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CHEMICALLY MEDIATED MACROALGAL-MESOGRAZER INTERACTIONS 
ALONG THE WESTERN ANTARCTIC PENINSULA 

 

CRAIG AUMACK 

 

DEPARTMENT OF BIOLOGY 

 

ABSTRACT 

 

 In the following dissertation, we explore benthic communities along the Western 

Antarctic Peninsula, specifically, interactions between the immense macroalgal and 

mesograzer assemblages and how these relationships are chemically mediated.  Despite 

the widespread production of various chemical feeding deterrents throughout the 

macroalgal community, the system supports an abundant and diverse array of crustacean 

amphipods.  Gut content analysis and stable isotopic signatures indicate that filamentous 

macroalgae and epiphytic diatoms probably play an important role as dietary constituents, 

despite their visible absence in the sub-tidal zones.  Subsequent palatability and extract 

feeding assays revealed that none of the filamentous macroalgal material found in 

amphipod guts could be the result of direct grazing on any of the finely branched 

macrophytes, especially the finely branched rhodophytes which were all determined to be 

chemically defended against mesoherbivory.  However, mesocosm experiments 

conducted under natural conditions determined that, if grazing pressures were removed, 

there would be a significant increase in both epiphytic diatom and filamentous algal 

coverage throughout the macroalgal community.  Additionally, there would be a higher 
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incidence of emergent filaments protruding through host macroalgal thalli from invasive 

endophyte colonies.  Likely, the filamentous macroalgal material seen in the gut is the 

result of continuous amphipod grazing which keep endo/epiphytic biofouling to a 

minimum.  Daytime versus nighttime amphipod density measurements indicate that 

several amphipod taxa have adopted a nocturnal foraging strategy.  Collectively, 

amphipods are hiding among chemically defended macrophytes during the day while 

associating with more palatable species at night when the risk of predation from visual 

predators is decreased.  Ultimately, we believe the dominant macroalgae and 

mesoherbivore assemblages are living in mutualism.  The amphipods are taking refuge in 

the protective confines of chemically defended macrophytes during the day while 

continuously cleaning both palatable and defended macroalgae of potentially harmful 

fouling diatoms and filamentous epiphytes at night. 
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INTRODUCTION 

Shallow subtidal communities along the western Antarctic Peninsula provide a 

unique habitat in which to study mesograzer-macroalgal interactions.  The benthic 

community can easily be characterized by the large swaths of  macroalgae that constitute 

a dominating surface coverage, ~85% (Amsler et al. 1995, Brouwer et al. 1995, Quartino 

et al. 2001, Amsler et al. 2005a), of the benthos with reported biomass measurements 

averaging between 1.64 - 6.34 kg·m-2 (Quartino et al. 2001),  attributes comparable to 

temperate kelp forests (Quartino et al. 2001).  While extensive research in kelp 

communities has revealed macroalgae to be a key element to community structure, 

providing both food (Tegner & Dayton 2000, Cox & Murray 2006, Lauzon-Guay & 

Scheibling 2006, Rothausler & Thiel 2006) and shelter (Tegner & Dayton 2000, Mai & 

Hovel 2007, Schmidt & Scheibling 2007), less is known about macroalgal importance 

along the western Antarctic Peninsula. 

Along with the spatial dominance of macroalgae, another unique feature of the 

environment is the unusually large and diverse array of mesograzers, primarily gammarid 

amphipods, throughout the community.  Some studies have reported densities as high as 

50,000 individuals m-2 benthos (Jazdzewski et al. 2001), while more recent studies have 

even estimated amphipod densities as high as 300,000 individuals m-2 algae (Amsler et 

al. 2008).  Clearly, these estimations indicate the important ecological role amphipods 

may have in mediating mesograzer-algae interactions.  Despite their elevated densities, 

amphipods appear to have little impact on macroalgae in terms of direct grazing.  A 

comprehensive evaluation of palatability and chemical defenses in western Antarctic 
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macroalgae revealed all the dominant phaeophytes and many of the surrounding 

rhodophytes are chemically defended against Gondogeneia antarctica, one of the most 

common grazing amphipod species (Amsler et al. 2005a, Huang et al. 2006).  

The general unpalatability of local macroalgae to amphipods does not preclude 

ecological interactions.  Although some amphipods associate with sessile invertebrates 

(Amsler et al. 2009d), most appear to live in association with the dominant macroalgae.  

However, amphipod distributions throughout algal assemblages are not random.  

Experiments conducted by Huang et al. (2006) demonstrated that there is a strong inverse 

relationship between amphipod abundance and feeding preference.  Chemically defended 

macroalgal species like the phaeophyte Desmarestia menziesii and the rhodophyte 

Plocamium cartilagineum had collective amphipod densities averaging 20.05 and 5.91 

inidividuals g-1 algae wwt respectively.   In contrast, two palatable species of red algae, 

Palmaria decipiens and Iridaea cordata, have associated amphipod densities of only 0.26 

and 0.10 individuals g-1 algae wwt respectively.  This phenomenon could be the result of 

amhipods using chemically defended algae as a refuge from predation.  For example, the 

omnivorous fish Notothenia coriiceps is a primary amphipod predator which readily 

grazes on both P. decipiens and I. cordata (Iken et al. 1997, Iken et al. 1999) but finds D. 

menziesii unpalatable (Amsler et al. 2005a).  In another study, Zamzow et al. (2010) 

showed that in the absence of predators, G. antarctica preferred associating with P. 

decipiens but reverted back to D. menziesii in the presence of predator cues.  Thus, by 

using chemically defended algae like D. menziesii as a host preference over palatable 

species, amphipods may dramatically increase their own survivorship. 
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Another unique feature of the western Antarctic Peninsular community in 

comparison to other macroalgal dominated communities is the relative lack of sub-tidal 

uniseriate, filamentous macrophytes or fouling epiphytes (Peters 2003, Amsler et al. 

2009b).  However, despite the lack filamentous epiphytes, there is a wide array of 

filamentous endophytes throughout the community (Peters 2003, Amsler et al. 2009b).  A 

recent study indicated that eight of 13 macroalgal species, both browns and reds, 

surveyed from the area almost all had invasive endophytes growing throughout their 

tissues (Amsler et al. 2009b).  Peters (2003) hypothesized that the dense amphipod 

community, continually grazing on epiphytic material, evolutionarily selected for an 

endophytic lifestyle.  If true, it can be expected that the large assemblage of amphipods 

would present some evidence of epiphytic grazing in their diets and, if left in the absence 

of grazers, there would be significantly more epiphytic fouling on macroalgal tissues. 

The research herein will enhance our understanding of benthic community 

dynamics along the western Antarctic Peninsula.  Specifically, the roles herbivory may 

have in mediating the macroalgal community as well as the presence or absence of 

varying endo/epiphytic species of algae.  Equally, the specificity of macroalgae chemical 

defenses and their uses as anti-grazing deterrents and how these elaborated secondary 

metabolites may dramatically affect amphipod host selection and behavioral patterns.   
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Abstract: Shallow sub-tidal communities along the western Antarctic Peninsula can be 

characterized by their dense macroalgal beds and abundant populations of macroalgal 

associated amphipods.  Despite the large number of mesograzers and abundance of 

macroalage, direct grazing is, for the most part, unlikely as all the dominant phaeophytes 

and many of the rhodophytes elaborate secondary metabolite feeding deterrents.  What 

sources were then being used to support the vast amphipod assemblage?  We examined 

this question using two different techniques, gut content analysis and stable isotopic 

signatures.  The δ15N and δ13C isotope values revealed that most abundant amphipods in 

the system are primary consumers whose ultimate carbon source must be derived from  

some combination of phaeophytic macroalgae, epiphytic diatoms, and endo/epiphytic 

filamentous, brown algae.   Gut contents showed that a large percentage of amphipod 

diets are comprised of diatoms and macroalgal tissues, both filamentous and multiseriate.  

Likely, amphipods are routinely cleaning their host macrophytes of potentially harmful 

epiphytes, including both diatoms and emergent filaments from invasive endophytes.  

Some prominent amphipod species may even be deriving a percentage of their carbon 

from both palatable and unpalatable, chemically defended rhodophytes.  These results 

combined with previous studies suggest that many abundant species of mesograzers are, 

in fact, living in mutualism with their macrophyte hosts.  Amphipods are able to seek 

refuge from predation in the chemical confines of their host macroalgae while continually 

consuming otherwise potentially harmful epiphytic flora. 
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INTRODUCTION 

 Previous studies have shown that benthic macroalgae constitute a dominating 

percentage, >80%, of the shallow water community in the western Antarctic Peninsula 

(Amsler et al. 1995, Brouwer et al. 1995, Quartino et al. 2001).  Reported biomass 

measurements as high as 7,000 gDW·m-2 (Quartino et al. 2001) are even comparable to 

temperature kelp forests.  However, while extensive research in kelp communities have 

revealed macroalgae to be a key element to community structure, providing both food 

(Tegner & Dayton 2000, Cox & Murray 2006, Lauzon-Guay & Scheibling 2006, 

Rothausler & Thiel 2006) and shelter (Tegner & Dayton 2000, Mai & Hovel 2007, 

Schmidt & Scheibling 2007) less is known about the importance of macroalgae in 

western Antarctic Peninsular benthic communities.  Recent studies have revealed high 

abundances and diversities of crustacean mesograzers (especially amphipods) affiliated 

with the benthic macroalgal communities along the Western Antarctic Peninsula (Nyssen 

et al. 2002, Huang et al. 2007, Amsler et al. 2008).  Reported densities have even been 

estimated as high as 300,000 individuals m-2 algae tissue (Amsler et al. 2008), indicative 

of the important ecological role amphipods may have in mediating mesograzer-algae 

interactions.  Field studies of amphipod densities have revealed greater abundances of 

amphipods associated with the unpalatable species of algae (Huang et al. 2007) while 

non-defended, palatable species are comparably free of amphipods.  This is probably the 

result of amphipods using unpalatable, and possibly chemically defended, algal species as 

a refuge from predation (Zamzow et al. 2010).  Thus, although associations between 
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amphipods and benthic macroalgae are clearly evident, much remains unknown 

concerning these associations.   

Previous studies analyzing Antarctic amphipod gut contents have revealed a 

diverse array of prospective prey including diatoms, macroalgal filaments and thalli, 

polychaetes, sponges, cnidarians, inorganic matter, and other crustaceans (Dauby et al. 

2001a, 2001b) with the majority being diatoms (and other phytoplankton) and 

macroalgae. While these initial results indicate a more omnivorous diet, it is still 

unknown whether the presence of epiphytic material (i.e. diatoms) in the guts is the result 

of host material consumption and incidental ingestion of epiphytes or vice versa.  It is 

important to discern key nutritional sources for these amphipods to further understand the 

processes mediating mesograzer-macroalgal interactions in near-coastal peninsular 

benthic habitats.  However, despite a variety of techniques developed for food web 

analysis, there is no one specific technique which can clearly determine preferential food 

sources without potentially misrepresenting trophic relationships in some ways.  As such, 

we chose to use two different methods for analyzing these trophic interactions. 

Basic gut content analysis provides baseline data on the primary materials 

recently ingested by amphipods at the time of collection as well as a their relative 

importance toward the recent, overall amphipod diet (Dauby et al. 2001a, 2001b, Graeve 

et al. 2001).  This may be especially important since many endemic Antarctic amphipod 

species are thought not to have strict trophic tendencies but rather have a broad-spectrum 

diet and take advantage of many food sources (Dauby et al. 2001b, Dunton 2001).  If 

true, tissue isotopic measurements may be inconclusive as amphipods drift, both between 

and within species, among different trophic levels and ultimate carbon sources based on 
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long term food availability. However, gut content analysis may still be the most useful 

method in determining current feeding strategies and monitoring any dietary changes 

over time. 

Unfortunately, gut content data cannot infer which dietary sources are of primary 

importance toward long term carbon assimilation.  Additionally, certain consumed 

materials like mineral grains and diatom frustules will be unchanged by digestive 

processes and may, subsequently, have longer residence times in the gut (Dauby et al. 

2001b).  Unlike gut content observations, stable isotope analyses provide signatures 

based on actual assimilation of ingested material, and are integrated over longer periods 

corresponding to tissue generation (growth).  The technique involves measuring the 

13C/12C (δ13C) and 15N/14N ratios (δ15N) of consumers and comparing them to those 

found in food items that comprise their potential diets.  Any fractionation between carbon 

ratios occurs in metabolic processes that retain the heavier isotope.  As a result, the stable 

isotopic signature of any consumer is comparatively close to its ultimate carbon source, 

~1‰ for each change in trophic level (DeNiro & Epstein 1978, Peterson & Fry 1987, 

Dunton 2001, Norkko et al. 2004).  Nitrogen ratios are better suited for determining 

trophic positioning within a food chain based on larger enrichments, ~3.2‰ per trophic 

level (Nyssen et al. 2002, Post 2002, Moens et al. 2005, Sherwood & Rose 2005, 

Nystrom et al. 2006), that occur between trophic levels.   

Previous studies have used isotopic analysis in Antarctica to successfully 

elucidate diets of seabirds, seals, krill, and benthic invertebrates (Frazer et al. 1997, Zhao 

et al. 2004, Quillfeldt et al. 2005, Conlan et al. 2006) but only two studies to date, Dunton 

(2001) and Cobisier et al. (2004), have been exclusively conducted among the shallow 
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sub-tidal regions along the western Antarctic Peninsula.  These studies were focused on a 

broad food web analysis which partitioned all amphipods into one group (unknown 

number and identity of species used in studies) classified as omnivores and had isotopic 

signatures close to macroaglae, specifically brown macroalgae in Dunton (2001).  

However, physiology and previous gut content analysis shows that within the amphipod 

community there are grazers, carnivores, filter feeders, and detritovores (de Broyer & 

Jazdzewski 1993, de Broyer et al. 2001).  Stable isotopic analysis adds the element of 

long term nutritional regimes and assimilation of dietary constituents, thus eliminating 

error caused by the presence of parasitic organisms and indigestible materials such as 

diatom frustules.   

Previous studies have emphasized the influence of brown algal carbon into the 

western Antarctic Peninsula food web, primarily as detritus, through Yoldia eightsi and 

other deposit feeding bivalves, seastars, limpits, and polychaetes. (Dunton 2001).  

However, the substantial amphipod assemblage in the area almost certainly contributes as 

an important carbon conduit to higher trophic levels and must also be linked to large 

brown macrophytes or other isotopically similar food sources.  The widespread 

elaboration of chemical feeding deterrents in Peninsular brown macrophytes (Amsler et 

al. 2005a, Fairhead et al. 2005, 2008, 2009c), limited amounts of deposit feeding 

amphipods (Momo et al. 1998, Huang et al. 2007), and only modest increases in grazing 

rates by endemic amphipods on partly degraded Antarctic phaeophytes (Reichardt & 

Dieckmann 1985) indicates, however, that amphipods are probably not significantly 

using brown macrophytic carbon, degraded or otherwise, as a primary dietary source.  

We hypothesize that the immense mesograzer assemblage along the western Antarctic 
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Peninsula is using both epiphytic diatoms and emergent filamentous endo/epiphytes as a 

nutritional staple.   

MATERIALS AND METHODS 

Gut Contents:  

Fifteen different macroalgal species were collected via SCUBA from February to 

June, 2007 from the 15 different sites along the surrounding islands near Anvers Island, 

Antarctic Peninsula (64° 46.5' S, 64° 03.3' W; for map see Amsler 2005, 2009a; Table 1).  

