error bars represent the standard error of untransformed data around the site mean.  
Asterisks denote degree of evidence found for differences in cover between sites of 
high and low subsidies (* P < 0.05, ** P < 0.01, *** P < 0.001), but note that there 
was slight evidence for differences in the proportion of hummocked barnacles (P = 
0.0524). 



 
 
 

57 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Three-dimensional NMS ordination of study sites in species space 
represented in two graphs: Axis 1 versus Axis 2 in the top graph, and Axis 1 versus 
Axis 3 in the bottom graph.  Symbols indicate relative amount of subsidies (● = high, 
■ = low).  Lines are correlation vectors (radiating from the centroid) of subsidies with 
the ordination: Mytilus spp. (Myt), B. glandula (Bal) and C. dalli (Chth) recruitment, 
chlorophyll a (Chl), mussel growth (MG), and the first principal component from 
analysis of all measured bottom-up factors (PCA axis 1).  In the top graph the 
correlation vectors for MG, PCA axis 1, and Bal overlap and are not distinguishable 
from one another.  In the bottom graph the correlation vector for Chl overlaps with the 
vectors for Bal and PCA axis 1.  The ordination has been rotated to maximize the 
correlation between the combined measure of subsidies (PCA axis 1) and NMS Axis 
1. 
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ordination indicated a three dimensional solution was both appropriate (Monte Carlo 

test, P = 0.0196; final stress = 4.5657) and represented most of the variation in the 

original community composition data (94.2%, Table 3.4.).  With the ordination rotated 

to maximize the correlation between axis 1 and the relative estimate of subsidies, most 

of the variability in community composition was represented on that axis (54.1%, Fig. 

3.5.), and all individual subsidy measures were positively correlated with that axis and 

not correlated with the other axes (Table 3.5.).  Most of the community composition 

measures were correlated with NMS axis 1 (Fig. 3.6., Table 3.6.).  Cover of M. 

californianus and density of L. hexactis and juvenile P. ochraceus within the mussel 

bed were correlated with NMS axis 2.  Cover of bare rock, M. californianus and C. 

dalli, and the depth of the mussel bed were correlated with NMS axis 3.  Cover of B. 

glandula was not correlated with any NMS axis. 

 

 

 

Table 3.4. Coefficients of determination (R2) between distances in the non-metric 
multidimensional scaling ordination space compared to the original cover and density 
of species data.  The NMS ordination was rotated, prior to analysis, to maximize the 
correlation between the NMS axis 1 and the combination of measured subsidies (PCA 
axis 1). 
 

 R2

Axis Increment Cumulative 
1 0.541 0.541 
2 0.136 0.677 
3 0.264 0.942 
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Table 3.5. Correlation coefficients expressing the linear (Pearson’s R) and rank 
(Kendall’s τ) relationships between the NMS ordination scores and subsidies 
measures.  The NMS ordination was rotated, prior to analysis, to maximize the 
correlation between the NMS axis 1 and the combination of measured subsidies (PCA 
axis 1).  Bolded values indicate evidence for a significant linear relationship (P < 0.05, 
simple linear regression). 
 

Axis: 1 2 3 
 R R2 τ R R2 τ R R2 τ 

Bal 0.868 0.754 0.59 0.066 0.004 0.103 0.137 0.019 0.154 
Chth 0.606 0.367 0.333 0.131 0.017 0.051 0.264 0.07 0.154 
Myt 0.913 0.834 0.615 0.237 0.056 0.179 -0.135 0.018 -0.026 
Chl 0.663 0.44 0.348 -0.144 0.021 -0.09 -0.009 0 0.09 
MG 0.868 0.753 0.513 -0.009 0 -0.077 -0.369 0.136 -0.231 

PCA 1 0.901 0.811 0.564 0.064 0.004 0.026 -0.035 0.001 0.026 
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Figure 3.6. Three-dimensional NMS ordination of study sites in species space 
represented in two graphs: Axis 1 versus Axis 2 in the top graph, and Axis 1 versus 
Axis 3 in the bottom graph.  Symbols indicate relative amount of subsidies (● = high, 
■ = low).  Lines are correlation vectors (radiating from the centroid; only correlations 
of R2 > 0.2 are shown) of transformed count and cover data upon which the NMS 
ordination was constructed: bare rock (rock), M. californianus (M.cali), M. trossulus 
(M.tros), C. dalli (C.dall), P. polymerus (P.pol), S. cariosus (S.cari), algae, Nucella 
spp., Nucella spp. eggs, (eggs), mussel bed L. hexactis and juvenile P. ochraceus 
(stars), proportion of hummocked barnacles (humm), mussel bed depth (depth), and 
low zone adult P. ochraceus (P.ochr).  In the top graph the correlation vectors for 
Nucella, P.ochr and eggs overlap and are not distinguishable from one another.  In the 
bottom graph the correlation vectors for M.tross and eggs overlap and end within the 
point marking FC, while the vector marking P.pol lies just above the vector for 
Nucella.  The ordination has been rotated to maximize the correlation between the 
combined measure of subsidies (PCA axis 1) and NMS Axis 1. 
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Table 3.6. Correlation coefficients expressing the linear (Pearson’s R) and rank 
(Kendall’s τ) relationships between the NMS ordination scores and the transformed 
count and cover upon which the NMS ordination was based.  The ordination was 
rotated, prior to determining correlation coefficients, to maximize the correlation 
between the NMS axis 1 and the combination of measured subsidies (PCA axis 1).  
Bolded values indicate evidence for a significant linear relationship (P < 0.05, simple 
linear regression). 
 

Axis: 1 2 3 
 R R2 τ R R2 τ R R2 τ 

Bare Rock -0.046 0.002 0.026 0.16 0.026 0.051 0.911 0.829 0.718 
M. californianus -0.390 0.152 -0.256 -0.567 0.322 -0.333 -0.611 0.374 -0.487 

M. trossulus 0.803 0.645 0.632 0.355 0.126 0.165 0.111 0.012 0.082 
B. glandula 0.059 0.003 0 0.062 0.004 0.128 0.007 0 0.026 

C. dalli -0.088 0.008 -0.013 -0.026 0.001 -0.168 0.831 0.691 0.735 
P. polymerus 0.674 0.455 0.436 0.362 0.131 0.154 -0.287 0.082 -0.205 
S. cariosus 0.725 0.525 0.564 0.176 0.031 0.128 -0.493 0.243 -0.179 

Algae -0.680 0.462 -0.59 0.448 0.201 0.205 -0.119 0.014 0 
Nucella spp. eggs 0.780 0.608 0.680 -0.086 0.007 -0.157 -0.159 0.025 -0.209 

Seastars -0.393 0.154 -0.205 0.644 0.415 0.436 -0.284 0.081 -0.128 
Nucella spp. 0.916 0.838 0.564 -0.053 0.003 -0.077 -0.236 0.056 -0.077 
Hummock 0.650 0.422 0.487 0.456 0.208 0.154 -0.477 0.228 -0.308 
Bed Depth 0.137 0.019 0.039 -0.548 0.300 -0.374 -0.771 0.594 -0.529 

P. ochraceus 0.841 0.708 0.684 -0.103 0.011 -0.065 -0.358 0.128 -0.271 
 

 

 

DISCUSSION 

 The correlations between measured subsidies and community composition are 

important evidence that benthic-pelagic coupling plays an important role in structuring 

mussel bed communities within the study region.  With an important proportion of the 

production of mussel bed communities being derived from the inputs of invertebrate 

recruitment and particulate food, it is not too surprising that variation in those 

subsidies affects community composition.  The correlations were surprisingly strong.  

With the ordination rotated to maximize the correlation between NMS axis 1 and the 

relative measure of subsidies, over half of the variation in community composition 

between sites was represented on NMS axis 1 (Fig. 3.5., Table 3.4.).  Indeed, 8 of 14 
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community composition variables were correlated with NMS axis1, while only 2 and 4 

variables were correlated with axes 2 and 3, respectively.  Some of the subsidy 

measures had particularly strong correlations with the community composition 

ordination, such as Mytilus spp. recruitment, B. glandula recruitment, and M. 

californianus growth rates, whereas the chlorophyll-a and C. dalli recruitment 

correlations were weaker.  However, with an observational study it is impossible to 

determine which, if any, particular subsidy affected community composition or if 

community composition was potentially responding to variation in total subsidies or a 

handful of important subsidies.  Parsing out the effect of each subsidy on community 

structure and the effect of benthic-pelagic coupling in general is critical to 

understanding how northeast Pacific rocky shore communities are regulated (Menge et 

al. 1997a) and is hampered by the high degree of covariation between subsidies (Table 

3.1., Fig. 3.5.). 

 On the other hand, the high degree of covariation between subsidies is also 

interesting as it suggests a general mechanism affects multiple benthic-pelagic links 

within the study region.  The covariation between subsidies is ecologically important, 

with over 75% of the variation in the subsidies could be explained by one combined 

measure (Table 3.2).  Variation in upwelling, which can affect both productivity and 

nearshore ocean circulation, has been at the root of most benthic-pelagic link 

hypotheses for the region (e.g., Parrish et al. 1981, Roughgarden et al. 1988, Menge et 

al. 1997a, Leslie et al. 2005, Chapter 2), and could be such a general overarching 

mechanism.  The specific mechanism proposed for how upwelling affects an aspect of 

benthic-pelagic coupling varies depending on the type of link (e.g., productivity versus 

larval dispersal) and the species studied (e.g., urchins versus barnacles).  Upwelling as 

a general mechanism affecting benthic-pelagic links through differing pathways could 

explain the general but imperfect correlations between the subsidies we measured. 

 The latitudinal transition in upwelling along the U.S. west coast (Parrish et al. 

1981, Huyer 1983, Barth et al. 2000, Batchelder et al. 2002a) may result in a general 

latitudinal trend in pelagic subsidies to rocky shore communities, with a relatively 
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higher delivery of subsidies to the coasts of Washington and Oregon, and a relatively 

lower delivery of subsidies along the coast of California (Roughgarden et al. 1988, 

Connolly et al. 2001, Chapter 2).  Two patterns in our data suggest a general trend in 

delivery of pelagic subsidies exists.  First, the high degree of covariation between the 

five measures of subsidies we collected data on suggests other recruitment and 

particulate food subsidies may follow a similar pattern.  Second several aspects of 

community composition were correlated with our best estimate of a general trend in 

subsidies (PCA axis 1) but were not likely affected by some of the subsidies we 

measured.  For example, both cover of P. polymerus and S. cariosus were correlated 

with the general trend in subsidies (Table 3.6., Fig. 3.6.).  Both of these species are 

more likely to be affected by their own recruitment than recruitment of Mytilus spp., 

B. glandula or C. dalli. 

 Even with the strong correlation between community composition and 

subsidies, there were some surprising aspects of community composition that did not 

vary with subsidies: bare rock, mussel bed depth, and M. californianus, B. glandula 

and C. dalli cover (Table 3.6., Figures 3, 4 and 6).  We had predicted that at sites with 

high subsidies we would have found less bare rock and more cover of these sessile 

invertebrates along our transects than at sites with low subsidies (Roughgarden et al. 

