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Abstract 
 

Life in a patchy world: species-habitat relationships link macroalgal communities 

to higher trophic levels in temperate rocky reefs 

 
 By 

Brenna Mahoney 
 

Benthic macroalgae occur on most temperate shallow rocky reefs and provide an 

important source of biogenic structure for associated fauna. The assemblage of low-lying 

foliose red (Rhodophyta) algae creates significant habitat for small, mobile invertebrates 

that fuel higher trophic levels. The changing composition and abundance of algal species 

can affect abundance and species composition of associated assemblages including prey 

items for fish predators. Availability and abundance of prey items for fish predators is 

therefore linked to availability of suitable biogenic habitat that harbors these prey items. 

Top-down effects by fish predators can also structure prey communities through 

selective predation, but predation itself can be affected by habitat complexity. In 

temperate rocky reefs, microcarnivorous fishes actively use benthic red algae to acquire 

prey. When availability of preferred prey items are not evenly distributed across a 

temperate reef, fish predators may choose to select for a specific habitat based on factors 

including resource availability, competition and predation levels, as well as physical 

features of the environment. For my research, I examined the links between algal habitat, 

associated invertebrate assemblages, and fish predators at shallow, rocky reefs of the 

Monterey Bay Peninsula. 

This dissertation focuses on three components to understand how changes in 

algal habitat affect prey availability and habitat utilization of fish predators. In Chapter 1, 
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I take advantage of a natural gradient of physical disturbance (exposure to ocean swell) 

to examine how changes in benthic macroalgal assemblages affect associated invertebrate 

assemblages and to determine if the two assemblages co-vary predictability along that 

gradient. I found that both algal and invertebrate assemblages had high spatial variability 

and that assemblages were more similar among spatially close sites than those more 

distant. In Chapter 2, I look at how top-down predation by Oxylebius pictus, a 

microcarnivorous fish, structures prey communities associated with different red algal 

species. I found that the abundance of different prey items of O. pictus are affected by 

host algal species and that predators disproportionately feed on prey items from specific 

algal hosts. In Chapter 3, I examined the ontogenetic shift in diet and habitat 

associations of O. pictus in relation to prey availability and changing feeding mechanics. I 

asked if different life stages associate with different algal species given prey preference 

and selectivity as well as availability of prey across different algal species. I found that the 

prey identity and size of prey of O. pictus shifted from juvenile to adult stages. Diet shifts 

coincided with changes in both vertical gape and mechanical advantage of the jaw. There 

was also a shift in algal habitat and benthic reef associations from juvenile to adult stages.  

Together, results from this dissertation suggest that the red algal assemblage, 

which covers a considerable portion of shallow, temperate rocky reefs, is an important 

source of biogenic habitat, providing significant structure for prey items of 

microcarnivorous fishes. Results suggest that changes in species composition and 

identity of algal habitat have consequences to availability of prey items. In turn, changes 

in prey availability due to changes in algal species composition may help explain why fish 
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exhibit algal-specific associations and prey selectivity and why these change with 

ontogeny.  

Understanding how changes in plant assemblages influence faunal communities 

is central to our ability to both explain and predict overall (flora and fauna) spatial and 

temporal variation in community structure and functions. Additionally, understanding 

mechanisms that help explain how fish predators utilize habitat and if this changes with 

ontogeny is a key requirement to understanding important community interactions. The 

temperate reefs studied in this dissertation are examples of the natural complexity of an 

ecological community. Understanding how changes in biogenic habitat, caused by natural 

or anthropogenic sources, and how these changes will affect associated communities is 

an important goal of ecosystem monitoring and management. 
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Introduction 

Habitat forming species are important components in many ecosystems and loss 

of these species has direct negative effects on ecosystem structure (e.g., biodiversity), 

functions (e.g., productivity) and the services they provide to humans (Cardinale et al 

2006, Hooper et al 2012). Biogenic habitat created by plants can directly affect 

population dynamics of associated fauna by influencing recruitment, abundance, and 

species composition of associated assemblages (Connell and Jones 1991, Holbrook et al 

2006). These effects on associated fauna can differ by species of plant because of 

differences in plant attributes such as physical structure (Halaj et al 2000) or chemical 

compounds (Duffy and Hay 1994) as well as due to assemblage-level differences such as 

diversity (Parker et al 2001, Tews et al 2003) and patchiness (Haddad et al 2001). 

Additionally, since different species of associated fauna can have different functional 

roles in a community (e.g. different predator-prey relationships that direct energy in 

different directions through a food web), changes in biogenic habitat can have direct and 

indirect effects on communities and ecosystems.  

For my dissertation, I was motivated to examine how changes in algal habitat in a 

temperate reef ecosystem affected associated communities. I conducted three studies 

along temperate shallow rocky reefs along the Monterey Bay peninsula coastline. While 

canopy-forming algae have been a main focus of how living habitat effects trophic 

linkages, the low-lying but more ubiquitous foliose red algae (Rhodophyta) are also an 

important component of temperate reef communities. These foliose algae create 
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expansive bottom coverage of structurally complex habitat that occurs on most 

temperate shallow rocky reefs with or without large kelps. These low-lying foliose 

species, sometimes referred to as ‘understory’ or ‘turf’ algae, can constitute large areas of 

single-species or mixed-species patches often blanketing the benthic substrate. The 

invertebrates associated with this algal habitat contribute substantially to the prey of 

microcarnivorous fishes that are ubiquitous along temperate reefs (Stephens et al 1970), 

which in turn are preyed on by larger piscivorous fishes.  

The assemblages of foliose red algae of temperate rocky reefs are spatially 

complex and comprised of mixed patches of species. It is difficult to determine how 

variation in relative and total abundance of the algal species that constitute this 

assemblage affects the abundance and species composition of their associated fauna. 

Therefore, for Chapter 1 of my dissertation I directly ask if there is concordance in 

spatial and/or temporal variability in algal habitat and associated invertebrates and I 

determined the extent to which patterns of invertebrate assemblages are driven by spatial 

and temporal patterns of algal habitat. This was done by conducting surveys of along a 

stretch of coastline with naturally variable algal assemblages.  

While the abundance and distribution of habitat forming species can have strong 

bottom-up effects on associated communities (Connell & Jones 1991, Schaffers et al. 

2008), top-down effects by higher trophic levels can structure these communities 

through selective predation (Davenport & Anderson 2007, Lasley-Rasher et al. 2011). 

Therefore in Chapter 2 of my dissertation, I determine how predation by Oxylebius pictus, 

a microcarnivorous fish structures prey resources in a patchy reef environment. I first 

determine the main prey items of O. pictus, how the prey is distributed as a function of 
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algal species, and what effect predation by fish has on these differences. This was done 

with a series of surveys, diet collections, and field experiments.  

Microcarnivorous fishes such as O. pictus actively use benthic algae to acquire 

prey, however, a fish may choose to select for a specific habitat based on factors 

including prey availability, competition and predation levels, as well as physical features 

of the environment. Patch selection by fish can change ontogenetically due to behavioral 

shifts in predator avoidance, territoriality as well as resource requirements of different 

stages (Jones 1984, Lukoschek & McCormick 2001). Changes in habitat selectivity may 

reflect changes in diet composition and energy requirements of juvenile and adult fish 

(McCormick 1995, Jones 1984). For Chapter 3 of my dissertation, I determine if O. pictus 

exhibits habitat selection and if this selection changes ontogenetically in the context of 

morphological changes and availability of prey sizes in the environment.  

Knowledge of how changes in plant assemblages influence faunal communities is 

central to our ability to both explain and predict overall (flora and fauna) community 

structure and functions in space and time. Together, the three chapters of my 

dissertation directly ask how changes in benthic algal assemblages affect prey availability 

and prey acquisition by a fish predator and how a patchy landscape of habitat and prey 

availability affects fish habitat utilization. Ultimately, I am able to examine mechanisms 

that help explain why fish exhibit algal-specific associations and prey size selectivity and 

why they change with ontogeny. Understanding how anthropogenic or natural changes 

in biogenic habitat alter availability of associated assemblages, especially of prey items for 

higher trophic levels is an important but challenging goal for management and 

conservation of species and ecosystems. 
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1. Chapter 1 - Algal assemblage structure drives spatial 

variability in associated invertebrates along a wave exposure 

and swell disturbance gradient 

 

1.1 Abstract 

Understanding how changes in plant assemblages influence faunal communities is central 

to our ability to both explain and predict floral and faunal spatial and temporal variation 

in community structure and functions. Benthic macroalgae occur on most temperate 

shallow rocky reefs and provide an important source of biogenic structure for associated 

fauna. The assemblage of low-lying foliose red algae creates significant habitat for small, 

mobile invertebrates that fuel higher trophic levels. The changing composition and 

abundance of algal habitats can affect abundance and species composition of associated 

assemblages. Here I take advantage of a natural gradient of physical disturbance 

(exposure to ocean swell) to examine how changes in benthic macroalgal assemblages 

affect associated invertebrate assemblages to determine if the algal assemblage and 

associated invertebrate assemblage composition co-vary predictability along that 

gradient. To determine the spatial and temporal patterns in benthic algal assemblages, I 

conducted field surveys at six sites along the exposure gradient from July 2011 to 

September 2012. To determine the spatial and temporal patterns in associated 

invertebrate groups, I collected invertebrates from six algal species from the same site 

and time periods. To test for a correlation between benthic algal assemblage composition 

and associated invertebrate assemblage composition I used the RELATE function in 
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PRIMER. I used the BIOENV procedure to determine the algal species that drive the 

correlation. Additionally I tested if the structure of the invertebrate assemblage 

correlated with algal species. Both assemblages had high spatial variability and 

assemblages were more similar among sites in close proximity than those more distant. 

There was no temporal variability in algal assemblage structure. There was temporal 

variability in invertebrate assemblage structure such that sample months closer in time 

were generally not significantly different from each other compared to months sampled 

further apart. Results of the RELATE analysis indicated a significant spatial concordance 

between the patterns of algal and invertebrate assemblages. Results of the BIOENV 

procedure showed that three algal species, Plocamium, Botryocladia, and Rhodymenia best 

explained the significant correlation with Rhodymenia having the highest single-species 

model coefficient. The invertebrate assemblages were significantly different on all algal 

species. Changes in algal habitat due to physical disturbance by wave and swell produces 

changes in the associated invertebrate assemblage. Understanding how changes in 

biogenic habitat, caused by natural or anthropogenic sources, is important in ecosystem 

monitoring and management. 

1.2. Introduction 

Habitat-forming species are important components in many ecosystems and loss 

of these species has direct negative effects on ecosystem structure (e.g., biodiversity), 

functions (e.g., productivity) and the services they provide to humans (Hooper et al. 

2012, Cardinale et al. 2006, Lilley & Schiel 2006). Biogenic habitat created by plants (e.g. 

trees, seagrasses, mangroves and algae) and animals (e.g. oyster and mussel beds) can 
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directly affect population dynamics of associated fauna by influencing recruitment, 

abundance, and species composition of associated assemblages (Schaffers et al. 2008, 

Holbrook et al. 2006, Connell & Jones 1991). These effects on associated fauna can 

differ by species of plant because of differences in plant attributes such as physical 

structure (Halaj et al. 2000) or chemical compounds (Duffy & Hay 1994) as well as due 

to assemblage-level differences such as diversity (Tews et al. 2003, Parker et al. 2001) and 

patchiness (Haddad et al. 2001). Additionally, since different species of associated fauna 

can have different functional roles in a community (e.g. different predator-prey 

relationships that direct energy in different directions through a food web), changes in 

biogenic habitat can have direct and indirect effects on communities and ecosystems. 

Knowledge of how changes in plant assemblages influence faunal communities is central 

to our ability to both explain and predict floral and faunal community structure and 

functions in space and time. 

Similar to plants in terrestrial, freshwater, and estuarine ecosystems, macroalgae 

are important sources of biogenic structure in shallow marine ecosystems. The majority 

of studies examining how macroalgae supports associated invertebrate communities are 

focused on canopy-forming kelps that create underwater forests (Carr & Reed in press, 

Springer et al. 2010, Siddon et al. 2008, Dayton et al. 1992). These ecosystems are some 

of the most diverse and productive in the world due to strong upwelling of nutrient-rich 

water and a three-dimensional living habitat (Graham et al. 2008). It is well documented 

that species like Macrocystis pyrifera create significant habitat for fishes, invertebrates, and 

mammals (Graham et al. 2008, Dayton et al. 1992, Carr 1989). Small prey items such as 

crustaceans associate abundantly with macroalgae and serve to fuel higher trophic levels 
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(Coyer 1985, Graham et al. 2008, Davenport &Anderson 2007, Carr & Reed in press). 

