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ABSTRACT 

Although forming the majority of the Earth's ice-free coastlines, surprisingly little 
research has been conducted on sandy beach ecosystems in general and in northern 
California in particular. Sandy beach ecosystems overlap considerably with hwnan 
activities and have high ecological connectivity to several other ecosystems. They are 
characterized by low levels of in situ primary productivity, and can be heavily subsidized 
by adjacent ecosystems. Macrophyte wrack from adjacent marine ecosystems provides 
major inputs of organic matter to sandy beaches that a variety of consumers rely on. 
Talitrid amphipods1 Megalorchestia spp., are major consumers pf wrack on beaches in 
California, that play a key role in intertidal food webs and ·ecosystem function. They are 
highly mobile nocturnal animals that occupy temporary burrows ih intertidal sand during 
the day. We hypothesi~ed that macmphyte wrack abundance and composition, as well as 
beach sediment characteristics would influence the structure of talitrid amphipod 
assemblages on beaches along the north central California coast. Five species oftalitrid 
amphipod were observed at our study sites, and total amphipod abundances across sites 
ranged from O ind m·1 to 12,691 ind m·1 of shoreline. Non-metric Multidimensional 
Scaling analyses (NMS) of amphipod assemblages showed strong links between total 
amphipod abundance, physical characteristics of site including grain diameter and beach 
slope, and the abundance of less palatable eelgrass wrack. We experimentally 
investigated the role of sediment grain size on burrowing behavior and feeding rates of 
one of the five amphipod species found in the region, Megalorchestia californiana. We 
hypothesized that amphlpod bun-owing behavior would be affected by sand grain size, 
and that these behavioral differences might lead to different feeding rates. In addition we 
hypothesized that feeding rates and grain size preferences influence observed differences 
in abundance among beaches. Offered a range of five grain sizes in a laboratory 
experiment, amphipods preferred to burrow in sand of finer grain size. Amphipods 
burrowed to greater depth and remained under the surface for longer periods in fine sand. 
Wrack consumption increased with increased grain size. Our results indicate that 
sediment grain size and macrophyte wrack compositjon may interact to affect behavior 
and likely the energy budgets of talitrid amphipods. This could influence the species 
distribution and abundance of talitrid amphipod populations among beaches. Our results 
have implications for wtderstanding how congeneric talitrid amphipods may coexist and 
for beach management including common activities such as sand nourishment or 
movement and grooming to remove macrophyte wrack as such activities may have a 
profound effect on talitrid amphipod populations, and their influence on the functioning 
of sandy beach ecosystems. 
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I. INTRODUCTION 

Comprising -70% of the world's open coasts (Bascom, 1980), sandy beaches 

form a dynamic interlace between marine and terrestrial ecosystems. Sandy beaches are 

important economic assets for coastal communities because people use them heavily for 

recreational activities (McLachlan and Brown, 2006; Schlacher et al., 2008). Sandy beach 

ecosystems have been surprisingly understudied (in northern California in particular) 

given their high connectivity to other ecosystems, support for wildlife and considerable 

overlap with human activities. 

Energy, and how it flows through an ecosystem, is an integral part of ecosystem 

functioning. Primary producers growing within an ecosystem typically form the basal 

trophic level, and the main source of energy flux, in the form of fixed carbon, into the 

ecosystem. Sandy beaches are unusual ecosystems because they are characterized by very 

low levels of in situ primary productivity (Steele and Baird, 1968; McLachlan and 

Brown, 2006), depending on allochthonous carbon flux from adjacent marine 

ecosystems. Inputs of macrophyte wrack and phytoplankton from adjacent benthic and 

surfzone ecosystems form the basal trophic level for secondary and higher order 

invertebrates that in tum provide food for shorebirds and other higher order consumers 

(Bowers, 1964; Dugan et al., 2003; McLachlan and Brown, 2006; Schlacher et al., 2008). 

On exposed sandy beaches, talitrid amphipods are some of the most abundant consumers 

of macrophyte wrack, especially highly palatable and nitrogen rich kelp wrack (Dugan et 

al., 2'003; Lastra et al., 2006, 2008), and their abundances have been positively correlated 

with wrack cover on sandy beaches in southern California (Dugan et al., 2003). 
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The distribution and abundance of talitrid amphipods are also thought to be 

strongly associated with physical characteristics of their habitat including wave exposure, 

beach face slope, and sand grain size (Bousfield, 2007). There is widespread support for 

the theory that sediment morphodynamics, the interaction between seafloor sediments 

and hydrodynamic processes, regulate species richness and abundance on sandy beaches 

(Defoe and McLachlan, 2005, 2011; Lastra et al., 2006; McLachlan and Dorvlo, 2005; 

Seike, 2008), in addition to allochthonous inputs of organic matter. Chemical variables 

have also been shown to interact with physical and nutritional variables to structure 

macrobenthic communities on sandy beaches (Ortega Cisneros et al., 2011). 