1988, Connolly and Roughgarden 1998).  While the lack of correlations between 

subsidies and these aspects of community composition are interesting in and of 

themselves, these results cannot be extrapolated beyond the heart of the mussel bed, 

where each transect was placed, to the rest of the study site.  Survivorship, growth and 

settlement of mussels and barnacles are greatest in areas of high wave-exposure, 

where we conducted our research, compared to more sheltered areas (Paine 1966, 

Dayton 1971, Gaines et al. 1985, Menge et al. 1994).  The effect of subsidies on the 

cover of abundant and dominant species is most likely to be apparent in areas of sub 

optimal habitat, where the amount of subsidies may result in the difference between 

persistence and extinction.  The cover of highly abundant organisms, such as M. 
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californianus, B. glandula and C. dalli, are therefore most likely to be correlated to 

subsidies on the scale of an entire site than within areas of optimal habitat. 

 Within the heart of the mussel bed, our finding of no correlation between 

subsidies and either cover of M. californianus or mussel bed depth was strong (Table 

3.6., Figures 5 and 6), and these findings lead us to postulate that mortality is 

correlated with subsidies.  In order for sites with high mussel recruitment and growth 

to have similar mussel cover as sites with low mussel recruitment and growth, 

mortality needs to be higher at the sites with high subsidies than the sites with low 

subsidies.  Predation and disturbance rates are two sources of mussel mortality that 

could be correlated with subsidies.  The densities of some predators, Nucella spp. and 

adult P. ochaceus, were correlated with subsidies, indicating the potential for higher 

predation rates at sites with higher subsidies.  Additionally, subsidy or bottom-up 

effects on top-down community control have been found on rocky shores of Oregon 

(Menge et al. 1994, Menge et al. 1997a), the U.S. west coast (Menge et al. 2004), 

South Africa (Bustamante et al. 1995b), New Zealand (Menge et al. 2003), and Chile 

(Navarrete et al. 2005).  While we do not have evidence of a correlation between 

mussel bed disturbance rates and subsidies, such a correlation is plausible and 

consistent with what is known.  As mussel beds become multilayered, the risk of a 

large disturbance event increases (Harger and Landenberger 1971, Paine and Levin 

1981, Sousa 2001).  The rate at which mussel beds become multilayered is likely to be 

linked to both mussel recruitment and growth.  Mussel beds receiving high recruitment 

and food subsidies from the pelagic environment may undergo large disturbance 

events on a more frequent basis than mussel beds receiving low subsidies, because 

mussel beds with higher subsidies are likely to become multilayered more rapidly than 

mussel beds with lower subsidies.  If the frequency of disturbance was correlated with 

subsidies, it would tend to equalize the cover of mussels at sites of differing subsidy 

levels.  Lastly, M. californianus individuals can attain large sizes (> 15cm; C. Krenz, 

personal observation) and live over 20 years (Morris et al. 1980), potentially 
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explaining the well developed mussel beds at sites with low mussel recruitment and 

growth. 

 The correlation between the predators Nucella spp. and adult P. ochraceus and 

subsidies (Figures 4 and 6; Table 3.6.) indicates the potential for an indirect effect of 

subsidies on predators through their prey.  The pattern of strong correlation between 

predators and subsidies, while cover of abundant prey species remain relatively 

constant, is indicative of classic “bottom-up” models of community regulation 

(Fretwell 1977, Oksanen et al. 1981).  Given this is an observational study, how strong 

is the evidence for indirect effects? 

The case for an indirect effect is strongest for Nucella spp.  We found that 

reproductive output (Nucella spp. egg capsule cover) was also associated with 

subsidies, and a study along the central California coast manipulating prey abundance 

of Nucella spp. resulted in similar reproductive output increases of Nucella spp. 

(Wieters et al., in review).  This predator lacks planktonic dispersal, so increases in 

reproductive output should result in a local population increase, unlike a predator with 

planktonic dispersal.  The indirect effect of subsidies may be strong enough to have 

resulted in a genetically based diet shift in N. canaliculata to include M. californianus 

as prey at sites with low subsidies (Sanford et al. 2003). 

The evidence for an indirect effect of subsidies on P. ochraceus is not as 

strong.  P. ochraceus, unlike Nucella spp., has planktonic dispersal.  While pelagic 

subsidies enhancing prey populations may increase P. ochraceus survivorship, those 

subsidies are unlikely to affect recruitment on the local scale of a study site.  Similar to 

mussels and barnacles, settlement of P. ochraceus may be affected by upwelling, 

(Roughgarden et al. 1988, Connolly and Roughgarden 1999b), potentially correlating 

P. ochraceus settlement and density with the subsidies measured here.  However, the 

potential for P. ochraceus to live decades (Menge 1975) may create a “storage” effect 

(Warner and Chesson 1985) that could make settlement rates and density disjunct 

(Menge et al. 2004).  Furthermore, a study comparing densities of P. ochraceus at 

sites in central California and Oregon, regions with different subsidy levels, found no 
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density differences between regions and high within region differences between sites 

(Menge et al. 2004).  While the correlation between adult P. ochraceus densities and 

subsidies may have been caused by an indirect effect of those subsidies, it could have 

also been driven by behavioral responses of this mobile predator.  P. ochraceus is 

known to aggregate in the intertidal zone in response to food concentrations (Robles et 

al. 1995) and warmer sea water temperatures (Sanford 1999a), which is a pattern 

found more often at sites with high subsidies than at sites with low subsidies. 

 The negative correlation between subsidies and algal cover indicates another 

potential indirect effect.  Recruitment of mussels and barnacles and phytoplankton 

concentration may negatively affect algae through increases in sessile invertebrates 

that compete with algae for limited space (Dayton 1971, Paine 1974).  However, this 

is unlikely because secondary cover of algae accounted for the differences in algal 

cover between sites of differing subsidy levels instead of the limitation of primary 

cover of algae (primary algal cover t-test: P = 0.1511).  Instead of competition for 

space driving the algal cover pattern there are two alternative explanations.  Algal 

cover may be enhanced at sites in areas of persistent upwelling where there is a 

constant supply of nutrient rich water for algal growth.  Research on the open-coast of 

Oregon has found that benthic-algae growth is enhanced by the addition of nutrients 

(Nielsen 2003).  While persistent coastal upwelling positively affects the supply of 

nutrients to rocky shore sites (Menge et al. 1997b) it is likely to also negatively affect 

the delivery of subsidies that we measured here (Menge et al. 1997a, Connolly et al. 

2001, Chapter 2), leading to a negative correlation between subsidies and nutrient 

availability.  Lastly, algae at sites in areas of intermittent upwelling may have 

suppressed growth rates during relaxation events when the delivery of phytoplankton, 

zooplankton and detritus to the coast decreases the light levels reaching the benthos 

(Nielsen et al., in prep), again potentially leading to a negative correlation between the 

subsidies we measured here and nutrient availability. 

 While we tested the hypothesis that latitudinal variation in the delivery of 

pelagic subsidies to rocky shores affects community composition (Roughgarden et al. 
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1988, Gaines and Lafferty 1995, Connolly and Roughgarden 1998, 1999b), we cannot 

exclude other potential causes for the community composition variability.  However, 

some of the more obvious alternative explanations seem unlikely.  The effect of 

environmental stress on community structure has been well documented (Dayton 

1971, Menge 1976, Menge and Sutherland 1976a, Sousa 1979a, Menge and 

Sutherland 1987, Menge and Olson 1990).  Wave exposure and thermal stress are two 

important sources of environmental stress in rocky shore systems (Denny and Wethey 

2001).  Wave exposure is an unlikely alternative explanation for the correlation 

between subsidies and community composition, because transects were placed at 

locations with similar wave exposures.  Although there was slight variation in wave 

exposure from transect location to transect location, this slight haphazard variation is 

unlikely to offer an alternative explanation to the correlation between subsidies and 

community composition.  Thermal stress is also unlikely to explain the subsidies – 

community composition correlation, as peaks in thermal stress are driven by tidal 

exposure during midday summer hours, which do not vary substantially within the 

study region (Helmuth et al. 2002).  Lastly, it would be surprising if a biological 

interaction could explain our results.  It is unlikely a strong interactor affecting so 

many aspects of community composition would be unknown in such an intensively 

studied region and have a distribution matching the correlation between subsidies and 

community composition. 

We built upon Connolly and Roughgarden’s (1998) rocky shore cover study 

and Connolly et al.’s (2001) mussel and barnacle recruitment study by specifically 

finding a correlation between subsidies (such as recruitment) and community 

composition and studying additional aspects of mussel bed community composition.  

Our work confirmed the presence of a latitudinal transition in rocky shore community 

structure in the northeast Pacific (Connolly and Roughgarden 1998), but interestingly, 

the aspects of mussel bed community composition that changed over this gradient 

differed from what was previously found.  Of six aspects of community composition 

studied in the mussel zone, Connolly and Roughgarden (1998) found that only one, 
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cover of M. californianus, differed significantly between sites north of Cape Blanco 

(high subsidies) and sites south of Cape Blanco (low subsidies).  We found no 

evidence for differences in cover of M. californianus between sites of high and low 

subsidies with a slight trend toward a negative correlation (Table 3.6.) – the opposite 

of the pattern found by Connolly and Roughgarden (1998).  Similar to their study, we 

found no differences between regions in cover of three of the other species they 

studied: B. glandula, C. dalli and bare rock (Fig. 3.3.).  However, we did find evidence 

for differences in cover of P. polymerus and algae (Fig. 3.3.) that were not found in 

their study, as well as evidence for differences in abundance of some predators and 

other community composition aspects not measured previously.  Given that fairly 

similar techniques were used to quantify community composition at a site, the most 

likely explanation for the discrepancies is that slightly different latitudes were covered 

by each study.  Sites in Connolly and Roughgarden’s (1998) study spanned four 

degrees latitude farther south than our study with numerous sites along the coast of 

central California.  Their study lacked sites in three degrees of latitude between Cape 

Mendocino and Cape Arago, along the coast of northern California and southern 

Oregon, that was well covered in our study.  This stretch appears to be a transition 

region with intermediate levels of subsidies (Fig. 3.2., Chapter 2).  The disparity of 

findings could be that Connolly and Roughgarden (1998) compared sites along the 

central California coast – with potentially very low subsidies – to sites along the 

central Oregon coast (high subsidies), whereas we compared sites along the northern 

California and southern Oregon coast – with potentially intermediate levels of 

subsidies – to sites along the central Oregon coast (high subsidies). 