Each collected individual’s thallus was carefully detached from the substrate and gently 

floated into a mesh collecting bag (<0.5 mm) to minimize loss of associated epifauna 

(Huang et al. 2007). Once on the surface, macroalgae were submerged in buckets of 

seawater and immediately transported back to Palmer Station for processing.  At Palmer, 

the macroalgae were repeatedly dunked in seawater to remove all associated 

mesoherbivores.  Amphipods were kept alive and a haphazardly chosen subset taken for 

dissection and gut content analysis.  All amphipod dissections were conducted within 2-3 

hours after collection.  The digestive tract was usually excised from the body at the 

esophagus through removal of the mandibles.  Once removed, the digestive tract was 

separated from the midgut glands, opened, and the contents spread on a slide.  To prevent 

desiccation, a bit of silicon grease was applied to edges of the cover slip prior to its 

insertion on the slide.  Gut contents were then analyzed using a Nikon E800 compound 

microscope equipped with a phase contrast system and epi-fluorescent capabilities 

(Nikon Inc., Melville, New York, USA). 

The relative importance [R(i)] of each item in the diet was determined using modified 

techniques inspired by a “percentage points” method published by Dauby et al. (2001b).  
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The amount of total food in the digestive tract (Cg) was visually quantified and coded 

using arbitrary scores (4 = ≥75% full, 3 = 50 – 74% full, 2 = 25 - 49% full, 1 = 1 – 24% 

full, 0 = 0% full). Then every item in the gut was classified to their major taxonomic 

group (i.e. crustacean parts, algal filaments, diatoms, etc…) whose total proportions (Pg) 

were determined and scored using a similar coefficient.  The importance [I(i)] of item i in 

the diet of any given species was calculated using the following equation:  

I(i) = Σ  Cg(n) * Pg(n)  

where I(i) is a dimensionless measure, n represents the individual number for the 

particular speices, and x is the number of samples used in one particular species.  Once 

I(i) was known, the relative importance was computed for each prey item: 

R(i) = [I(i) / Σ  I(n)] * 100 

where R(i) is the relative importance of item i in the diet and y the number of different 

items found in the gut.   

There are several caveats associated with the resulting percentages to the 

aforementioned equations.  Diatom frustules, mineral grains, and other materials 

unchanged by the digestive process (or with longer gut residence times) may distort Cg, 

Pg, and ultimately R(i) (Dauby et al. 2001b).  Additionally, these numbers represent the 

most recent meals for the amphipods collected which may have diel or seasonal 

fluctuations in their dietary habits. 

 

y 

n = 1 

n =1 

x
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Isotopic Analyses:  

From February to June 2008, macroalgae and associated amphipods were collected 

from the same area using the same techniques described above.  After amphipods were 

removed from host macroalgae, macroaglal samples were then sectioned into smaller 

pieces.  Algal sections were scraped to remove any epiphytes, weighed, and finally 

placed into a drying oven.  Amphipods, once removed from their host alga, were sorted 

and placed into separate vials by species rather than individuals, to ensure ample material 

was collected, and dried.  All tissue samples were continually dried in an oven at 60°C 

until analysis at The University of Texas Marine Science Institute. 

All non-algal isotope samples were acidified with 10% HCl to remove carbonates.  

Acidified samples were then redried at 60°C, and pulverized with either a Wig-L-Bug 

(Rinn Corp., Elgin, Illinois, USA) or mortar and pestel.  Tissue δ15N, δ13C, and %C and 

%N were determined with a Carlo Erba 2500 elemental analyzer coupled to a Finnegan 

MAT Delta+ isotope ratio mass spectrometer (CE Instruments, North Carolina, USA).  

All isotope rations are offered as δ15N and δ13C relative to atmospheric N2 and citrus 

leaves and bovine liver, respectively, where: 

   δ15N or δ13C (‰) = [(Rsample/Rstandard) – 1] x 1000 

and R = either 15N/14N or 13C/12C.  Elemental content of samples were calculated using 

the dry weight, and molar C:N ratios determined. 

Statistical Analysis: 

 A series of t-tests were used to determine any significant intraspecfic differences 

between the relative importance of varying dietary constituents of amphipods collected 
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from different macrophytes (significance determined at α = 0.05; SigmaPlot 11.0, Systat 

Software Inc., San Jose, CA). 

RESULTS 

Gut Contents: Gut content analyses were performed on ~520 individuals from 15 

different amphipod species with the number for each species ranging from three 

(Pontogeneia litoralis) to 95 (Gondogeneia antarctica; Fig. 1).  Dietary items were 

separated into six major groups: diatoms, crustacean parts, filamentous macoalgal 

material, multiseriate macroalgal material, sponge spicules, and all other unicellular 

microalgae including items like Phaeocystis spp.  Other organic matter that were found in 

the guts but not classified were generally featureless and unrecognizable to any specific 

taxon.  The relative importances of each dietary source to the individual species, 

regardless of original host algal species, are presented in Figure 1.  Figure 2 shows the 

raw gut content data of eight of the more abundantly dissected amphipod species (n > 10, 

Jassa spp. being the exception).  Generally, the raw data, without total gut fullness taken 

into account, is reasonably close to the relative importance of each dietary item.  

Paradexamine fissicauda and Pontogeneia redfernii are exceptions, several individuals 

within those two taxa had high percentages of one food source in a relatively empty guts.  

Of the general taxa categorized, on an importance value basis, diatoms are the most 

frequently consumed items across all species analyzed (40.5%), followed by crustacean 

parts (31%), filamentous macroalgae (11.1%), non-diatomaceous unicellular algae 

(10.7%), multiseriate macroalgal material (7.1%), and spicules (2.1%).  

 The relative importance of dietary constituents varied not only between species 

but, in some cases, within species taken from differing macroalgal hosts.  There were 
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significant decreases (average ~20%) in the relative importance of diatoms when 

collected from the Desmarestalies, larger chemically defended brown algae, than those 

collectively taken from smaller, bladed red macroalage (i.e. Gigartina skottsbergii, 

Palmaria decipiens, Iridaea cordata) in three of the most prominent amphipod species; 

Gondogeneia antarctica, Prostebbingia gracilis, and Oradarea bidentata (p < 0.01 for 

all; Fig. 3).  For both G. antarctica and O. bidentata, the decrease in gut diatom 

abundance from individuals collected from the large brown algae coincided with a 

significant  (~15% average) increase in macroalgal tissues, primarily filamentous material 

(p = 0.04 and p = 0.03, respectively).  The relative importance of crustacean parts also 

substantially increased by an average of 21% in P. gracilis and G. antarctica and was 

significantly higher (p > 0.01) in G. antarctica when taken from Desmarestiales versus 

the aforementioned reds.  No major differences were seen in the relative importance of 

any other major dietary constituent within species taken from varying macroalgal 

habitats. 

Stable Isotopes: Although there was not much range between algal δ15N values (1.8 – 

6.5‰), we saw a large range in the δ13C values in the primary producers (Fig. 4).  All the 

large brown macrophytes analyzed (Desmarestia anceps, Desmarestia antarctica, and 

Desmarestia menziesii) fit within a relatively tight range (-22.7 – -25.0‰), along with the 

known Antarctic endo/epiphyte Geminocarpus spp. (-20.2‰) and epiphytic benthic 

diatoms (-21.8‰).  It should be noted that although the macrophytes were relatively free 

of any visual epiphytic material, there were likely some diatoms mixed in with the large 

macrophytic tissues and reasonable amounts mixed with the filamentous algal samples 

(Geminocarpus spp. and Elachista antarctica). The chemically defended red macroalgae 
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(Plocamium cartilagineum and Delisea pulchra) were much less enriched and ranged 

between (-31.9 to -35.7‰).  Elachista antarctica, another known brown endo/epiphyte, 

had an average δ13C value of -15.4‰, a value more enriched in 13C than all other algae 

with exception of Palmaria decipiens (-15.2‰), an annual, palatable rhodophyte, 

commonly infected with E. antarctica (Wiencke & Clayton 2002, Bucolo et al. 2011). 

 Amphipod tissue δ15N values ranged from 4.7‰ (Oradarea bidentata) to 6.7‰ 

(Paraphamedia integricauda; Fig. 5).  Based on a previously published standard ~3.2‰ 

increase per trophic level (Nyssen et al. 2002, Post 2002, Moens et al. 2005, Sherwood & 

Rose 2005, Nystrom et al. 2006), the amphipods species analyzed generally appear to be 

primary consumers, though the range of isotopic values on some species (e.g. 

Pontogeneia redfernii) indicates an increasingly omnivorous diet.  Tissue δ13C values 

were, for the most part, standard and fluctuated between -19.2 to -26.0‰ with the 

exception of Paradexamine fissicauda whose δ13C was much less enriched at -33.1‰.     

DISCUSSION 

 A study of trophic positioning along the western Antarctic Peninsula, using stable 

isotopes, indicated that a large contribution of carbon entering nearshore communities is 

from brown macroalgal detritus (Dunton 2001, Corbisier et al. 2004).  The study also 

suggested that amphipods (species used unknown) were generally omnivorous 

suspension feeders whose ultimate carbon sources were a mixture of brown macroalgae 

and phytoplankton POM.  While our study did not focus on deposit feeding organisms 

that are likely adding degraded brown macrophytic carbon to the food web, our data 

suggest that carbon from isotopically similar epiphytic diatoms and filamentous 

endo/epiphytes are contributing to the food web via the vast amphipod assemblage. It is 



16 
 

likely that amphipods are feeding directly on these palatable algal sources and, within 

two species analyzed, are feeding directly on both palatable and unpalatable species of 

red algae as will be discussed later.   

Based on previously published δ15N increases of ~3.2‰ per trophic level for 

western Antarctic Peninsular fauna (Wada et al. 1987, Dunton 2001), amphipod δ15N 

signatures indicate that the seven species collected for isotopic analysis are 

predominantly primary consumers, despite the presence of crustacean parts and spicules 

in their guts.  It should be noted though that several species whose gut contents indicated 

a higher relative importance of crustacean parts were not used in the isotopic analyses 

(i.e. Atyloella magellanic and Bovalia gigantea).  Several amphipod species, including 

several used in this study, are known to consume their own molts.  While the potential 

isotopic effects are in question, Mateo et al. (2008) found little difference between the 

δ13C values of whole crustaceans versus those which had been acidified, removing their 

exoskeleton. This suggests that amphipod consumption of their own molt may have little 

effects on their isotopic signature. While our δ15N values of species within the 

Desmarestales varied slightly from those reported by Dunton (2001), they were 

analogous to those analyzed in 2002 (R. Dunbar, unpublished).  In addition, while 

Dunton (2001) reports a collective amphipod δ15N value of 5.6±0.4‰, our amphipod 

communal measurement was 5.9±0.6‰, the slight difference likely the result of specific 

species differences.  Though the average amphipod species’ isotopic signatures are 

slightly less enriched in 15N than would be expected from strict benthic grazers, the 

inclusion of some phytoplankton POM, reported as 0.4‰ (Wada et al. 1987, Dunton 

2001) would account for this difference. 
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Typically, consumers have δ13C value between 0.4 to 1.0‰ higher than their 

ultimate carbon source (DeNiro & Epstein 1978, Peterson & Fry 1987) and the majority 

of amphipods measured were within the collective range measured for brown 

macrophytes, the endo/epiphyte Geminocarpus spp., whose samples likely included some 

epiphytic diatoms, and epiphytic diatoms themselves.  Several previous studies have 

reported the unpalatability of the dominant brown macrophytes (Amsler et al. 2005a, 

2009c) to a suite of herbivores, including prominent amphipods (Amsler et al. 2005a).  

Recent studies have also reported the palatability and increased amphipod grazing rates 

on 14 different species of western Antarctic endo/epiphytes including 12 species of 

phaeophytes (Amsler et al. 2009b, Bucolo et al. 2011).  Combined with the general lack 

of deposit feeding amphipods compared to the overall amphipod assemblage (Momo et 

al. 1998, Huang et al. 2007), the combined gut contents and isotopic data suggest that, 

collectively, benthic diatoms and endo/epiphyte filaments are a ubiquitous food source 

throughout the amphipod community and a significant dietary element for the majority of 

prominent species.  Fourteen of 15 species utilized for gut contents had diatoms 

comprising at least 15% of their total relative dietary importance, while six species had 

diatoms ≥ 50%.  Accidental ingestion and slower residence times of frustules probably 

inflate these dietary percentages (Dauby et al. 2001b).  However, an amphipod exclusion 

experiment using mesocosms showed significant increases in fouling epiphytes (~50% 

increase in average coverage), primarily diatoms, over a 6-week period in three of the 

four macroalgal species used (Aumack et al. 2011). 

Amphipod habitat selection among macroalgal species obviously influences their 

dietary constituents.  Gondogeneia antarctica, Prostebbingia gracilis, and Oradarea 
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bidentata all had significantly lower percentages of diatoms in their guts when extracted 

from members of the Desmarestiales versus bladed rhodophytes.  This is likely the result 

of diatom availability on these macroalgae.  A study by Amsler et al. (2005b) showed 

that extracts from both Desmarestia antarctica and Desmarestia menziesii caused 100% 

mortality in diatoms after 3 days of exposure, though experiments were not conducted in 

an ecologically relevant manor.  In a mesocosm study, Aumack et al. (2011) reported no 

significant increase in diatom epiphytization on Desmarestia anceps after a six week 

incubation in a grazer free environment, the other three macrophytic species used in the 

study were all significantly more covered with diatoms indicating some production of 

anti-fouling compounds in D. anceps.  The natural production of diatom inhibitory 

metabolites, combined with increased interspecific competition from the large amphipod 

assemblage associated with the spatially dominant Desmarestiales (Huang et al. 2007) 

suggests less diatomaceous food availability compared to many bladed red macroalgal 

species.  Subsequently, the diatom percentage in amphipods living on D. menziesii, and 

other spatially dominant Desmarestiales, is likely to be lower compared to amphipods 

inhabiting other algae. 

Along with epiphytic diatoms, filamentous endo/epiphytes are a likely carbon 

source to the amphipod community.  Macroalgal material, both filamentous and 

multiseriate, comprises a significant portion of the amphipod assemblages’ diet, 

collectively having a relative importance of 18.2% of the total diet.  Seven of the 15 

species studied had the macroalgal relative importance in the total diet of ≥ 20%, while 

the gut contents of both Eurymera monticulosa (58%) and Pontogeneia litoralis (26%) 

had the relative importance of macroalgae in their total diet greater than any other food 
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source.  While the multiseriate material seen in the guts can indicate several different 

specific algal taxa, filamentous material can only be from limited sources due to the 

general lack of filamentous algae freely growing in the sub-tidal (Peters 2003).  However, 

surveys have indicated an abundance of filamentous algae growing endophytically 

throughout the community and at least two species of filamentous epiphytes; 

Geminocarpus geminatus and Elachista antarctica (Moe & Silva 1989, Peters 2003, 

Amsler et al. 2009b).  While the enriched isotopic carbon signature of E. antarctica (-

15.4±0.1‰) indicates it is not a consistent carbon source for most amphipods, 

Geminocarpus spp., along with any associated diatoms,  δ13C values (-20.2±0.4‰) are 

similar to other larger brown macrophytes and may be a contributing carbon source for 

many amphipod species along with other, yet uncharacterized, brown epiphyte species.  

A recent survey by Amsler et al. (2009b) reported that many rhodophytes in the western 

Antarctic Peninsula (Palmaria decipiens, Gigartina skottsbergii, and Myriogramme 

smithii) all contained <<1 to 0% invasive endophytes growing within their tissues.  

However, the same survey reported that two species of Desmarestiales (Desmarestia 

antarctica and Himantothallus grandifolius) were regularly infected.  Aumack et al. 