Beaches vary substantially in their morphodynamics. A beach's morphodynamic 

state is often quantified using Dean's parameter (McLachlan and Brown, 2006) an 

estimate of the ability of ambient wave climate to move the sediment at a beach. These 

values represent a wide range of beach types, from reflective to dissipative in the 

extreme, but with many beaches falling somewhere in between with an intermediate 

morphodynamic state. Reflective beaches are characterized by small tidal range, coarse 

sand, and waves that break directly on the steep beach face where wave energy is 

reflected back off the beach. Dissipative beaches are characterized by large tidal range 

and fine sand with a flat beach face and wave energy dissipated across a wide surf zone 

(McLachlan and Brown, 2006; Schlacher et al., 2008). Tidal regime, sediment grain size, 

and wave energy characterize sandy beach habitats and are important factors influencing 

the ecological structure and dynamics of sandy beaches (Defoe and McLachlan, 2005; 

Schlacher and Thompson, 2013). 



Sediment characteristics have long been shown to influence the abundance and 

distribution of a variety of soft bottom invertebrates (Sanders, 1958; Yates et al., 1993; 

Alfaro, 2006). For instance, sediment grain size is the main factor controlling the 

distribution of populations of the bivalve Donax trunculus (La Valle et al., 2011 ). Grain 

size often influences benthic macrofaunal burrowing performance (Alexander et al., 
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1993; Nel et al., 2001; Huz et al., 2002), and burrowing for many sandy beach 

invertebrates is as fundamental an ecological process as foraging and breeding. Grain size 

can also influence the outcome of competition between sandy beach species (Defoe et al., 

1997). 

There are six species of talitrid amphipod that are common on California beaches, 

all members of the genus Megalorchestia. Natural history observations and early 

ecological studies describe M. californiana and M. benedicti as being found high up on 

wide, exposed beaches with fine sand, while M. columbiana and M. corniculata are 

found on protected beaches with coarse sand (Barnard et al., 1980, Bousfield, 2007). A 

fifth species, M. pugettensis, is found on coarse sand beaches with low wrack cover 

(Barnard et al., 1980; Bousfield, 2007). These early natural history observations, 

however, lack in quantitative basis. Wave energy and sediment transport dynamics 

ultimately drive both beach morphology and the physical characteristics of the 

accumulated sand (and are likely to influence the deposition of wrack too). However, to 

our knowledge there have been no mechanistic studies done to understand how the 

physical characteristics of beaches (such as sand grain size) influence the distribution, 

abundance or ecological performance of talitrid amphipods among beaches. Due to their 
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low dispersal rates, spatial patterns in these amphipods can imply causation, making them 

suitable ecological indicators (Peterson and Bishop, 2005). 

For my thesis I quantitatively assessed the relationship between sand grain size 

and species abundance and composition of talitrid amphipod assemblages on 20 beaches 

in northern California to test the natural history descriptions and qualitative observations 

made by prior researchers. I first investigated whether aspects of beach morphodynamic 

state or sand grain size per se might be predictors for the abundance or distribution of 

different species of talitrid amphipods. I then experimentally explored the effect of sand 

grain size on amphipod burrowing behavior and kelp consumption rates for one of the 

species, M. californiana. 

II. METHODS 

Study Sites 

Field research was conducted at twenty sandy beaches on California's north 

central coast (Fig. 1 ). A wide range of shore types characterizes the north central region 

of the California coast. Although dominated by rocky shorelines in the north, sandy 

beaches are found throughout the region. We examined long beaches, defined as a 

kilometer in length or longer, as well as rarely studied pocket beaches, defined as less 

than a kilometer in length and common along rocky shorelines of the northern California 

coast. We visited ten focal beaches once a month for 11 months, four local beaches 15 

times, and seven additional beaches just one time (see Table 1 for details). Laboratory 

experiments were conducted on Megalorchestia californiana collected from Doran Beach 

and Salmon Creek Beach. 



Estimating Amphipod Abundance 

Amphipod abundance and biomass were estimated by quantitative sampling 

across 19 sandy beaches on spring low tides in 2010 and 2011 using two separate 

methodologies, herein called biodiversity sampling and target sampling. On each beach, 

three transects were located extending from the landward boundary to the swash zone. 

For target sampling in 2010 we collected a series of 10 cores to a depth of 20 cm, evenly 

spaced along each transect within the zone of amphipod occurrence. For biodiversity 

sampling in 2011, 150 cores uniformly spaced along the entire transect were collected to 

a depth 20 cm. Cores were rinsed in mesh bags ( 1.5 mm openings) to separate 

macroinvertebrates from the sand. Collected organisms were brought back to Sonoma 

State University where individuals were identified to species, counted, and weighed to 

the nearest 0.0001g. 