This study tested the proposed relationship between benthic-pelagic coupling 

and composition of the benthic community along the northern California and Oregon 

coast, finding the composition of the mussel bed community, including some 

predators, to be correlated with the latitudinal transition of recruitment and particulate 

food subsidies.  However, several dominant species showed no evidence of a 

correlation with subsidies, suggesting per capita mortality rates might be correlated to 
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subsidies for those species.  While cover of these species may be similar across a 

range of pelagic subsidy levels, the rates at which these species recover from 

disturbance events, including anthropogenic disturbances, are still likely to be affected 

by recruitment and growth rates.  Our findings are consistent with the hypothesis of 

Roughgarden et al. (1988) that regional differences in community structure along the 

U.S. west coast are the result of a transition in upwelling that affects benthic-pelagic 

coupling.  This research adds to growing body of evidence that the regional level of 

pelagic subsidies to temperate rocky coast ecosystems sets the stage upon which local 

interactions play out (Bustamante et al. 1995b, Menge et al. 1997a, Connolly and 

Roughgarden 1999b, Broitman et al. 2001, Menge et al. 2003, Menge et al. 2004, 

Navarrete et al. 2005).  The pervasive evidence of the importance of pelagic subsidies 

to community regulation in rocky shore systems indicates the need for similar research 

on the role of pelagic subsidies to community regulation of the adjacent subtidal 

benthic communities.  This need is especially important for areas harboring large 

fishery resources where often-overlooked pelagic subsidies may partially regulate the 

productivity of those resources. 
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Does Recruitment Determine the Course of Mussel Bed Succession in the 
Northeast Pacific? 
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ABSTRACT 

 Along the coast of the northeast Pacific, around Cape Blanco in southern 

Oregon, there is a large latitudinal change in the recruitment rate of dominant rocky-

shore sessile invertebrates.  Using a comparative-experimental approach, this large 

transition in recruitment was used to address two questions.  1) Does recruitment level 

affect early mussel bed succession?  And 2) does recruitment level effect the 

importance of post-recruitment factors (predation, competition and disturbance) in 

regulating the abundance of organisms during early mussel bed succession?  At two 

sites along the Oregon coast in the high-recruitment region and at two sites along the 

northern California coast in the low-recruitment region we monitored recruitment of 

mussels and barnacles, succession in cleared plots, and as an indicator of competition, 

barnacle hummocking in early succession plots.  The effect of whelk predators was 

tested using an exclusion experiments.  In the high-recruitment region sessile 

invertebrates dominated early mussel bed succession.  Competition for space was 

intense, with barnacles becoming rapidly hummocked and thus susceptible to 

disturbance.  Predation was strong, targeting mussels and resulting in a positive 

indirect effect on barnacles through reduced competition for space from mussels.  In 

the low-recruitment region algae played a fundamental role in early succession, with 

little competition for space between sessile invertebrates.  Whelk predation targeted 

both mussels and barnacles in this region, likely excluding most mussels and 

diminishing barnacle cover.  The results of this study are consistent with the 

hypothesis that recruitment rates can determine successional pathways.  Invertebrates 

dominated succession in the high-recruitment region, while algae played a principle 

role in the succession pathway of the low-recruitment region.  Recruitment levels were 

also associated with the strength of post-recruitment factors, which tended to be 

stronger in the high-recruitment region than in the low-recruitment region.  However, 

and significantly, post-recruitment factors appeared to play an important role in 

regulating the abundance of organisms in both the high and low-recruitment regions 

despite the between-region differences in the strength of post-recruitment factors.  In 
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the high recruitment region, competition induced disturbance events and strong 

predation slowed the progression of succession.  In contrast, in the low recruitment 

region, low recruitment combined with the near elimination of the few recruiting 

sessile invertebrates by predators pushed succession along a different course 

altogether.  While recruitment appeared to underlie the regional differences in early 

mussel bed succession, the differing effects of competition and predation within each 

recruitment regime led to different successional regimes. 

 

INTRODUCTION 

 Studies of succession in marine communities have generated insights into 

understanding patterns of diversity (Connell 1978, Sousa 1979a) and the processes 

guiding succession pathways.  These include the models of facilitation (Bertness 

1991), tolerance (Johnson and Mann 1988), and inhibition (Sousa 1979b) proposed by 

Connell and Slatyer (1977) as well as the effects of consumers (Farrell 1991, Hixon 

and Brostoff 1996), disturbance size (Paine and Levin 1981, Shumway and Bertness 

1994), contingency (Berlow 1997) and diversity (Allison 1997, Worm et al. 2006) on 

succession.  Surprisingly, despite the pervasiveness of open populations in marine 

communities, the effect of recruitment on succession has rarely been examined.  

Among the handful of marine succession studies that have included recruitment as a 

factor, studies have focused on recruitment as an explanatory variable for recovery 

time (Farrell 1991, Connell et al. 1997, Connell et al. 2004), abundances of particular 

species (Sousa 1984), diversity (Sale 1977, Connell et al. 2004), and as an aspect of 

contingency (Berlow 1997).  While there have been tests of the effects of recruitment 

on succession in grassland ecosystems (Tilman 1977) and after the Mount St. Helens 

eruption (Del Moral and Ellis 2004, Dale et al. 2005), I am unaware of any specific 

tests of whether or not larval supply and subsequent recruitment affects the course of 

marine succession.  It is becoming increasingly important to begin determining how 

differing levels of recruitment affect the recovery of marine ecosystems.  The larval 

production of numerous marine species has undoubtedly been diminished by fishing 
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species to exceptionally low levels of adults (e.g., see Botsford et al. 1997, Pauly et al. 

1998, Worm et al. 2005, Worm et al. 2006), potentially affecting the ability of many 

ecosystems to recover from disturbances.  Rocky shore communities, which are more 

readily studied and experimentally manipulated than other ocean ecosystems yet are 

also predominated by species with open populations, are a model system to begin 

addressing the effect of recruitment on marine succession. 

 Consistent large differences in recruitment of sessile invertebrates (mussels 

and barnacles) to rocky shore communities between regions north and south of Cape 

Blanco, Oregon (Chapter 2, Connolly et al. 2001) make this coastline an ideal place to 

examine the effects of recruitment on succession.  A transition in the offshore 

advection of larvae by coastal upwelling is believed to underlie the consistent 

recruitment pattern.  Coastal upwelling along the U.S. west coast occurs when 

equatorward winds along with the Corriolis effect push surface waters offshore, which 

are replaced by nutrient rich water from depth.  The offshore advection of water by 

coastal upwelling has been suggested to carry larvae of coastal organisms offshore 

away from suitable adult habitat (Roughgarden et al. 1988, Connolly and 

Roughgarden 1999).  The between-region recruitment difference correlates with a 

transition in the upwelling regime around Cape Blanco in southern Oregon (Parrish et 

al. 1981, Huyer 1983, Huyer et al. 2005).  Along the northern California-southern 

Oregon coast upwelling tends to be stronger, more consistent and occur over a longer 

season than along the Oregon coast north of Cape Blanco.  This leads to relatively 

low-recruitment along the northern California-southern Oregon coast and relatively 

high-recruitment along the central and northern Oregon coast (Chapter 2, Connolly et 

al. 2001).  With an intriguing exception of the mussel Mytilus californianus, the 

dominant space occupier in the mid intertidal zone, these recruitment patterns are 

associated with regional differences in the cover and abundance of several intertidal 

species (Chapter 3, Connolly and Roughgarden 1998). 

Roughgarden et al. (1988) proposed that the latitudinal gradient in upwelling, 

through the offshore advection of larvae away from suitable adult habitat, underlies 
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variation in rocky intertidal community structure along the U.S. west coast.  Along the 

coasts of Washington and Oregon, for instance, researchers working at rocky shores 

sites found that post-recruitment factors such as competition, predation, and 

disturbance had strong impacts on the abundance and distribution of organisms (e.g., 

Paine 1966, Dayton 1971, Paine 1974, Menge et al. 1994).  In contrast, in central 

California these factors appeared less important in regulating the community.  

Evidence suggested that the abundance and distribution of dominant basal 

invertebrates was most strongly affected by fluctuations in recruitment (Gaines and 

Roughgarden 1985).  Combining these observations with evidence that coastal 

upwelling carried larvae offshore away from suitable adult habitat led Roughgarden et 

al. (1988) to propose that weaker upwelling and thus lower offshore larval transport 

along the Oregon and Washington coasts results in saturating recruitment, leading to 

post-recruitment processes, such as competition, predation and disturbance, regulating 

community structure in those areas.  In contrast, they proposed the stronger upwelling 

and thus higher offshore larval transport off California results in low-recruitment that 

does not saturate spatial resources, leading to population abundances following 

fluctuations in generally low levels of recruitment. 

 This study examines early succession of mussel bed communities at sites 

within both the high-recruitment region (north of Cape Blanco) and the low-

recruitment region (south of Cape Blanco).  We address two questions.  First, does 

early mussel bed succession differ between regions of high and low-recruitment rates 

of sessile invertebrates?  While cover of the foundation species of the mussel bed, M. 

californianus, does not differ between the regions of high and low-recruitment 

(Chapter 3, but see Connolly and Roughgarden 1998), I hypothesized that the recovery 

of the mussel bed from disturbance is more likely to be affected by recruitment levels.  

Second, are post-recruitment factors, especially predation, more important in 

regulating the abundance of organisms during succession in the high-recruitment 

region than in the low-recruitment region as the Roughgarden et al. (1988) hypothesis 

predicts? 
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METHODS 

 Two study sites, Fogarty Creek (FC; 44.84ºN) and Yachats Beach (YB; 

44.32ºN), were located on the central Oregon coast; hereafter I will refer to these as 

the “high-recruitment” region or sites.  Two study sites, Cape Mendocino (CM; 

40.35ºN) and Kibesillah Hill (KH; 39.60ºN), were located in northern California; 

hereafter I will refer to these as the “low-recruitment” region or sites (Fig. 4.1.).  In 

wave-exposed mussel bed areas of each study site all visible organisms were scraped 

clear in six replicate 1.6 x 1.35 m blocks.  In the center of each block, with a 30cm 

buffer to the edge of the intact mussel bed, I marked twelve 25 x 25 cm areas in a 

three row by four column pattern.  The treatments and recruitment collectors described 

below were randomly assigned to areas within each block. 