Fluctuations in abundance of these small invertebrates can drive predatory fish 

populations (Okamoto et al. 2012). Therefore invertebrates in this system serve as a key 

trophic link between primary producers and higher-order consumers (Davenport & 

Anderson 2007). 

While canopy-forming algae have been a main focus of how living habitat affects 

trophic linkages, the low-lying but more ubiquitous foliose red algae (Rhodophyta) are 

also an important component of temperate reef communities. These foliose algae create 

an expansive and structurally complex bottom habitat that occurs on most temperate 

shallow rocky reefs with or without large kelps. These low-lying foliose species, 

sometimes referred to as ‘understory’ or ‘turf’ algae, can constitute large areas of single-

species or mixed-species patches often blanketing the benthic substrate (Harrold et al 

1998, Bred and Foster 1985).  

 Most work on how mobile invertebrates fuel higher trophic levels on temperate 

rocky reefs involves prey of economically and ecologically important species such as kelp 

bass (Paralabrax clathratus; Davenport and Anderson 2007) and rockfishes in the genus 

Sebastes (Hallacher & Roberts 1985, Larson 1980). While some larger fishes use the 

benthic red algal habitat to find prey items (Holbrook et al. 2006), the invertebrates 

associated with this algal habitat also contribute substantially to the prey of smaller, 

microcarniverous fishes that are ubiquitous along temperate reefs (Stephens et al. 1970). 

These microcarnivorous fishes, in turn are preyed on by larger piscivorous fish. 

Therefore, even when these larger fishes are not utilizing benthic algal habitat directly, it 

benefits them indirectly by playing a critical role for their prey.  



 8 

 Compared to canopy-forming species, low-lying benthic algal assemblages may 

support greater abundance and diversity of associated fauna and prey items (Hirst 2007). 

The assemblage of benthic red algae are therefore a key component of the trophic 

networks associated with temperate rocky reefs around the world both by contributing 

to primary production and by providing high coverage of living habitat and supporting 

prey items for higher trophic levels. Understanding how changes in benthic algal habitat 

affects the distribution and composition of their associated faunal assemblages is 

essential to determining processes that link trophic levels and that drive structural (e.g., 

species composition and diversity) and functional (e.g., productivity, nutrient cycling) 

attributes of shallow temperate communities.  

Any effort to understand algal-invertebrate assemblage relationships must take 

into account the great deal of variability that occurs in these systems. Because 

assemblages of foliose red algae are spatially complex and comprised of mixed patches of 

algal species, it is difficult to determine how variation in relative and total abundance of 

species within algal assemblages affect the abundance and species composition of their 

associated fauna. Algal-invertebrate relationships are also difficult to quantify because of 

wide temporal and spatial variability in invertebrate abundance (Clarkin et al. 2012, Borg 

et al. 2010, Vandendriessche et al. 2006, Schmitt & Holbrook 1986). Additionally, algal-

invertebrate relationships can go beyond species or functional group patterns as more 

demographically based attributes such as abundance, density, or biomass of algal habitat 

also affects these relationships. Finally, abiotic and biotic mechanisms regulating the 

distribution, abundance, and diversity of biogenic habitat itself can operate across 

varying spatial and temporal scales and may directly influence the dynamics and 
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composition of associated fauna (Carr et al. 2011, Schmitt & Holbrook 1986). 

Physical structure of algae is often a key driver of the abundance and 

composition of the associated faunal community (Dean & Connell 1987) and although 

specializations are uncommon, invertebrate communities are often significantly different 

among broad morphological groups of algae (Bates 2009, Duffy & Hay 1991). 

Morphological groups have been used in an attempt to categorize functional roles of 

macroalgae in benthic marine ecosystems (Steneck & Dethier 1993, Padilla & Allen 

2000). This has resulted in monitoring studies of rocky reef ecosystems characterizing 

macroalgal assemblages by morphological categories (e.g., Hamilton et al. 2010). 

Morphologically more complex algae (typically highly branched) have been found to be a 

superior refuge for invertebrates (and therefore support higher abundances and/or 

diverse assemblages) compared to flat, bladed algae (Hanson 2011, Bates 2009, 

Holmlund et al. 1990). Morphological complexity, however, is difficult to quantify, algal 

functional groups used in studies are often broad, and their assignment to algal species 

subjective, likely resulting in diminished capacity to develop usable patterns of species-

habitat associations for models of food webs, ecosystem functioning, and management 

and monitoring practices.  

The community of understory benthic algae within the kelp forests of Monterey, 

CA is diverse and abundant (Breda & Foster 1985) and provides high complexity habitat 

structure for fish and invertebrates (Graham 2004). Abundance and species composition 

of benthic algae can be affected by many factors including swell and wave disturbance 

(Harrold et al. 1998), competition for light, especially with canopy-forming species such 

as Macrocystis pyrifera (Arkema et al. 2009, Reed & Foster 1984) and competition for space 
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with sessile invertebrates and other algal species (Arkema et al. 2009). The assemblage of 

low-lying benthic macroalgae along shallow temperate reefs is an ideal system to examine 

species-habitat relationships and to test hypotheses to explain the spatial and temporal 

variation in these relationships.   

In this study I take advantage of shallow rocky reefs along the northeast coast of 

the Monterey Peninsula, an area of coastline that provides a natural gradient in swell and 

wave disturbance (Harrold et al. 1998, Graham 1997, Breda & Foster 1985). Variability 

in temperate reef communities due to differential exposure to swell and wave 

disturbance has been well documented along the Monterey Peninsula (Harrold et al. 

1998, Graham 1997, Breda & Foster 1985). In this study I examine the spatial and 

temporal patterns of algal habitat and invertebrate assemblage compositions, determine 

if associated invertebrate assemblages are related to algal species, and determine the 

extent to which patterns of invertebrate assemblages are related to spatial and temporal 

patterns of algal habitat. I use this system to ask the following questions regarding 

invertebrate-algal habitat associations: 1) does species composition (identity and relative 

abundance) of the assemblage of the foliose red algae co-vary with exposure to ocean 

swell? If so, is this pattern persistent through time? 2) does the species composition of 

associated invertebrates vary with exposure to ocean swell? If so, is this pattern 

persistent through time? 3) is there concordance in spatial and/or temporal variability in 

algal habitat and associated invertebrates? If there is, are there algal or invertebrate 

species or groups that are largely responsible for these relationships; and does structure 

of the invertebrate assemblage correlate with algal species?  
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1.3 Methods 

1.3.1 Study system and organisms 

I conducted this study in Monterey, CA, along the Monterey Peninsula from the 

Monterey Harbor breakwater to the northern most point in Pacific Grove, CA (Figure 1-

1). I chose six survey sites along the coast that were all shallow, rocky reefs. Due to a 

predominant northwest swell, sites were expected to vary in exposure to wave and swell 

disturbance with McAbee being the most protected and Pt. Pinos being the least (Figure 

1-1) (Graham 1997). The benthic substrate in this area was primarily composed of 

granitic rocky reef with sandy patches.  

The benthic macroalgal assemblage that lined these shallow rocky reefs was 

largely comprised of low-lying foliose red algal species. The assemblage is specious and 

patchily distributed. In this study, I focused on five species of foliose red algae: 

Chondracanthus corymbiferus, Plocamium pacificum, Prionitis linearis, Botryocladia psuedodichotoma, 

and Rhodymenia pacifica at each reef. These algal species were abundant (together they 

represented over 60% of the total percent cover of all red algal species at surveyed reefs), 

easily identifiable in the field and ranged in morphology from a single, large blade to 

highly branched. In addition, at Pt. Pinos, I surveyed Cryptopleura ruprechtiana, which was 

one of the most abundant understory algal species at this site, but is absent or found in 

very low abundance at other sites. Focusing on these species allowed me to examine a 

representative assemblage of the benthic algal habitat. Henceforth, algal species will be 

referred to by genera. 
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The mobile invertebrate assemblage associated with the macroalgae at these sites 

was abundant and diverse and included mostly crustaceans, echiniods, molluscs, and 

worms. Amphipods (gammarid and caprellid), copepods, and small snails in the groups 

Vesitgastropoda and Caenogastropoda are particularly abundant. These invertebrates are 

generally small (less than about 20mm), are highly mobile and can actively seek and 

associate with suitable habitat (Taylor 1994). This assemblage, especially the small 

crustaceans, represented a significant source of secondary production that fueled higher 

trophic levels (Graham et al 2008). 

 

1.3.2 Site characterization 

To characterize the six shallow rocky reefs along the Monterey Peninsula, at each 

site I used standard uniform point contact (UPC) points at 30 cm intervals along four 

replicate, haphazardly placed transects (100 points/transect, 400 points/site). Transects 

were distributed parallel to shore, at least 5 m apart, and within 5-10 m depth in the 

middle of a reef to avoid edge effects and changes in reef structure and algal assemblage 

composition due to depth (Schmitt and Holbrook 1986). I identified all algal and sessile 

invertebrate species to lowest taxonomic resolution possible and characterized substrate 

without living organisms as bare rock, sand, cobble, or shell cobble. Algal surveys 

occurred each month in July through October, and December 2011 and March, July, and 

September 2012. For all analyses described below, months surveyed are considered as 

fixed factors due to possible seasonality of patterns. I used analysis of variance 

(ANOVA) to test if reefs were different in the percent cover of benthic red algae as well 
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as in general characteristics including the percent cover of bare substrate, sessile 

invertebrates and of Macrocystis as described above. This was done to control for general 

differences among sites. Analyses were conducted in SYSTAT v. 13.  

 

1.3.3 Spatial and temporal patterns of algal assemblage 

To test for temporal and spatial differences in the relative composition (as 

percent cover) of the six target red algal species, I used a permutational multivariate 

analysis of variance (PERMANOVA). All algal (Rhodophyta and sub-canopy 

Heterokontophyta) species identified in the field, as described above, were considered in 

this analysis. Therefore, the percent cover of the six target red algal species did not sum 

to 100% at a site and, on average, they represented 60% of the benthic algal species at 

each site. I log-transformed the percent cover of algal species to reduce the influence of 

very abundance species. I then calculated the Bray Curtis similarity for all pairs of 

observations (sites*sample event). I used the resulting matrix in a PERMANOVA 

analysis to assess the effect of space (sites) and time (months) on variability in algal 

composition. I used a SIMPER analysis to identify the algal species that contribute most 

to variability in composition between sites.  

 

1.3.4 Spatial and temporal patterns of associated invertebrate 

assemblage 

To determine the mobile invertebrate assemblage associated with representative 

species of the benthic red algal assemblage, I collected replicates (between 5 and 7) of 
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five red algal species so that all replicates within algal species were approximately similar 

in height and general size. I collected the replicate samples of each algal species along the 

four benthic transects (described above) such that replicates of each species were evenly 

spaced along each transect. I collected replicates of each algal species at each site and 

month surveyed as described above. I collected replicates carefully by hand and sealed 

thalli in plastic collection bags in such a way as to minimize disturbance to the thalli of 

each alga. Algal replicates were transported back to the laboratory in a cooler. To remove 

associated invertebrates, I hand-washed algal samples three times with fresh water and 

visually inspected algal samples to make sure they were free of mobile invertebrates. 

Wash-water was sieved through a 0.5 mm sieve to capture the mobile invertebrates, 

which were preserved in 95% ethanol, counted, and identified to lowest taxonomic 

resolution possible (from species to orders). Algal thalli were dried at 60°C for 24-30 h 

then weighed. To account for differences in biomass among algal replicates, invertebrate 

abundance was characterized by total number of individuals per dry weight of each algal 

replicate. To test for spatial and temporal differences in invertebrate assemblages I used 

a PERMANOVA analysis on fourth-root transformed data (to diminish the contribution 

of very abundant species).  

 

1.3.5 Linking algal and invertebrate assemblages 

To assess the likelihood of an association between of the benthic algal 

assemblage and invertebrate assemblage, I used the RELATE function in PRIMER. The 

key requirement of this analytical approach was that the dimensions (sites) of the two 
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similarity matrices and the identity and order of entry of the axes were identical. This 

assured that each cell coordinate in the algal and invertebrate assemblage matrices were 

the same. For example if the cell at row 3, column 4 in the invertebrate matrix is the 

similarity value for the comparison of site 1 vs. site 2, the same must be true in the algal 

matrix. For each site and sampling event, the invertebrate assemblage was estimated and 

linked to the algal assemblage composition. 