(2011) showed that when grazing pressures were removed, 14 of 15 Desmarestia 

antarctica individuals had emergent filaments protruding through their thallus from an 

endophytic colony after six weeks while only 4 of 15 individuals kept with grazers 

exhibited the same trend.  The regular presence of filamentous macroalgal material in the 

guts of amphipods, combined with the general lack of subtidal filamentous macrophytes 

in the Western Antarctic, suggest that filamentous epiphytes along with emergent 
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filaments from endophytes are common throughout the community, but go visually 

undetected as a result of amphipod feeding pressures. 

Although most amphipod stable isotope signatures indicate the assimilation of 

brown algal carbon, some specialists may use red algae, in part, as a dietary source.  

Several studies have reported the lack of chemical defenses in the pseudo-annual 

rhodophyte Palmaria decipiens (Amsler et al. 2009b, Aumack et al. 2010, Bucolo et al. 

2011) and its phaeophytic epiphyte Elachista antarctica (Bucolo et al. 2011).  However, 

despite the fact that P. decipiens appears not to be chemically defended, many amphipod 

species do not graze thallus material from the rhodophyte in bioassays (Aumack et al. 

2010, Bucolo et al. 2011).  The enriched δ13C value of both P. decipiens and E. 

antarctica (δ13C = -15.2±0.2 and -15.4±0.1‰, respectively) make it unlikely that they 

significantly grazed by the majority of amphipods in nature as well.  The one exception is 

Gondogeneia antarctica (δ13C = -19.2±0.2‰) which has a noticeably lower average δ13C 

value than other amphipods and has been shown to graze both P. decipiens and E. 

antarctica in laboratory experiments (Amsler et al. 2009b, Aumack et al. 2010, Bucolo et 

al. 2011).  This suggests that G. antarctica is unique, potentially using P. decipiens and 

E. antarctica as additional food sources.  Previous isotopic measurements of P. decipiens 

by Dunton (2001) and R. Dunbar (unpublished) reveal a less enriched δ13C value (-

19.9±0.1 and -18.3±1.1‰, respectively), increasing the probability that G. antarctica is 

substantially using P. decipiens as a dietary source. 

Another amphipod, Paradexamine fissicauda, appears to eat chemically defended 

red algae.  Gut content analysis from P. fissicauda indicate that macroalgal material, both 

filamentous and multiseriate, had a relative importance of 20%, while the δ13C values of 
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P. fissicauda (-33.1±0.4‰) were too low to be a complete assimilation of brown algal 

carbon.  The raw gut content data indicates macroalgae, both filamentous and 

multiseriate, as near ~55% of the total gut contents when fullness of the gut is not 

mathematically factored.  However, the isotopic signature matches the red algae 

Plocamium cartilagineum (-32.6±0.5‰), an alga that elaborates some of the strongest 

feeding deterrents in the system (Amsler et al. 2005a, Aumack et al. 2010), along with 

other structurally similar, chemically defended red algae (δ13C -32.0 to -36.0‰) 

determined by both Dunton (2001) and R. Dunbar (unpublished).  In a recent study, P. 

fissicauda readily grazed on the fresh thallus of P. cartilagineum and its grazing rates 

increased 20-fold, relative to initial grazing rates, when maintained in aquaria with 

nothing but P. cartilagineum (Amsler et al. submitted).  This indicates that P. fissicauda 

is able to both readily graze the defended rhodophyte and to physiologically increase its 

tolerance to P. cartilagineum defenses.   

Comparison of amphipods along the western Antarctic Peninsula to less enriched 

stable isotopic values of amphipods found in both the Weddell Sea, -30.8±0.3‰ (Rau et 

al. 1991), and the Ross Sea, -27.1 (Wada et al. 1987), imply the significance of brown 

algal carbon, including diatoms, as an ultimate carbon source to the entirety of the 

nearshore benthic food web.  Although a percentage of brown macrophytic carbon may 

enter the system as detritus, our data suggest that direct feeding on isotopically similar 

diatoms and endo/epiphytic filamentous algae are more likely sources for the 

comparatively enriched carbon values seen throughout the community.  The immense 

amphipod assemblage is a likely an important influence on community structure, both 

controlling micro- and macroalgal epiphyte populations on their macrophytic hosts and, 
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in doing so, acting as a conduit for brown algal carbon to be integrated into the shallow 

sub-tidal western Antarctic Peninsular food web.  
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Table 1.  Number of each amphipod species used in gut content analysis and their 
respective hosts when captured. 

Amphipod 
Species Macroalgal Host No.   Amphipod 

Species Macroalgal Host No. 

Gondogenea 
Antarctica 

Desmarestia 
anceps 7  Atyloella 

magellanica 
Desmarestia 

menziesii 6 

  Desmarestia 
menziesii 24   total 6 

  Gigartina 
skottsbergii 8      

  Gymnogongrus 
turquetti 3  Bovallia  

gigantean 
Desmarestia 

anceps 10 

  Himantothallus 
grandifolius 5    Desmarestia 

menziesii 19 

  Iridaea cordata 19    Halopteris 
obovata 1 

  Myriogramme 
mangini 5    Plocamium 

cartilagineum 1 

  Myriogramme 
smithii 2    total 31 

  Palmaria 
decipiens 9      

  Plocamium 
cartilageneum 9  Djerboa forcipes Desmarestia 

menziesii 9 

  Plumariopsis 
peninsularis 1    Himantothallus 

grandifolius 1 

  total 92   total 10 

        

Metaleptamphous 
pectinatus 

Desmarestia 
anceps 34  Prostebbingia 

serrata 
Dendrilla 

membronas 1 

  Desmarestia 
antarctica 2    Gigartina 

skottsbergii 1 

  Desmarestia 
menziesii 26    Plocamium 

cartilagineum 2 

  Himantothallus 
grandifolius 4   total 4 

  Iridaea cordata 1      

  Plocamium 
cartilagineum 4  Jassa spp. Cystosphaera 

jacquinotii 2 

  Plumariopsis 
peninsularis 4    Desmarestia 

anceps 7 

  total 75    Desmarestia 
menziesii 3 

      Gigartina 
skottsbergii 7 

Pontogeneia 
litoralis 

Desmarestia 
menziesii 1    Himantothallus 

grandifolius 5 

  Gigartina 
skottsbergii 1    Iridaea cordata 2 

  Halopteris 
obovata 1    Myriogramme 

mangini 9 

  total 3    Plocamium 
cartilagineum 2 

      total 37 
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Table 1 continued. 
Amphipod 

Species Macroalgal Host No.   Amphipod 
Species Macroalgal Host No. 

Oradarea 
bidentata 

Dendrilla 
membronas 1  Paraphamedia 

integricauda 
Desmarestia 

anceps 4 

  Desmarestia 
anceps 24    Desmarestia 

menziesii 19 

  Desmarestia 
antarctica 7    Gigartina 

skottsbergii 3 

  Desmarestia 
menziesii 18    Himantothallus 

grandifolius 1 

  Gigartina 
skottsbergii 7    Myriogramme 

mangini 3 

  Gymnogongrus 
turquetti 3    Total 30 

  Halopteris obovata 1     

  Himantothallus 
grandifolius 1  Prostebbingia 

gracilis 
Desmarestia 

anceps 21 

  Iridaea cordata 3    Desmarestia 
antarctica 29 

  Myriogramme 
mangini 1    Halopteris obovata 12 

  Myriogramme 
smithii 2    Myriogramme 

mangini 2 

  Plocamium 
cartilagineum 11    Myriogramme 

smithii 2 

  Pulmariopsis 
peninsularis 2    Picconiella 

plumosa 13 

 total 81    Plocamium 
cartilagineum 6 

      Pulmariopsis 
peninsularis 5 

Paradexamine 
fissicauda Halopteris obovata 2    total 90 

  Himantothallus 
grandifolius 1     

  Myriogramme 
mangini 1  Eurymera 

monticulosa 
Desmarestia 

menziesii 5 

  Picconiella 
plumosa 1    Myriogramme 

mangini 1 

  Plocamium 
cartilagineum 13    total 6 

  total 18     

    Pondogeniea 
redfearnii 

Desmarestia 
anceps 7 

Schraderia 
gracilis 

Desmarestia 
menziesii 1    Desmarestia 

menziesii 22 

  Myriogramme 
mangini 1    total 29 

  Pantoneura 
plocamioides 2     

  total 4     
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Figure 1: Relative importance [R(i)], in terms of percentage, of the six primary food 

groups found in the digestive tracts of 15 different amphipod species endemic to 

the western Antarctic Peninsula.  R(i) calculation based on the intraspecific 

average percentage of each item (i) found in the guts and the relative fullness of 

the gut.  N represents the number of individuals, per species, used to calculate 

R(i). 
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Figure 2: Raw gut content percentages of the six primary food groups found in the 

digestive tracts of eight different amphipod species endemic to the western 

Antarctic Peninsula.  Only species with a sample size > 10 were used. 
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Figure 3: Relative importance [R(i)], in terms of percentage, of six primary dietary food 

groups found in the digestive tracts of three abundant benthic amphipods 

collected from different macrophyte taxa.  Graphs represent intraspecific 

averages of individuals collected from either chemically defended 

Desmarestiales or smaller, rhodophytes. 
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Figure 4: Mean δ15N values of different flora and fauna from the western Antarctic 

Peninsula.  Dark squares (     ) represent different amphipod species, shaded 

circles (    ) represent different species of brown macroalgae, shaded diamonds  

(    ) represent different species of red macroalgae, downward triangles (    ) are 

different species filamentous endo/epiphyte, and the shaded triangle (    ) is an 

average of various epiphytic diatoms.  Note the value for all macrophytes and 

filamentous endo/epiphytes likely includes epiphytic diatoms.  Data are all ± 

SD. 
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Figure 5: Mean δ13C values of different flora and fauna from the western Antarctic 

Peninsula.  Dark squares (     ) represent different amphipod species, shaded 

circles (    ) represent different species of brown macroalgae, shaded diamonds  

(    ) represent different species of red macroalgae, downward triangles (    ) are 

different species filamentous endo/epiphyte, and the shaded triangle (    ) is an 

average of various epiphytic diatoms.  Note the value for all macrophytes and 

filamentous endo/epiphytes likely includes epiphytic diatoms.  Data are all ± 

SD. 
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Abstract 

Along the western Antarctic Peninsula, benthic macrophytic biomass rivals some of the 

denser algal communities in the world.  However, there is a noticeable lack of 

filamentous epiphytes compared to other algal dominated communities.  One possible 

explanation is that epiphytic species and emerging filaments from profuse endophytes are 

controlled by grazing pressures from an abundant mesograzer community.  Amphipod 

gut contents from the study area revealed the presence of algal filaments which supports 

this hypothesis.  However, this gut-derived algal material may be from ingestion of any 

of the several subtidal, finely-branched rhodophyte species which are often inhabited by 

numerous amphipod mesograzers.  Palatability of several of these finely-branched 

macrophytes (Halopteris obovata, the lone phaeophyte in this study, Cystoclonium 

obtusangulum, Pantoneura plocamioides, Picconiella plumosa, Plocamium 

cartilagineum, as well as the known edible control alga Palmaria decipiens) was tested 

against two of the most abundant amphipod mesograzers, Gondogeneia antarctica and 

Prostebbingia gracilis, in a series of fresh thallus feeding assays.  Several artificial food 

bioassays, utilizing artificial foods mixed with algal extracts, were also conducted to test 

for any chemical grazing deterrents produced by the macroalgae.  Results indicate that all 

the finely branched algae tested were unpalatable to both grazers, most likely due to 

chemical defenses in the red algae.  These results suggest that filamentous material found 

in amphipod guts is not finely branched rhodophytes despite observation of mesograzers 

associating with these algae.  Possibly, mesograzers of the western Antarctic Peninsula 

use these chemically defended algae as a refuge from predation and, in turn, graze on 
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palatable epiphytes, and emergent filaments from endophytes, growing on their host 

macrophytes. 

Introduction 

The optimal defense theory suggests that chemical defenses are most often 

elaborated for protection against larger, more destructive herbivores while tolerance is a 

better evolutionary strategy when dealing with smaller mesograzers.  In terms of fitness, 

the energetic costs of secondary metabolites, albeit low, may be too great to overcome 

compared to the physiological benefits attained by defending against the inconsequential 

tissue damage caused by mesoherbivory (Rhoades 1979).  Additionally, in many marine 

environments, mesograzers populations are controlled by top-down predation (Griffen & 

Byers 2006, Jephson et al. 2008, Moksnes et al. 2008).  Along the western Antarctic 

Peninsula, however, recent studies have revealed very high densities of grazing 

amphipods (up to 300,000 individuals m-2 benthos, Amsler et al., 2008), suggesting that 

there may be little to no top-down control over mesograzers by predators.  Furthermore, 

the high abundances of herbivorous amphipods would almost certainly have significant 

detrimental effects on macroalgal health and fitness if left unhindered.  The existence of 

algal-produced amphipod feeding deterrents (Amsler et al. 2005a, Fairhead et al. 2005, 

Huang et al. 2006) and the frequent interactions of macroalgae and amphipods (Huang et 

al. 2007) imply that evolutionary and/or ecological macrophyte-mesograzer relationships 

are likely to occur in the nearshore benthic marine communities of the western Antarctic 

Peninsula.   

A comprehensive evaluation of palatability and chemical defenses in western 

Antarctic macroalgae revealed that ~45% of tested macroalgae, including the dominant 
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browns and many abundant reds, were chemically defended against two common 

macrograzers, the sea star Odontaster validus and omnivorous fish Notothenia coriiceps.  

Further analysis revealed that ~60% of the species that were unpalatable to either O. 

validus and N. coriiceps were also chemically defended against the abundant omnivorous 

amphipod Gondogeneia antarctica (Amsler et al. 2005a).  Gondogeneia antarctica, one 

of the more prolific amphipods found in the shallow (< 20 m depth) benthic community, 

is most often found in association with the large ecologically dominant brown algae 

Desmarestia anceps Montagne and Desmarestia menziesii J. Agardh, as well as with the 

smaller red algae Iridaea cordata (Turner) Bory and Palmaria decipiens (Reinsch) R.W. 

Ricker (Huang et al. 2007).  Another abundant omnivorous amphipod, Prostebbingia 

gracilis, is generally found slightly deeper (20-30 m depth) co-occurring with finely 

branched red algae such as Plocamium cartilagineum (Linnaeus) P.S. Dixon and 

Pantoneura plocamioides Kylin (Aumack, personal observation)  Gut content analysis 

indicates that algal filaments make up a significant portion of both these amphipods’ 

natural diets (C. Aumack, unpublished).  In fact, the relative percentage of macroalgal 

material found in the guts of P. gracilis doubled when individuals taken from finely 

branched rhodophytes were analyzed separately from those caught on Desmarestiales (C. 

Aumack, unpublished).  The significant presence of filamentous algal material in 

amphipod guts is curious since there are very few truly filamentous, non-endophytic, 

algae present in the western Antarctic Peninsula subtidal zone (Peters 2003, Amsler et al. 

2009a).  Currently, the filamentous algal species consumed remain unknown, although 

work is currently in progress to identify them. 
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The lack of filamentous subtidal algae in the Antarctic marine flora (Peters 2003) 

is in striking contrast to epiphytes associated with marine macroalgae in tropical and 

temperate regions (Philippart 1995, Wear et al. 1999, Andreakis et al. 2007).  Most of the 

filamentous algal taxa in the Antarctic subtidal are endophytes, “with up to 100% 

prevalence in their host populations” (Peters 2003).  Peters hypothesized that the 

extensive mesograzer community affiliated with the Antarctic benthos may forage 

intensively on small epiphytic algae, but that endophytes escape mesoherbivory because 

they reside within the tissues of larger macroalgae.  Using an omnivorous amphipod as a 

model grazer, Amsler et al. (2009a) confirmed the high palatability of a suite of 

endophytic species compared to their macrophytic hosts found in the shallow coastal 

waters of the western Antarctic Peninsula.   