 Mussel recruitment was measured in each block using a plastic mesh ball (SOS 

Tuffy pads, The Clorox Company, Oakland, California, USA; Menge et al. 1994), 

hereafter termed “mussel collectors.”  Mussel collectors were attached to the rock 

using stainless steel screws and washers that were inserted through the collector and 

fastened to the rock using a plastic wall anchor in a drilled hole.  For two years (June 

2001 to July 2003) collectors were exchanged on a biweekly to monthly basis, except 

when prevented by storms.  Upon collection from the field, mussel collectors were 

stored at -20° C until processed.  Mussels were counted by cutting open the mesh pad 

and spraying it down thoroughly with water into a lab tray.  Tray contents were poured 

through a 250 μm sieve, and sieve contents were then cleaned off into Petri dishes 

with a small amount of water.  Mussels were counted and identified to genus, because 

Mytilus californianus and Mytilus trossulus are not readily distinguishable at that size 

(Menge et al. 1994).  Examinations of cleaned mussel collectors under a dissecting 

scope have revealed no remaining mussels.  Mussel collectors with exceptionally 

high-recruitment (>4,000 recruits per mussel collector) were sub-sampled by dividing 

the sample with a plankton splitter into either halves or quarters. 
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Figure 4.1. Map of northern California and Oregon coasts showing locations of study 
sites and major headlands.  Sites are coded as follows: FC = Fogarty Creek (44.84oN); 
YB = Yachats (44.32 oN); CM = Cape Mendocino (40.35 oN); KH = Kibesillah Hill 
(39.60 oN). 
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 Barnacle recruitment was determined in each block using a 10 x 10 x 0.4 cm 

plexi-glass plates covered with safety walk tape (3M Company, Saint Paul, Minnesota, 

USA; Menge 2000), hereafter termed “recruitment plates.”  Recruitment included 

metamorphosed barnacles and barnacle cyprids (last planktonic larval stage) found on 

each recruitment plate.  Plates were attached to the rock with a stainless steel lag 

screw fastened with a plastic wall anchor in a drilled hole.  Barnacle recruitment was 

monitored over the same time periods and exchanged on the same schedule as mussel 

collectors.  Upon collection, recruitment plates were returned to the laboratory where 

recruits were counted under a dissecting scope.  Balanus glandula, Chthamalus dalli, 

Pollicipes plymerus barnacles and cyprids were identified to species.  When there 

were more than 1,000 barnacles on a plate, plates were sub-sampled by dividing the 

plate into four equal corner sections and then randomly choosing a corner to count. 

 The effect of predatory whelks, Nucella ostrina and Nucella canaliculata was 

determined using 12 x 12 x 5 cm stainless steel mesh predator exclusion cages in each 

block (e.g., Navarrete 1996).  Cages were attached to the rock with stainless steel lag 

bolts and washers through 12 x 5 cm excess mesh flanges on the base of each cage 

side and fastened with a plastic wall anchor in a drilled hole.  Tygon tubing (1 cm 

diameter) was attached to the base of each cage with cable ties to better ensure no gaps 

were left between the cage and rock.  To test possible effects of reduced water flow 

caused by the cage, a cage control treatment was deployed in each block.  The cage 

control treatment was exactly the same as the cage except for two 4 x 5 cm gaps in the 

cage walls that allowed access to predatory whelks.  Lastly, in each block there were 

two controls, which tested for the effect of predators without the cage control.  The 

controls were also used to document the succession of organisms in each block.  In all 

treatments, percent cover of sessile organisms in 10 x 10 cm plots within each cage or 

control was the response.  Control plots were marked in three corners, and predator 

exclusion and cage-control plots were marked in one corner with stainless steel screws 

to ensure the same area was being monitored.   In late June 2001, experiments were 

initiated by first scraping each plot clear of sessile organisms, and then spraying with 
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oven cleaner (EASY-OFF ™ brand) to remove any biotic films left after scraping.  

Experiments were monitored using digital photography.  Control plots were 

photographed monthly for the duration of the study to examine early succession 

patterns.  Predator exclusion and cage-controls were removed and replaced on a 

biweekly basis to remove any whelks in the predator exclusion treatment, and plots 

were photographed after 9 months (early April 2002) when predator exclusion cages at 

the high-recruitment sites were becoming packed with mussels.  Cover of bare rock, 

mussels, barnacles and algae in digital photos was visually estimated.  To estimate the 

intensity of competition for space during very early succession, the proportion of 

hummocked acorn barnacles was recorded (e.g., Bertness et al. 1998; Fig. 4.2.) in 

control plots after 4 months (October 2001).  Predatory whelk (Nucella spp.) densities 

were monitored biweekly to monthly except when prevented by storms.  Whelk 

densities were determined by counting the number of whelks within three 20 x 20 cm 

areas in each block.  In summary, each block had a mussel collector, a barnacle 

recruitment plate collector, a predator exclusion plot, a cage-control plot, and two 

control plots. 

Analyses 

 My measure of recruitment for each species was the total recruitment per year 

(June 2001-02, and June 2002-03) to collectors in each block.  In the event of a 

missing mussel collector, the site average of the remaining collectors for that biweekly 

or monthly time period was used as a best estimate.  Nested ANOVA models were 

used to test the effects of year, region (high-recruitment region and low-recruitment 

region), sites nested within regions, and interactions on recruitment.  Sites were treated 

as random effects and analyzed using expected mean squares (EMS).  In cases where 

the site x year interaction was not significant the term was dropped to clarify the main 

effects tests with the increased degrees of freedom the reduced model afforded.  In 

cases where the site x year interaction was marginally significant, models with and 

without the site x year interaction are presented.  Recruitment data were transformed 

(ln (y)) to meet assumptions of normality.
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Figure 4.2. Two different experimental plots, demonstrating the difference between a 
plot with a high percentage of hummocked barnacles (top) and a plot with a low 
percentage of hummocked barnacles (bottom).  The arrow in the top plot points to 
some particularly hummocked barnacles, which even stand out dramatically in this 
photo perspective looking straight down.  While there is similar cover of barnacles in 
both pictures, the degree of barnacle crowding and the susceptibility to wave 
disturbance is much higher in the top picture than in the bottom picture.  The top photo 
was from a YB plot, and the bottom photo was from a KH plot. 
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 To compare early succession patterns between sites, cover of mussels, 

barnacles, and algae in control plots were analyzed at three time points: after four 

months (October 2001), after one year (July 2002), and after two years (July 2003) in 

a repeated measures multivariate analysis of variance (RM-MANOVA).  Although the 

data were arcsine square-root transformed, they failed to meet the assumption of 

bivariate normality in a sphericity test, and so the Greenhouse-Geiser P-value 

adjustment was used.  To determine if there were differences in cover of mussels, 

barnacles and algae between and within regions, I performed linear contrasts of sites 

on the results of a repeated measures analysis of variance (RM-ANOVA) for each 

cover type, using the same three time points.  Bonferroni-corrected P-values were 

used to correct for multiple comparisons. 

A t-test based on site response (n = 4) was used to compare the proportion of 

hummocked barnacles after four months between regions.  Data were ln-transformed, 

which best met the assumptions of normality. 

 The densities of predatory whelks (Nucella spp.) between regions were 

compared using a nested ANOVA, with sites nested within regions.  Sites were treated 

as random effects and analyzed using expected mean squares (EMS).  The long-term 

average of whelk density in each block was used as the response, calculated by 

averaging over all times whelk density was measured (FC = 28, YB = 28, CM = 29, 

KH = 23) as the mean of the three 20 x 20 cm counts in each block.  Whelk densities 

were ln-transformed to meet assumptions of normality. 

 The experimental effects of predators on mussel and barnacle cover were 

analyzed using a nested ANOVA with blocks nested within sites and sites nested 

within regions.  Blocks and sites were both treated as random effects and analyzed 

using expected mean squares (EMS).  Mussel cover and barnacle cover were the 

responses, with the “control” response being the average of the two control plots.  

Linear contrasts with Bonferroni-corrected significance levels (significance when P < 

0.01) were used both to compare the effect of predators within each of the four sites 

and to compare the effect of predators between the two high-recruitment sites and the 
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two low-recruitment sites.  Data were transformed (arcsine square-root) to meet 

assumptions of normality.  For mussel cover, a block at FC and a block at YB were 

removed from the analysis because they were outliers.  In one block the predatory 

whelks did not find the + predator plots until after the experiment while in the other 

block the whelks had an exceptionally large impact.  For barnacle cover, only the prior 

of these two blocks was found to be an outlier and removed from the analysis. 

 

RESULTS 

Recruitment.—Recruitment of mussels and barnacles was much higher at the 

two northern study sites than at the two southern study sites (Fig. 4.3., Table 4.1.), 

justifying the labeling of these regions as high- and low-recruitment regions, 

respectively.  Recruitment of Mytilus spp., C. dalli and P. polymerus each differed 

between regions, despite having only two sites within each region.  Magnitudes of 

these between-region or between-site differences in recruitment were usually huge. 

Comparing high- to low-recruitment regions and years (with 95% confidence intervals 

in parentheses, calculated using Tukey-Kramer HSD), Mytilus spp. recruitment was 

83.4x (year 1; 47.3x to 147.1x) and 20.8x (year 2; 11.8x to 36.8x).  C. dalli 

recruitment was 14.6x (both years combined; 7.5x to 28.5x). P. polymerus was 117.0x 

(year 1; 58.8x to 232.7x) but only 1.2x in year 2 (0.6x to 2.5x).  B. glandula 

recruitment at YB was 1.6x higher than FC (1.1x to 2.4x), 10.4x higher than CM (7.0x 

to 15.5x), and 109.4x higher than KH (73.6x to 162.7x). 

 Succession.—Early mussel bed succession in the high-recruitment region 

differed markedly from the low-recruitment region (Fig. 4.4., Tables 4.2. and 4.3.), 

even though there was no evidence for a consistent difference in the overall use of 

available free space (Table 4.2., insignificant between subject Site term).  In contrast, 

within regions sites followed surprisingly consistent early succession patterns.  In all 

cases, barnacles were the dominant initial colonists, but their relative abundances 

differed between regions (Fig. 4.4.).  At the two northern high-recruitment study sites, 

barnacle cover increased rapidly after plots were initially cleared, and attained much  
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Figure 4.3. Yearly recruitment per collector type for A) Mytilus spp. (tuffy), B) B. 
glandula (100cm2 plate), C) C. dalli (100cm2 plate), and D) P. polymerus (100cm2 
plate) during the first and second years of the study (mean ± SE).  Site means are 
untransformed total numbers of recruits from each block counted from exchanged 
collectors over the year time periods of June 2001 thru June 2002, and June 2002 thru 
June 2003.  For each species, bars with the same lower case letter are not significantly 
different from one another (nested ANOVA on ln-transformed data, Tukey’s HSD).  
The scale is different for each species studied, and there was recruitment of all species 
at all sites during each year.  Site codes are the same as in Figure 4.1. 
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Table 4.1. Effects tests of ANOVA models for Mytilus spp., B. glandula, C. dalli, and 
P. polymerus recruitment with sites nested within regions as a random effect, using 
expected means squares.  The denominator degrees of freedom and denominator mean 
square used to compute F-statistics are included.  When the site by year interaction 
term was marginally significant, results for models with and without the interaction 
term are included. 
 