Mean Sediment Grain Size 

5 

To determine mean sediment grain size and skewness at each beach, sand samples 

were collected at the high tide strand line at each study beach. Beach face slope was 

measured concurrently. Sediment samples were taken back to the laboratory and rinsed 

with deionized water to remove salt. Samples were then dried to constant weight and 

shaken for five minutes through a series of nested sieves (screen apertures in µm: 5600, 

4000,2800,2000, 1400, 1000, 710,500,355,250,180, 125,90,63,45)todeterminethe 

relative abundance of sand for each sieve size. Geometric means of sediment grain size 

were calculated for each site (Blott and Pye, 2001). 
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Estimating Macrophyte Wrack Cover 

Wrack cover was estimated once a month for 11 months at ten focal beaches, 

weekly over a two month period then monthly for 7 months at four local sites, and only 

once at seven sites (see Table 1 for details). To estimate the standing crop of macrophyte 

wrack, cover and composition was measured using a line intercept method. Wrack cover 

was measured along the same 100 m section of shore where transects for amphipod 

sampling were located, and on the same transects when sampling and surveying co

occurred. All wrack 1 mm or more in width that intersected each transect was recorded 

along with the length that intersected the transect line and then categorized into 

functional groups (kelp, eelgrass, surf grass, red, brown, or green). The width of wrack 

cover for each transect was summed and expressed as m2 of macrophyte wrack m-1 of 

shoreline. 

Amphipod Collection for Laboratory Experiments 

Amphipods were collected by hand in May 2012 for sand grain size preference 

studies, June 2012 for burrowing behavior studies, and September 2012 for feeding rate 

studies. The largest individuals of Megalorchestia californiana were targeted due to the 

ease with which that species could be identified and collected in the field (Bowers, 1963). 

Amphipods were collected at one fine-grained beach (Doran Beach) and one beach with 

coarser sand grain size (Salmon Creek Beach) to eliminate any possible effects of 

adaptation or acclimation in amphipod behavior linked to their site of origin. Amphipods 

were transported in a cooler with ice packs to the laboratory at Sonoma State University, 

where they were kept on five inches of damp sand in an incubator set to 14 °C with a 

12:12 hr light:dark cycle for no longer than 5 days before the experiments were initiated. 
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Sand Grain Size Preference Experiment 

To test the hypothesis that M. californiana have a preference for finer sand when 

selecting a burrow location, a circular arena with compartments for different types of 

sand was constructed of acrylic to conduct a sand grain preference experiment based on 

the design of Bowers (1964 ). The experimental arena consisted of eight open top 

trapezoidal boxes, which, when put together, formed an octagon. Five steps in sand 

coarseness were used to create a two-way gradient around the octagonal arena (Fig. 2). 

Each box was filled to the top with sand characteristic of the range of grain size observed 

on the study beaches. For this study, we categorized the five grain sizes as follows: 

coarse (2000 µm), medium-coarse ( 1000 µm), medium (500 µm), medium-fine (250 µm), 

and fine (125 µm). Sand was wetted to a moisture content of 66% saturated across all 

boxes using the moisture content procedure in Bowers (1964). In one box was placed the 

coarsest sand (2000 µm), in the opposite box was placed the finest sand (125 µm). Two 

containers each were filled with 1000 µm, 500 µm, and 250 µm sand, on either side, to 

complete the two way gradient in the octagonal arena. A mesh cover (1.5 mm openings) 

was secured to the top of the chambers after placing 16 amphipods, two per compartment, 

in the arena and allowing them to roam at will on the surface overnight. The next day, the 

boxes were emptied and the number of amphipods found in each chamber was recorded. 

This experiment was repeated 10 times, with new animals each time. 

Talitrid Amphipod Burrowing Behavior 

To test the hypothesis that sand grain size has an effect on burrowing behavior a 

five-chambered column was constructed of acrylic, with an internal width of W'. This 

width was selected because it is just wider than the width of an amphipod and would 
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therefore facilitate viewing of amphipod burrowing behavior. Each chamber was filled 

with sand of a different average grain size, (2000 µm, 1000 µm, 500 µm, 250 µm, 125 

µm) (Fig. 3), each wetted to the same moisture content (as described above for the grain 

size preference experiment). One amphipod was placed on top of the sand in each 

chamber. Amphipods were observed for one hour, with time spent actively burrowing or 

under the sand surface in a burrow recorded to the nearest second. At the end of the hour, 

maximum burrow depth was recorded to the nearest centimeter for each sand type. Ten 

replicate trials were done per sand grain size using different amphipods. 