It is possible that the filamentous material we found in herbivorous amphipods’ 

guts (C. Aumack, unpublished) are remnants of small, rarely observed algal epiphytes or 

palatable endophyte filaments emerging from their macroalgal hosts’ thallus.  Another 

possibility is that amphipods are feeding on finely branched algae which are close 

morphologically, albeit not truly filamentous species, to macroalgae found more 

abundantly in deeper waters (Amsler et al. 1995).  Previous research though has shown 

that fresh thalli from several of these finely branched algae are unpalatable to 

macrograzers (Amsler et al. 2005a).   

The aim of the present study was to determine the palatability of several finely 

branched Antarctic Peninsular macroalgae to a pair of common sympatric benthic 

amphipods, Gondogeneia antarctica and Prostebbingia gracilis, and to determine 

whether defenses detected against mesoherbivory are chemically mediated. 
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Materials and methods 

 Collections:  All organisms were collected within 3.5 km of Palmer Station on 

Anvers Island, west of the Antarctic Peninsula (64° 46.5’ S, 64° 03.3’W; for map see 

Amsler et al., 2005; 2009a).  Macroalgae were collected by hand via SCUBA (2 – 30 m) 

depth between April and June 2007 and 2008.  After collection, the algae were kept 

submerged in buckets of seawater and immediately transported back to Palmer Station for 

processing.  Algae were sorted by species, weighed wet using a portable top loading 

balance (Ohaus, Pine Brook, NJ, USA) and either frozen at -20°C for extract preparation 

or segmented into similar sized portions for fresh thallus feeding experiments. 

 Two herbivorous benthic amphipods common in macroalgal communities along 

the western Antarctic Peninsula, Gondogeneia antarctica and Prostebbingia gracilis, 

were chosen for these experiments based on their considerable abundance (Huang et al. 

2007) and previous observations of macroalga material found in their guts (C. Aumack, 

unpublished).  All amphipods were collected subtidally via SCUBA.  Divers carefully 

severed the holdfast of species of macroalgae known to contain high densities of 

amphipods, typically either Plocamium cartilagineum or Desmarestia menziesii, and 

gently floated the alga into a mesh bag with a closeable mouth to minimize resident 

amphipod loss (Huang et al. 2007).  The mesh bag was placed in a bucket of seawater 

and transported to Palmer Station for processing.  The alga was removed from the mesh 

bag and repeatedly ‘dunked’ into buckets of saltwater dislodging amphipods, which were 

then identified and sorted by species.  Amphipods were maintained in 2-L plastic bottles, 

with openings covered by fine mesh screening to prevent amphipod loss and allow water 

exchange, while floating in tanks supplied with a constant flow of ambient seawater. 
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 Fresh thallus bioassay:  Gondogeneia antarctica and Prostebbingia gracilis were 

used to test the palatability of five finely branched macroalgae indigenous to the waters 

of the western Antarctic Peninsula.  Four rhodophytes (Plocamium cartilagineum, 

Cystoclonium obtusangulum [J.D. Hooker & Harvey] Kützing, Pantoneura plocamioides, 

and Picconiella plumosa [Kylin] J. De Toni) and one phaeophyte (Halopteris obovata 

[Hooker F. & Harvey] Sauvageau) were selected for testing.  Palmaria decipiens, usually 

a singularly bladed rhodophyte, was chosen as a control species due to its known 

palatability to G. antarctica (Huang et al. 2006, Amsler et al. 2009c).  A series of no-

choice feeding rate trials were conducted using individual macroalgae and amphipod 

combinations (Cruz-Rivera & Hay 2000) and comparisons made based on the species-

specific amphipod feeding rates on all six macroalgae.  For each individual trial, a series 

of two fresh un-grazed thalli (based on visual examination) pieces from multiple 

specimens were segmented into similarly sized units, blotted dry, and weighed using a 

microbalance (Mettler-Toledo Inc., Columbus, OH, USA).  Thallus pieces were then 

independently placed into twenty 250-ml nalgene bottles, ten of which contained one 

algal piece along with 15 haphazardly chosen Gondogeneia antarctica while the other ten 

contained the paired algal portion but were amphipod free and served as autogenic 

controls.  This technique allowed the calculation of consumption rates while negating any 

potential autogenic effects.  Experiments using Prostebbingia gracilis contained 20 

individuals per bottle because of their smaller average body size and slower feeding rates 

compared to G. antarcitca.  Bottles were allowed to drift in a flow-through seawater 

aquarium to ensure uniform temperatures.  Water within the bottles was replaced at least 
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once every 24 hours to ensure a well oxygenated environment for both the amphipods 

and algal pieces.  Experiments continued until a noticeable change in algal size was 

visually detected or a period of 96 hours had elapsed.  After this period, thallus pieces 

from each of the bottles were removed, blotted dry, and final wet weights recorded.  

Amphipod consumption rates were calculated as mean milligram of algae consumed per 

hour per individual amphipod (mg algae h-1 ind-1) corrected for autogenic change using 

the formula (Eqn. 1); 

Ei(Cf/Ci) – Ef = Consumption                                     (1) 

where Ei and Ef represent the initial and final weights, respectively, of the experimental 

(with amphipods) treatments while Ci and Cf represent the initial and final weights, 

respectively, of the autogenic controls. 

 

Processing and extracts:  Extraction of chemical constituents from each of the six 

macroalgal species tested in the fresh thallus bioassays was necessary in order to 

investigate the extent to which algal secondary metabolites may contribute to predator 

defense.  Algal extracts were prepared following techniques described in Amsler et al. 

(2005).  The frozen algal material was submerged in a mixture of 

dichloromethane:methanol (50:50 v/v) for 24 h rendering a lipophilic extract.  The algal 

material was re-submerged in fresh solvent and the soaking process repeated twice to 

ensure maximum yield.  The same algal material was then soaked in 50% MeOH (v/v) 

for another three 24-h periods rendering a hydrophilic extract.  The three lipophilic and 

hydrophilic extracts were respectively pooled and dried under reduced pressure using a 

rotary evaporator (BUCHI Labortechnik AG, Flawil, Switzerland) and freeze dryer 
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(VirTis, Gardiner, NY, USA).  Final extract yields were determined by dividing the 

combined weight of extract (mg) by the wet weight (g) of the source alga.  The resulting 

value was multiplied by previously published wet weight to volume ratios (Amsler et al. 

2005a, Huang et al. 2006) for each species to generate a species-specific extract to 

volume ratio.   

 

 Artificial food preparation:  Artificial food pellets were prepared following 

techniques previously described by Fairhead et al. (2005).  Food pellets were comprised 

of 2% alginate powder containing 5% Cladophora repens (J. Agardh) Harvey.  C. repens 

is an intertidal filamentous chlorophyte in the study area and is readily consumed by the 

two amphipod species used in this study (Huang et al. 2006).  Freeze dried C. repens was 

ground into a fine homogenous powder using a mortar and pestle.  Then, specific 

amounts, based on extract yields, of either lipophilic or hydrophilic extract were 

dissolved in MeOH and added to C. repens powder such that the artificial foods had the 

same concentration of the extracted compounds as the source algal thallus on a 

volumetric basis (mg extract per ml).  Once extracts were dissolved onto the C. repens 

powder, the MeOH was dried off under reduced pressure.  Dried powders were then 

added to separate 100 mm plastic petri dishes and covered with 2% alginate solution and 

stirred to form two homogenous solutions, one with algal extracts and one control 

without any extract but with an equal amount of MeOH used to dissolve extracts for the 

treated pellet.  The mixture was then gelled cold using 1 M CaCl2 and refrigerated until 

used in assays.  A cork borer was then used to cut 1-cm diameter disks for use in the 

amphipod feeding assays.  
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 Food pellet bioassays:  One each control and extract food pellet was weighed 

prior to insertion into 250-ml nalgene bottles.  Ten of these bottles contained 15 

haphazardly chosen Gondogeneia antarctica while the other ten, paired bottles were 

amphipod free serving as autogenic controls.  In experiments using Prostebbingia 

gracilis, 20 individuals were placed into bottles to adjust for its smaller average body size 

and slower feeding rate compared to that of G. antarctica.  All bottles were allowed to 

drift in a flow-through seawater aquarium until a noticeable change in pellet size or 

structural integrity was observed, generally between 18-36 h.  In longer experiments, 

seawater was replaced after 24 h to ensure a well oxygenated environment for the 

amphipods.  Both control and extract pellets were then removed from the bottles, and re-

weighed.  Anti-grazing potential of macroalgae secondary metabolites was determined by 

calculating wet mass change difference between the extract and control disks in the 

amphipod containing bottle adjusted for autogenic changes as determined from the 

amphipod-free bottle as described in the fresh thallus assays (Eqn. 1). 

 

 Statistical analysis:  Amphipod consumption rates on individual fresh thalli 

sections were determined by adjusting the final wet weight based on changes in the 

subsequent autogenic control and using a series of 1-sample t-tests comparing the mean 

feeding rate to 0 (α < 0.05; SAS 9.2, SAS Institute Inc., Cary, NC, USA). Changes 

between feeding rates on fresh thallus pieces were determined using a set, one for each 

amphipod species, of one-way analysis of variance (ANOVA) and Tukey multiple-

comparison tests to examine significant differences (α < 0.05; SAS 9.2).  Choice 
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experiments involving consumption of the alginate control and extract pellets were 

analyzed using a Wilcoxon signed ranks test.  This is a non-parametric one-way 

equivalent of a paired-samples t-test designed for related samples with a standard level of 

significance set at α < 0.05 (SPSS 10.0, SPSS Inc., Chicago, IL, USA). 

 

Results 

 Fresh thallus bioassay:  Results from the fresh thallus bioassays indicate that 

neither amphipod species, Gondogeneia antarctica nor Prostebbingia gracilis, grazed on 

any of the finely branched macroalgae species examined in this study.  Mean 

consumption rates of both amphipods on all finely branched macroalgae species used in 

this study were not significantly different from 0 (Fig. 1, P > 0.05).  G. antarctica had 

significantly different feeding rates on the six algal species (F4,45 = 10.41, P < 0.0001) 

but the only alga it consumed was Palmaria decipiens, the bladed alga used in this study 

as a control.   

There were no significant differences in consumption on any of the algae tested, 

including Palmaria decipiens, by P. gracilis (Figure 1, F4,45= 1.02, P = 0.405). The 

consumption rates on all species were not found to be significantly different from 0 (P > 

0.05).   

 

 Food pellet bioassays:  Control pellets were consumed significantly faster than 

pellets with either lipophilic or hydrophilic extracts of Pantoneura plocamioides, 

Picconiella plumosa, Cystoclonium obtusangulum, and Plocamium cartilagineum (Fig. 

2).  The lipophilic extract from P. cartilagineum appears especially effective in deterring 
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herbivory by G. antarctica.  Artificial food pellets with extracts from Halopteris obovata, 

the finely branched brown macrophyte, were more heavily grazed than the control pellets, 

though not significantly (P > 0.05).  There were no significant differences in G. 

antarctica consumption of control pellets versus those with either hydrophilic or 

lipophilic extracts from Palmaria decipiens (P > 0.05; Fig. 2). 

 Similar results were observed in artificial food pellet bioassays using 

Prostebbingia gracilis.  Significant differences were seen between control pellets and 

those with either lipophilic or hydrophilic compounds for two of the finely branched red 

algal species, Picconiella plumosa and Cystoclonium obtusangulum (P < 0.05; Fig. 3).  

Pellets with lipophilic extracts from Pantoneura plocamioides and from Plocamium 

cartilagineum were also significantly less consumed than control pellets.  However, 

hydrophilic extracts from these two algae did not significantly deter feeding by P. 

gracilis (Fig. 3).  Lipophilic and hydrophilic extracts from both Palmaria decipiens and 

Halopteris obovata did not significantly deter feeding.  In fact, P. gracilis consumed 

significantly more of the alginate pellet with hydrophilic extract than the control pellet 

(Fig. 3). 

 

Discussion 

 Our findings indicate that finely branched red algae from the western Antarctic 

Peninsula are chemically defended against mesograzer herbivory.  Fresh thallus pieces 

from all species tested, Cystoclonium obtusangulum, Picconiella plumosa, Plocamium 

cartilagineum, and Pantoneura plocamioides, were grazed by neither Gondogeneia 

antarctica nor Prostebbingia gracilis in no-choice experiments.  Furthermore, artificial 
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alginate control pellets were consumed significantly more by both amphipod mesograzers 

than similar pellets containing natural concentrations of either lipophilic or hydrophilic 

algal extracts.  This indicates that secondary metabolites produced by these algae have 

anti-mesograzer properties, and that the ecological relationship between these common 

amphipods and algae is, at least in part, chemically mediated. 

Several previous studies have investigated the importance of natural products in 

rhodophytes, the richest division of algae in terms of secondary metabolite diversity and 

abundance (Munro & Blunt 2005).  To date, over 1,500 different compounds have been 

found in red algae, along with representatives in all major classes of natural products 

except the phlorotannins (Maschek & Baker 2008).  Terpenes, mainly isoprenoid and 

acetogenin derivatives, are recognized as the primary class of defensive metabolites in 

red algae (Harper et al. 2001).  A majority of these defensive compounds (~60%) come 

from the family Rhodomelaceae (Maschek & Baker 2008), whose only member 

represented in the present study was Picconiella plumosa.  Additionally, rhodophytes 

produce an impressive array of halogenated compounds, which have in some instances 

been shown to possess anti-herbivory properties (e.g. Ankisetty et al. 2004), anti-fouling 

activity (e.g. Steinberg et al. 2002), or function as intracellular signal antagonists (e.g. 

Rasmussen et al. 2000).  However, definitive proof of the ecological roles of such 

compounds is still in question (e.g. Sudatti et al. 2008).  Algal families known to produce 

halogenated compounds include Plocamiaceae and Delesseriaceae (Bates et al. 1979), 

which include Plocamium cartilagineum and Pantoneura plocamioides, respectively.  

Ankisetty et al. (2004) found that P. cartilagineum from the western Antarctic Peninsula 

produced halogenated monoterpenes which deterred amphipod feeding.  However, 
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bioassay-guided isolations are needed to differentiate the identity of the secondary 

metabolites that function as chemical deterrents against various herbivores.   

Most lipophilic and hydrophilic extracts of filamentous red algae in the present 

study demonstrated significant anti-grazing effects, although it appears that these algae 

depend more on lipophilic rather than hydrophilic secondary metabolites for chemical 

defenses against mesoherbivory.  With respect to the mesograzer Prostebbingia gracilis, 

the mean difference between consumption of the control versus the pellets containing 

lipophilic extracts was 64% greater than the respective difference between hydrophilic 

extract pellets and their controls.  This difference increases to 68% in corresponding 

experiments using Gondogeneia antarctica.  Hydrophilic extracts of two of the 

macroalgae tested, Plocamium cartilagineum and Pantoneura plocamioides, did not deter 

grazing by P. gracilis.  Additionally, P. gracilis consumption of alginate pellets was <10 

mg. when pellets contained lipophilic extracts of P. cartilagineum, Picconiella plumosa, 

or Cystoclonium obtusangulum.  These were much lower than consumption rates on any 

of the hydrophilic extract pellets combined, regardless of macroalgal or amphipod grazer. 