Analysis Source Df MS DF-
Den 

MS 
Den 

F P 

Mytilus spp. Year 
Region 
Site[Region]&Random 
Region*Year 
 
Year 
Region 
Site[Region]&Random 
Region*Year 
Site*Year[Region] 
     &Random 

1 
1 
2 
1 
 

1 
1 
2 
1 
2 

1.178 
166.989 

2.034 
5.771 

 
1.178 

166.989 
2.034 
5.771 
0.787 

42 
2 

42 
42 

 
2 
2 
2 
2 

40 

0.270 
2.034 
0.270 
0.270 

 
0.787 
2.034 
0.787 
0.787 
0.244 

4.358 
82.101 
7.530 

21.366 
 

1.496 
82.101 
2.585 
7.335 
3.22 

0.0430
0.0120
0.0034

<0.0001

0.3459 
0.0120
0.2789 
0.1136 
0.0505 

B. glandula Year 
Region 
Site[Region]&Random 
Region*Year 
 

1 
1 
2 
1 

0.213 
128.754 
17.273 
0.238 

42 
2 

42 
42 

0.132 
17.273 
0.132 
0.132 

1.616 
7.454 

131.128 
1.806 

0.2107 
0.1121 

<0.0001
0.1863 

C. dalli Year 
Region 
Site[Region]&Random 
Region*Year 
 
Year 
Region 
Site[Region]&Random 
Region*Year 
Site*Year[Region] 
     &Random 

1 
1 
2 
1 
 

1 
1 
2 
1 
2 

0.373 
86.299 
0.933 
0.173 

 
0.373 

86.299 
0.933 
0.173 
0.762 

42 
2 

42 
42 

 
2 
2 
2 
2 

40 

0.288 
0.933 
0.288 
0.288 

 
0.762 
0.933 
0.762 
0.762 
0.265 

1.292 
92.508 
3.235 
0.596 

 
0.489 

92.508 
1.224 
0.227 
2.880 

0.2621 
0.0106
0.0494
0.4431 

 
0.5569 
0.0106
0.4497 
0.6809 
0.0678 

P. 
polymerus 

Year 
Region 
Site[Region]&Random 
Region*Year 
 

1 
1 
2 
1 

1.013 
74.264 
0.923 

62.088 

42 
2 

42 
42 

0.396 
0.923 
0.396 
0.396 

2.556 
80.500 
2.328 

156.683 

0.1174 
0.0122
0.1099 

<0.0001 
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Figure 4.4. Time series of percent cover of mussels, barnacles, and algae at the two 
high-recruitment sites (top; FC, YB) and the two low-recruitment sites (bottom; CM, 
KH) from June 2001 thru August 2003.  Data are block means (± SE, n = 6 per site) of 
control plots (n = 2 per block).  Plots were initially cleared and allowed to recolonize 
naturally.  Site codes are the same as in Figure 4.1.  See Tables 4.4 and 4.5 for 
statistical comparisons of cover between sites in the fall of 2001, and summers of 2002 
and 2003. 
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Table 4.2. RM-MANOVA analysis for the cover of mussels, barnacles and algae 
(FGroup) in control plots between study sites at the time points of four months 
(October 2001), one year (July 2002), and two years (July 2003) after initially being 
cleared (arcsine square-root transformed data).  Greenhouse-Geiser adjusted P-values 
are used, because the data failed to meet the assumption of bivariate normality in a 
sphericity test. 
 

Source d.f. (n,d) F G-G P 

Between Subjects 
Site 
 

 
3,20 1.575

 
0.22671 

Within Subjects 
Time 
Time X Site 
FGroup 
FGroup X Site 
Time X FGroup 
Time X FGroup X Site 
 

 
2,40 
6,40 
2,40 
6,40 
4,80 
12,80 

53.009
29.293
2.635
3.532

12.893
2.583

 
<0.00001 
<0.00001 

0.09523 
0.01137 

<0.00001 
0.02824 

 

 

Table 4.3. Significance values for linear contrasts of sites of cover for mussel, 
barnacle and algal cover, based on individual RM-ANOVAs of sites for each 
functional group at the time points of four months (October 2001), one year (July 
2002), and two years (July 2003) after initially being cleared (arcsine square-root 
transformed data).  In all three RM-ANOVAs “site” was a highly significant factor (P 
< 0.0001).  The contrast of “Region” compares the two sites in the high-recruitment 
region (FC, YB) to the two sites in the low-recruitment region (CM, KH). 
 

Contrast Mussel Barnacle Algae 
FC vs YB 0.2474 0.2844 0.8479 
CM vs KH 0.8636 0.6248 0.2943 
Region* <0.0001 <0.0001 <0.0001 

*individual site tests between regions were also highly significant with P <0.0001 
 

 

higher cover of barnacles after four months than the southern low-recruitment sites.  In 

addition, the majority of barnacles were hummocked at the high-recruitment sites 

within four months of the plots being initially cleared, whereas the low-recruitment 



 
 
 

89 

sites showed little to no barnacle hummocking at that time point (Fig. 4.2., 4.5.).  The 

rapid increase in barnacle cover at the high-recruitment sites was followed by a 

decline in barnacle cover through the following summer (2002) and remained 

relatively constant after that, all the way through the next year when the study was 

terminated.  At the low-recruitment sites barnacle cover increased relatively slowly 

through about the first year of the study, at which time barnacle cover was not 

distinguishable between recruitment regions (July 2002; t-test, P = 0.2792).  During 

the second year of the study barnacle cover at the low-recruitment sites declined to 

low levels through summer 2003. 

 

 

 

 

 

 

 

 

 

 
Figure 4.5. Percentage of hummocked barnacles at the two high-recruitment study 
sites (FC, YB) and the two low-recruitment study sites (CM, KH) in October 2001, 
four months after the plots were initially cleared.  Data are block means (± SE, n = 6 
per site) of control plot averages (n = 2 per block), using a visually estimated 
percentage of barnacles showing the hummocked growth form in each plot (KH had 
no hummocked barnacles).  The statistical comparison is a t-test between regions 
(high-recruitment sites versus low-recruitment sites) based on transformed (ln) data of 
site averages (n = 2 sites per region).  Site codes are the same as in Figure 4.1. 
 

 

The major differences in successional trajectories occurred in abundances of 

mussels and macroalgae.  Throughout the study period, mussel cover increased 

relatively slowly at the two high-recruitment sites over the two years of the study (Fig. 
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4.4.).  Strikingly, at the two low-recruitment study sites there was very little cover of 

mussels throughout the study.  Algal abundance varied inversely with mussel 

abundance.  At the high-recruitment sites, algal cover was relatively low with minor 

peaks in algal cover during fall 2002 and late spring 2003.  At the low-recruitment 

sites algal cover generally increased throughout the study period, attaining the 

majority of plot cover by fall 2002 and becoming the clear dominant in summer 2003.  

After initial colonization of plots by barnacles, mussels and algae, the amount of 

available bare rock did not vary between the high-recruitment and low-recruitment 

regions. 

 Predation Effects.—Both the density of predatory whelks (Fig. 4.6., Table 4.4.) 

and the effect of predators on mussel and barnacle cover (Fig. 4.7., Table 4.5.) varied 

between recruitment regions.  Whelk densities (Nucella spp.) at sites within the high-

recruitment region were estimated to be 8.9x higher than at sites in the low-

recruitment region (95% CI: 1.7x to 46.2x), despite the fact that whelk numbers at FC 

in the high-recruitment region were not statistically distinguishable from the number 

of whelks at CM in the low-recruitment region. 

 

 

 

 

 

 

 

 

 

Figure 4.6. Density of whelks at the two high-recruitment study sites (FC, YB) and the 
two low-recruitment study sites (CM, KH).  Data are the block means (± SE, n = 6 per 
site) of all sampling dates of 20 X 20 cm plot averages (n = 3 per block).  All whelks 
counted were either N. ostrina or N. canaliculata.  Tukey’s HSD indicates that bar 
pairs with the same lowercase letter are not significantly different at P = 0.05.  Site 
codes are the same as in Figure 4.1. 
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Table 4.4. Effects tests of ANOVA models for whelk density (N. ostrina and N. 
canaliculata) with sites nested within regions as a random effect, using expected 
means squares.  The denominator degrees of freedom and denominator mean square 
used to compute F-statistics are included. 
 

Analysis Source Df MS DF-
Den 

MS 
Den 

F P 

Whelk 
Density 

Region 
Site[Region]&Random 
 

1 
2 

28.557 
4.892 

 

2 
20 

4.892 
0.884 

 

5.838 
5.531 

0.1370 
0.0122 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7. The effect of predators on mussel and barnacle cover at the two high-
recruitment sites (FC, YB) and the two low-recruitment sites (CM, KH).  Data are site 
means (+ SE) of percent cover differences in each block (n = 4-6) of the plot where 
predators had access and the plot where predators were excluded (i.e., cover of 
mussels (barnacles) in cage control plot – cover of mussels (barnacles) in predator 
exclusion plot).  Note, a positive mean indicates that the presence of predators had a 
positive effect, increasing cover for that species.  An asterisk indicates a value that 
was significantly different from zero (linear contrast of model in Table 4.5 using a 
Bonferroni adjustment for multiple comparisons of P < 0.01).  Site codes are the same 
as in Figure 4.1. 
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Table 4.5. Effects tests of ANOVA models for mussel and barnacle cover in the 
predation experiment with blocks nested within sites, and sites nested within 
recruitment regions (high and low) as random effects, using expected means squares.  
Each model includes all three treatments: control, cage control, and predator exclusion 
cage.  The denominator degrees of freedom and denominator mean square used to 
compute F-statistics are included. 
 

Analysis Source Df MS DF-
Den 

MS 
Den 

F P 

Mussel 
Cover 

Treatment 
Region 
Site[Region]&Random 
Block[Site,Region]&Random 
Region*Treatment 
Site*Treatment[Region] 
     &Random 

2 
1 
2 

14 
2 
4 

1.233 
4.577 
0.198 
0.068 
0.427 
0.024 

4.03 
1.28 
13.76 

28 
4.03 
28 

0.024 
0.158 
0.088 
0.011 
0.024 
0.011 

52.474 
28.921 
2.249 
6.309 

18.185 
2.231 

0.0013
0.0779 
0.1429 

<0.0001
0.0096 
0.0911 

 
Barnacle 
Cover 

Treatment 
Region 
Site[Region]&Random 
Block[Site,Region]&Random 
Region*Treatment 
Site*Treatment[Region] 
     &Random 

2 
1 
2 

15 
2 
4 

0.251 
0.024 
0.662 
0.093 
1.055 
0.151 

4.00 
1.79 
7.11 
30 

4.00 
30 

0.151 
0.625 
0.214 
0.036 
0.151 
0.036 

1.668 
0.038 
3.093 
2.607 
7.001 
4.216 

0.2972 
0.8652 
0.1081 
0.0124
0.0493
0.0079 

 

 

Analysis of mussel cover in the predation experiment indicated a cage artifact 

(linear contrast comparing cage-control to control; F1,4 = 15.3, P < 0.0172), so 

predation effects were determined by comparing the predator exclusion treatment to 

the cage control treatment.  At both of the high-recruitment sites predators had a 

strong negative effect on mussel cover after ten months (linear contrasts; FC, F1,28 = 

35.4, P < 0.0001; YB, F1,28 = 49.1, P < 0.0001).  At the low-recruitment sites 

predators had a smaller effect on mussel cover (linear contrast of high-recruitment 

sites to low-recruitment sites, F1,28 = 17.9, P = 0.0002), and only one of the two low-

recruitment sites showed a significant effect of predators on mussel cover (linear 

contrasts with significance at p < 0.01; CM, F1,28 = 4.7, P = 0.0391; KH, F1,28 = 9.6, P 

= 0.0044).  In contrast to the negative effect predators had on mussel cover at the high-

recruitment sites, predators had a positive effect on barnacle cover at these sites (linear 

contrasts; FC, F1,30 = 12.6, P = 0.0013; YB, F1,30 = 9.4, P = 0.0045).  The effect of 
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predators on barnacle cover varied between sites in the low-recruitment region.  There 

was no measurable effect of predators on barnacle cover at CM in the low-recruitment 

region (linear contrast, F1,30 = 0.2, P = 0.6901), while there was a negative effect of 

predators on barnacle cover at KH (linear contrast, F1,30 = 15.2, P = 0.0005).  The 

effect of predators on barnacle cover differed strongly by recruitment region (linear 

contrast of high-recruitment sites to low-recruitment sites, F1,30 = 31.7, P < 0.0001). 