Consumption Rates on Different Grain Sizes 

To test the hypothesis that consumption rates vary on different grain sizes, 15 x 

15 x 8 cm containers were filled with sand to 4 cm deep. Five replicates of each of the 

five sand grain sizes were conducted. Each container was separated in half by a piece of 

screening and a pre-weighed piece of Nereocystis wrack was placed into each half. Into 

one half was also placed two amphipods. One side was left without amphipods to account 

for mass changes independent of amphipod feeding. Containers were placed into an 

environmental chamber set at 14 °C with a lighting cycle of 12hr light 12hr dark for 24 

hours. At the end of the experimental period, wrack pieces were reweighed and mass loss 

was calculated using the formula (Cf/Ci x Ei)-Ef, where C = the control biomass of 

Nereocystis, E = the biomass of Nereocystis in the containers with amphipods, and i and f 

denote initial and final masses, respectively. Amphipods were also weighed and their 

biomass specific consumption rate was calculated as g Nereocystis consumed daf1 x g 

amphipod biomass-1
• 



Multivariate Analyses 

To investigate the relationship between amphipod abundances and various 

environmental variables including wrack type and sediment characteristics we used non

metric multidimensional scaling (nMDS). Amphipod data were fourth-root transformed 

prior to analysis, and we used Bray-Curtis distances to create a similarity matrix with a 

dummy species added to manage excessive zeros in the matrix (Table 2). We used 

untransformed abundances for the bubble sizes (i.e., not the fourth-root scale that the 

nMDS was based on). The vectors were all based on normalized environmental data 

(including latitude) and represent spearman rank correlations between the axis scores 

( arbitrary scale) and the various environmental variables. The nMDS plots are based on 

axes 1 and 3 only (Table 2). 

III. RESULTS 

9 

Total amphipod abundances across sites ranged from O ind m-1 at Schoolhouse 

Beach to 12,691 ind m-1 at Cook's Beach (Fig. 4). Talitrid amphipods were most 

abundant on the northernmost beaches. Species composition differed from site to site, 

with only one species of amphipod, Megalorchestia benedicti, present at all sites at which 

amphipods were observed (Figs. 5 and 6). 

Mean macrophyte wrack cover on ten study sites over an 11-month period ranged 

from 0.106 m2 m-1 to 3.37 m2 m-1 (Fig. 7). Wrack composition differed among sites, with 

eelgrass dominating at beaches in close proximity to estuaries (Leibowitz et al., 

submitted). The two beaches with the highest proportional cover of eelgrass were Drake's 

Beach (near the mouth of Drake's Estero on Drake's Bay) and Short Tail Gulch (on 

Bodega Bay, centrally located between Bodega Harbor and the mouth of Tomales Bay 
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(see Figure 1). Mean wrack cover varied monthly with two apparent peaks in deposition; 

a late summer peak in brown algae wrack and a midwinter peak in kelp and red algae 

(Figure 8). 

Mean grain size varied more than sixteen fold among beaches, ranging from very 

fine sand at Drake's Beach (182 µm) to very coarse sand at Schoolhouse Beach (2949 

µm) (Fig. 9). Three species were found at beaches with grain size on the large end of the 

sediment spectrum observed (> 1 mm): M. columbiana, M. pugettensis, and M. benedicti 

(Figs. 11, 13, and 14). Two species, M. corniculata and M. californiana, tended to appear 

on beaches with finer sediment size (Figs. 12 and 10). Megalorchestia californiana, the 

target species of our laboratory studies, was found on beaches with mean sand grain sizes 

as small as 180 µm and as coarse as 613 µm (Fig. 10). 

The nMDS ordination of sites based on amphipod species abundances (Figs. 15-

20) was strongly associated along the horizontal axis (nMDS 1) with the cover of green 

and red algae and along the vertical axis (nMDS 3) with beach slope and sand diameter 

(Table 2). Palatable algae (green, kelp) were all negatively associated with the horizontal 

axis. The vertical axis was more strongly linked to physical characteristics of the beaches 

and the presence of unpalatable wrack types (eelgrass). 

When allowed to roam the sand surface overnight and presented with a choice of 

five sand grain sizes in which to locate their burrow, individuals of M. californiana 

preferentially selected sand of medium-fine coarseness, 250 µm (Chi-square, p<0.0001) 

(Fig 21 ). To account for the different starting numbers of amphipods per sand grain size, 

observed occurrence was compared to their expected occurrence assuming that 

amphipods remained overnight in the grain size in which they were placed. Medium 
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sand, 500 µm, was the next most preferred grain size, followed by fine sand, 125 µm. 

Amphipods were least likely to be found in coarse, 2000 µm, and medium-coarse, 1000 

µm. Although the M. californiana used in this experiment were collected from beaches 

with very different average sand grain sizes, there was no evidence that their preferences 

differed based on site of origin. 