The percent contribution of invertebrate abundance (by invertebrate taxonomic 

group) at each site based on the per unit area of algae collected was calculated by: 

 

t = 
𝑎
𝑏 ∗

𝑐
𝑑 ∗ 𝑒 

 

Where a is the number of invertebrates in a taxonomic group and b is the dry 

weight of the algal replicate. New algal collections were required to calculate the ratio 

c/d, which represented the dry weight of an algal species (c) per percent cover of that 

algal species (d). These values were then turned into a percent contribution by 

incorporating the percent cover of each algal species (e) at a site and sample month as a 

weighting factor. To calculate the ratio c/d, I collected 15 replicates of Chondracanthus, 

Botryocladia, Plocamium, Prionitis, Rhodymenia, and Cryptopleura. Collections occurred in 

March 2012 at the Hopkins Reef for all algal species except for Cryptopleura, which I 

collected at Pt. Pinos (Figure 1-1). Replicates were selected in the same way that 

replicates were collected for field surveys as described above. Prior to collection, the 

percent cover of the algal replicate was estimated in situ by taking the average of three 
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independent measurements of the area taken up by the algal replicate. After collection, 

algal replicates were dried at 60°C for 24-30 h then weighed. These calculations convert 

invertebrate abundance to site estimates (percent contribution) using an empirically 

based calculation producing number of invertebrates per mass algae to number 

invertebrate per site (t).  

I used the RELATE function in PRIMER to test for a correlation between 

benthic algal assemblage composition and associated invertebrate assemblage 

composition. This was analogous to a Mantel test where, instead of resampling, a 

Spearman rank estimation of matching cells was calculated in the two similarity matrices. 

If there was an association between the algal and invertebrate communities, the algal 

species that drove the associations could be determined using the BIOENV procedure. 

BIOENV selected the algal species that best explained invertebrate assemblage 

composition patterns by maximizing a rank correlation between resemblance matrices. 

The contribution of each species of algae could then be assessed as the loss of fit to the 

overall fit (from RELATE) attributable to its absence. The RELATE function and 

BIOENV procedure were run without replicates for the alga Cryptopleura, which were 

only collected at one site. This analysis tests for an association between two assemblages 

across the spatial range and temporal period of the survey. The association could also be 

due in part to the fact that each species of algae supported a specific invertebrate 

assemblage regardless of site. To test for this directly, I used a PERMANOVA analysis 

on fourth-root transformed invertebrate data (used to accommodate the numerous zero 

values) to diminish the contribution of very abundant species. I calculated Bray Curtis 

similarity for all pairs of observations of invertebrate assemblages (algal species by site). I 
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performed all multivariate analyses using PRIMER statistical software v. 6 (PRIMER-E). 

1.4 Results 

1.4.1 Site characterization 

All sites were predominately granitic rocky reef with sandy or shell cobble 

patches. Sites did not differ in percent cover of total non-living substrate (rock, sand, or 

shell and cobble; ANOVA: df=5,41, F=0.781, P=0.697), percent cover of sessile 

invertebrates (ANOVA: df=5,41, F= 1.073, P=0.389), or the percent cover of Macrocystis 

(ANOVA: df=5,41, F=0.0466, P=0.799). The percent cover of all non-calcified benthic 

red algal species was not significantly different among site (ANOVA: df= 5,41, F=0.07, 

P=0.624) nor was the combined percent cover of the six target algal species, 

Chondracanthus, Rhodymenia, Botryocladia, Plocamium, Prionitis, and Cryptopleura (ANOVA: 

df=5,41, F=1.755, P=0.144).  

 

1.4.2 Spatial and temporal patterns of algal assemblage 

The PERMANOVA analysis detected significant differences in algal assemblage 

structure among sites (df=5, p=0.001) but not among sample months (df=7, p=0.838), 

indicating that site differences were consistent over the study period. Sites that were 

spatially close were more similar in algal assemblage structure than those more distant 

from each other (Figure 1-2a). SIMPER revealed that dissimilarities in assemblage 

structure among sites were driven mostly by abundances of algal species Chondracanthus, 

Rhodymenia, and Cryptopleura (Table 1-1). 
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1.4.3 Spatial and temporal patterns of associated invertebrate 

assemblage 

In total I collected 179,311 invertebrates from 1608 algal samples of five species of 

algae (Chondracanthus, Rhodymenia, Plocamium, Prionitis, and Botryocladia) at all sites and a 

sixth species, Cyrptopleura collected only at Pt. Pinos (Table 1-2). Gammarid amphipods 

represented nearly 60% of all invertebrates. Caprellid amphipods and copepods were the 

second most abundant crustacean group (4% and 6%, respectively). Polycheate worms 

were the most abundant worm type constituting 2% total invertebrate abundance. Snails 

in the subclasses Vesitgastropoda and Caenogastropoda were the most abundant 

gastropods (Table 1-2). 

The invertebrate assemblage composition was significantly different among sites 

(df=5, p=0.002) and by sample month (df=7, p=0.003) and there was no significant 

interaction between the two factors (df=34, p=0.998). Sites closer together along the 

coast were more similar in invertebrate assemblage composition (Figure 1-2b). Sample 

months closer in time were generally not significantly different from each other 

compared to sample months further apart (Table 1-3).  

 

1.4.4. Linking algal and invertebrate assemblages  

Results of the RELATE analysis indicated significant concordance between the 

patterns of composition of the invertebrate assemblage and the patterns of composition 

of the red algal assemblage (Rho: 0.316, p<0.001). No invertebrate taxon was unique to 

any species of algae (Table 1-2), but there was a significant difference in invertebrate 
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community composition among all species of algae (Table 1-4). The model with the 

highest correlation coefficient from the BIOENV procedure included three algal species, 

Plocamium, Botryocladia, and Rhodymenia (Table 1-5). The highest single-species correlation 

coefficient was for Rhodymenia (Table 1-5).  

 

1.5 Discussion 

There was considerable spatial variability in the assemblage of habitat forming 

red algal species such that the species compositions of the red algal assemblage at sites 

closer together were more similar than those further apart (Figure 1-2a). Physical 

disturbance did not seem to drive differences in benthic characteristics (percent cover 

bare substrate, sessile invertebrates, percent cover Macrocystis), nor did the sites differ in 

total percent cover of red algal species. Lack of general habitat differences suggests that 

the changes in the site-level benthic red algal composition along this coastline were more 

likely associated with differential exposure to physical disturbance rather than changes 

aspects of the reef community that have been shown to affect the distribution and 

abundance of benthic red algae (Arkema et al 2009). The spatial patterns of algal 

assemblages among sites differing in exposure to physical disturbance support similar 

patterns found by Harrold et al. (1998) that reefs along the coast vary in the composition 

of red algal species and adds to previous research showing that physical disturbance can 

affect different aspects of temperate reef communities (Graham 1997, Breda & Foster 

1985). There was no significant seasonal or other temporal variability in benthic red algal 

habitat, indicating that coverage and composition of benthic red algae at each site was 
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stable over the survey period. I was therefore able to examine whether spatial variation in 

invertebrate assemblages co-varied with the observed pattern of spatial variation in algal 

habitat and if these patterns are persistent through time.  

There was considerable spatial variation in the species composition of the 

invertebrate assemblage. Like the algal assemblage, sites closer to each other were 

generally more similar in invertebrate composition (Figure 1-2b). My results are the first 

to describe temporally robust, spatially explicit changes in invertebrate assemblages in a 

temperate reef system and, specifically, those associated with the shallow benthic red 

algal assemblage. There was no significant interaction between site and sample month 

indicating that while invertebrate assemblage composition varied over time, this 

variability was spatially consistent (Table 1-3). Additionally, consecutive sample events in 

general were more similar than those that occurred later but were also suggestions of 

seasonal patterns as invertebrate assemblages in some summer months of different years 

were statistically indistinguishable (Table 1-3). Temporal fluctuations of small marine 

invertebrates are well documented in temperate reef systems. Coyer (1979) found 

seasonal changes in abundances of small, mobile invertebrates associated with Macrocystis 

pyrifera and attributed changes to changes in water temperature, daylight, and water 

turbidity that affect reproduction and recruitment of the invertebrates. The invertebrate 

community associated with the red algal assemblage was characterized by a high 

abundance of a few dominant taxonomic groups including gammarid and caprellid 

amphipods and small snails (Table 1-2). While greater taxonomic detail was not practical 

in many invertebrate groupings, these groupings (Table 1-2) are consistent with similar 

studies (Bates 2009, Kunkel 2009). Gammarid amphipods and other small crustaceans 
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were especially abundant on most algal species (Table 1-2). These small crustaceans are 

important food sources for many kelp forest fishes (Graham et al. 2008).  

The invertebrate and algal assemblages could be associated in two not necessarily 

exclusive ways. One was that each algal species dictated a specific invertebrate 

assemblage so that changes in algal species composition dictated changes in invertebrate 

composition. The other was that spatial and/or temporal patterns in algal community 

were matched by similar patterns in the invertebrate community, a correlation of two 

communities that could be due to abiotic and biotic factors that similarly structured 

both. The assemblage composition of invertebrates was different on each algal species 

collected. This result was consistent with similar research showing that while species 

specializations are uncommon, invertebrate communities are often significantly different 

on different algal species (Bates 2009, Parker et al. 2001, Kunkel 2009). Differences were 

usually attributed to morphological differences and how invertebrates selected for 

habitat to seek refuge from predation (or chemical differences, where the algal species 

are chemically defended from herbivorous fishes; e.g. Duffy & Hay (1994)). Many 

studies have examined the invertebrate composition as a function of algal species, algal 

morphology, or other functional grouping. There was strong support that broad 

functional groups, usually based on morphological distinctions, were not effective in 

linking associated communities. Species-driven patterns are more supported in the 

literature (Bates 2009, Kunkel 2009, Parker et al. 2001). My results support the idea that 

algal-invertebrate associations should be examined with individual species of algae rather 

than morphological functional groupings. For example, the six algal species collected for 

my field surveys fell within four morphological groups designated by the Partnership for 
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Interdisciplinary Studies of Coastal Oceans (PISCO). PISCO monitors kelp forest 

communities along the North American Western coast. PISCO considers the algal 

species Rhodymenia, Cryptopleura, and Prionitis to all be ‘branched’ algae and are treated 

equally when counted in the field. My findings indicate that this grouping is an 

oversimplification of key trophic interaction.  

Spatial clustering in invertebrate assemblages was seen in seagrass communities 

of San Francisco Bay (Carr et al. 2012) where changes in invertebrate assemblage 

associated with seagrass (Zostera marina) were strongly correlated with spatial position of 

the seagrass bed rather than variable morphological characteristics of the seagrass 

(shoots versus flowering structures) although a greater abundance of invertebrates were 

found on morphologically complex flowering shoots (Carr et al. 2012). In a study on a 

different seagrass species (Posidonia oceania), Borg et al. (2010) found that the assemblage 

composition of associated invertebrates was structured most by environmental factors at 

each seagrass bed. Borg et al. (2010) attributed this to variability in morphological 

characteristics of the seagrass itself as well as changes in seagrass bed attributes (e.g. total 

shoot biomass), factors that varied with changes in environmental factors. 

Environmental factors are important components in structuring the associated 

invertebrate assemblage in both seagrass studies. However, Carr et al. 2012 found no 

spatial variability in seagrass morphometrics where Borg et al. (2010) linked variability in 

seagrass morphometrics to changes in associated invertebrate assemblages.   

There is evidence from previous studies, as described above, that environmental 

factors can affect invertebrate abundance and assemblage composition. The results from 

the RELATE analysis, however, indicated that the invertebrate assemblage composition 
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was significantly linked to the algal assemblage composition and that this association was 

spatially persistent. The mechanism driving this pattern may be due to the direct effects 

of environmental factors such as exposure to swell and wave disturbance on invertebrate 

assemblage composition. It may also be due to changes in the algal assemblage (due to 

differential physical disturbance), which in turn dictated invertebrate assemblage 

composition. Or these two pathways may occur simultaneously.   

My results suggest that the invertebrate community composition at a site was 

strongly linked to the macroalgal species composition found at this site and that certain 

species of algae were better predictors of the species composition at the site. All algal 

species surveyed, except for Chondracanthus, had high contribution to the relationship 

between the two assemblages (Table 1-5) however the greatest contributing model with 

one species was for Rhodymenia, which suggested that abundance of Rhodymenia at a site 

provided the strongest predictor of invertebrate assemblage composition (Table 1-5). 

The percent contribution of Chondracanthus at a site therefore provided a weak predictor 

of invertebrate assemblage composition while the percent contribution of Rhodymenia 

was a strong predictor. 