 

DISCUSSION 

Early Succession Patterns 

 Early succession in wave-exposed mussel beds followed different pathways at 

sites within the high sessile invertebrate recruitment region versus sites within the low 

sessile invertebrate recruitment region (Fig. 4.4., Table 4.2.).  Not surprisingly, at the 

two sites within the high-recruitment region, sessile invertebrates dominated early 

succession.  In contrast at the two low-recruitment sites, algae, not invertebrates were 

the dominant in early succession.  Hence as predicted, at the sites in the high-

recruitment region, post-recruitment factors (predation, competition, and disturbance) 

played an important role in guiding early succession (Figs. 4.5. and 4.7., Table 4.5.).  

Counter to expectation, post-recruitment factors may also play an important role 

during early succession at sites within the low-recruitment region.  However, post-

recruitment factors at the low-recruitment sites appear to differ from those at high-

recruitment sites in important ways.  At the high-recruitment sites predation targeted 

the competitive dominant (mussels) resulting in an indirect positive affect on other 

sessile invertebrates.  This is the classic pattern seen in interaction webs dominated by 

strong consumer-prey interactions where the consumer preys preferentially on the 

competitive dominant (e.g., Paine 1966, Lubchenco 1978, Power et al. 1996, Menge 

and Freidenburg 2001).  At the low-recruitment sites, however, predation tended to be 

neutral or to negatively affect both mussels and barnacles.  In the high-recruitment 

region competition for space was intense between sessile invertebrates, while in the 
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low-recruitment region algae appeared to be outcompeting barnacles by preemptively 

occupying space. 

Algal cover.—Between the high- and low-recruitment regions, probably the 

most striking difference in succession was the fundamental role of algae at sites in the 

low-recruitment region.  I present three possible explanations for this result.  First, the 

lower levels of sessile invertebrate recruitment led to decreased competition for space, 

potentially giving algal spores at low-recruitment sites a chance to attach and a 

window in time with sufficient space available upon which to grow without being 

overgrown by mussels.  While this in itself would result in higher algal cover early on 

at the low-recruitment sites, it may not explain the general upward trend through the 

two-year study.  Given that barnacles are competitively dominant over some species of 

algae, being able to undercut and dislodge algae as they grow (Dayton 1971), the 

prediction would be for a peak in algal cover that eventually gets reduced by barnacle 

growth and recruitment.  Instead of being overgrown, however, it appeared that algae 

may have preempted space from barnacle recruits (“barrier effect;” Dungan 1986), and 

the leafy algae (e.g., Mazzaella spp., Mastocarpus papillatus, and Analipus japonicus) 

may have swept the rocks clear of barnacle cyprids (“whiplash effect;” see Dayton 

1971, Hawkins 1983) preventing further barnacle recruitment.  Consistent with this 

hypothesis, inspection of plots with algal canopies during the second year found very 

few to no new barnacle recruits (C. Krenz, personal observations), resulting in no new 

barnacle cover after the first year (Fig. 4.4.).   

A second potential explanation for the higher algal cover at the low-

recruitment sites is that there could be differences in the number of herbivorous 

limpets between recruitment regions that lead to different rates of herbivory.  To 

examine this possibility I counted the number of limpets in control plots during the 

summer of 2003, finding a marginally significant trend towards higher limpet 

abundances in the high-recruitment region than in the low-recruitment region (Fig. 

4.8., Table 4.6.).  Although this regional difference was only marginally significant, 

such a trend could result in the different rates of herbivory needed to explain the algal  
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Figure 4.8. Density of limpets in control plots in summer of 2003 at the two high-
recruitment study sites (FC, YB) and the two low-recruitment study sites (CM, KH).  
Data are block means (± SE, n = 6 per site).  Tukey’s HSD indicates that bar pairs 
with the same lowercase letter are not significantly different at P = 0.05.  Site codes 
are the same as in Figure 4.1. 
 

 

 

Table 4.6. Effects tests of ANOVA model for limpet density in control plots in 
summer of 2003 with sites nested within regions as a random effect, using expected 
means squares.  The denominator degrees of freedom and denominator mean square 
used to compute F-statistics are included. 
 

Analysis Source Df MS DF-
Den 

MS 
Den 

F P 

Limpet 
Density 

Region 
Site[Region]&Random 
 

1 
2 

326.344 
19.427 

 

2 
20 

19.427 
40.965 

 

16.798 
0.474 

0.0547 
0.6292 

 

 

 

cover pattern.  Furthermore, the rate of herbivory has been found to be associated with 

the amount of pelagic subsidies in some areas (Bustamante et al. 1995a, Menge et al. 

1997b), which vary within the study region (Chapter 2).  

 A third alternative is that the higher algal cover at the sites in the low-

recruitment region could potentially be the result of higher growth rates of algae in the 
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low-recruitment region compared to the high-recruitment region.  Further, research on 

the open-coast of Oregon has found that benthic-algae growth is enhanced by the 

addition of nutrients (Nielsen 2003, Guerry 2006).  Coastal upwelling, which brings 

nutrient rich water to the surface, is stronger, more persistent and occurs over a greater 

part of the year along the low-recruitment region of northern California compared to 

the high-recruitment region of central Oregon (Parrish et al. 1981, Huyer 1983, Hickey 

1998), potentially enhancing algal growth in the low-recruitment region.  Each of 

these alternatives is plausible and non-mutually exclusive, and further research is 

needed in order to determine the mechanism for the regional difference in importance 

of algae during mussel bed succession. 

 Mussel cover.—Mussels, which were overwhelmingly composed of M. 

trossulus (C. Krenz, personal observation), played a significant role in early 

succession at the sites in the high-recruitment region but were nearly absent at the sites 

in the low-recruitment region.  Mytilus spp. recruitment at the sites in the low-

recruitment region was on average between two and five hundred mussels per year per 

mussel collector, far exceeding the density of adult mussels within a comparable 

volume of mussel bed. 

What prevents these recruits from maturing to juvenile and adult mussels?  I 

postulate that predation eliminates nearly all mussel recruits during early succession at 

the low-recruitment sites.  Although their effect was small at KH, for example, 

predators had a measurable effect on mussel cover (F1,28 = 9.6, P = 0.0044).  At CM I 

saw weak but non-significant evidence for a predation effect as well (F1,28 = 4.7, P = 

0.0391 with Bonferroni corrected significance at P = 0.01).  Further, if I drop the 

insignificant site x treatment interaction (Table 4.5., P = 0.0911) from the mussel 

cover analysis, predation reduced mussel cover in the low-recruitment region in 

general (linear contrast, F1,32 = 11.5, P = 0.0019).  Given the classic examples of 

consumers eliminating their prey in rocky shore systems (e.g., Connell 1961, Paine 

1966, 1974, Lubchenco 1978), it would not be surprising that the whelks eliminated 

their preferred prey under conditions of low-recruitment. 
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 Barnacle cover.—Barnacle cover in the high-recruitment region rapidly 

reached high abundances (~80% cover reached within four months of establishment of 

the experiment; Fig. 4.4.) after plots were initially cleared, whereas in the low-

recruitment region barnacle cover increased at a slower rate and had an overall lower 

maximum peak (~40-45% cover reached 7-9 months after establishment; Fig. 4.4.).  In 

the high-recruitment region, the rapid colonization of barnacles was likely due to high-

recruitment within the region and subsequent growth.  The slower accumulation of 

barnacle cover in the low-recruitment region was likely due to the lower barnacle 

recruitment.  Interestingly, the decline in barnacle cover in the high-recruitment region 

after the initial high peak and the later peak in barnacle cover in the low-recruitment 

region brought barnacle cover within each region to similar levels after a year (Fig. 

4.4.).  However the declines in barnacle cover during the second year in the low-

recruitment region but not in the high-recruitment region resulted in higher barnacle 

cover in the high-recruitment region at the end of the study.  In the high-recruitment 

region, the declines in barnacle cover after the high initial peak were likely due to 

disturbance and competition with mussels.  There were several disturbance events 

during the first winter of the study that decreased barnacle cover at the high-

recruitment sites (C. Krenz, personal observation).  The disturbance events were 

likely to have been caused at least in part by the high degree of barnacle hummocking 

early on in the high-recruitment region (Fig. 4.5.).  Barnacles are more susceptible to 

disturbance when they are crowded and grow in a hummocked growth form as 

compared to the classic solitary volcano shape (Fig. 4.2.; Barnes and Powell 1950, 

Bertness et al. 1998, Sousa 2001).  In the high-recruitment region, mussel (M. 

trossulus) recruitment and growth also resulted in decreased barnacle cover through 

overgrowth of barnacles by mussels (C. Krenz, personal observation).  M. trossulus is 

known to be competitively dominant over barnacles in the high-recruitment region 

(Dayton 1971, Berlow 1997).  The predation experiment also demonstrated this 

interaction through the indirect positive effect of predatory whelks on barnacle cover 

in the high-recruitment region (Fig. 4.7.).   In the low-recruitment region, in contrast, 
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little to no barnacle crowding occurred, and neither instability due to hummocking 

(overcrowding) nor mussel competition were factors in regulating barnacle cover. 