Burrowing behavior experiments revealed that M. californiana burrowed nearly 

eight times deeper in 250 µm sand than in the coarsest sand (Fig. 22). There was no 

difference in burrow depth with regard to collection site. M. californiana spent the 

longest time under the surface in 250 µm sand. Amphipods spent nearly 30 times longer 

in their burrows in that sand size than in the coarsest sand (Fig. 23). 

Consumption rate experiments revealed that individuals of M. californiana 

consumed nearly twice as much kelp wrack on sand of medium coarseness than on the 

other grain sizes (Fig. 24) (ANOV A, p=0.0008). There was a trend of increasing 

consumption rates as the average sand grain size increased, except at the very largest size, 

however, there was no statistical difference in consumption rates among the four other 

grain sizes. 

IV. DISCUSSION 

Sandy beaches of the north central California coast support a diverse assemblage 

of five species of talitrid amphipods. The populations observed in our study are with in 

the range of abundance found elsewhere on the coast. Talitrid amphipod abundances have 

been recorded from 85 ind. m-1 to 91,646 ind. m-1 on exposed sandy beaches of southern 

California (Dugan et al., 2003, Lastra et al., 2008) while we observed populations of up 



to 12,691 ind. m-1 at one of our study sites. However, species composition and the 

relative abundance of the different species in this assemblage varied strongly among 

beaches. 
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Macrofauna abundance values for sandy beaches <1,000 ind. m-1 are considered 

low, 1,000 10,000 ind. m-1 medium, and >10,000 ind. m-1 are high (McLachlan et al., 

1996). Using these ranges, 16 of the sites sampled in our study display moderate to high 

levels of macrofauna abundance based solely on talitrid amphipod populations, not taking 

into account populations of other sandy beach macrofauna. 

Wrack cover on north central California beaches is less than observed on other 

parts of the California coast. Dugan et al. (2003) recorded wrack cover in the range of 

0.03 m2 m-1 to 5.03 m2 m-1 for beaches in southern California during September/October. 

On our study beaches during September/October we recorded mean wrack cover of - 2.25 

m2 m-1
• Yearly mean wrack cover across sites ranged from 0.106 m2m-1 to 3.37 m2 m-1

, 

with a majority of beaches <1 m2 m-1
• 

Subsidies of macrophyte wrack to sandy beaches have been shown to strongly 

influence the structure of macrofauna communities on exposed sandy beaches (Dugan et 

al., 2003, McLachlan and Brown, 2006). Larger populations of wrack-associated fauna 

can be found at beaches with larger inputs of wrack due to the role of wrack as food 

supply for many sandy beach invertebrates (Dugan et al., 2003; Nielsen et al., 2013, 

Dugan et al., 2015). Higher trophic level consumers, in tum, are positively correlated 

with wrack-associated fauna abundance (Dugan et al., 2003, Nielsen et al., 2013). 

Foraging shorebird abundances peak in the fall and spring on beaches in both northern 

California (Nielsen et al., 2013) and southern California (Dugan et al., 2015). 
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Our study beaches support a relatively high abundance of talitrid amphipods with 

a comparatively low level of macrophyte wrack cover. It is possible that the low level of 

macrophyte wrack cover is due to a high processing rate by amphipods and other wrack 

consumers. On beaches that exhibited the lowest cover, observed wrack consisted 

primarily of Cystoseira sp., a potentially less palatable fucoid wrack; fucoids have high 

levels of phlorotannins in the northern hemisphere (Steinberg, 1985). Macrophyte wrack 

serves a dual function on sandy beaches, providing both food and habitat for many 

invertebrates. Our data suggest that the role of macrophyte wrack as habitat and cover 

may be an important driver in structuring amphipod populations, potentially as important 

as the role of wrack as a food source. We hypothesize that on northern California 

beaches, when all palatable wrack has been consumed and where levels of standing crop 

of wrack are low yet amphipod population sizes are large, unpalatable wrack becomes 

extremely important as habitat. 

MDS analysis of amphipod populations in northern California suggest the 

importance of physical characteristics of sandy beaches in structuring amphipod 

communities as well as the importance of unpalatable wrack types such as eelgrass. 

Observed amphipod abundances showed a strong link with site physical characteristics 

including grain size and beach slope, and a negative association with palatable algal 

wrack. Unpalatable wrack types remain on sandy beaches longer than quickly processed 

food sources such as kelp, thus providing habitat and protection against predation. 