 Amsler et al. (2005a) found that 45% of the ecologically relevant macroalgal 

species along the western Antarctic Peninsula were unpalatable to macrograzers (sea stars 

and fish) due to their chemical defenses.  Many of these species, including Plocamium 

cartilagineum and Picconiella plumosa, were also found to be chemically defended 

against the mesograzer amphipod Gondogeneia antarctica (Amsler et al. 2005a).  The 

present study reinforces those findings and broadens the list of mesoherbivores shown to 

be chemically deterred to include Prostebbingia gracilis, an amphipod more often 

associated with finely branched red algae (Huang et al. 2007).  The broadening array of 
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consumers, both macro- and mesograzers, chemically deterred by these algae suggests 

more of a generalist defensive strategy than one in which natural products are grazer-

specific.  This defensive strategy has regularly been considered to be most favorable in 

marine communities with a diverse assortment of generalized herbivores (Hay & Fenical 

1988, Hay et al. 1990). 

One filamentous macroalgal species that did not coincide with previously reported 

results was Pantoneura plocamioides.  Amsler et al. (2005a) reported that P. 

plocamioides thallus was rejected by Notothenia coriiceps, an omnivorous fish, but did 

not deter feeding in the omnivorous sea star Odontaster validus.  Additionally, extracts 

from P. plocamioides were accepted by N. coriiceps and the amphipod Gondogeneia 

antarctica.  Although no work was done with macrograzers in the present study, our 

results suggest that some lipophilic secondary metabolite(s) produced in P. plocamioides 

may provide chemical defenses against both the amphipods G. antarctica and 

Prostebbingia gracilis.  Moreover, secondary metabolites in the hydrophilic extract of P. 

plocamioides were also an effective grazing deterrent against G. antarctica.  The reason 

for this discrepancy is unclear.  Amsler et al. (2005a) reported that volumetric extract 

yields in P. plocamioides were 40.6 and 14.0 mg dry extract per ml wet thallus for 

lipophilic and hydrophilic extracts, respectively.  These numbers are very similar to the 

volumetric extract yields for lipophilic (45.0 mg dry extract per ml wet thallus) and 

hydrophilic (17.1 mg dry extract per ml wet thallus) found in this study.  Individual 

specimen health and extract disparity along with annual variation in secondary metabolite 

production may have contributed to the difference in these results. 
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 The finely branched brown alga Halopteris obovata and bladed red alga Palmaria 

decipiens yielded unique results.  Thalli from P. decipiens were readily consumed by the 

amphipod Gondogeneia antarctica, and feeding rates were comparable to previous 

studies (0.125 mg hr-1 ind-1; Huang et al., 2006), although Huang et al. (2006) reported 

that “amphipod species exhibited significantly different consumption rates of algae on 

different days”.  Conversely, Huang et al. (2006) reported similarly high consumption 

rates by Prostebbingia gracilis on P. decipiens thallus, while our results indicate little to 

no grazing by P. gracilis on P. decipiens.  Separate individual amphipod no-choice 

grazing experiments conducted in spring 2007-2008 showed reduced P. gracilis grazing 

rates on thallus from P. decipiens as well (Amsler et al. 2009c).  In all studies, however, 

there has been a clear lack of chemical defense in P. decipiens (Huang et al. 2006), as 

there was no significant difference in amphipod consumption of control pellets versus 

those containing extracts of P. decipiens. 

 Halopteris obovata, a finely branched brown algae, was also not eaten by either 

amphipod in fresh thallus bioassays, but does not appear to be chemically defended based 

on results from the pellet bioassays.  Amsler et al. (2005a) reported similar results, that 

although fresh thallus was rejected by the fish Notothenia corriceps, its extract did not 

deter grazing by Gondogeneia antarctica.  There are several other types of algal defenses 

that may deter feeding.  Structural defenses (Van Alstyne & Paul 1992, Van Alstyne et al. 

1992, Steneck & Dethier 1994), nutritional content (Duffy & Paul 1992, Hay et al. 1994), 

and associations with protective hosts (McQuaid & Froneman 1993, Littler et al. 1995, 

Hay 1996, Stachowicz & Hay 1996) have all been proven effective at deterring marine 

herbivores.  Relatively low thallus protein levels found in early season specimens of H. 
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obovata, compared to other brown algae, suggest that it may be a poor nutritional choice 

for herbivores (Peters et al. 2005).  Toughness measurements (penetrometry) indicate that 

H. obovata thallus requires more force to puncture than any of the other alga in the 

present study with the one exception of Cystoclonium obtusangulum, which was not 

tested (Amsler et al. 2005a).  These physical and chemical attributes may be the reason 

H. obovata is protected from mesoherbivory while lacking chemical deterrents.  It is also 

possible that grazing deterrent compounds were degraded during the extraction process 

and/or became inactive from splitting the active compounds into two different extracts. 

 Overall, our collective observations that finely branched rhodophytes are 

chemically defended against two prominent mesograzers along the western Antarctic 

Peninsula suggest that filamentous material found in amphipod guts are not these algae 

despite their documented association with rhodophytes (Huang et al. 2007).  Possibly, 

these unknown algal filaments are remnants of epiphytes or emergent filaments of 

endophytes, continually grazed by the extensive mesograzer community (as predicted by 

Peters 2003) and therefore rarely observed.  Further research employing isotopic 

signatures and/or molecular techniques may identify this unknown algal material.  If 

paraphytic in nature, it is possible that mesograzers occur in mutualism with their 

macroalgae hosts; living within the protective confines of chemically defended algae 

while continually grazing on epiphytes potentially harmful to the host alga (Amsler et al. 

2009a, Amsler et al. 2009c).  It is also possible that amphipods are merely grazing on the 

reproductive filaments emanating from endophytes within their macroalgal hosts.  

Several studies, including one recent survey, have indicated the prevalence of several 

species of endophytes scattered throughout western Antarctic Peninsular macrophytes 
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(Peters 2003, Amsler et al. 2009a).  Many complex inter-relationships between 

mesograzers, macroalgae, and microalgae along the western Antarctic Peninsula are 

apparent.  Future studies are necessary to clarify the nature of these relationships. 
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Figure 1: Consumption rate (mg h-1 ind-1) of fresh thallus tissue by the endemic Antarctic 

amphipods Gondogeneia antarctica and Prostebbingia gracilis.  Means ± 

standard error. Asterisk indicates significance (analysis of variance) between 

consumption rates (p≤0.05). 
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Figure 2: Results of bioassays offering artificial foods containing lipophilic or 

hydrophilic algae extracts to the endemic Antarctic amphipod Gondogeneia 

antarctica as a measure of total consumption (mg).  Means ± standard error. 

Asterisks indicate significant difference between extract and control pellets 

(Wilcoxon signed ranks test; p≤0.05). 
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Figure 3: Results of bioassays offering artificial foods containing lipophilic or 

hydrophilic algal extracts to the endemic Antarctic amphipod Prostebbingia 

gracilis as a measure of total consumption (mg). Means ± standard error. 

Asterisks indicate significantly greater consumption on control pellets than 

extract pellets while # indicates significantly greater consumption on extract 

pellet than control pellet (Wilcoxon signed ranks test; p≤0.05). 
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ABSTRACT: 
 
 It is hypothesized that amphipods in the Western Antarctic Peninsula are able to 

limit predation by taking refuge among chemically defended macroalgae.  Previous 

studies have reported significantly greater numbers, and densities, of amphipods among 

macroalgal species that are unpalatable to higher order predators while palatable 

macroalgae were less inhabited.  However, nothing is known about amphipod activity at 

night in this community.  If foraging on non-chemically defended macroalgae regularly 

occurs, then nocturnal lifestyle seems beneficial since larger vision based-predators, like 

the omnivorous fish Notothenia coriiceps, are disadvantaged. To test this hypothesis, we 

collected replicates of three different species of common macroalgae, and affiliated 

mesograzers, approximately three hours before and after sunset.  All associated 

mesofauna were counted and densities calculated based on their respective numbers and 

corresponding macroalgal weights.  Results indicated that amphipod densities are 

significantly decreased during the night on the chemically defended phaeophyte 

Desmarestia menziesii while significantly increased on the rhodophyte Iridaea cordata 

which is palatable to fish.  Additionally, the amphipod Gondogeneia antarctica was 

found in significantly higher densities at night on the non-defended rhodophyte Palmaria 

decipiens, a species that has been shown to be readily eaten by G. antarctica.  We believe 

that chemically defended macroalgae act as a refuge for many of mesograzers during the 

day, while more widespread foraging occurs at night.  The macroalgae likely benefit from 

this relationship since the extensive amphipod assemblage, whose diet includes an array 

of diatoms and other fouling microalgae, is able to routinely clean their hosts of 

potentially harmful epiphytic organisms. 
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INTRODUCTION 

 Benthic communities along the Western Antarctic Peninsula possess several 

unique qualities which make them ideal for studying macroalgal-herbivore interactions.  

The area is dominated both in biomass and benthic coverage by large stands of perennial 

brown macroalgae, primarily in the order Desmarestiales, as well as scattered red 

macrophytes that together can average between 1.64 to 6.34 kg wet mass m-2 and cover ~ 

85% of benthic substratum (Amsler et al. 1995).  In comparison to other macroalgal 

dominated areas, these numbers are comparable to temperate kelp communities.  

Additionally, the Western Antarctic Peninsular communities are home to exceptionally 

dense mesograzer populations, primarily comprised by gammarid amphipods whose 

densities have been estimated to be as high as 300,000 individuals m-2 benthos (Amsler et 

al. 2008).  Despite the exceedingly high density of mesoherbivores, there is little 

evidence that direct feeding on the dominant macroalgae has any substantial community 

affects.  All the ecologically dominant phaeophytes and most of the contiguous 

rhodophytes are unpalatable to a suite of herbivores, including the two abundant 

amphipod species, Gondogeneia antarctica and Prostebbingia gracilis (Amsler et al. 

2005a, Amsler et al. 2009b, Aumack et al. 2010). 

Although some amphipods in the community associate with sessile invertebrates 

(Amsler et al. 2009d), most appear to live in association with the dominant macroalgae.  

However, there is a strong inverse relationship between amphipod abundance and feeding 

preference.  Huang et al. (2007) showed that the phaeophyte Desmarestia menziesii and 

rhodophyte Plocamium cartilagineum had amphipod densities averaging 20.05 and 5.91 

individuals g-1 algae wwt  respectively, despite being two of the more chemically 
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defended macroalgal species.  In contrast, two palatable species of red algae, Palmaria 

decipiens and Iridaea cordata, had associated amphipod densities of only 0.26 and 0.10 

individuals g-1 algae wwt respectively.  This preference is probably the result of a 

combination of several factors.  For example, the omnivorous fish Notothenia coriiceps is 

a primary amphipod predator which readily grazes on both P. decipiens and I. cordata 

(Iken et al. 1997, Iken et al. 1999) but finds D. menziesii unpalatable (Amsler et al. 

2005a).  Amphipod preference toward D. menziesii may be an ecological strategy to 

avoid predation by living in the protective confines of chemically defended species, while 

avoiding palatable species which may raise mortality via increased prey attractiveness or 

shared doom (Wahl & Hay 1995, Hay 1996).  Macroalgal structural complexity may also 

affect amphipod host choice.  Zamzow et al. (2010) reported that, given a choice, P. 

gracilis, preferred to affiliate with D. menziesii and a similar, highly-branched plastic 

analog over the bladed P. decipiens and other simple-structured plastic models.  

Regardless, it is evident that amphipod distribution is not random throughout the benthos 

and that structurally complex, chemically defended macroalgae are preferred hosts. 

 All of these studies, including the initial density counts by Huang et al. (2007), 

were either conducted during the daylight hours or indoors using illuminated aquaria.  

Nighttime amphipod distributions have never been investigated along the Western 

Antarctic Peninsula, an Antarctic region with continuous day and night cycles, and 

nocturnal activity is not uncommon in a variety of amphipod species.  Several studies 

have shown that various amphipod species from temperate regions are more active at 

night (Brawley 1992, Grabe 1996, Ide et al. 2006, Forward et al. 2007).  Buschmann 

(1990) showed that amphipod densities in Central Chile increased on Mazzaella 
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laminaroides, a preferred food source, at night while amphipod densities on other 

macroalgae remained unchanged.  If macroalgal host preference is a partial result of 

predator avoidance, nighttime distributions, when visual predators like Notothenia 

coriiceps are less successful, may be different from the daytime (Donatti & Fanta 2002).  

The objective of this study was to look for differences between both day and nighttime 

mesograzer density distributions on several macroalgal species.  We hypothesized 

substantial increases in mesograzer association with palatable macroalgae species at night 

when foraging may entail less predation risk from sympatric fish populations.  

 

MATERIALS AND METHODS 

Collections:  Four individuals from three different species of macroalgae were 

collected via SCUBA on each of four separate occasions in late April, 2008 (austral 

autumn) from Hero Inlet near Anvers Island, Antarctic Peninsula (64° 46.5' S, 64° 03.3' 

W; for map see Amsler 2005, 2009a).  Hero Inlet is a relatively shallow site whose rocky 

benthos is distinguished by fine silt from glacial runoff.  Two of the macroalgal species 

were rhodophytes, Palmaria decipiens (Reinsch) RW Ricker and Iridaea cordata 

(Turner) Bory, and the other was the phaeophyte Desmarestia menziesii J Agardh.  These 

macroalgae were chosen based on their differences in daytime amphipod densities and 

also their abundances in Hero Inlet, whose close proximity to Palmer Station allowed 

logistically safer nighttime SCUBA operations.  Two individuals from each species were 

collected at depths ranging from 3-4 m. three hours before darkness (~14:30 local Palmer 

time).  Each collected individual’s thallus was carefully detached from the substrate and 
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gently floated into a mesh collecting bag (<0.5 mm) to minimize loss of associated 

epifauna (Huang et al. 2007).  

After daytime collections, six new macroalgae (two individuals per species) were 

tagged for nighttime collections and a lighted buoy attached to a bottom weight was 

deployed to mark the exact macroalgal beds sampled for comparison between day and 

night sampling. That same evening about three hours after darkness (~21:00 local Palmer 

time), divers returned to the collection site and carefully removed the second set of pre-

marked individuals using only small, dim dive lights with red light filters to minimize 

amphipod attraction/repulsion. 

After both day and night collections, the algae were submerged in buckets of 

seawater and immediately transported back to Palmer Station for processing.  At Palmer, 

the macroalgae were repeatedly ‘dunked’ in seawater followed by freshwater to remove 

all associated mesoherbivores.  All algae were then weighed while their respective 

mesoherbivores were collected and preserved in 70% ethanol.  For denser samples from 

Desmarestia menziesii, a plankton splitter was used to equally fractionate mesograzer 

collections.  Each set of preserved mesoherbivores was subsequently sorted, identified to 

the lowest taxonomic level possible, and counted.  Counts were reported in numbers per 

species per gram wet weight host alga. 

 

Statistical Analysis:  Density differences for several general taxa, including 

specific densities for several amphipod species, were determined using a series of 

Student’s t-tests comparing the interspecific means for daytime versus nighttime collections 

(α < 0.05; SigmaPlot 11.0, Systat Software Inc, San Jose, CA, USA). 
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RESULTS 

Major taxa: Although many invertebrate taxa were collected in day and night 

collections, four were found throughout all samples in higher densities (copepods, 

ostracods, gastropods, and amphipods).  Copepods, almost exclusively calanoid species, 

ranged between 2.4 – 26.1 individuals g-1 algal wwt with no discernable differences 

between day and nighttime densities on either Palmaria decipiens or Desmarestia 

menziesii.  There were significantly greater densities of copepods associated with Iridaea 

cordata at night (P < 0.05, Figure 1).  Interspecific species comparisons showed that were 

significant differences between the three algal species (p = 0.005), with nighttime I. 

cordata copepod densities being significantly greater than either day or night D. 

menziesii copepod densities (Figure 1A). 