A central goal in ecosystem management and conservation is to describe and 

monitor how the abundance and distribution of habitat forming species affects 

associated communities. Small mobile invertebrates represent an important link between 

primary producers and higher order consumers and many studies have attempted to 

develop metrics of defining these links. However, unlike most macroinvertebrates, these 

smaller invertebrates are difficult if not impossible to quantify in the field. Understanding 

how changes in macroalgal assemblages affects faunal assemblages on shallow rocky 
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reefs is central to our ability to both explain and predict overall community structure and 

function in space and time. Additionally, there has been little research documenting 

relevant spatial and temporal patterns of variability in ecological associations between 

foundation species and associated communities. The results of this study suggest first 

that algal species identity drives invertebrate assemblage composition. This indicates that 

general groupings of species into morphological groups may not help in monitoring of 

the reef system. Second, that the composition of algal species at a reef site helps explain 

the community structure of associated invertebrates. Identifying species that are better 

predictors of invertebrate assemblage and monitoring the compositional and percent 

cover changes of these species may be a more effective monitoring tool. Additionally, 

understanding how anthropogenic or natural changes in biogenic habitat alter availability 

of associated assemblages, especially of prey items for higher trophic levels is an 

important but challenging goal for management and conservation of species and 

ecosystems.  
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1.6 Tables 

Table 1-1. Dissimilarity of percentage results determined by SIMPER analysis showing 

algal species that contribute most to average dissimilarity (cut-off percentage: 90%) 

between algal assemblages at each site surveyed. Average dissimilarity values between 

sites are in bold. 
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Table 1-2. Mean abundance of invertebrate groups collected from six algal species and 

standardized to algal dry weight (#invertebrate/g algal replicate). Total and percent 

abundance of invertebrate groups reported. 
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Table 1-3. Results of PERMANOVA testing differences of invertebrate assemblage 

composition as a function of site and sample month. Significant differences (p<0.05) 

between sites are indicated in bold. 
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Table 1-4. Results of PERMANOVA testing differences in invertebrate assemblage 

composition as a function of algal species and site. 
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Table 1-5. Correlation coefficient results from the BIOENV procedure for the top ten 

models of algal species explaining the invertebrate assemblage composition. 
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1.7 Figures 

 
Figure 1-1. Location of study sites at subtidal, rocky reefs, along the Monterey Peninsula. 
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Figure 1-2. Geographical representation of pairwise comparisons of a) algal assemblage 

and b) invertebrate assemblage among study sites along the Monterey Peninsula 

coastline. Different, individual letters next to a site name indicate significant differences 

(ANOSIM, p<0.05) in algal or invertebrate assemblages as a function of site. 
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2. Chapter 2 – Contribution of fish predation to differences in 

prey assemblage as a function of host algal species 

 

2.1. Abstract 

Availability and abundance of prey items for temperate reef fishes can be linked to 

availability of suitable biogenic habitat that harbors these prey items. The benthic red 

algal (Rhodophyta) assemblage provides habitat to prey items, such as small crustaceans, 

of microcarnivorous fishes. Top-down effects by fish predators can structure prey 

communities through selective predation, but predation itself affected by habitat 

complexity. Through field surveys and experiments, I examined how a microcarnivorous 

fish structures prey resources in a patchy reef environment. I identified prey items 

through stomach content analysis of Oxylebius pictus as a model for small, benthic 

microcarnivorous fishes. I quantified variability in prey resources due to differences in 

algal habitat in order to link attributes of the living habitat to prey items of fishes. 

Through algal collections I measured relative abundances of these prey items on a 

representative suite of red algal species. To determine if these prey items respond 

differently in the absence of predation as a factor of host algal species, I conducted an in 

situ experiment that removed predation from three algal species (Chondracanthus 

corymbiferus, Plocamium pacificum, and Prionitis linearis). Diet of O. pictus was comprised 

primarily of gammarid amphipods and copepods with adult fish consuming primarily the 

former and juvenile fish consuming primarily the smaller copepods. Prey items of O. 

pictus collected from five species of red algae were found in variable relative abundances 
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and differed significantly by algal species. In absence of predation, prey items of O. pictus 

increased in abundance on two algal species, Prionitis and Plocamium. Results indicated 

that abundance of prey items of microcarnivorous fishes were directly affected by host 

algal species. Additionally, fish predators are disproportionately feed on prey items from 

specific algal species. The effects of a fish predator on prey assemblages within and 

among algal species may contribute to differences in prey community assemblages. Since 

prey availability can drive populations of fishes, understanding how natural and 

anthropogenic changes in algal habitat and how fish predators utilize a patchy reef 

environment is an important goal for ecosystem management and monitoring.  

 

2.2. Introduction 

While the abundance and distribution of habitat forming species can have strong 

bottom-up effects on associated communities (Schaffers et al. 2008, Connell & Jones 

1991), top-down effects by higher trophic levels can structure these communities 

through selective predation (Lasley-Rasher et al. 2011, Davenport & Anderson 2007). 

However, predation success itself is affected by the availability of prey items (abundance 

and taxa). In a complex and patchy environment such as a temperate reef community, 

the composition of associated communities and abundance of prey is often also patchily 

distributed (Mahoney Chapter 1, Schmitt and Holbrook 1985). Because prey availability 

has direct individual, population and community-level effects (Okamoto et al. 2012, 

Davenport & Anderson 2007), understanding how variability in biogenic habitat and 

their associated prey translates into consumer responses (distribution and production) 
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and how predation structures associated communities in a patchy environment is key to 

understanding dynamics of communities.  

Small reef fish are ubiquitous in temperate reef communities. These 

microcarnivorous fishes actively use benthic algal habitat for refuge and for prey items 

(Love 2011). However, because this habitat is often complex and patchy, prey availability 

may vary with the composition of a patch of algal habitat as described above (Schmitt & 

Holbrook 1985). Prey availability is often positively correlated with an increase 

(abundance, or increase in patch size) in plant species that provide quality habitat to the 

prey (Moran et al. 2010, Holbrook & Schmitt 1984). An increased abundance and 

diversity of habitats tend to support greater diversity of associated communities (Dean & 

Connell 1987). Habitat complexity can especially influence these patterns as seen in 

many seagrass communities (Carr et. al 2011, Knowles & Bell 1998) and intertidal algal 

communities (Bates 2009) where greater habitat complexity increases habitat suitability 

for associated communities (Dean & Connell 1987). However predation success by fish 

is often negatively correlated with habitat complexity of algae presumably due to the 

greater refuge provided for invertebrate prey (Lasley-Rasher et al. 2011, Holmlund et al 

1990). While predation by fish can strongly influence communities of invertebrate prey 

(Davenport & Anderson 2007, Duffy & Hay 2000) this may be dependent on the 

distribution of algal habitat that supports prey items. 

Fluctuations in algal habitat can drive prey availability, which can in turn drive 

populations of predatory fish (Okamoto et al. 2012, Stephens et al. 1984). For example, 

the abundance and patchiness of the alga Gelidium robustrum influences distribution and 

abundance of caprellid amphipods living on the alga, which can also affect the 
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abundance and distribution of predatory surfperch (Okamoto et al. 2012, Schmitt & 

Holbrook 1985, Holbrook & Schmitt 1984). Understanding how anthropogenic or 

natural changes in biogenic habitat alter availability of associated prey items and 

therefore higher trophic levels and how predators contribute to community structure of 

prey is an important but challenging goal for management and conservation of predatory 

species and ecosystems.  

In many marine systems macroalgae provide an important biogenic and structurally 

complex habitat. Benthic macroalgae occur on most temperate shallow rocky reefs and 

provide an important source of biogenic structure for associated fauna. This assemblage 

is often primarily low-lying red algae (Rhodophyta), sometimes referred to as 

‘understory’ or ‘turf’ algae, occurs in large areas of single or mixed-species patches 

creating mosaics of complex, specious living habitat (Graham et al. 2008). Small, mobile 

invertebrates such as crustaceans and worms and represent important sources of 

secondary production to predatory fishes, primarily microcarnivorous fishes (Graham et 

al. 2008). The composition of the invertebrate assemblage harbored is dependent on 

algal species and the composition of algal assemblages can drive invertebrate assemblage 

composition (Mahoney Chapter 1).  

The objective of this study was to determine how predation by a microcarnivorous 

fish structures prey resources in a patchy reef environment. Based on this objective, I 

asked the following questions: 1) what are the main prey items of a microcarnivorous 

fish? 2) is the abundance of these prey items affected by species of algal? and, 3) does 

predation by fish contribute to differences in prey items across algal species? To do this, 

prey items of fish were determined with gut-content analysis. This was accomplished 
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using the painted greenling, Oxylebius pictus, which is a small hexagrammid fish that 

inhabits shallow, rocky reefs. Movement of painted greenlings is relatively limited, 

ranging from 1-5m2 (DeMartini & Anderson 1980). Painted greenlings selectively feed 

on small, mobile invertebrates, primarily crustaceans, which inhabit benthic algal habitat 

(DeMartini & Anderson 1980) and diet is known to vary with changes in habitat (Page et 

al. 2007). The painted greenling is therefore an ideal fish to study how diets of predators 

vary as a function of small-scale habitat and prey variability. To address my second 

question, I used a field survey to determine variability in prey abundance as a function of 

algal species. Question 3 was addressed using a caging study to determine if the effects 

of predation vary as a function of algal species in the absence of predation. 

 

2.3. Methods 

2.3.1. Study site 

All surveys, collections, and experiments were conducted within the Edward F. 

Rickets State Marine Conservation Area along the Monterey Bay Peninsula, Monterey 

Bay, CA (Figure 2-1). Reefs were shallow (<12m) and the benthic substrate was primarily 

composed of granitic rocky reef with sandy patches.  

 

2.3.2. Fish diet composition 

To determine diet composition of O. pictus, I collected fish from June 2012 to 

July 2013. Fish were collected using hand-nets along the benthic reef at a depth between 
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5 and 15m. Fish were brought up to the boat where I collected gut contents through 

gastric lavage. After recording total length of fish, I returned the fish alive to the benthic 

reef. The stomach contents were passed through a 0.5mm sieve and stored on ice for 

transport, stored in 95% ethanol, sorted to the lowest taxonomic resolution possible 

(from Family to Species) and enumerated. Only whole bodies and heads of partial 

invertebrates were counted. Presence of non-animal tissue such as small rocks and algae 

was noted. 

 

2.3.3. Diet items associated with different algal species 

To determine the abundance of diet items of O. pictus found on the benthic red algal 

assemblage, I collected standardized replicates of 5 red algal species: Chondracanthus 

corymbiferus, Plocamium pacificum, Prionitis linearis, Botryocladia psuedodichotoma, and Rhodymenia 

pacifica (henceforth referred to by genera). These five species were abundant (together 

they represent over 60% of the total percent cover of all red algal species at surveyed 

reefs), easily identifiable in the field and range in morphology. Chondracanthus grows as 

single, papillated blades; Plocamium is small and finely branched; Prionitis is dichotomously 

and highly branched, thin blades; Botryocladia grows with small sac-like bunches; 

Rhodymenia grows along rhizoids producing small, often overlapping, lobed blades.  

Collecting these species allowed me to identify the diet items harbored by a 

representative assemblage of the morphologically variable red foliose algal species. 

Replicate samples of the algal species were collected along four benthic transects 

between 5 and 15m depth along the benthic reef. Post-collection, algal replicates were 
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sealed in plastic collection bags in a way to minimize disturbance to algal thalli. To 

remove associated invertebrates, I hand-washed algal samples three times with fresh 

water and visually inspected algal samples to make sure they were free of mobile 

invertebrates. Wash-water was sieved through a 0.5mm sieve to capture the mobile 

invertebrates, which were preserved in 95% ethanol, counted, and identified to lowest 

taxonomic resolution possible (from Species to Orders). Algal thalli were dried at 60°C 

for 24-30 h and then weighed. To account for differences in biomass among algal 

replicates, invertebrate abundance was characterized by total number of individuals per 

dry weight algal replicate. Invertebrates were categorized based on groups determined by 

fish diet composition. Algal collections occurred from July to September 2012.  

For each prey species, I used analysis of variance (ANOVA) to test if abundances 

differed as a function of algal species. Tukey analyses were used for post-hoc 

comparisons. Since gammarid amphipods and copepods were both in high abundance in 

fish diets I specifically tested if these groups differed as a function of algal species. 

Abundances of invertebrates were log-transformed for normality and Post-hoc analyses 

were conducted in SYSTAT v. 13.  