Unpalatable wrack types are likely to harbor epiphytes (Sand-Jensen, 1977), which may 

be preferentially selected as a food source by marine herbivores (Orav-Kotta and Kotta, 

2004; Porri et al., 2011). 
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Talitrid amphipods burrow under the sand surface to stay moist, avoid predation 

and brood their young. Because sand grain size can influence the stability of burrows and 

the energetic costs associated with burrowing and maintaining a burrow, sediment 

characteristics may explain some of the variation in amphipod abundances and species 

composition among beaches. Burrowing ability has been shown to correlate with species 

abundance, distribution, and short-term stratiagraphic persistence, and sediment grain 

size has been shown to influence the burrowing behavior of a variety of benthic 

macrofauna (Alexander et al., 1993; Nel et al., 2001; Huz et al., 2002; La Valle et al., 

2011) as well as influence interspecific competition (Defoe et al., 1997). 

We observed Megalorchestia californiana at beaches with grain size that ranged 

from 180 - 613 µm. In the laboratory, M. californiana showed a preference for sediment 

size ranging from 125 - 500 µm, similar to sizes of sand on its source beaches. When 

conducting sediment preference studies on M. californiana, Bowers ( 1964) observed 

grain preferences similar to ours. In his trials 70% of amphipods tested selected sediment 

of grain size between 420 µm and 590 µm with no selection of either the coarsest or 

finest sediments. Results indicate that the amphipod M. californiana inhibits a narrow 

range of sediment sizes on sandy beaches and, given a choice, will select burrow 

locations containing that range of sediment sizes. 

Burrowing depths and times across the experimental range of sediment sizes 

indicate that in some sediments talitrid burrowing can be rapid. However, burrowing does 

appear to be sensitive to grain size. On the coarsest grain size tested (2 mm), amphipods 

never fully burrowed, and in fact spent much of the experimental time roaming the 

surface in what appeared to be the search for a better burrow location. On the preferred 
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sediment size of 250 µm, burial was rapid and individuals spent much of the 

experimental period stationary in their burrows or in the process of burrowing deeper. 

Other sandy beach macroinvertebrates have been shown to have higher burrowing 

speeds/performance in a specific range of grain sizes (Vanagt et al., 2008;Van Tomme et 

al., 2013). 

The increase in searching behavior observed on sediments outside the optimum 

size range may allow amphipods to locate suitable burrow locations in heterogeneous 

sediments. Talitrid amphipods lack planktonic larval stages and therefore rely on the 

reproduction of resident populations (Speybroeck et al., 2006; Hubbard et al., 2014). 

Species that do not have a pelagic juvenile life stage recover from sediment disturbances 

at much slower rates (Speybroeck et al., 2006). This slow recovery of populations of 

invertebrate prey can affect higher order consumers (Peterson et al., 2000; Peterson and 

Bishop, 2005). 

Organisms that burrow into sediment can be classified as substrate generalists, 

substrate specialists, or substrate sensitive depending on their burrowing rate and the 

range of sediment sizes that they can burrow into (Alexander et al. 1993). Substrate 

generalists can burrow into a large range of sediment grain sizes at similar speeds. 

Substrate specialists burrow rapidly into a very narrow range of sediment sizes, and 

slowly or not at all in sediment sizes either coarser or finer than this optimum. Burrowers 

that are substrate sensitive can burrow moderately slow to very rapid. Their 

distinguishing characteristic, however, is the moderately narrow range of sediment sizes 

they can optimally burrow into with a reduction in burrowing ability as sediment grain 

sizes become both coarser and finer (Alexander et al., 1993). 
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From our study of burrow depth and time, it appears that M. californiana can be 

classified as substrate sensitive. Optimum burrowing ability was observed on only one of 

the sediment sizes tested. Individuals of M. californiana burrowed in sediments both 

coarser and finer then the optimum, but were unable to achieve the same depth and 

apparent burrowing performance as in the optimum grain size. This behavioral 

characteristic might influence their association with beach habitats with fine to medium

fine sediment size observed in our study. 

Burrowing as a form of locomotion is energetically costly (Kolluru et al., 2011), 

however, this high cost is justified because sediments provide habitat and refuge from 

predators (Hunter and Elder, 1989). While excavating a burrow, M. californiana extends 

its body and flings sand particles out of the burrow up to one foot away (Bowers, 1964). 

Because of the energy needed to expel sand particles while burrowing, we hypothesized 

that metabolic rates for M. californiana, and by extension dietary requirements, would be 

higher on coarse sediments than on fine. We used the consumption rate of macrophyte 

wrack as an indicator of metabolic demand. Wrack consumption rates of M. californiana 

were highest on sediment with a grain size of 1mm, which was one of the sediment sizes 

on which amphipods displayed the least success in burrowing and the highest rate of 

increased searching activity. 

Mechanical behavior of granular material, such as beach sands, depends in part on 

particle size (Dorgan et al., 2006) and burrowing in particles of different sizes should 

require different energy expenditures by macrofauna. Our results suggest that sediment 

size affects consumption rates through increasing metabolic demand, but only to a point. 