 Ostracods, which were not differentiated to lower taxonomic levels, ranged 

between 1.5 – 10.9 individuals g-1 algal wwt and were not found to differ between 

daytime and nighttime densities in any macroalgal species (P > 0.05; Figure 1B).  

However, interspecific comparisons indicated that ostracods are found in significantly 

greater densities on Desmarestia menziesii than on Palmaria decipiens (P < 0.001; Figure 

1B).  There were no significant differences between gastropod distributions, on any 

macroalgal species or in day versus night comparisons (P > 0.05; Figure 1C).  Although 

the majority of gastropods were likely Cerithiopsilla spp. and Laevilacunaria antarctica, 

no individual species specific counts were conducted. 

 Collectively, amphipods ranged from 4.8 – 22.2 individuals g-1 algal wwt 

throughout the three macroalgal species collected.  Although there was no day versus 
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night difference between amphipod densities on Palmaria decipiens, there were 

statistically significant differences on the other two algal species (Figure 1D).  For 

Desmarestia menziesii, there was a significant average decrease in total amhipod density 

at night compared to day (P = 0.029).  In contrast, amphipod densities on Iridaea cordata 

during the daytime increased significantly at night (P = 0.014).  Interspecifically, 

amphipods were found in significantly greater densities on D. menziesii during the 

daytime (P < 0.001) while there were no significant density differences between 

nighttime distributions on D. menziesii, I. cordata, or P. decipiens. 

 

Amphipods:  Some individual amphipod species also demonstrated nocturnal 

habitat selection.  Both amphipod species from the family Calliopiidae, 

Metaleptamphopus pectinatus and Oradarea spp., had densities that were significantly 

greater during daytime on Desmarestia menziesii than at night (p = 0.01 and p = 0.005, 

respectively; Figure 2).  Additionally, both M. pectinatus and Oradarea spp. were found 

at significantly higher densities on Iridaea cordata at night than during the day (p = 

0.049 and p = 0.026, respectively; Figure 2).  Prostebbingia gracilis also had 

significantly higher densities on D. menziesii during the day than during the night (p = 

0.025; Figure 2) but showed no differences between daytime and nighttime abundances 

on neither I. cordata nor P. decipiens. 

 Gondogeneia antarctica, an omnivorous amphipod from the family 

Gammarellidae, showed no significant density differences between day and nighttime 

inhabitation of Desmarestia menziesii.  However, G. antarctica densities were 

significantly less in the daytime on Palmaria decipiens and Iridaea cordata than at night 
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(P = 0.008 and P = 0.025; Figure 2).  Gitanopsis squamosa, a smaller amphipod from the 

family Amphilochidae, also had an average nighttime density on I. cordata that was 

significantly higher than its corresponding daytime density (P = 0.017; Figure 2).  Two 

amphipod taxa, identified only to family, Ischyroceridae and Stenothoidae, did not show 

any significant density differences between night and day samples on any of the 

macroalgae species studied (Figure 2). 

  

DISCUSSION 

It is hypothesized that the immense amphipod assemblage in the Western 

Antarctic Peninsula is able to limit predation by taking refuge among chemically 

defended macroalgae (Amsler et al. 2005, 2008, 2009a, Huang et al. 2006, 2007, Aumack 

et al. 2010, 2011, Zamzow et al. 2010).  Huang et al. (2007) showed that amphipods in 

this community reside in significantly higher densities among chemically defended 

species like Desmarestia menziesii, Desmarestia anceps, and Plocamium cartilagineum 

(Amsler et al. 2005a) than among palatable species.  In support of this, we found that 

amphipods, collectively, were in the highest densities among D. menziesii during the 

daytime (Figure 1D) at levels (22.2 individuals g-1 algal wwt) very similar to those 

reported by Huang et al. in 2007 (20.1 individuals g-1 algal wwt).  However, in direct 

contrast, amphipods densities among D. menziesii at night were not statistically different 

from amphipod densities on Iridaea cordata, a structurally simpler macroalga which is 

palatable to fish (Iken et al. 1997, Amsler et al. 2005a).  It appears that many amphipod 

species may be using chemically defended macroalgae as shelter during the day, while 

migrating to more palatable species at night when there is less risk from visual predators.  
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Total daytime amphipod densities on the two reds were noticeably higher than those 

reported by Huang et al. (2007).  Our daytime densities were 4.0 and 4.8 individuals g-1 

algal wwt on I. cordata and Palmaria  decipiens, respectively while Huang et al. (2007) 

reported densities of 0.1 and 0.3 individuals g-1 algal wwt on the same respective algae.  

This could have been a result of differences between collecting sites.  Huang et al. (2007) 

collected algal-associated amphipods from several offshore island sites around Palmer 

Station whose shallow subtidal algal coverage is fairly continuous.  However, the algal 

beds where we collected in Hero Inlet have a more patchy distribution, likely, creating an 

island affect for mobile amphipods. 

Four different individual amphipod taxa (Gitanopsis squamosa, Gondogeneia 

antarctica, Metaleptamphopus pectinatus, and Oradarea spp.) were all found associated 

with Iridaea cordata at night in significantly higher concentrations than during the day.  

The two taxa from family Calliopiidae (M. pectinatus and Oradarea spp.) were also 

collected in significantly lower densities among Desmarestia menziesii at night (Figure 

2).  This suggests a direct foraging strategy, remaining in the protective confines of 

chemically defended D. menziesii during the day while migrating to more palatable I. 

cordata at night.  Although gut content analyses (Aumack, unpublished) indicate that 

both these species are most often consuming epiphytic algae (particularly diatoms), this 

does not necessarily contradict the idea of nocturnal migration to non-defended 

macroalgae.  Epiphytic food sources may be limited by continual grazing from the 

widespread amphipod assemblage that inhabits Desmarestia menziesii during the day.  

This may be exacerbated during the long periods of daylight that occur during austral 

summers on the Antarctic Peninsula.  Additionally, certain macroalgal species may be 
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more susceptible to biofouling than others.  In a separate mesocosm study, it was shown 

that Desmarestia anceps maintained very little epiphytic fouling (< 7% surface area) even 

after a 7 week incubation period without mesograzers while other macroaglal species had 

~50% epiphytic coverage after the same treatment (Aumack et al. 2011).  Even though 

the similar D. menziesii was not used in that study, it is possible that it may exhibit the 

same anti-fouling potential, thereby substantially reducing available prey to amphipods. 

Gondogeneia antarctica was also found in significantly higher densities at night 

than during the day on Iridaea cordata although there were no differences between day 

and night densities of G. antarctica on Desmarestia menziesii (Figure 2).  G. antarctica 

was also the only species of amphipod that was found associated with Palmaria decipiens 

in significantly greater densities at night than during the day (Figure 2).  This could be 

directly related to feeding preferences.  Many studies have indicated that P. decipiens is 

not chemically defended (Amsler et al. 2005, 2009a, Huang et al. 2006, Aumack et al. 

2010, P. Bucolo, unpublished) but it is not directly grazed in fresh thallus assays by 

Prostebbingia gracilis (Aumack et al. 2010, P. Bucolo, unpublished), Oradarea 

bidentata, Metaleptamphopus pectinatus, nor Paraphimedia integricauda (P. Bucolo, 

unpublished).  Despite its lack of chemical defenses, the lack of direct grazing on P. 

decipiens by these amphipod species could explain the lack of any day versus nighttime 

differences in amphipod density.  G. antarctica, however, was the lone amphipod species 

separately enumerated in this study which readily consumes fresh thallus material of P. 

decipiens (Amsler et al. 2009a, Aumack et al. 2010), a fact that could explain its 

significant increase in nighttime densities. 
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Two other amphipod species appear to have nocturnal foraging strategies as well.  

Gitanopsis squamosa was found among Iridaea cordata in significantly greater densities 

at night than during the day, but had no significant difference between day and night 

densities on Desmarestia menziesii.  Oddly, overall G. squamosa densities on D. 

menziesii are substantially lower than all the other individual amphipods tabulated with 

exception to those in family Ischyroceridae (Figure 2).  Although it appears that G. 

squamosa may migrate to I. cordata at night, its daytime residence remains a mystery.  

There is an opposite pattern with Prostebbingia gracilis.  It is found in the greatest 

densities on D. menziesii during the day with a significant reduction at night (Figure 2).  

However, there is no corresponding nighttime increase in density from either of the two 

palatable macroalgae that were studied.  Future night and daytime amphipod comparisons 

on other macroalgal species may provide further clarity into the foraging habits of these 

particular amphipod species. 

Amphipods from families Stenothiodae and Ischyroceridae were the only 

amphipods enumerated that did not have any significant differences between their day 

and nighttime densities on any of the macroalgal species studied (Figure 2).  Stenothiodae 

are micrograzers, much smaller than the other amphipod species counted.  Consequently, 

they may be at less risk of predation by large macrofauna, like Notothenia coriiceps, than 

smaller omnivorous or predatory amphipod species.  The risk of incidental consumption 

by fish while occupying palatable macroalgae is probably offset by the risks of inhabiting 

chemically defended macroalgae with larger abundances of omnivorous/predatory 

amphipods.  In this case, unnecessary diel movement from one macroalga to another 

would be energetically unfavorable while food is in abundance.  Since these micrograzers 
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are typically characterized as detritovores, it seems reasonable that they are not resource 

limited in Hero Inlet, a site characterized by a silty bottom.  This could explain their 

general lack of overall macroalgal species preference (Figure 2).  A similar strategy could 

be used by amphipods of the family Ischyroceridae, many of which are Jassa spp. or 

Parajassa spp. (Richardson 1977).  These amphipods are not foragers but, primarily, are 

suspension feeders and sedimentary tube dwellers (Franz & Mohamed 1989, Scinto et al. 

2007).  As such, there is probably no need to move between macroalgae.  There were 

considerably higher Ischyroceridae densities found on both Palmaria decipiens and 

Iridaea cordata than on Desmarestia menziesii, an irregular trend considering the general 

amphipod assemblage’s preference of the chemically defended, more structurally 

complex D. menziesii.  Although we did not record amphipods by size, a particularly high 

percentage of Ischyroceridae were either juvenile or gravid females at the time of capture.  

Life-cycle studies of Jassa spp. in temperate regions showed that the greatest number of 

juveniles occurred in spring with the peak number of juveniles occurring in April (Nair & 

Anger 1980, Scinto et al. 2007).  Possibly the greater densities of Ischyroceridae, 

especially juveniles, among the two palatable rhodophytes is an escape response from 

omnivorous or predatory amphipod species who preferentially use D. menziesii as a 

refuge from predation themselves. 

 In conclusion, we believe that chemically unpalatable macroalgae shelter a 

number of mesograzers from visual predators during the day, while more widespread 

foraging occurs at night when visually based fish predators are less likely to feed 

effectively.  Although it is apparent that some amphipod species do not migrate between 

hosts, several exhibit nocturnal behavior, selecting specific macroalgal species to inhabit.  
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This behavior implies some degree of behavioral adaptation in these mesograzers 

influenced, in part, by the chemical deterrents elaborated in the surrounding macroalgae.  

Clearly beneficial to amphipods, we hypothesize that the macroalgal flora may actually 

be living in mutualism with the mesograzer assemblage since the extensive amphipod 

assemblage, whose diet includes an array of diatoms and other fouling microalgae, is able 

to routinely clean their hosts of potentially harmful epiphytic organisms.  
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Figure 1: Day and nighttime densities (individuals g-1 algae wwt) of (a) copepods, (b) 

ostracods, (c) gastropods, (d) amphipods affiliated with Palmaria decipiens, Iridaea 

cordata, and Desmarestia menziesii.  Means are ± standard error. Asterisks indicate 

significant difference (Student's t-test) between averages among species collected during the 

day versus night (p<0.05).  
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Figure 2: Day and nighttime densities (individuals g-1 algae wwt) of the individual 

amphipod species Gitanopsis squamosa, Gondogeneia antarctica, Prostebbingia gracilis, 

Metaleptamphopus pectinatus, Oradarea spp., and the amphipod families Ischyroceridae 

and Stenothoidae, affiliated with Palmaria decipiens, Iridaea cordata, and Desmarestia 

menziesii.  Means are ± standard error. Asterisks indicate significant difference (Student's t-

test) between average day and night densities (p<0.05). 
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ABSTRACT 

It has been hypothesized that the extensive mesograzer community along the western 

Antarctic Peninsula regulates epiphytic algae as well as emergent filaments from 

endophytic species. Should grazing limit growth of fouling or potentially pathogenic 

microphytes, then Antarctic macrophytes may actually benefit from the remarkably high 

densities of mesograzer amphipods that occur in these waters. Although initially 

counterintuitive, the negative impacts of epi/endophyte fouling may outweigh stresses caused 

by limited amphipod grazing on chemically defended macrophytes by reducing stress from 

endo/epiphyte biomass. If so, than alleviating mesograzing stress should result in significant 

increases in endo/epiphytic biomass. To test this hypothesis, a mesocosm experiment was 

conducted. Individuals representing four common species of Antarctic macroalgae were 

placed in flow-through seawater mesocosms. Amphipods were added to five mesocosms at 

simulated natural densities while the other five remained herbivore free. At the end of seven 

weeks, endo/epiphytic growth on individual macrophytes was quantified. Most species of 

macroalgae demonstrated noticeably higher instances of endophyte coverage, epiphytic 

diversity, and diatom colonization in consumer-free mesocosms than in the presence of 

amphipods. These data suggest that macroalgae along the western Antarctic Peninsula rely on 

grazers to control populations of potentially harmful epiphytes. We hypothesize that the 

chemically defended macroalgal flora lives in mutualism with high densities of mesograzers, 

providing amphipods with shelter from predation while continually being cleaned of 

potentially harmful endo/epiphytes. 
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INTRODUCTION 

 Shallow subtidal communities along the western Antarctic Peninsula provide a unique 

environment in which to study algal-herbivore interactions. The area is characterized by 

extensive macroalgal communities which can average between 1.64 to 6.34 kg wet mass m-2 

(Amsler et al. 1995), comparable to temperate kelp dominated communities. However, in 

comparison to other macroalgal dominated regions, the macroalgae along the western 

Antarctic Peninsula are relatively free of fouling epiphytic macro- and microalgae (Peters 

2003, Amsler et al. 2009a). Additionally, they are host to an unusually large and diverse array 

of mesograzers, primarily gammarid amphipods whose densities have been estimated as high 

as 300,000 individuals m-2 benthos (Huang et al. 2007, Amsler et al. 2008). Such high 

densities suggest there is only weak top-down control of mesograzers by predators. 

 What effects, collectively, do the immense mesograzer populations have on the 

macroalgal flora? In terms of direct grazing, there appears to be little evidence that 

amphipods have an important impact.  All the dominant phaeophytes and most of the 

surrounding rhodophytes are chemically defended against an array of predators, including two 

of the most common grazing amphipods, Gondogeneia antarctica and Prostebbingia gracilis 

(Amsler et al. 2005a, Aumack et al. 2010). However, gut content analyses indicate that algal 

filaments make up a significant portion of both these amphipods' natural diets (C. Aumack, 

unpublished). The significant presence of filamentous algal material in amphipod guts is 

curious since there are almost no non-endophytic filamentous algae that occur in subtidal 

habitats of the western Antarctic Peninsula throughout most of the year (Peters 2003, Amsler 

et al. 2009a). 