 

2.3.4. Prey response in absence of predation 

In order to determine how species of algae affect predation on gammarid 

amphipods and copepods, I manipulated predation pressure for three species of red 

algae: Chondracanthus, Plocamium, and Prionitis. These algal species were easy to manipulate 

in the field and were relatively different morphologies as described above. 
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Using a randomized block design, I placed cages along the benthic reef in three 

different treatments: 1) simulating absence of fish predation (full cage) 2) natural 

predation (no cage) and 3) partially open enclosure (to control for cage effects) (Figure 

2-2). Cages were built from 5mm plastic mesh measuring a cylinder 40cm by 40cm. The 

cage control treatment had three open areas, evenly placed around the cylinder, 

measuring 25cm in height from the base of the cylinder. The control treatment used only 

the base of the mesh cylinder to secure the algal replicate. 

Algal replicates were collected by hand from the benthic reef and sizes and number 

of thalli chosen to standardize manipulations. Chondracanthus grows as a single blade so 

replicates were chosen as single blades between 30 and 35 cm tall. Plocamium is a smaller 

alga and typically grows in patches of connected by rhizoids. A replicate of Plocamium 

therefore consisted of 3-4 individual thalli of about the same size (10 to 15 cm tall). 

Prionitis is the most morphologically plastic species of the three species and replicates 

were chosen so that the thallus was between 30 and 35 cm tall. 

To remove mobile invertebrates while in the field, I placed algal replicates in a 

closed cooler of seawater along with 10 bicarbonate tablets for 5 minutes (Dickerson et 

al. 2010). Short-term (less than 5 min) exposure to carbon dioxide is likely to have little 

impact on algal performance (Raven & Beardall 2003, Beardall, JA pers. comm.). Algal 

thalli were visually inspected to ensure complete removal of invertebrates. The bases of 

algal thalli were then inserted into a length of three-strand polypropylene rope that was 

attached to the base of a cage (or to the base of the cylinder only for the control). The 

base of each algal replicate was secured with zip ties. Full cages were fully sealed using 

zip ties. Cages were brought to the benthic reef by hand and secured to cinderblocks 
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with zip ties.  

I measured response of associated invertebrates after 30 days. Similar studies 

indicated this to be a sufficient time for invertebrate colonization and community 

development (Parker et al. 2001, Norderhaug & Fredriksen 2007, Kunkel 2009). Algal 

replicates were collected and carefully placed underwater in sealed collection bags. The 

full cage treatment required careful cutting of the plastic mesh to collect those algal 

replicates that were carefully transported to a wet lab. To remove associated 

invertebrates from algal replicates, I hand-washed algal samples three times with fresh 

water and visually inspected algal samples to make sure they were free of mobile 

invertebrates. Wash-water was sieved through a 0.5mm sieve to capture the mobile 

invertebrates, which were preserved in 95% ethanol, counted, and identified to lowest 

taxonomic resolution as described above for fish stomach contents. To account for 

differences in biomass among algal replicates, invertebrate abundance is characterized by 

total number of individuals per dry weight algal replicate, giving a relative abundance. 

Dry weight of an algal replicate was calculated after it was dried at 60°C for 24-30 h.  

Abundances of invertebrates were log-transformed for normality. I used an 

ANOVA to test the effect of cage treatment on the abundance of total prey items 

associated with the three algal species. I used subsequent ANOVA analyses to test the 

effects of cage treatment and algal species on the abundances of gammarid amphipods 

and copepods. All analyses were conducted in SYSTAT v. 13. 
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2.4. Results 

2.4.1. Fish diet composition 

Seventy-seven O. pictus were caught and gut-contents were collected through 

gastric lavage. Standard total lengths of fish ranged from 3 to 16.5cm with a mean of 

9.6cm. Diet items of O. pictus ranged from small crustaceans including gammarid and 

caprellid amphipods, isopods, tanaids, and copepods, crabs, shrimps, and worms (Figure 

2-3). Copepods and gammarid amphipods made up the majority of diet (60.56% and 

32.91% respectively). Qualitatively, small bits of sessile invertebrates (bryozoan and 

barnacle) and bits of algae were identified as well. 

 

2.4.2. Diet items associated with different algal species 

In total, 17509 invertebrates were collected from 272 algal samples of five species of 

algae (Chondracanthus, Rhodymenia, Plocamium, Prionitis, and Botryocladia) (Table 2-1). Most 

prey items of O. pictus were found on all species of algae and no invertebrate group was 

found solely on one algal species (Table 2-1). The invertebrate assemblages were 

characterized by a high number of gammarid amphipods (80%). Caprellid amphipods 

(7.30%) and copepods (8.53%) were also common. Combined, the relative abundances 

of all prey items differed significantly by species of algae (ANOVA, df=4, 268, 

F=97.196, p=0.000) with algal species Botryocladia, Plocamium, and Rhodymenia, having the 

greatest invertebrate relative abundance compared to Chondracanthus and Prionitis (Figure 

2-4). 
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The abundances of gammarid amphipods and copepods, the two main diet items of 

O. pictus as described above, also differed by algal species (Figure 2-4, ANOVA, 

df=4,268, F=189.2, p=0.000). Gammarid amphipods were found in highest abundance 

on Rhodymenia, Plocamium, and Botryocladia whereas copepods were found in highest 

abundance on Rhodymenia and Botryocladia (Figure 2-4, ANOVA, df=4,268, F=20.087, 

p=0.000). 

 

2.4.3. Prey response in absence of predation 

There was a significant effect of treatment, algal species, and a significant 

interaction between both factors for the response of the abundance of total prey items, 

gammarid amphipods, and copepods in the caging experiment (Table 2-2). There was no 

difference in relative abundances of any invertebrate group comparing the control and 

cage control treatments indicating that there were no artifacts of caging. The relative 

abundance of total prey items, as well as gammarid amphipods and copepods separately 

were significantly greater in the full cage treatment for algal species Plocamium and 

Prionitis but there was no significant difference in relative abundances of invertebrates 

associated with Chondracanthus with respect to treatment (Figure 2-5).  

 

2.5. Discussion 

Oxylebius pictus is generally considered to be microcarnivorous, consuming mostly 

small crustaceans (DeMartini 1976, Love 2011), although few studies have closely 
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examined diet composition specifically (but see Page et al 2007). Stomach contents of O. 

pictus primarily consisted of copepods and gammarid amphipods as well as a mix of small 

crustaceans (Figure 2-3).  

Many temperate reef fishes rely on algal-associated mobile invertebrates such as 

small crustaceans and worms (Davenport & Anderson 2007, Graham et al. 2008, Coyer 

1985, Love 2011). Microcarnivorous fishes are found abundantly along reefs and 

represent an important trophic link between algal primary production and higher order 

consumers. These fish, including O. pictus, are often found in close association with and 

exhibit feeding behavior from the benthic red algal assemblage that grows on the rocky 

reef (DeMartini 1976, Mahoney pers. obs.). This benthic red algal assemblage is comprised 

of mixed, speciose patches. Compositional changes in benthic algal assemblages can 

affect the composition of invertebrate species found associated with those algal species 

(Mahoney Chapter 1). Physical structure of algae is often thought of as a key driver of 

the abundance and composition of the associated community (Dean &Connell 1987) 

and although specializations are uncommon, invertebrate communities are often 

significantly different on different algal species (Bates 2009, Kunkel 2009, Mahoney 

Chapter 1) Abundance of prey items for fishes can often be attributable to the 

abundance of suitable algal habitat that harbors the prey (Schmitt & Holbrook 1985). 

Changes in algal habitat can therefore directly affect prey availability to fishes. Indeed, 

the relative abundances of prey items of O. pictus were significantly different as a function 

of algal species; prey items were in highest relative abundances on Botryocladia, Plocamium 

and Rhodymenia and significantly lower on Chondracanthus and Prionitis (Figure 2-4). 

Additionally, key diet items for juvenile and adult O. pictus, gammarid amphipods and 
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copepods, were also significantly greater on algal species Botryocladia, Plocamium, and 

Rhodymenia (Figure 2-4).  

Small, mobile invertebrates actively choose preferred algal hosts to lessen predation 

risk and/or to increase nutritional access or other similar physiological needs (Holmlund 

et al 1990). Both morphological and physiological aspects of the algae can affect this 

choice. An algal species defended chemically from herbivory, for example, is a superior 

refuge for associated invertebrates that avoid being accidently eaten (Hay et al. 1987). 

Physical structure of an algal species is also suggested to play a role in invertebrate 

habitat selection (Parker et al. 2001, Bates 2009, Kunkel 2009). Increased surface area 

due to branching has been suggested to increase abundance of associated invertebrates 

(Parker et al. 2001). Separating effects on associated invertebrates due to branching type, 

surface area, and other morphological characteristics of algal species is difficult in part 

because it is likely that invertebrate groups respond to aspects of an algal host differently. 

For example I found that algal species Plocamium and Prionitis harbored a relatively more 

gammarid amphipods than the algal species Chondracanthus, whereas the opposite was 

found for copepods (Figure 2-4). Additionally, prey selection by fish was likely 

determined by the availability of prey items as well as the ability of the fish to feed, both 

affected by algal species. Use of the benthic red algal assemblage by microcarnivorous 

fishes may also depend on the species of fish or fish maturity. For example, adult O. 

pictus are territorial against juvenile and other adult O. pictus and may drive smaller fish 

from preferred habitat (DeMartini 1979).  

The caging experiment mimicked a predation-free environment in situ. It was not 

practical to manipulate all five species of algae targeted for field collection due to algal 
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morphology and how the experiment was set up. The three species chosen for 

manipulation, Chondracanthus, Plocamium, and Prionitis, represented three fairly different 

morphologies and all held up well during the experimental period. The purpose of the 

experiment was to test the response of prey items of O. pictus in absence of predation. 

The experiment itself removed all possible predation by small benthic fishes and not 

specifically O. pictus. However many small microcarnivorous fishes such as kelp fishes 

and sculpins inhabit the benthic red algal assemblage and consume a similar suite of prey 

items (Love 2011, Mahoney unpublished data).  

The results of the caging experiment showed that prey items of O. pictus increased in 

abundance in absence of predation pressure on Plocamium and Prionitis, but not 

Chondracanthus (Figure 2-5). The two examined species, gammarid amphipods and 

copepods, responded similarly to predator removal, again with an increase in relative 

abundance on Plocamium and Prionitis, with no increase in abundance of copepods or 

gammarid amphipods on Chondracanthus (Figure 2-5). Results from the field surveys 

showed that copepods were found in lower relative abundances on Prionitis compared to 

Chondracanthus (Figure 2-5), but in absence of predation, copepods increased in relative 

abundance on Prionitis but not Chondracanthus (Figure 2-5). Both Chondracanthus and 

Prionitis are highly abundant along the reef (Mahoney Chapter 1, Mahoney pers. obs.) and 

O. pictus as well as other small, microcarnivorous fishes are found inhabiting near these 

algal species (Mahoney pers. obs). Based on the results from the caging experiment, 

Chondracanthus is likely not a qualitatively good alga to forage from. This may be an 

example of the inability of a fish to access a prey item due to ability of a prey item to 

hide from predation on an alga and/or the inability of a fish to physically access prey 
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items because of algal morphology (e.g. Holmlund et al 1990). The invertebrate 

composition and prey item abundance found in a species like Chondracanthus is likely to 

not be affected by top-down predation of fish predators as is species such as Prionitis and 

Plocamium.  

These results showed that variability in prey abundances can result from changes in 

algal species with consequences to fish predators. Determining factors that contribute to 

variability in trophic patterns is important especially since predator success is often 

closely linked to prey availability (Okamoto et al. 2012). Invertebrate communities are 

structured both by bottom-up affects of algal habitat (Mahoney Chapter 1) and by top-

down predation of fish predators, but these are dependent on the identity of the algal 

habitat. Understanding how anthropogenic or natural changes in biogenic habitat alter 

availability of associated prey items and therefore higher trophic levels is an important 

but challenging goal for management and conservation of species and ecosystems. 
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2.6. Tables 

Table 2-1. Mean relative abundance of invertebrate groups collected from five algal 

species, standardized to algal replicate weight (# invertebrate group / g algal replicate). 

Total and percent abundance of invertebrate groups also reported. 

 
 
  
Table 2-2. Results from ANOVA testing relative effects of experimental treatment (full 

cage, cage control, control) and algal species (Chondracanthus, Plocamium, Prionitis) on mean 

relative abundance of invertebrate groups: a) total prey items, b) gammarid amphipods, 

and c) copepods. Invertebrate abundances are standardized to dry weight algal replicate 

and are log-transformed for normality. 
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2.7. Figures 

 

Figure 2-1. Study location of subtidal rocky reef along the Monterey Peninsula. 