Beyond a certain threshold sand grain size, amphipods may switch strategies, cease to 
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engage in burrowing and search for a better burrowing location instead. This switch may 

reflect an energetic limit to the return on investment in burrowing when the energetic cost 

is high. Additional investigations are required to test these ideas. 

Inhibitory effects of grain size on burrowing are not limited to sediments with 

high coarse sediment content. High fine sediment content fill material has been shown to 

have a significant inhibitory effect on burrowing of many mobile macroinvertebrate 

species tested including the upper beach isopod Alloniscus perconvexus and the talitrid 

amphipod, Megalorchestia corniculata (Viola et al., 2014). 

Threats to sandy beaches include human population growth, coastal development 

and global climate change (Davenport and Davenport, 2006; Defoe et al., 2009) all of 

which have potential to alter sediment composition. Associated changes in sediment 

composition can have inhibitory effects on the burrowing behavior and performance of 

upper beach species (Viola et al., 2014). Our study suggests that burrowing performance 

in tum may affect the processing of allochthonous inputs to sandy beaches, potentially 

altering the community structure of intertidal macrofauna and ecosystem function. 
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Site Abbreviation Rapid Survey Biodiversity Target 1 Target2 
Iverson Point Island Cove Beach IP 13-Aug-10 

Anchor Bay Beach AB 13-Aug-10 
Cooks Beach CB June 2010-May 2011 18-Jul-11 18-Jun-10 16-Aug-10 
Stump Beach ST June 2010-May 2011 5-Jul-11 18-Jun-10 16-Aug-10 

Schoolhouse Beach SHB 15-Jun-10 

MiwokBeach MWB Weekly July 2011-0ct 2011 
Monthly Nov 2011-April 2012 

Salmon Creek Beach SCB Weekly July 2011-0ct 2011 
Monthly Nov 2011-April 2012 

Salmon Creek Beach North SCBN June 2010-May 2011 2-Jul-11 16-Jun-10 9-Aug-10 
Salmon Creek Beach South SCBS June 2010-May 2011 3-Jul-11 16-Jun-10 9-Aug-10 

Horseshoe Cove 
' 

HSC June 2010-May 2011 16-Jul-11 15-Jun-10 10-Aug-10 

Doran Beach DOR Weekly July 2011-0ct 2011 
9-Aug-10 

Monthly Nov 2011-April 2012 
Short Tail Gulch Beach STG June 2010-May 2011 15-Jul-11 1-Jul-10 10-Aug-10 

Dillon Beach DIL Weekly July 2011-0ct 2011 
9-Aug-10 

Monthly Nov 2011-April2012 
Pt. Reyes Great Beach PRG 14-Aug-10 

Drakes Beach DB June 2010-May 2011 17-Jul-11 17-Jun-10 11-Aug-10 
Limantour Beach LB June 2010-May 2011 l-Jul-11 17-Jun-10 11-Aug-10 

Stinson Beach STIN 12-Aug-10 
Ocean Beach OB 12-Aug-10 

Montara Beach State Park MB June 2010-May 2011 6-Jul-11 19-Jun-10 15-Aug-10 
Ross Cove Beach RC June 2010-May 2011 19-Jul-11 19-Jun-10 15-Aug-10 

Table 1: Study sites and sampling dates for each survey 
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kelp brown green red surfgrass eelgrass diameter slope skewness latitude 
HTSL 

MDSl 0.23 0.02 0.74 0.71 -0.08 -0.68 0.42 0.46 -0.37 -0.16 
MDS2 0.19 -0.30 -0.07 0.27 0.13 -0.06 0.00 -0.05 0.36 -0.44 
MDS3 0.04 0.33 -0.02 0.13 -0.13 -0.38 0.78 0.51 -0.48 0.03 

Table 2: Spearman rank correlation coefficients between MDS axis scores and environmental variables (values> 0.40 are highlighted 
by bold text) 
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Figure 1: Map of study sites. From north to south: Iverson Point Island Cove Beach 
(38.84°N, 123.64°W), Anchor Bay (38.80°N, 123.58°W), Cook's Beach (38.79°N, 
123.56°W), Stump Beach (38.58°N, 123.34°W), Schoolhouse Beach (38.38°N, 
123.08°W), Miwok Beach (38.36°N, 123.07°W), Salmon Creek Beach (38.35°N, 
123.07°W), Salmon Creek Beach North (38.35°N, 123.07°W), Salmon Creek Beach 
South (38.33°N, 123.07°W), Horseshoe Cove (38.32°N 123.07°W), Doran Beach 
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(38.31 °N, 123.04°W), Short Tail Gulch (38.30°N, 123.01°W), Dillon Beach (38.25°N, 
122.97°W), Point Reyes Great Beach (38.08°N, 122.88°W), Drake's Beach (38.03°N, 
122.96°W), Limantour Beach (38.03°N, 122.88°W), Stinson Beach (37.90°N, 122.64°W), 
Ocean Beach (37.77°N, 122.51°W), Montara Beach (37.55°N, 122.51°W), and Ross 
Cove (37.50°N, 122.49°W). 
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Figure 2: Two-way circular gradient for sediment preference study on M. califomiana. 