 
 In contrast to this lack of uniseriate, filamentous macrophytes and epiphytes in the 

western Antarctic Peninsula, there is a wide array of filamentous endophytes throughout the 
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community (Peters 2003, Amsler et al. 2009a). Amsler et al. (2009a) surveyed 13 common 

species of macroalgae and found that eight almost always had invasive filamentous 

endophytes growing within their tissues. Furthermore, Amsler et al. (2009a) demonstrated 

that, if left in culture under conditions that favored endophytic growth, erect filaments from 

endophytes would eventually protrude through the thalli of their macrophytic hosts. Peters 

(2003) hypothesized that the extensive mesograzer community affiliated with the western 

Antarctic Peninsula controlled epiphytic populations and evolutionary selected for an 

endophytic lifestyle. If this hypothesis is correct, then the elimination of mesograzer 

pressure should lead to an increase in fouling epiphytes that reduce macroalgal productivity 

(Brawley 1992). Although counterintuitive, the negative impacts of epi/endophyte fouling on 

macrophytic hosts (Sand-Jensen 1977, Duffy 1990, Short & Neckles 1999, Wear et al. 1999) 

may outweigh those caused by mesograzers. Hay and Fenical (1988) argued that most plant 

chemical defenses are directed against macrograzers, while the strategy against mesograzers, 

whose feeding activities cause significantly less structural damage, is that of tolerance. More 

recently, Toth and Pavia (2007) indicated that herbivory by small crustaceans and gastropods 

induced seaweed resistance and that the effects of induced responses were significantly 

greater after 11-20 days, a strategy combining tolerance with induced deterrents in response 

to continual grazing.  However, amphipod feeding on epiphytic microalgae would cause 

significant structural damage to the microalgae, which may provide an inadvertent mechanism 

to defend macroalgae lacking chemical anti-fouling defenses, which otherwise would be 

highly susceptible to exterior epi/endophyte invasion. 

 The primary goal of the present study was to determine if the coverage of both 

epiphytes and endophytes growing on/within chemically defended macroalgae would 
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significantly increase when released from mesograzer pressure. An additional goal was to 

determine if established endophytic colonies were more likely to produce erect filaments 

protruding from their associated macroalgal thalli if mesograzing pressure was removed. 

 

MATERIALS AND METHODS 

Collections:  Thirty individuals each of four species of macroalgae were collected within 

3.5 km of Palmer Station on Anvers Island, Antarctic Peninsula (64° 46.5' S, 64° 03.3'W; 

for map see Amsler 2005, 2009a). This included three pheophytes (Desmarestia anceps 

Montagne, Desmarestia antarctica RL Moe & PC Silva, and Himantothallus 

grandifolius [A&E Gepp] Zinova) and one rhodophyte (Gymnogongrus turquetii Hariot). 

The identification of G. turquetii was based on Wiencke and Clayton (2002) but it should 

be noted that Hommersand et al. (2009) have suggested that individuals of the 

morphology used here may in fact represent an undescribed species of 

Hymenocladiopsis.  All individuals of each species were collected from the same 

locations. D. antarctica, H. grandifolius, and G. turquetii were chosen because a survey 

in the study area indicated nearly all individuals of each species had some endophytic 

colonies growing invasively within their tissues (Amsler et al. 2009a).  In contrast, D. 

anceps, had only a few individuals with a low percentage of endophytes (Amsler et al. 

2009a), and was used in the present study as a negative control. Macroalgae were 

collected by hand via SCUBA at depths ranging from 2 - 16 m in March 2008. After 

collection, the algae were submerged in buckets of seawater and immediately transported 

back to Palmer Station for processing. In the laboratory, macroalgal individuals were 

sorted by species and subsequently cleared of all mesograzers (primarily amphipods and 

gastropods) through agitation in repeated saltwater submersions. Detached herbivores 
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were collectively enumerated and cleaned macroalgal individuals were temporarily held 

submerged in a flow-through seawater table equipped with ambient seawater pumped 

from the sea for pre-mesocosm processing. 

Mesocosm Experiments:  To examine the effects of grazing pressures on epiphytic 

growth, an outdoor mesocosm experiment was conducted at Palmer Station. Ten 

mesocosm tanks were constructed of heavy duty translucent plastic (76.2 x 76.2 x 61 cm. 

~350 L each) and plumbed with continuous flow through, unfiltered seawater. Plankton 

mesh (63 µm) was fixed to the inflow pipes and to outflow valves of mesocosms to 

prevent incoming mesograzers as well as prevent their loss in those treatments seeded 

with mesograzers. Neutral density filter cloth was attached to the surface frame of each 

mesocosm to reduce surface irradiances to those measured at subtidal collection depths 

(~10% surface PAR). 

 At the start of the experiment, 30 individuals from each macroalgal species were 

randomly assigned to one of the ten mesocosm tanks (three individuals per species in 

each mesocosm). Macroalgae were either kept as sectioned laterals for larger species 

(Desmarestia antarctica, Desmarestia anceps, and Gymnogongrus turquetii), or were cut 

into similarly sized pieces (Himantothallus grandifolius) that contained no meristimatic 

tissue. All replicates contained at least one endophyte colony but macroscopic epiphytes 

and emergent endophytic filaments were absent in all individuals. Limited densities of 

epiphytic diatoms were present on the macroalgae. Each individual was inserted into 

braided rope on a frame at fixed, randomly determined positions. The rope frame was 

then affixed to a concrete substrate and loaded into one of the mesocosms. Among the ten 

mesocosms, five were randomly selected to include a full complement of mesograzers while 
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the other five were maintained grazer-free. Mesograzer abundances were based on natural 

ranges of amphipod densities per unit algal wet weight associated with the  macroalga 

Desmarestia menziesii  J. Agardh as determined from field collections in the  present study 

and those reported in previous studies (Amsler et al. 2005a, Huang et al. 2007). D. menziesii 

was chosen because the consistent abundance and diversity of amphipods associated this alga 

more regularly mirrors the collective macroalgal community. Mesograzer populations were 

collected from a wet weight of D. menziesii commensurate to that of the total wet weight of 

macroalgae placed into the collective five mesoherbivore-added mesocosms. Mesograzers 

were divided into five equal groups using a plankton splitter and each mesocosm provided 

with an equal compliment of mesograzers (primarily amphipods). According to Huang et al. 

2007, there are no amphipod species found on any of the macroalgae used in the 

experiment that were not found associated with D. menziesii in comparable or larger 

concentrations.  Three species (G. turquetii, A. mirabilis, and H. grandifolius) were not 

included in the study by Huang et al.  However, when these macroalgal species were 

collected and subsequently had their mesograzers removed, none had any unique 

amphipods species associated with them that were not reported on D. menziesii.  The 

same technique was used weekly to replenish any mesograzer loss attributable to mortality 

back to natural densities.   

 The mesocosms were maintained for a seven week period from mid-March to late May 

2008, corresponding to the late Antarctic macroalgal growing season. Both pre- and post-

individual macroalgal wet weights were measured using a portable top loading balance 

(Ohaus, Pine Brook, NJ, USA). The pre- and post-experiment percent coverage of both 

filamentous and microscopic epiphytes were quantified based on visual determination of 3-5 
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haphazardly located 10x visual fields of a dissecting microscope (Carl Zeiss Microimaging, 

Inc. Thornwood, NY, USA). Presence or absence of emerging filaments from invasive 

endophytic colonies was also recorded collectively among all specimens, regardless of 

species, following the seven week incubation period. 

 

Statistical Analysis:  Differences in wet mass gained, endophyte coverage, and epiphyte 

coverage were determined using a series of t-tests comparing the interspecific means for 

individuals held in mesocosms with and without mesograzers (α < 0.05; SAS 9.2, SAS 

Institute Inc., Cary, NC, USA). Nominal comparisons between the total numbers of 

individuals possessing emergent filaments from endophytic colonies between the two 

treatments were made using a Chi-square goodness of fit (P < 0.05, k=2; SAS 9.2, SAS 

Institute Inc., Cary, NC, USA). 

 

RESULTS 

Weight Increase:  The average initial weight of the individuals placed in mesocosms 

containing grazers was not significantly different from those kept free of grazing pressure 

(Figure 1). However, in three out of the four species, the average individual weight gain, 

based on percentage biomass, was significantly higher in mesocosms void of herbivores (P < 

0.05; Figure 1). Laterals of both Desmarestia antarctica and Gymnogongrus turquetii, 

growing in mesocosms without herbivores, gained substantially more percent biomass 

(~12.5% and 5.0% respectively) than those growing in mesocosms with a full complement of 

mesograzers. Himantothallus grandifolius sections, growing among grazers, receded and lost 

~5.5% biomass during the seven week incubation while similarly sized sections growing 
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without grazers closely maintained their original biomass. There was no significant difference 

in weight gain between the two mesocosm treatments in Desmarestia anceps (Figure 1). 

 

Endo/Epiphyte Coverage:  Intraspecific specimens from all four species analyzed in this 

study did not contain any significant difference between the initial (pre-mesocosm) average 

percent of their tissues colonized by invasive endophytes (Figure 2). Although not shown, 

Desmarestia anceps laterals were chosen based on their containing at least one endophytic 

colony. However, all D. anceps laterals contained minute (<< 5%) amounts of endophytes 

that generally were almost indistinguishable. 

 At the end of the experiment, three species (Desmarestia antarctica, Gymnogongrus 

turquetii, and Desmarestia anceps) did not show any significant difference in endophyte 

percent coverage between mesocosms containing herbivores and those without (Figure 2). 

This includes Desmarestia anceps, in which all laterals post mesocosm incubation still 

contained endophytic colonies present in their tissues, albeit at quantities difficult to 

differentiate (<< 5%; <5% was the lowest category scored other than 0%). Additionally, 

there were no significant gains in endophytic growth throughout the course of the mesocosm 

incubation in these three species (Figure 2). 

 Himantothallus grandifolius, however, exhibited a significant increase in endophyte 

coverage through the course of the experiment both in mesocosms with and without 

mesograzers (P < 0.05; Figure 2). However, the average gain in individuals from mesocosms 

without grazers (41.0%) was significantly higher than in individuals from a grazer free 

environment (24.3%; Figure 2). 
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 All individuals began the experiment with no macroscopic epiphytes and only 

limited amounts of fouling diatoms. After incubation, individuals of all species except 

Desmarestia anceps had significantly higher average percentages of their surface area 

covered by epiphytes when incubated without mesograzers than those incubated with 

mesograzers (P <0.05, Figure 2). Epiphytes were mostly diatoms, but also included 

macroscopic filamentous phaeophytes, and some green algal epiphytes as well. Both 

Desmarestia antarctica and Himantothallus grandifolius displayed dramatic changes in 

epiphyte loads between the two treatments, with average coverage increasing ~50.0% in 

macroalgae from an herbivore free environment, mostly consisting of epiphytic diatoms. 

Although there were significant differences in average epiphyte coverage between the 

two treatments in Gymnogongrus turquetii, at ~15.0% difference the effects were not 

nearly as pronounced (Figure 2). With few exceptions, Desmarestia anceps surfaces all 

contained <7.0% coverage of epiphytes, including fouling diatoms, and were not 

statistically significant between the two treatments. 

 

Emerging Filaments:  No Desmarestia anceps individuals, regardless of mesocosm 

treatment, had any instances of emerging filaments growing out from endophyte colonies 

after the seven week incubation period. The other three species, however, had at least one 

occurrence. Of the 45 total individuals from the mesocosms with mesograzers, only four 

had emerging filaments from endophytic colonies protruding through their thallus. All 

four of these individuals were of the same species: Desmarestia antarctica. Of the 45 

total individuals from mesocosms without consumers, a third contained at least one 

instance of emerging filaments from endophytic colonies. This included all species 

analyzed except D. anceps. Ten of the 15 D. antarctica individuals removed from the 
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mesograzer free mesocosms contained emergent filaments. When emergent filaments from 

endophytic colonies have been observed in nature they are almost exclusively found early in 

the growing season on senescing second year D. antarctica. 

 

DISCUSSION 

 Three out of the four species studied gained significant biomass when maintained free 

of herbivores while those kept with a full complement of grazers did not (Figure 1). 

Intuitively one would expect that the amphipods were consuming the macroalgae at rates that 

significantly reduce their growth compared to those protected from herbivores. However, all 

the species used in this study have been previously shown to be chemically defended against 

some of the most abundant macro- and mesograzers along the western Antarctic Peninsula 

(Amsler et al. 2005a, Amsler et al. 2009a). This fact, combined with the absence of bite 

marks or grazing patterns seen on the macroalgae themselves (personal observation) indicate 

that direct grazing cannot explain the reduced growth in algae maintained within mesocosms 

with herbivores. Rather, a substantial increase in epiphyte growth (mostly diatoms and some 

macroalgae) in individuals maintained in an herbivore-free environment accounted for the 

significant weight gain in those samples. The lone exception, Desmarestia anceps, is rarely 

seen fouled in the subtidal (authors' personal observation) and individuals rarely contain 

invasive endophytes (Amsler et al. 2009a). We had to search very hard to find individuals 

with even minimal endophyte growth for use in this study. It is possible that this alga 

elaborates secondary metabolites which deter endo/epiphytic colonization and/or growth 

even without the aid of grazers. 

 The low levels of weight gain observed in macroalgae maintained with mesograzers is 

almost certainly because the experiment was conducted at the end of the growing season. 
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Photo-efficiency measurements made using a PAM fluorometer at the end of the experiment 

suggested that all the species were light stressed by that time (Aumack, unpublished 

observation). Presumably, there was also little and likely even less growth in the macroalgae 

maintained without grazers but this could not be measured directly because of the heavy 

diatom fouling. Additionally, had the experiment been conducted at the height of the growing 

season, it is possible that the growth of epiphytic diatoms in the absence of mesograzers 

would have been even more pronounced as the shorter daylengths must certainly have 

constrained micoalgal growth as well. 

 Endophyte coverage throughout most species was relatively unaffected by the presence 

of amphipods. Only one species, Himantothallus grandifolius, showed significant differences 

in pre- and post endophyte coverage between replicates kept with grazers and those without 

(Figure 2). However, there was also a significant gain in endophyte coverage from pre-

treatment levels in individuals kept in mesocosms with amphipods. H. grandifolius samples 

were sectioned into smaller pieces without meristematic tissues, making growth of new tissue 

impossible in the mesocosms. It is probable that stress resulting from sectioning large H. 

grandifolius individuals into smaller segments interfered with their natural ability to deter 

invasive endophytic growth, while their own comparative growth was prevented. Some 

studies have indicated that algae experiencing increased abiotic stresses are less likely to 

produce chemical deterrents (Renaud et al. 1990, Wiesemeier et al. 2008). Although these 

studies were examining chemical defenses as they applied to direct grazing, it stands to 

reason that the increased stress applied to recently sectioned H. grandifolius specimens 

hindered their resistance to endophyte expansion.  

 While endophyte coverage only increased significantly in one species, all species 

except Desmarestia anceps experienced a pronounced increase in algal epiphytes in 
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replicates kept in a grazer free environment. Kept under more natural conditions with 

amphipods, Desmarestia antarctica, Himantothallus grandifolius, and Gymnogongrus 

turquetii all hosted relatively similar densities of epiphytes (8.1 - 13.0% coverage; Figure 

2), almost exclusively diatoms. Without herbivores, both D. antarctica and H. 

grandifolius epiphyte coverage increased to 62 and 53% respectively, with the epiphyte 

population consisting of diatoms primarily, but filamentous phaeophytes, and some green 

algal epiphytes as well. Epiphyte coverage on G. turquetii, although significantly greater 

than coverage with grazers, only increased to 29% (Figure 2). The lower increase in algal 

epiphytes compared to the other two species may be the result of naturally produced anti-

fouling metabolites produced within G. turquetii. Two in vitro studies of the effects of 

antifouling macroalgal extracts on the survival of sympatric diatoms (Amsler et al. 