 

 
Figure 2-2. Diagram of experimental treatments: full cage, cage control, and control. 

Algal replicate is secured to a nylon line to the bottom of each treatment. The full cage 

treatment is fully enclosed in 5mm plastic mesh. The cage control treatment is fully 

enclosed in plastic mesh except for three equivalent and evenly spaced openings 25cm in 
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height from the bottom mesh panel. The control treatment is fully open and attached at 

the bottom to the nylon rope and mesh panel. In a randomized block design, cages with 

three algal species (Chondracanthus, Plocamium, and Prionitis) were secured to the benthic 

reef using cinderblocks. 

 

 
Figure 2-3. Percent contribution (%) of prey items to diet of O. pictus (n=77 fish) The 

category ‘Other crustacean’ includes the invertebrate groups leptostracan, tanaid, 

ostracod, and mysid. 
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Figure 2-4. Mean relative abundance and standard error of a) total prey items, b) 

gammarid amphipods, and c) copepods as a function of algal species. Relative abundance 

of invertebrates is log-transformed for normality. Different letters represent relative 

abundances that are significantly different (p≤0.05, post-hoc Tukey) within an 

invertebrate group. 



 51 

 

 
Figure 2-5. Mean relative abundance ± SE of a) total prey items b) gammarid amphipods 
and c) copepods as a function of experimental treatment (Cage Control, Control, and 
Full Cage) and host algal species (Chondracanthus, Plocamium, and Prionitis). Invertebrate 
abundances are standardized to dry weight of algal replicate and then log-transformed 
for normality. Significantly different mean relative abundances (p<0.05, post-hoc Tukey 
comparisons) within an algal species as a factor of treatment are indicated by an asterix. 
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3. Chapter 3 – Prey availability and feeding mechanics 

determine ontogeny of habitat selection of a 

microcarnivorous fish (Oxylebius p i c tus) 

3.1. Abstract 

I examined the ontogenetic shift in diet and habitat associations of Oxylebius pictus in 

relation to prey availability and feeding mechanics. O. pictus is a microcarnivorous, 

temperate marine fish that consumes small motile invertebrates associated with benthic 

algal species on shallow temperate rocky reefs. I asked if different life stages of O. pictus 

associate with different algal species given prey preference and selectivity as well as 

availability of prey across different algal species. Changes in feeding mechanics were 

determined by measuring ontogenetic changes in vertical gape and calculating 

mechanical advantage across ontogeny. These questions allowed me to examine 

mechanisms that help explain why fish exhibit algal-specific associations and prey size 

selectivity and habitat selection by a fish may change with fish ontogeny. The 

proportions of prey size classes were not equally distributed among their host algae 

where certain species of algae had greater proportions of certain size classes compared to 

others. Larger prey items were rare in the environment. The diet of O. pictus shifted from 

juvenile fish consuming primarily copepods and adult fish consuming primarily 

gammarid amphipods. Prey selectivity also shifted with juvenile fish feeding 

disproportionately on small prey (<6mm), like copepods, relative to their availability. In 

contrast, adult O. pictus exhibited selection for gammarid amphipods and crabs and for 

larger prey sizes (up to 25mm). Diet shifts coincided with changes in both vertical gape 
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and mechanical advantage. Vertical gape increased with total length and mechanical 

advantage increased from juvenile to adult stages. There was also a shift in algal habitat 

and benthic reef associations where juvenile O. pictus were found associated 

disproportionately more with a few algal species as well as relief structure than expected 

by chance. Adult O. pictus displayed less specificity in habitat associations. Results 

indicate that adult O. pictus is a more general predator than juvenile O. pictus both in prey 

type and size as well as in habitat selection. Determining mechanisms that help explain 

how fish utilize habitat and why this changes with ontogeny is a key requirement to 

understanding important community interactions. Alteration to biogenic habitat that 

differentially affects life stages of a species will have consequences to the entire 

population. 

 

3.2. Introduction 

Patch-selection in heterogeneous habitats can depend on a host of biotic and abiotic 

factors. A motile species may choose to select for a specific habitat based on factors 

including resource availability, competition and predation levels, as well as physical 

features of the environment. In temperate rocky reefs, microcarnivorous fishes actively 

use benthic algae to acquire prey (Love 2011, Schmitt and Holbrook 1985, DeMartini 

1976). These fish are ubiquitous in temperate reef communities and represent a key 

trophic link between primary producers and higher order consumers (Graham et al 

2008). The reefs that they inhabit are often complex and prey availability can vary with 

composition, identity, or patchiness of algal habitat (Mahoney Chapter 2). Variability in 
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prey abundance is often thought to be a key factor in determining patch-selection of 

microcarnivorous fishes (McCormick 1995, Holbrook and Schmitt 1984, Jones 1984). 

This can have important effects on fish populations since availability of qualitatively 

good habitat can drive prey abundance and therefore drive populations of predatory fish 

(Okamoto et al 2012, Stephens et al 1984). For example, the abundance and patchiness 

of the alga Gelidium robustrum effects the distribution and abundance of caprellid 

amphipods living on the alga, which in turn affect the abundance and distribution of 

predatory surfperch (Okamoto et al 2012, Schmitt and Holbrook 1985, Holbrook and 

Schmitt 1984).  

Patch selection by fish can change ontogenetically due to behavioral shifts in 

predator avoidance, territoriality, as well as resource requirements (Lukoschek and 

McCormick 2001, Holbrook et al 1989, Jones 1984). Changes in habitat selectivity may 

reflect changes in diet composition and energy requirements of juvenile and adult fish 

(McCormick 1995, Jones 1984). Many fish exhibit an ontogenetic shift of diet 

preferences associated with changing anatomy of feeding mechanics with a larger body 

size (Vincent et al 2007, Lukoschek and McCormick 2001, Schmitt and Holbrook 1984) 

as well as behavioral shifts such as ability to capture prey (Schmitt and Holbrook 1984). 

Changes in jaw morphology can enable the exploitation of different prey resources and 

therefore influence prey selectivity (Wainwright et al 1988). Most microcarnivorous fish 

swallow prey whole and are therefore often gape-limited (Schmitt and Holbrook 1984) 

and fish therefore exhibit constraint in prey size and taxa (Lukoschek and McCormick 

2001, McCormick 2001, Jones 1984). Therefore both the identify of the prey as well as 

the ability of a fish to capture and consume the prey will determine the size of the prey 
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selected for by a fish predator. However, while larger fish can handle and consume larger 

prey items, larger fish typically consume a full range of and smaller prey remain part of 

their diet (Woodrow and Hildrew 2002, Schmitt and Holbrook 1984). Often, larger fish 

do not solely consume larger prey items and this may reflect the commonness of certain 

prey sizes or taxa in the environment (Woodrow and Hildrew 2002, Lukoschek and 

McCormick 2001, Schmitt and Holbrook 1984). Because abundance of prey taxa can be 

affected by changes in available algal foraging habitat, the interactions between algal 

habitat composition, prey availability, and size of fish predator are linked and are likely to 

drive microhabitat selection of a fish predator in a patchy environment. 

The painted greenling, Oxylebius pictus is a small (25cm max length) benthic fish that 

inhabits shallow, rocky reefs from the Gulf of Alaska to northern Baja California, and 

has a typical depth range of the intertidal to 50 m (Love 2011). O. pictus feeds on small, 

mobile invertebrates, primarily crustaceans, which inhabit benthic algal habitat (Mahoney 

Chapter 2, DeMartini and Anderson 1990). Sexual maturity of O. pictus is considered to 

occur at a size of 12cm TL (DeMartini and Anderson 1980).  

The objective of this study was to determine if O. pictus exhibits habitat selection 

and if this selection changes ontogenetically in the context of morphological changes and 

availability of prey sizes in the environment. Based on this objective, I asked if different 

life stages of O. pictus associate with different algal species and if this change reflects prey 

selectivity of the different life stages as well as availability of prey across different algal 

species. Specifically, 1) Does prey size vary significantly between algal species? 2) Does 

O. pictus exhibit prey selection and does this change ontogenetically? 3) Are there 

ontogenetic changes in gape and jaw mechanics of O. pictus? and, 4) Is there an 
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ontogenetic change in algal habitat selection? These questions allowed me to examine 

mechanisms that help explain why fish exhibit algal-specific associations and prey size 

selectivity and why they change with ontogeny. 

 

3.3. Methods 
 

3.3.1. Study Site 

All surveys, collections, and experiments were conducted within the Edward F. 

Ricketts State Marine Conservation Area along the Monterey Bay Peninsula, Monterey 

Bay, CA (Figure 2-1). Reefs are shallow (<12m depth) and the benthic substrate is 

primarily composed of granitic rocky reef with sandy patches. Detailed descriptions of 

the benthic reef and of benthic algal composition at this study site have been reported 

previously (Mahoney Chapter 1). A high percentage of the benthic macroalgae 

assemblage that occurs on shallow rocky reefs of Monterey, CA is comprised of low-

lying, foliose red (Rhodophyta) algal species. Here I focus on five species: Chondracanthus 

corymbiferus, Plocamium pacificum, Prionitis linearis, Botryocladia psuedodichotoma, and Rhodymenia 

pacifica (henceforth, algal species will be referred to by genera). These algal species are 

abundant, easily identifiable in the field, and range in morphology from a single, large 

blade to highly branched (Mahoney Chapter 1, MAC). Focusing on these species allowed 

me to examine a representative assemblage of the benthic algal environment that O. pictus 

inhabits and feeds from.  
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3.3.2. Size of prey available in the environment 

Relative abundance of prey items of O. pictus varies among the host algal species 

(Mahoney Chapter 2). To determine the availability of prey size classes associated with 

the five algal species, algal thalli were collected along the reef as described in Mahoney 

(Chapter 2). Small, mobile invertebrates were removed and processed as described and 

all prey items of O. pictus were identified and counted as described in Mahoney Chapter 

2. Only whole bodies of crustacean prey were measured. While polycheates and other 

worms made up a small portion of the diet of Oxylebius (Mahoney Chapter 2), these 

invertebrates were not included due to significant fragmentation of worm bodies. 

Crustacean prey items were grouped into four prey size classes (≤0.5, >0.5-3, >3-6, and 

≥6mm). To determine if these prey size classes are distributed differentially as a function 

of host algal species, the counts of invertebrates in each size class were compared using a 

chi-squared analysis.  

 

3.3.3. Ontogenetic differences in diet and prey selectivity of 

Oxylebius p i c tus  

All juvenile and adult O. pictus taken for diet analyses were collected along the 

rocky reef between 0900-1100h to control for possible diel patterns in feeding behavior 

(McCormick 1998). Size of fish was recorded as total length (TL in cm). Fish diet was 

collected via gastric lavage and samples were processed as described in Mahoney 

(Chapter 2). All diet items were sorted to the lowest taxonomic resolution possible (from 

Family to Species) and enumerated.  
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I examined prey selectivity of juvenile and adult O. pictus by examining whether 

an individual fish had positive selection for, did not select, or avoided (negative 

selection) prey based on positive or negative disproportionate representation of prey 

relative to that available in the environment. Selectivity of prey items and prey sizes was 

calculated using Chesson’s α (Chesson 1983), an index that describes selection of prey as 

a function of the relative abundance of prey available. It is calculated by: 

𝑎! =   

𝑟!
𝑝!
𝑟!
𝑝!

!
!

 

where ri is the relative abundance of prey i in a fish diet, pi is relative abundance of prey i 

found in algal habitat. m is the number of prey items found in the environment 

(calculated from above). The index is evaluated as follows: if αi > m–1, there is selection 

for a particular prey item, if αi < m–1 there is avoidance of a prey item, and if αi = m–1, 

there is no selectivity for the prey item (i.e. it is consumed in the same proportion as it is 

found in the habitat). Selectivity for prey size classes was also calculated where m is the 

number of prey size classes, 4. Selectivity of each fish was calculated in the same manner 

for the four prey size classes. In addition, I also determined if size selectivity of 

gammarid amphipods was different as a function of fish stage. This is because gammarid 

amphipods are the main diet item that is shared among all fish as described in Mahoney 

(Chapter 2). Copepods are also consumed by adult O. pictus, however copepods are rarely 

greater than 0.5mm so do not allow for an analysis across multiple size categories. To 

determine if selectivity among the four prey size classes, as well as selectivity among 
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three size classes of gammarid amphipods (no gammarid amphipods were measured as 

being ≤0.5mm so analysis is done for three size classes, >0.5-3, >3-6, and ≥6mm), is 

different between juvenile and adult fish, I used separate Analysis of Variance (ANOVA) 

analyses.  