Free space.—Surprisingly, the percentage of bare rock did not differ between 

regions (Table 4.2.).  Although early in the study the high-recruitment region tended to 

have less bare space compared to the low-recruitment region (t-test, P = 0.1286), this 

difference was not significant due mostly to low sample size.  Besides this trend 

during initial colonization of plots, there were no trends in the amount of free space 

between regions both one and two years after plots were initially cleared.  Sufficient 

available free space (typically ranging from 15-35% at a site on average) and the lack 

of clear differences between regions in the amount of available space for colonization 

suggests that settlement space for barnacles and algae was not limiting within either 

region.  However, bare rock may have been kept open within each region by limpet 

grazing of algal spores and bulldozing of recent barnacle settlers (Dayton 1971, 

Dungan 1986), making it difficult to determine how much of the bare rock was truly 

available to barnacle and algal recruitment.  The finding of no clear differences in free 

space runs counter to prediction (Roughgarden et al. 1988, Connolly and Roughgarden 

1998).  However, while a prior study found differences in free space in the higher 

barnacle zone (Connolly and Roughgarden 1998), neither this nor our study have 

found differences in free space within the mussel bed between sites in the high- and 

low-recruitment regions (Connolly and Roughgarden 1998, Chapter 3).  The 

discrepancy with theory is likely due to the lack of consideration of space utilization 

by algae in the low-recruitment region, as seen here (Fig. 4.4.) and in an examination 

of abundance of space occupants within the mussel bed (Chapter 3).  These results 

indicate the need to incorporate algae, a competitive subordinate (Dayton 1971) that is 

a relatively short distance disperser (Kinlan and Gaines 2003), into models of rocky 

shore community structure that incorporate recruitment. 

Post-Recruitment Factors 

Competition.—As predicted (Menge and Sutherland 1987, Roughgarden et al. 

1988, Connolly and Roughgarden 1999b), competition was a more important factor 
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during early succession in the high-recruitment region than in the low-recruitment 

region.  This is epitomized in the rapid hummocking of barnacles in the high 

recruitment region but not in the low-recruitment region (Fig. 4.5.).  Further into the 

study, in the high-recruitment region competitive overgrowth of barnacles by mussels 

was an important factor that was absent in the low-recruitment region.  Competitive 

interactions appeared to be minimal in the low-recruitment region until algae were 

well established and apparently able to out-compete barnacles for space within plots, 

possibly via space preemption (Dungan 1986).  This proposed interaction implies that 

the competitive hierarchy in the low-recruitment region is reversed from that observed 

in the high-recruitment region (Dayton 1971, Farrell 1991, Berlow 1997). 

Predation.— My experiments indicated that predation was a potent post-

recruitment interaction in both regions, but that important qualitative differences 

occurred between regions.  Before discussing these, however, it is important to first 

briefly consider the possible affects of caging-related artifacts.  Because abundances in 

cage-controls differed from those in marked plots, despite access to whelks in both, we 

tested the effect of predation by comparing results in cages (-whelks +cage artifacts) 

to those in cage-controls (+whelks +cage artifacts).  Cages can have several effects 

besides that for which they are intended, including shading (Connell 1961, Dayton 

1971), and altering water circulation, turbulence, and flow (Underwood 1980, 

Navarrete 1996).  The significant difference in invertebrate cover between the cage-

control plots and the control plots could have been either caused by these changes to 

the environment or alternatively, from the cage control decreasing the efficiency of 

predators (Steele 1996).  With only two small openings for whelk predators to access 

plots in cage-controls, predation by Nucella may have been hindered.  Unfortunately, 

without further field tests it is not possible to distinguish between environmental 

effects and predator efficiency effects in this experiment.  Thus, estimating the 

predation effect by comparing the cage exclusion treatment to the cage control 

treatment accounts for the potential of environmental cage effects, but this is a 
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conservative measure of predation effect if the cage-control had the effect of 

decreasing predation efficiency. 

Predation played an important role in both the high- and low-recruitment 

regions, but the predation effect varied between the two regions.  In the high-

recruitment region predation by whelks focused on M. trossulus, as reflected in the 

predation experiment by the strong negative effect of predators on mussels but 

positive effect on barnacles (Fig. 4.7.).  In the absence of whelks (i.e., in the cage 

treatments), M. trossulus rapidly overgrew the acorn barnacles present in the plot, 

attaining 100% cover of mussels in less than a year (C. Krenz, personal observation).  

While predation did not eliminate M. trossulus cover, it did slow the accumulation of 

M. trossulus during early succession, having a net positive effect on barnacle cover.  

Apparently, despite the generally higher densities of whelks (Fig. 4.6.), the 

exceptionally high-recruitment within the region had a swamping effect (Berlow 

1997).  Predation in the high-recruitment region appeared to have little to no effect on 

primary algal cover, as the small amount of algae that occurred in the control plots 

tended to be attached to acorn barnacles and not primary substratum (bare rock), likely 

being excluded from being a primary space occupier.   

 In the low-recruitment region the predation effect appeared weaker, but in 

terms of structuring early succession community patterns, predation appeared to be an 

important factor.  While whelk predation focused on M. trossulus at the high-

recruitment sites, at the low-recruitment sites predation appeared to impact both 

mussels and barnacles (Fig. 4.7.).  At KH there was a clear negative effect of predators 

on both mussel and barnacle cover.  Although whelks did not appear to affect mussel 

or barnacle cover at CM, an effect may have been detected if the predation experiment 

had occurred over a longer time period.  As described earlier, at CM there was a 

marginally significant effect of predators on M. trossulus.  While there was no clear 

evidence of a predation effect at CM on barnacles, over the two-year study period 

there were numerous times when predatory whelks would move into plots and prey 

upon the barnacles, leaving empty tests that were eventually overgrown by algae (C. 
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Krenz, personal observations).  Predation appears to nearly eliminate M. trossulus and 

decrease the cover of barnacles, potentially leading to the important role of algae 

during early mussel bed succession at the low-recruitment sites. 

 The important effects of predation in both the high- and low-recruitment 

regions were partially consistent with the Roughgarden et al. (1988) hypothesis, which 

predicts post-recruitment processes tend to regulate community structure in the high-

recruitment region while fluctuations in recruitment are believed to drive community 

dynamics in the low-recruitment region.  In the high-recruitment region the strong 

effect of predation on M. trossulus and the subsequent positive effects on 

competitively subordinate barnacle species are consistent both with previous research 

done within the region (Dayton 1971, Paine and Levin 1981, Berlow 1997) and with 

the Roughgarden et al (1988) prediction that post-recruitment factors would be 

important for setting community structure patterns in areas of high-recruitment.  In the 

low-recruitment region, although the effect of predation was not as consistently strong, 

it appeared to be important in setting community structure patterns, which is counter 

to the Roughgarden et al. (1988) prediction of post-recruitment factors playing a 

relatively minor role in setting community structure patterns in areas of low-

recruitment.  The finding that predation may drive early mussel bed succession 

towards algal domination in the low-recruitment region is consistent with both the 

higher algal cover (Chapter 3) and important role of algae in community dynamics 

(Foster 1990, Kinnetic Laboratories 1992) in the area.  Other general models of 

community regulation, which incorporate recruitment, predict that predation will be an 

important structuring factor independent of recruitment level (Menge and Sutherland 

1987).  Interestingly the importance of predation in affecting community structure 

patterns within both regions was demonstrated through the indirect positive effect it 

had on competitive subordinates (Paine 1966), including barnacle cover in the high-

recruitment region and algal cover in the low-recruitment region. 

 A fundamental difference in the study of predation here from recent theoretical 

(Connolly and Roughgarden 1999b) and empirical (Menge et al. 2004) studies of 
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predation in this region is that the whelk predators, Nucella spp., studied here have 

closed populations and the sea star predator, Pisaster ochraceus, examined in their 

work has open populations (Strathmann 1987).  Nucella spp. lay egg capsules in the 

mussel bed that hatch crawl away larvae, where as P. ochraceus have planktonic 

larvae.  Menge et al. (2004) suggested that life history characteristics of P. ochraceus, 

including sporadic recruitment and great longevity, resulted in predation rates that 

were not always matched to prey resources.  The closed population dynamics and 

shorter life span of Nucella spp. makes these predators more likely to be responsive to 

the bottom-up effect of variation in prey resources.  Evidence for this can be seen in 

the correlation between whelk densities and prey recruitment seen here (Figures 3 and 

6) and in other studies (Chapter 3, Wieters et al., in prep), as well as from N. 

canaliculata having an evolutionary-based difference in prey selection between the 

regions of high and low-recruitment (Sanford et al. 2003).  However, in the present 

study the predation effect of Nucella spp. only appeared to partially match prey 

resources.  The effect of predation on mussels was stronger in the high-recruitment 

region than in the low-recruitment region, but there was also a clear predation effect 

on barnacles at one of the two low-recruitment sites (Fig. 4.7.).  A larger study of 

Nucella spp. predation rates that includes more than two sites within each recruitment 

region is needed to determine the degree to which whelk predation matches prey 

resources in the northeast Pacific. 

Recruitment and Benthic-Pelagic Coupling 

 The results presented here show a clear regional difference in community 

dynamics – specifically early mussel bed succession – that is consistent with the large 

regional variation in sessile invertebrate recruitment (Fig. 4.3., Chapter 2, Connolly et 

al. 2001) driving rocky shore community structure in the northeast Pacific (Chapter 3, 

Roughgarden et al. 1988, Connolly and Roughgarden 1998, 1999b).  Although the 

comparative-experimental approach employed here is a powerful tool for evaluating 

the effects of environmental gradients on community structure over large spatial scales 

(Menge et al. 2002), for processes that cannot readily be manipulated it is not 
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sufficient for determining cause and effect, especially when more than one factor is 

correlated along an environmental gradient.  Given that large differences in 

recruitment are known to affect population dynamics (Connell 1985, Gaines and 

Roughgarden 1985, Caley et al. 1996), and the importance of many of the species 

studied here to community structure (i.e., Mytilus spp. and B. glandula), it would be 

very surprising if the regional differences in recruitment were not at least one 

important driver of the differences in community dynamics between the regions 

studied.  Furthermore, many of the other factors that are known to affect community 

dynamics do not appear to vary strongly between the regions studied.  For example, 

environmental stress is known to strongly affect community structure (Menge and 

Sutherland 1976b, 1987).  However, thermal stress appears to be fairly similar 

between the regions studied here (Helmuth et al. 2002), and study sites were chosen in 

part for their similar levels of wave-exposure, making these stress gradients unlikely to 

explain the large differences in early mussel bed succession.  Additionally, water 

temperatures appear similar across the study region (B. Menge and C. Krenz, 

unpublished data).  On the other hand, there is evidence that delivery of particulate 

food to sessile invertebrates, a bottom-up factor, is positively correlated with 

recruitment in these regions (Chapter 2, 3, Menge et al. 2004).  Phytoplankton 

concentrations, one aspect of particulate food for intertidal sessile invertebrates, 

appear to be higher in the high-recruitment region than in the low-recruitment region, 

and growth rates of the mussel M. californianus were also higher in the high-

recruitment region than in the low-recruitment region (Chapter 2).  Bottom-up effects 

may also be contributing to, or enhancing, the differences in early mussel bed 

succession between high- and low-recruitment regions. 

 This study is consistent with, and adds to the growing evidence for the 

importance of benthic-pelagic coupling (c.f. Menge et al. 1997a) to rocky shore 

community structure, as also seen in studies in South Africa (Bustamante et al. 