Figure 3: Experimental setup for burrow depth and burrowing time study on M. 
calif orniana. 
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Figure 4: Average total talitrid amphipod abundance at each site ± SE. Abundances are 
expressed as the number of individuals per meter of shoreline. (Includes juveniles and 
unidentified adult Megalorchestia spp.). The four focal sites are highlighted in red. 
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Figure 5: Composition of talitrid amphipod community at each site. Only individuals 
identified to species have been included. 
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Figure 6: Relative abundance of each talitrid amphipod species expressed as a percent of 
the mean total abundance at each site. 
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Figure 7: Mean macrophyte wrack cover over an 11-month period at 10 of the study sites. 
Macrophyte wrack has been grouped into six functional groups. 



3.000 

2.500 

--. 
~ 2.000 
E 

N 

E ._. 1.500 ... 
~ 
8 1.000 

0.500 

0.000 

Eelgrass 

Surfarass 

•Green 

Red 

• Brown 

• Kelp 

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May 

Month 

Figure 8: Mean wrack cover by month on ten study beaches over an 11 month period. 
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Figure 9: Mean grain size at each site ± SE. The four focal sites are highlighted in red. 
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Figure 10: Mean abundance of M. californiana on beaches of varying mean geometric 
grain size. 
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Figure 11: Mean abundance of M. columbiana on beaches of varying mean geometric 
grain size. 
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Figure 12: Mean abundance of M. comiculata on beaches of varying mean geometric 
grain size. 
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Figure 13: Mean abundance of M. pugettensis on beaches of varying mean geometric 
grain size. 
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Figure 14: Mean abundance of M. benedicti on beaches of varying mean geometric grain 
size. 
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Figure 15: Untransformed abundances of M. columbiana (i.e., NOT the fourth root scale 
the NMDS was based on). Vectors are all based on normalized environmental data 
(including latitude) and represent the spearman rank correlations between the axis scores 
(arbitrary scale) and the various environmental variables. 
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Figure 16: Untransformed abundances of M. pugettensis (i.e., NOT the fourth root scale 
the NMDS was based on). Vectors are all based on normalized environmental data 
(including latitude) and represent the spearman rank correlations between the axis scores 
(arbitrary scale) and the various environmental variables. 
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Figure 17: Untransformed abundances of M. benedicti (i.e., NOT the fourth root scale the 
NMDS was based on). Vectors are all based on normalized environmental data (including 
latitude) and represent the spearman rank correlations between the axis scores ( arbitrary 
scale) and the various environmental variables. 
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Figure 18: Untransformed abundances of M. californiana (i.e., NOT the fourth root scale 
the NMDS was based on). Vectors are all based on normalized environmental data 
(including latitude) and represent the spearman rank correlations between the axis scores 
( arbitrary scale) and the various environmental variables. 
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Figure 19: . Untransformed abundances of M. corniculata (i.e., NOT the fourth root scale 
the NMDS was based on). Vectors are all based on normalized environmental data 
(including latitude) and represent the spearman rank correlations between the axis scores 
(arbitrary scale) and the various environmental variables. 



• 

Megalorchestia 
Summer2011 

=r-ra-ns-fo-rm_:_F-ou_rt_h-ro-ot------~ 

Resemblance: S17 Bray Curtis similarity (+d) 

43 

30 Stress: 0.048 juveniles 

• e 1E3 

e 4E3 

• 

Figure 20: Untransformed abundances of Megalorchestia juveniles (i.e., NOT the fourth 
root scale the NMDS was based on). Vectors are all based on normalized environmental 
data (including latitude) and represent the spearman rank correlations between the axis 
scores ( arbitrary scale) and the various environmental variables. 
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Figure 21: Grain size preference of M. californiana collected at a fine-grained beach 
(DOR) and a coarse-grained beach (SCB) ± SE. 
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Figure 22: Mean maximum burrow depth ± SE of M. californiana collected at Doran 
Beach and Salmon Creek Beach. 
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Figure 23: Mean time (in seconds) that M. californiana spent under the sand surface, 
either actively burrowing or stationary in the burrow ± SE. 
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Figure 24: Mean consumption rates of M. califomiana when kept on different grain sizes 
± SE (ANOV A, p=0.0008). Letters correspond to differences in means from Tukey
Kramer test. 
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