 

3.3.4. Ontogenetic changes in jaw morphology of Oxylebius 

p i c tus  

Many fish exhibit an ontogenetic shift of diet preferences due to changing 

anatomy of feeding mechanics with a larger body size (Lukoschek and McCormick 

2001). To determine if this is the case for O. pictus and to compare prey size preference 

to feeding mechanics as a function of fish size, I collected and sacrificed O. pictus 

individuals ranging from 3-16cm. Specimens were cleared and double-stained for bone 

and cartilage following Dingerkus and Uhler (1977). Size of prey is often constrained by 

vertical gape (Arim et al 2010) and vertical gape of O. pictus was recorded as a function of 

TL. Additionally, the mechanical advantage of the jaw was calculated by comparing the 

lengths of the jaw-opening in-lever to the jaw opening out-lever. This comparison 

examines the potential velocity and force of the jaw, where higher ratios (and lower 

mechanical advantage) allow for a high jaw-closing velocity and lower ratios (and higher 

mechanical advantage) allows for greater force. Fish with low mechanical advantage 

would be expected to feed on fast prey whereas fish with a higher mechanical advantage 

would feed on larger, slower prey (Vincent et al 2007, Richard and Wainright 1995). 

Measurements of body and jaw morphology were recorded using a digital caliper. I 
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calculated the correlation of vertical gape as a function of fish size (TL) and examined 

changes in mechanical advantage across ontogeny of O. pictus. 

 

3.3.5. Algal associations of Oxylebius p i c tus  

To determine if juvenile and adult O. pictus associate disproportionately and 

differently to specific benthic algal species, I conducted surveys of fish location along the 

rocky reef. The percent cover of species of red algae along the reef was measured by 

placing 0.5m x 0.5m quadrats with 36 points every 2 meters along a 20m transect. 

Transect (n=10) locations were haphazardly selected so that transects were parallel to 

shore, at least 5m apart, within 5-10m depth in the middle of the reef and approximately 

the same area of the reef of where individual O. pictus were collected for diet analyses. 

For each quadrat, I measured the percent cover of all algal species and benthic 

invertebrates using a 0.5m x 0.5m quadrat divided into 36 even points. For each quadrat 

I also measured the predominant benthic vertical relief (0-10cm, 10cm-1m, 1-2m) of 

each quadrat. Percent cover per quadrat of five representative algal species 

(Chondracanthus, Rhodymenia, Plocamium, Prionitis, and Botryocladia) was calculated. The 

habitat association of fish was also measured along benthic transects first by identifying 

and marking location of all O. pictus along each transect. A weighted marker was placed 

at the location a fish when first sighted by a diver observer. A diver observer sized each 

fish (TL). For each replicate fish, a 0.5 x 0.5 m quadrat was used to record the 

surrounding benthic reef habitat as described above with the position of the fish at the 

center of the quadrat. I used Analysis of Similarities (ANOSIM) to compare the algal 
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community at the location of a fish to the available algal community along the reef. 

Counts of algal species were log-transformed to reduce the influence of very abundant 

species and Bray Curtis similarity was calculated for all pairs of observations. Algal 

species contributing most to differences in composition were identified using a SIMPER 

analysis. Multivariate analyses were performed using PRIMER statistical software v. 6 

(PRIMER-E). 

To determine if juvenile and adult O. pictus associate disproportionately and 

differently to physical aspects of the reef, I compared the counts of quadrats of benthic 

reef and of fish location per each relief category (0-10cm, 10cm-1m, 1-2m) using a Chi-

squared analysis. Results of the Chi-squared analysis were reported as the standard 

deviates. Standard deviates are equal to (observed – expected) / square root(expected). 

Standard deviates are therefore the measure of direction and importance of an effect. All 

univariate statistical analyses were conducted in SYSTAT v. 13. 

 

3.4. Results 

3.4.1. Size of prey available in environment  

In total, just over 3000 crustaceans were removed and measured from replicates 

of five algal species, Botryocladia, Chondracanthus, Plocamium, Prionitis, and Rhodymenia 

(n=63, 62, 62, 59, and 58 replicates, respectively). Invertebrates were grouped into four 

prey size classes (≤0.5, >0.5-3, >3-6, and ≥6mm). The proportion of each size class of 

prey items was not equally distributed among the species of algae (χ2, df=12, p=0.000). 
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The smallest prey size class, ≤0.5mm, was in greatest overall proportions and in greatest 

proportion on three algal species, Botryocladia, Plocamium, and Rhodymenia (Figure 3-1). 

Prey items in the >0.5-3mm size class were found in greatest proportion on Botryocladia, 

Plocamium, and Prionitis with low proportion of this size class found on Chondracanthus and 

Rhodymenia. Larger prey items in size classes of >3-6 and ≥6mm were rare and of the five 

algal species these larger prey size classes were both found in greatest proportion on 

Prionitis (Figure 3-1). 

 

3.4.2. Ontogenetic differences in diet and prey selectivity of 

Oxylebius p i c tus  

Juvenile fish diets consisted primarily of copepods (70%) and gammarid 

amphipods (26%) where adult diets consisted primarily of gammarid amphipods (79%) 

(Figure 3-2). Crabs and shrimps were found only in adult stomachs and copepods were 

only found in juvenile dish diets (Figure 3-2). No prey items greater than 6mm were 

found in juvenile O. pictus (<12cm TL) diets whereas the size of the largest prey item 

found in adult fish (≥12cm TL) had a much larger range (Figure 3-3).  

Selection for prey items was significantly different for juvenile and adult O. pictus 

for some prey item groups (ANOVA, Gammarid: df=1,62, F=5.658, p=0.02; Crab: df-

1,62, F=8.336, p=0.005, Copepod: df=1,62, F=52.420, p=0.000), but not for others 

(ANOVA, Caprellid: df=1,62, F=0.713, p=0.402; Isopod: df=1,62, F=0.114, p=0.737; 

Shrimp: df=1,62, F=0.928, p=0.339, Hermit Crab: df=1,62, F=2.704, p=0.105, ‘other 

crustacean’: df=1,62, F=0.014, p=0.905). Juvenile O. pictus had the greatest selectivity for 
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copepods where adult O. pictus had greatest selectivity for gammarid amphipods and 

crabs (Figure 3-4). For both juvenile and adult O. pictus, isopods and crustaceans in the 

group ‘other crustaceans’ were not selected for positively or negatively (Figure 3-4). 

Caprellid amphipods were avoided both by juvenile and adult O. pictus (Figure 3-4).  

Selection for prey size classes was significantly different for juvenile and adult O. 

pictus for all prey size classes except for prey in the size class >0.5-3mm (ANOVA, 

≤0.5mm: df=1,62 F=30.321, p=0.000; >0.5-3mm: df=1,62, F=0.842, p=0.362; >3-

6mm: df=1,62, F=6.054, p=0.017; ≥6mm: df=1,62, F=9.411, p=0.003). Juvenile O. 

pictus had greatest selectivity for prey in size classes ≤0.5mm and >3-6mm. Adult O. 

pictus had greatest selectivity for prey in size class >3-6mm and with no selection for prey 

≥6mm (Figure 3-5). Juvenile O. pictus avoided prey in the size class >6mm whereas adult 

O. pictus avoided prey in the smallest prey size class (Figure 3-5).  

Selectivity for gammarid amphipods in three size classes (>0.5-3, >3-6, and 

≥6mm) were significantly different for the smallest and largest prey size classes 

(ANOVA, >0.5-3mm: df=1,62, F=5.654, p=0.021; ≥6mm: df=1,62, F=4.119, p=0.047), 

and not significantly different for the middle size class (ANOVA, >3-6mm: 

df=1,62,F=0.001, p=0.985). Juvenile O. pictus had greater selectivity for the smallest 

gammarid size class whereas adult O. pictus had greater selectivity for the largest 

gammarid size glass, compared to juvenile O. pictus (Figure 3-6). However, adult O. pictus 

selected exhibited no selection for all size classes of gammarid amphipods (Figure 3-6).  
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3.4.3. Ontogenetic changes in jaw morphology of Oxylebius 

p i c tus  

Vertical gape (cm) was positively related to total length (cm) of fish (t=12.662, 

p=0.001, R2=0.90047) with a slope of 0.8517, indicating a non-linear scaling where 

vertical gape did not increase proportionately with increasing body length (Figure 3-7). 

The jaw-opening in-lever increased positively with the jaw-closing out-lever (p=0.001, 

R2=0.72578) with juvenile fish having lower values, and thus greater mechanical 

advantage, compared to adult fish. The slope of the line was 0.8404 indicating a non-

linear scaling where the length of the jaw-opening in-lever increased at a lesser degree 

with increasing values of the jaw-opening out-lever (Figure 3-8).  

 

3.4.5. Algal associations of Oxylebius p i c tus  

Juvenile fish were associated with a different algal assemblage than what was 

measured for the benthic reef (ANOSM, R=0.149, p=0001) and adult fish were not 

(ANOSIM, R=0.039, p=0.220). SIMPER analysis indicated that juvenile fish were 

positively associated with Rhodymenia and negatively associated with Chondracanthus. 

Juvenile fish were associated with benthic relief different from what was expected by 

chance (χ2=237.735, df=2, p=0.000) and found more associated with a 0-10cm or a 1-

2m relief structure than a 10-1m (Figure 3-9). Adult fish were also found associated with 

relief different from what was expected by chance (χ2=8.885, df=2, p=0.012) and were 

found more associated with 10-1m and 1-2m categories compared to a flatter relief of 0-

10cm (Figure 3-9). 
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3.5. Discussion 

This study examined the ontogeny of diet shifts in relation to prey abundance, 

feeding mechanics and ontogenetic change in habitat selection. The diet of O. pictus 

shifted from predominately copepods as juveniles to gammarid amphipods as adults (at 

12cm TL). The types of prey items consumed also increased in number from juvenile to 

adult stages and items such as crabs and shrimps were included in adult diets but not in 

juvenile diets. This change in diet at about sexual maturity is common in fishes. For 

example, McCormick et al (1998) found a similar diet shift occurred at sexual maturity 

for a temperate microcarnivorous fish, Cheilodactylus spectabilis, and suggested that this diet 

shift occurred due to an increase in vertical gape as well as an increase in energetic 

requirements of larger fish.  

Selection by a fish predator of a particular prey item is often affected by a 

combination of the size, type, and availability of the prey item (Holbrook and Schmitt 

1984). Results show that O. pictus displays selectivity in prey consumption both by item 

and by size. Both juvenile and adult O. pictus consumed certain prey items in proportions 

that were different than that present in the environment. Juvenile O. pictus selected for 

copepods in much greater proportion than found in the environment where adult O. 

pictus selected primarily for gammarid amphipods and crabs (Figure 3-4). Juvenile O. 

pictus had positive selection of the smallest size class of prey items, ≤0.5mm. This most 

likely reflects the significant consumption of copepods, which typically measure between 

0.25 and 0.5mm. No prey items greater than 6mm were found in the stomachs of 
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juvenile O. pictus, thus 6mm may be the size limit for juvenile fish. The fact that juvenile 

O. pictus also had positive selection for prey items >3-6mm and not for prey items in size 

class >0.5-3mm may reflect the incorporation of slightly larger sizes of prey that are 

found in lower abundances in the environment such as isopods (Figure 3-4). Gammarid 

amphipods represent another key portion of juvenile O. pictus diets (Figure 3-2) and 

positively selected for gammarids in size class >0.5-3 mm and exhibited no selection for 

gammarids in size glass >3-6mm (Figure 3-6). 

Adult O. pictus selected specifically for prey items in the >3-6mm size class, but 

not for prey items in the size class of ≥6mm. The lack of selectivity for the smallest prey 

size class reflected the near lack of copepods in diets of adult O. pictus (Figure 3-2). 

The range of prey items found in O. pictus diets and the selectivity for certain prey size 

classes and prey items reflected the fact that smaller fish tended to eat smaller prey and 

larger fish tended to eat larger prey while keeping smaller prey items as a part of the diet. 

Availability of prey items and of prey sizes affects the selectivity of a prey item and a fish 

may actively choose to consume a prey item based on where the prey item is located, the 

size, and the type of the prey. Results from Mahoney (Chapter 2) indicated that prey 

items were disproportionate in abundance across common and available algal species. 