1995b), New Zealand (Menge et al. 2003), Chile (Navarrete et al. 2005) and the U.S. 

west coast (Menge et al. 1997a, Connolly and Roughgarden 1998, Menge et al. 2004).  
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Large geographic breaks in delivery of ecological subsidies (c.f. Polis and Hurd 1996), 

in the form of sessile invertebrate recruitment and particulate food, to benthic 

communities have been found along the coast of Chile (Navarrete et al. 2005), in 

comparing east and west coasts of the south island of New Zealand (Menge et al. 

2003), and around Cape Blanco in southern Oregon (Chapter 2, this study).  These 

breaks are associated with large differences in community dynamics and structure (see 

respective references). 

 

CONCLUSIONS 

 Early succession of mussel bed communities along the northern California 

coast, which receives low levels of sessile invertebrate recruitment, differs from early 

succession along the Oregon coast where sites receive high levels of recruitment.  

Predation appears to interact with recruitment level to set the succession pathway 

within each region.  Despite strong predation in the high-recruitment region, 

recruitment of sessile invertebrates swamped whelk predators, resulting in early 

succession being dominated by sessile invertebrates.  Even with relatively weak 

predation in the low-recruitment region, predation appeared to eliminate most 

invertebrates during early succession, resulting in early succession being dominated by 

algae.  These findings may help explain the different perspectives of researchers on 

the role of algae and sessile invertebrates in shaping community structure along the 

U.S. west coast (i.e., Foster 1990, 1991, Paine 1991, Schiel 2004).  More importantly, 

these findings also indicate that the oceanographic regime, which changes around 

Cape Blanco in southern Oregon (Parrish et al. 1981, Huyer 1983, Huyer et al. 2005), 

sets the stage upon which species interactions are played out. 

 The need to determine if recruitment is a critical factor in the recovery of other 

marine ecosystems is urgent, especially in ecosystems with highly depleted fisheries.  

With many of the world’s fisheries depleted to less than 10% of their historical 

biomass (Worm et al. 2005), larval production and recruitment of many of these fish 

species has undoubtedly been drastically reduced.  In efforts to recover marine 
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ecosystems, it is important for managers to know how reduced recruitment of 

important species will affect those efforts. 
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Chapter 5: Conclusions to the Dissertation 

 

 This chapter brings together the answers to the questions posed in Chapter 1.  

The questions are used as a framework for summarizing our current understanding of 

the role ecological subsidies play in rocky-intertidal community regulation in the 

Northeast Pacific.  I conclude with a brief discussion of the importance of benthic-

pelagic coupling in rocky shore communities. 

 

What are the spatial and temporal patterns of pelagic subsidies? 

 In Chapter 2, my co-authors and I reported on the spatial and temporal patterns 

of recruitment and particulate food subsidies to rocky shore sites along the northern 

California and Oregon coasts.  Recruitment of Mytilus spp., Balanus glandula, and 

Chthamalus dalli transitioned around Cape Blanco in conjunction with the strength of 

upwelling and coastal ocean circulation patterns.  Intertidal invertebrate recruitment 

consistently changed from very high levels north of Cape Blanco, to intermediate 

levels between Capes Blanco and Mendocino, to very low levels south of Cape 

Mendocino.  The specific shape of the recruitment transition varied among species.  

Chlorophyll-a concentrations and mussel growth rates were also higher north of Cape 

Blanco than south of Cape Blanco. 

 Our study advanced the knowledge of patterns of ecological subsidies in 

coastal ecosystems in three important ways.  First, the associated transition in 

recruitment does not appear to happen specifically at Cape Blanco as previously 

thought (Connolly et al. 2001).  Rather, the region between Cape Blanco and Cape 

Mendocino appears to be a transition zone.  Second, the species-specific recruitment 

clines indicate each larval species is interacting differently with the coastal ocean 

circulation.  At Cape Blanco Mytilus spp. had the largest change in recruitment level, 

followed by B. glandula, but C. dalli recruitment did not vary significantly around the 

Cape.  In contrast, at Cape Mendocino the transition was similar for all species.  In 

addition, C. dalli showed considerable within region variability that was not seen in 
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the other species studied.  Lastly, the regional differences in phytoplankton 

concentration and mussel growth suggest that bottom-up inputs may also be affecting 

the latitudinal change in community structure (Connolly and Roughgarden 1998). 

 

Are the spatial patterns of pelagic subsidies associated with the cover and density of 

rocky shore organisms? 

 In Chapter 3, my co-authors and I examined the correlations between 

ecological subsidies and the cover and density of mussel bed organisms.  The 

ecological subsidies we monitored (phytoplankton concentration and mussel and 

barnacle recruitment) had a high degree of covariation between sites, indicating a 

general latitudinal transition in recruitment and particulate food subsidies.  There was 

a strong and far reaching correlation between our general measure of pelagic 

ecological subsidies that a site received and the composition of the mussel bed 

community at each site.  Interestingly several dominant species, including Mytilus 

californianus and B. glandula, were not correlated with subsidies while some of the 

strongest correlations were with predators, suggesting a bottom-up effect of ecological 

subsidies. 

While the latitudinal change in community structure along the U.S. west coast 

(Connolly and Roughgarden 1998) has been attributed to the transition in subsidies 

(Connolly et al. 2001), this hypothesis had not previously been tested directly.  While 

this study confirmed the association between subsidies and community structure, it 

also indicated some components of the community were indirectly affected by 

subsidies.  The correlation with whelk predators suggests a bottom-up effect of 

ecological subsidies on abundance of this predator, thus supporting the hypothesis that 

top-down factors can vary with the magnitude of bottom-up factors.  Overall, these 

results are consistent with previous work that pelagic subsidies are an important factor 

in regulating community structure of rocky intertidal communities along the U.S. west 

coast (Menge et al. 1997, Menge et al. 2004). 
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Does early mussel bed succession differ between regions of high- and low-recruitment 

rates of sessile invertebrates? 

 Using a comparative-experimental approach (Menge et al. 2002), in Chapter 4, 

I examined early mussel bed succession at sites in the high-recruitment region 

(Oregon) and at sites in the low-recruitment region (northern California).  The results 

of this study were consistent with the hypothesis that successional pathways differ 

between regions of high- and low-recruitment.  In the high-recruitment region, 

invertebrates dominated early succession.  In contrast, algae played a principle role in 

the succession pathway of the low-recruitment region.  This is strong evidence that the 

latitudinal transition of subsidies, described in Chapter 2, affects community 

regulation in rocky shore mussel beds. 

 

Are post-recruitment factors more important in regulating the abundance of 

organisms in the high-recruitment area than in the low-recruitment area, as the 

Roughgarden et al. (1988) hypothesis predicts? 

 In Chapter 4 during the succession study outlined above, I also measured the 

affect of whelk predators using a predator exclusion experiment and monitored 

barnacle hummocking as an index of space competition (Bertness et al. 1998, Sousa 

2001).  There was stronger predation in the high-recruitment region than in the low-

recruitment region.  Additionally, in the high-recruitment region there was rapid 

barnacle hummocking that did not occur in the low-recruitment region.  Both of these 

results are consistent with the strength of post-recruitment factors being associated 

with recruitment level. 

 However, and significantly, post-recruitment factors appeared to play an 

important role in regulating the abundance of organisms in both the high- and low-

recruitment regions despite the between-region differences in the strength of post-

recruitment factors.  In the high-recruitment region, predation on the mussel M. 

trossulus slowed the overgrowth of barnacles by mussels, decreasing the strength of 

this competitive interaction.  In the low-recruitment region predation also played an 
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important role by nearly eliminating mussels and reducing barnacle cover, leading in 

part to the primary role of algae in succession.  Taken together these results are only 

partially consistent with the Roughgarden et al. (1988) hypothesis. 

 

CONCLUDING REMARKS 

 These results provide further understanding of benthic-pelagic coupling along 

the U.S. west coast.  My point of departure for the research was the model developed 

by Roughgarden et al. (1988).  They proposed that a latitudinal cline in upwelling 

resulted in a subsequent gradient in recruitment of benthic invertebrates.  While 

oceanographers have long known that there is a latitudinal gradient in upwelling along 

the U.S. west coast (e.g., Parrish et al. 1981), recent research is showing that the ocean 

circulation patterns are more complex than the simple cline envisioned by 

Roughgarden et al. (1988; e.g., Barth et al. 2000, Barth and Wheeler 2005, Huyer et al. 

2005).  Despite this oceanographic complexity in upwelling driven circulation 

patterns, intertidal invertebrate recruitment does appear to vary in approximately the 

pattern originally envisioned by Roughgarden et al. (1988).  My work demonstrates, 

however, that the pattern of change is neither an abrupt non-linear change at Cape 

Blanco nor a gradual steady decline, but is more of a step-function transition between 

regions of high- and low-recruitment from central Oregon to central California 

(Chapter 2, Connolly et al. 2001).  Furthermore, the ocean circulation patterns appear 

to also affect coastal phytoplankton concentrations and potentially other particulates 

(Chapter 2), possibly contributing to regional differences in community regulation.  

With recent research indicating that reproductive output of sessile invertebrates is 

correlated with particulate concentration (Leslie et al. 2005), this indicates the need for 

more research to understand if bottom-up factors are contributing to the recruitment 

pattern. 

 The second piece of Roughgarden et al.’s (1988) hypothesis is that the gradient 

in recruitment affects community regulation.  Both Chapters 3 and 4 confirmed that 

rocky shore communities are structured differently in areas of high- and low-subsidies.  
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However the differences in community structure appear to only partially follow their 

proposed mechanism of differences in the importance of post-recruitment interactions.  

As described above, the results of Chapter 4 suggest that post-recruitment factors were 

important within both regions of high- and low-subsidies, though the particular 

interactions between regions were different.  Furthermore, there was similar cover of 

M. californianus in both the high-recruitment region and in the low-recruitment region 

(Chapter 3), indicating that cover of these mussels are not likely to be regulated by 

fluctuations in recruitment.  However, there is evidence for regional differences in the 

abundance and distribution of dominant species in the high-intertidal zone (Connolly 

and Roughgarden 1998). 

 This study is consistent with, and adds to the growing evidence for the 

importance of benthic-pelagic coupling to rocky shore community structure, as also 

seen in studies in South Africa (Bustamante et al. 1995), New Zealand (Menge et al. 

2003), Chile (Navarrete et al. 2005) and the U.S. west coast (Menge et al. 1997, 

Connolly and Roughgarden 1998, Menge et al. 2004).  Large geographic breaks in 

delivery of recruitment and particulate food subsidies to benthic communities have 

been found along the coast of Chile (Navarrete et al. 2005), in comparing east and 

west coasts of the south island of New Zealand (Menge et al. 2003), and around Cape 

Blanco in southern Oregon (Chapter 2, this study).  These breaks are associated with 

large differences in community dynamics and structure (see respective references).  

Pelagic subsidies set the stages upon which rocky shore community regulation is 

played out. 
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