Copepods were key prey items for juvenile O. pictus and are found in greatest proportion 

on Botryocladia, Plocamium, and Rhodymenia compared to very low proportion on 

Chondracanthus and Prionitis (Mahoney Chapter 2). As described above, copepods typically 

measure between 0.25 and 0.5 mm and results here show that prey items in size class 

0.5mm were also in greatest proportion on Botryocladia, Plocamium, and Rhodymenia 

compared to very low proportion on Chondracanthus and Prionitis. This means that a key 
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prey item and size of prey of juvenile O. pictus were not distributed equally throughout 

the algal assemblage. One would expect, then, that juvenile O. pictus would actively 

choose algal patches with greater proportion of algal species that supported prey items 

and sizes that are selected for and, in fact, juvenile O. pictus were associated 

disproportionately more with Rhodymenia than with Chondracanthus (SIMPER). 

Results indicated that adult O. pictus was a more generalist predator than juvenile 

O. pictus both in prey type and size. Adult O. pictus had a much wider range of diet items 

(Figure 3-2) than juvenile fish and consumed a wider range of prey sizes (Figure 3-3). 

While gammarid amphipods made up a large proportion of diet, adults incorporate a 

larger mix of prey items than juveniles. Selectivity of gammarid amphipods at any size 

class was exhibited (Figure 3-6). The fact that adult O. pictus displayed a greater size 

selectivity for prey items, combined, for size >3-6 mm may indicated a selection for prey 

items that were not gammarid amphipods that were in greater abundance in the 

environment. Larger prey items were rare in the environment (Figure 3-1), a fact that 

likely affected the ability of O. pictus to find and select these items. These larger prey 

items, while rare, were found in greatest proportion on Prionitis and Plocamium (Figure 3-

1). The decline of selectivity for larger prey appears to reflect the rarity of the larger prey, 

a result also described by Holbrook and Schmitt (1984). Gammarid amphipods are key 

prey items for adult O. pictus and gammarids were found in greatest proportion on 

Botryocladia, Plocamium, and Rhodymenia (Mahoney Chapter 2). One would expect, then, 

that adult fish would select for algal species that hosted a high proportion of gammarid 

amphipods. Adult fish, however, exhibited no selection for algal species. This may be 

explained, in part, that due to a wider range of prey sizes and taxa consumed and a 
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neutral selection for gammarid amphipods in all size categories, that adult fish were more 

general predators than juveniles.  

Association of juvenile O. pictus to aspects of the physical reef is different than 

that of adults and juvenile fish showed stronger preference to benthic relief than adult 

fish (Figure 3-9). Relief of 1-2m may provide juvenile fish with more protection from 

predation or limit inter- and intra-species competition for space. The fact that adult O. 

pictus showed no strong association of one relief category to another reinforced the more 

generalized habitat associations of adult individuals compared to juveniles (Figure 3-9). 

The ontogenetic shift in diet of O. pictus can be partly explained by morphological 

changes in jaw mechanics. The size of the gape often determines the type and size of 

prey consumed. For O. pictus, vertical gape increased with total length of fish and from 

juvenile to adult stages. This lead to an increase in prey size consumed as well as an 

increase in the range of prey sizes consumed (Figure 3-4). Vertical gape increased with 

size of fish (Figure 3-7), a result that is consistent with many features of a vertebrate that 

scale allometrically. An increase in vertical gape tends to also increase the range of sizes 

and taxa of prey items for a predator, as described above. Additionally, mechanical 

advantage decreased from juvenile to adult stages (Figure 3-8). A greater mechanical 

advantage typically allows a predator to feed on larger, slower prey items due to an 

increase in force (Vincent et al 2007). A larger gape size plus a greater mechanical 

advantage may factor in to the addition of prey items into adult O. pictus diets, such as 

crabs and shrimps, which are typically larger and slower than gammarid amphipods. 

Many abiotic and biotic factors were not assessed that may contribute to changes 

in habitat selection and diets of O. pictus. For example differential predation risk on O. 
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pictus, territoriality, and intra- and interspecific competition for resources may all affect 

how fish select for habitat and for prey items (Holbrook and Schmitt 1988, Werner et al 

1983). Energetic requirements of fish may also change with maturity, changes in 

behavior, and environmental conditions. However, results here show that juvenile and 

adult O. pictus feed on different prey items and select differently for habitat and this may 

decrease intraspecific competition for resources.  

Determining mechanisms that help explain how fish utilize habitat and if this 

changes with ontogeny is a key requirement to understanding important community 

interactions. A temperate reef community is an example of the natural complexity of an 

ecological community. How a fish utilizes such a diverse and patchy system for food 

resources and protection from predation will also influence patterns of growth, 

reproduction, and survival.  

Habitat alteration or degradation is of particular concern when such habitat is 

living biogenic habitat that supports prey items and provides refuge from protection. 

Biogenic habitat can directly affect population dynamics of associated fauna that serve as 

prey items for higher trophic (Connell and Jones 1991, Holbrook et al 2006, Schaffers et 

al 2008, Carr 1991). Additionally, since different prey items can have different functional 

roles in a community (e.g. different predator-prey relationships that direct energy in 

different directions through a food web), changes in biogenic habitat can have direct and 

indirect effects on communities and ecosystems. Many fish go through ontogenetic shifts 

in both diet and habitat selection. Any alteration to biogenic habitat that affects specific 

life stages of a fish will have consequences to the entire population. Here, juvenile O. 

pictus appear to be much more specific in diet and habitat requirements than adult fish. 
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This may mean that juvenile O. pictus may be more susceptible to changes in reef 

attributes that affect resource availability.  
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3.6. Figures 

 

Figure 3-1. Proportion of invertebrate prey items in each size class (≤0.5, >0.5-3, >3-6, 

and ≥6mm) associated with 5 algal species, Botryocladia, Chondracanthus, Plocamium, 

Prionitis, and Rhodymenia.  
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Figure 3- 2. Percent contribution to diet of juvenile (<12cm, n=44) and adult (≥12cm, 

n=33) Oxylebius pictus. The category ‘Other crustacean’ includes the invertebrate groups 

leptostracan, tanaid, ostracod, and mysid. The order of the colors of the figure is the 

same as in the legend. 
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Figure 3-3. The largest prey item in gut (mm) compared to fish total length (cm) of O. 

pictus (n=43). 

 

 
Figure 3- 4. Mean values of Chesson’s selectivity index (αi) for crustacean prey items O. 

pictus (n=30 adults, n=25 juveniles). αi =0.125 indicates neutral selection (horizontal line), 

αi <0.125 = selection of prey item less than environmental availability and αi >0.125 

indicates selection of prey item greater than environmental availability. 



 74 

 

 
Figure 3-5. Mean values of Chesson’s selectivity index (αi) for prey size classes (≤0.5, 

>0.5-3, >3-6, and ≥ 6mm for all crustacean prey in O. pictus diets (n=30 adults, n=25 

juveniles). αi =0.25 indicates neutral selection (horizontal line), αi <0.25 = selection of 

prey size less than environmental availability and αi >0.25 indicates selection of prey size 

greater than environmental availability. 
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Figure 3- 6. Mean values of Chesson’s selectivity index (αi) for gammarid amphipod size 

classes (>0.5-3, >3-6, and ≥6mm) of O. pictus (n=30 adults, n=25 juveniles). αi =0.3 

indicates neutral selection (horizontal line), αi <0.3 = selection of a gammarid size class 

less than environmental availability and αi >0.3 indicates selection a gammarid size class 

greater than environmental availability. 

 

 
Figure 3- 7. The relationship between total length of O. pictus (TL, cm, log-transformed) 

and vertical gape (cm, log-transformed) n=30 O. pictus.  
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Figure 3-8. The relationship between the log-transformed jaw opening inlever and jaw-

closing inlever of juvenile and adult O. pictus (n=20). 

 
 



 77 

 
Figure 3-9. Standard deviate results from chi-squared analyses for association to benthic 

habitat relief values (0-10cm, 10cm-1m, and 1-2m) for adult and juvenile O. pictus. 

Positive values indicate association greater than expected and negative values indicate 

avoidance, where the null hypothesis is equal to zero. 
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Discussion 

A temperate reef community is an example of the natural complexity of an 

ecological community. This dissertation aimed to link how this natural complexity, in the 

form of algal species composition, affects higher trophic levels through changes in 

invertebrate species composition, prey availability of a microcarnivorous fish, and how 

fish predators select for areas of a patchy reef. My research has shown that these 

ecological links are first, measurable and spatially explicit, and secondly, help explain 

community patterns of associated fauna including predatory fish. 

 Specifically, in Chapter 1, I demonstrated that the species composition of the red 

algal assemblage and associated invertebrate assemblage varied by site along the coast 

such that sites closer together were more similar than those further apart. My results are 

the first to describe temporally robust, spatially explicit changes in invertebrate 

assemblages in a temperate reef system and, specifically, those associated with the 

shallow benthic red algal assemblage. I also show that the invertebrate assemblage 

composition is significantly linked to the algal assemblage composition and that this 

association is spatially persistent.  

In Chapter 2, I examine diets of Oxylebius pictus and how predation on these prey 

items structures associated invertebrates on differing algal species. O. pictus is a small 

hexagrammid fish that inhabits shallow, rocky reefs and is an ideal fish to study how 

diets of predators vary as a function of small-scale habitat and prey variability. I found 

that diets of O. pictus primarily consisted of copepods and gammarid amphipods as well 

as a mix of small crustaceans and that the relative abundances of these prey were 
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significantly different as a function of algal species. Using a field caging experiment, 

which mimicked a predation-free environment, I demonstrated that prey items of O. 

pictus increased in abundance in absence of predation pressure on only some algal species 

indicating that the invertebrate composition and prey item abundance found on certain 

species is likely to be affected by top-down predation of fish predators such as O. pictus. 

These results show that variability in prey abundances can result from changes in algal 

species with consequences to fish predators.  

In Chapter 3, I examined the ontogeny of diet shifts of O. pictus in relation to 

prey abundance, feeding mechanics and ontogenetic change in habitat selection. I found 

that the diet of O. pictus shifted from juvenile to adult stages (at 12cm TL) from 

predominately copepods to gammarid amphipods. The types of prey items consumed 

also increased in number from juvenile to adult stages. I also found that both juvenile 

and adult O. pictus display selectivity in prey consumption both by item and by size. The 

range of prey items found in O. pictus diets and the selectivity for certain prey size classes 

and prey items reflects the fact that smaller fish tend to eat smaller prey and larger fish 

tend to eat larger prey while keeping smaller prey items as a part of the diet. Availability 

of prey items and of prey sizes affects the selectivity of a prey item and a fish may 

actively choose to consume a prey item based on where the prey item is located, the size, 

and the type of the prey.  

Results from Chapter 2 indicate that prey items are disproportionate in 

abundance across common and available algal species. One would expect, then, that O. 

pictus would actively choose algal patches with greater proportion of algal species that 

support ideal prey items and sizes and, in fact, I found that juvenile O. juvenile fish were 
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associated disproportionately more algal species that support key prey items. 

Additionally, I found that that adult O. pictus is a more general predator than juvenile O. 

pictus both in prey type and size as well as in habitat preferences. In Chapter 3 I delved 

into functional morphology and I found that the ontogenetic shift in diet of O. pictus 

could be partly explained by morphological changes in jaw mechanics (vertical gape and 

mechanical advantage). How a fish utilizes such a diverse and patchy system for food 

resources and protection from predation will also concern patterns of growth, 

reproduction, and survival. Determining mechanisms that help explain how fish utilize 

habitat and if this changes with ontogeny is a key requirement to understanding 

important community interactions.  

Habitat alteration or degradation is of particular concern when such habitat is 

living biogenic habitat that supports prey items and provides refuge from protection. My 

dissertation directly examines the importance of red algal species as biogenic habitat, 

supporting key prey items of microcarnivorous fishes. Biogenic habitat can directly affect 

population dynamics of associated fauna that serve as prey items for higher trophic 

(Connell and Jones 1991, Holbrook et al 2006, Schaffers et al 2008). 

Determining factors that contribute to variability in trophic patterns is important 

especially since predator success is often closely linked to prey availability (Okamoto et al. 

2012). I show that prey items of microcarnivorous fishes are structured both by bottom-

up affects of algal habitat and by top-down predation, but these are dependent on the 

identity of the algal habitat. Understanding how anthropogenic or natural changes in 

biogenic habitat alter availability of associated prey items and therefore higher trophic 

levels is an important but challenging goal for management and conservation of species 
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and ecosystems. Indeed, a central goal in ecosystem management and conservation is to 

describe and monitor how the abundance and distribution of habitat forming species 

affects associated communities. Knowledge of these relationships, how changes in 

macroalgal assemblages affects faunal assemblages on shallow rocky reefs is central to 

our ability to both explain and predict overall community structure and functions in 

space and time. 
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