2005b, Sevak 2009) have reported that all four macroalgal species in the experiment have 

compounds that cause diatom mortality. Neither study, however, presented the extracted 

metabolites in an ecologically relevant manner. It is possible that D. anceps and, to a 

lesser extent, G. turquetii do indeed utilize such compounds as antifoulants in nature 

while D. antarctica and H. grandifolius do not. Further research needs to be conducted to 

discern whether or not anti-fouling compounds are presented by the macroalgae in an 

ecologically effective manner. 

 Several recent studies on various macrophytes have reported that epiphyte densities are 

negatively correlated with grazer abundances (Duffy 1990, Armitage et al. 2005, Heck & 

Valentine 2006, Jacobucci et al. 2009, McCall et al. 2009, Spivak et al. 2009). Many of these 

studies, however, have epiphyte biomass co-factored with abiotic factors such as light and 

nutrients. The standardized abiotic conditions in our experimental design reveal the 

independent importance of mesograzing pressures to control an otherwise significant 



92 
 

epiphytic community. This was also observed in the frequency of filaments emerging from 

endophyte colonies throughout the host thallus. While no direct measurements of length or 

mass were taken, the significant difference in occurrence and diversity of species affected 

indicates the potential importance of mesograzers to controlling fouling populations. 

 Overall, our results suggest that the immense amphipod community may be crucial to 

the overall health of macroalgal beds along the western Antarctic Peninsula, continually 

grazing potentially harmful fouling diatoms/epiphytes that would otherwise be more 

widespread. Brawley (1992), Arrontes (1999), and Hay et al. (2004) have discussed the 

beneficial influence mesograzers can have to host macrophytes through consumption of algal 

epiphytes which may otherwise deter production via decreased light availability (Cebrian et al. 

1999, Brush & Nixon 2002), interference with gas exchange (de Nys & Steinberg 1999), and 

competition for available nutrients (McRoy & Goering 1974, de Nys & Steinberg 1999). Both 

field and laboratory studies have examined mesograzers' roles in influencing community 

structure through elimination or alteration of epiphyte populations (Duffy & Hay 2000, 

Ruesink 2000, Duffy & Harvilicz 2001, Gacia et al. 2009). In the western Antarctic Peninsula, 

the dominant mesograzer and macroalgal populations may coexist in mutualism as the 

amphipods themselves are likely benefiting from the extensive chemically defended 

macroalgal community despite its unlikely use as a direct food source. Zamzow et al. (2010) 

reported that the common Antarctic amphipod species, Prostebbingia gracilis, was 

significantly more likely to escape predation from Notothenia coriiceps, an omnivorous 

Antarctic fish, while hiding in Desmarestia  menziesii, a chemically defended alga, versus the 

palatable alga Palmaria decipiens. Although amphipod survivorship also increased based on 

macroalgal host morphology and complexity (Zamzow et al. 2010), other studies have shown 

that amphipod densities were greatest on more chemically defended macroalgae (Huang et al. 
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2007). 

 We hypothesize that the dominant, chemically defended macroalgae and extensive 

mesograzer fauna on the western Antarctic Peninsula exist in a mutualistic relationship. 

Likely, a vast majority of amphipods are taking refuge from predation in the protective 

confines of chemically defended macroalgae while continually consuming, and thereby 

cleaning their hosts of physiologically harmful epiphytes. Further evidence to support this 

mutualism hypothesis awaits additional experimental field research including more information 

on the impacts that endophytes and epiphytes have on the fitness of the larger, host macroalgae.  
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Figure 1: Initial weights (g) and the percent weight increased based on total biomass of 

Desmarestia anceps, Desmarestia antarctica, Himantothallus grandifolius, and 

Gymnogongrus turquetii contained in either predator free mesocosms or mesocosms with 

mesograzers present. Means are ± standard error. Asterisks indicate significant difference 

(student's t-test) between averages among species kept under different treatments (p<0.05).  
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Figure 2: Pre- and post treatment coverage of both endophytes and epiphytes (% total thallus 

cover) on or in Desmarestia anceps, Desmarestia antarctica, Himantothallus grandifolius, 

and Gymnogongrus turquetii kept in either predator free mesocosms or mesocosms with 

mesograzers present. Means are ± standard error. Asterisks indicate significant difference 

(student's t-test) between averages among species kept under different treatments (p<0.05). 
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CONCLUSION 
 

Throughout these studies I have determined that both epiphytic micro- and 

macroalgae are likely serving as a crucial food source for the large, endemic mesograzer 

assemblage in the western Antarctic Peninsula.  Stable isotopic signatures from large 

perennial phaeophytic macrophytes, filamentous endo/epiphytes, as well as epiphytic 

diatoms all align with δ15N and δ13C values of several species of prominent amphipods, 

indicating primary consumption of these carbon sources.  However, previous studies have 

demonstrated both the production of chemical feeding deterrents in all the large brown 

macrophytes as well as unhindered grazing by amphipods on cultured endophytic species.  

These previous findings, in addition to the significant relative importance of both diatoms 

and filamentous algae in amphipod guts suggest several amphipod species continually 

graze epiphytic diatoms and filamentous algae from their macrophytic hosts.  The 

noticeable lack of sub-tidal filamentous algae and epiphytes along the western Antarctic 

Peninsula is likely the result of a considerable mesograzer population recurrently 

reducing their biomass beyond visible quantification. 

The regular appearance of filamentous material throughout several amphipod 

species’ guts is curious due to general lack of filamentous macroalgae growing sub-

tidally.  Although the likely explanation is emergent filaments from endophytic colonies 

growing invasively, it was not impossible that the filaments were the product of several 

species of finely branched rhodophytes, and one phaeophyte, growing throughout the 

area.  However, our research demonstrated that fresh thallus material from each of these 

macroalgae were unpalatable to both Gondogeneia antarctica or Prostebbingia gracilis, 
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two of the most abundant amphipods in the western Antarctic Peninsula.  Artificial food 

experiments confirmed that all the finely branched red algal species elaborated 

either/both hydrophilic and/or lipophilic extracts facilitating their chemical defense 

against amphipod predation. 

 It has been shown that patterns of amphipod selection of host macroalgae is in 

direct contrast to their feeding preference, taking shelter in chemically defended 

macroalgae while avoiding more palatable species like Iridaea cordata and Palmaria 

decipiens.  However, all previous amphipod density measurements had been conducted 

during daylight hours while any local amphipod nocturnal activity had been previously 

unreported.  Our findings conclude that several amphipod species migrate from 

Desmarestia menziesii, a chemically defended brown, to I. cordata at night.  

Gondogeneia antarctia, which has been shown to readily consume P. decipiens in 

laboratory experiments, was also found on this alga in significantly higher numbers at 

night.  Likely, amphipods have evolved their behavioral patterns to utilize the chemical 

deterrents elaborated in their would-be prey; seeking refuge from visual predators during 

the day on chemically defended, structurally complex macroalgae and foraging at night 

on more palatable species when threat of attack is decreased. 

Finally, if epiphytic filamentous algae and diatoms are a continual dietary source 

for the amphipod assemblage in the western Antarctic Peninsula, then increased 

ephiphytic growth should be the natural byproduct of reduced grazing.  We were able to 

demonstrate this fact using a mesocosm experiment.  Three macroalgae species, growing 

without mesograzing amphipods, had significantly elevated epiphytic loads (mainly 

diatoms but some green and brown epiphytes as well) after a six week incubation period.  
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Additionally, substantially more individuals contained emergent filaments from 

endophytic colonies growing invasively within their tissues in the absence of predators.  

The physiological stress on macrophytes burdened with an abundance of endo/epiphytes 

has been well documented.  We conclude that the enormous assemblage of mesograzers 

are living in mutualism with their macrophytic hosts, taking refuge from predation during 

the day in chemically defended macroalgae while continually cleaning them of 

potentially harmful fouling diatoms/epiphytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

 

GENERAL LIST OF REFERENCES 
 
Amsler CD, Amsler MO, McClintock JB, Baker BJ (2009a) Filamentous algal 

endophytes in macrophytic Antarctic algae: prevalence in hosts and palatability to 
mesoherbivores. Phycologia 48 

Amsler CD, Amsler MO, McClintock JB, Baker BJ (2009b) Filamentous algal 
endophytes in macrophytic Antarctic algae: prevalence in hosts and palatability to 
mesoherbivores. Phycologia 48:324-334 

Amsler CD, Iken K, McClintock JB, Amsler MO, Peters KJ, Hubbard JM, Furrow FB, 
Baker BJ (2005a) Comprehensive evaluation of the palatability and chemical 
defenses of subtidal macroalgae from the Antarctic Peninsula. Mar Ecol Prog Ser 
294:141-159 

Amsler CD, Iken K, McClintock JB, Baker BJ (2009c) Defenses of polar macroalgae 
against herbivores and biofoulers. Bot Mar 52:535-545 

Amsler CD, McClintock JB, Baker BJ (2008) Macroalgal chemical defenses in polar 
marine communities. In: Amsler CD (ed) Algal Chemical Ecology. Springer-
Verlag, Berlin, p 91-100 

Amsler CD, Okogbue IN, Landry DM, Amsler MO, McClintock JB, Baker BJ (2005b) 
Potential chemical defenses against diatom fouling in Antarctic macroalgae. Bot 
Mar 48:318-322 

Amsler CD, Rowley RJ, Laur DR, Quetin LB, Ross RM (1995) Vertical-distribution of 
Antarctic peninsular macroalgae - cover, biomass and species composition. 
Phycologia 34:424-430 

Amsler MO, Amsler CD, Aumack CF, McClintock JB, Baker BJ (submitted) Tolerance 
of macroalgal chemical defenses by an Antarctic amphipod: a specialist among 
mutualists. Mar Ecol Prog Ser in review 

Amsler MO, McClintock JB, Amsler CD, Angus RA, Baker BJ (2009d) An evaluation of 
sponge-associated amphipods from the Antarctic Peninsula. Antarct Sci 21:579-
589 

Andreakis N, Procaccini G, Maggs C, Kooistra W (2007) Phylogeography of the invasive 
seaweed Asparagopsis (Bonnemaisoniales, Rhodophyta) reveals cryptic diversity. 
Mol Ecol 16:2285-2299 

Ankisetty S, Nandiraju S, Win H, Park YC, Amsler CD, McClintock JB, Baker JA, 
Diyabalanage TK, Pasaribu A, Singh MP, Maiese WM, Walsh RD, Zaworotko 
MJ, Baker BJ (2004) Chemical investigation of predator-deterred macroalgae 
from the Antarctic peninsula. J Nat Prod 67:1295-1302 

Aumack CF, Amsler CD, McClintock JB, Baker BJ (2010) Chemically mediated 
resistance to mesoherbivory in finely branched macroalgae along the western 
Antarctic Peninsula. Eur J Phycol 45:19 - 26 

Aumack CF, Amsler CD, McClintock JB, Baker BJ (2011) Impacts of mesograzers on 
epiphyte and endophyte growth associated with chemically defended macroalgae 
from the Western Antarctic Peninsula: A mesocosm experiment. J Phycol In press 



105 
 

Bates P, Blunt JW, Hartshorn MP, Jones AJ, Munro MHG, Robinson WT, Yorke SC 
(1979) Halogenated metabolites of the red alga Plocamium cruciferum. Aust J 
Chem 32:2545-2554 

Brawley SH (1992) Mesoherbivores. In: John DM, Hawkins SJ, Price JH (eds) Plant-
Animal Interactions in the Marine Benthos. Clarendon Press, Oxford, p 235-263 

Brouwer PEM, Geilen EFM, Gremmen NJM, Vanlent F (1995) Biomass, cover and 
zonation pattern of sublittoral macroalgae at Signy Island, South Orkney Islands, 
Antarctica. Bot Mar 38:259-270 

Bucolo P, Amsler CD, McClintock JB, Baker BJ (2011) Palatability of the Antarctic 
rhodophyte Palmaria decipiens (Reinsch) RW Ricker and its endo/epiphyte 
Elachista antarctica Skottsberg to sympatric amphipods. J Exp Mar Biol Ecol In 
Press 

Buschmann AH (1990) Intertidal macroalgae as refuge and food for amphipoda in central 
Chile. Aquat Bot 36:237-245 

Conlan KE, Rau GH, Kvitek RG (2006) δ13C and δ15N shifts in benthic invertebrates 
exposed to sewage from McMurdo Station, Antarctica. Mar Pollut Bull 52:1695-
1707 

Corbisier TN, Petti MAV, Skowronski RSP, Brito TAS (2004) Trophic relationships in 
the nearshore zone of Martel Inlet (King George Island, Antarctica): δ13C stable-
isotope analysis. Polar Biol 27:75-82 

Cox TE, Murray SN (2006) Feeding preferences and the relationships between food 
choice and assimilation efficiency in the herbivorous marine snail Lithopoma 
undosum (Turbinidae). Mar Biol 148:1295-1306 

Cruz-Rivera E, Hay ME (2000) The effects of diet mixing on consumer fitness: 
macroalgae, epiphytes, and animal matter as food for marine amphipods. 
Oecologia 123:252-264 

Dauby, Dauby P, Scailteur, Scailteur Y, Chapelle, Chapelle G, De B, Broyer CD (2001a) 
Potential impact of the main benthic amphipods on the eastern Weddell Sea shelf 
ecosystem (Antarctica). Polar Biol 24:657-662 

Dauby P, Scailteur Y, De Broyer C (2001b) Trophic diversity within the eastern Weddell 
Sea amphipod community. Hydrobiologia 443:69-86 

de Broyer C, Jazdzewski K (1993) Contribution to the Marine Biodiversity Inventory: a 
checklist of the Amphipoda (Crustacea) of the Southern Ocean. Doc Trav IRSNB 
73:1-154 

de Broyer C, Scailteur Y, Chapelle G, Rauschert M (2001) Diversity of epibenthic 
habitats of gammaridean amphipods in the eastern Weddell Sea. Polar Biol 
24:744-753 

DeNiro M, Epstein S (1978) Influence of diet on the distribution of carbon isotopes in 
animals. Geochim Cosmochim Acta 42:495-506 

Donatti L, Fanta E (2002) Influence of photoperiod on visual prey detection in the 
Antarctic fish Notothenia neglecta. Antarct Sci 14:146-150 

Duffy JE, Paul VJ (1992) Prey nutritional quality and the effectiveness of chemical 
defenses against tropical reef fishes. Oecologia 90:333-339 

Dunton KH (2001) δ15N and δ13C measurements of Antarctic peninsula fauna: trophic 
relationships and assimilation of benthic seaweeds. Am Zool 41:99-112 



106 
 

Fairhead VA, Amsler CD, McClintock JB, Baker BJ (2005) Within-thallus variation in 
chemical and physical defences in two species of ecologically dominant brown 
macroalgae from the Antarctic Peninsula. J Exp Mar Biol Ecol 322:1-12 

Forward RB, Wyatt L, Clifford D, Barbour A (2007) Endogenous rhythm in activity of 
an estuarine amphipod, Talorchestia longicornis. Mar Freshwater Behav Physiol 
40:133-140 

Franz DR, Mohamed Y (1989) Short-distance dispersal in a fouling community 
amphipod crustacean, Jassa marmorata Holmes. J Exp Mar Biol Ecol 133:1-13 

Frazer TK, Ross RM, Quetin LB, Montoya JP (1997) Turnover of carbon and nitrogen 
during growth of larval krill, Euphausia superba Dana: a stable isotope approach. 
J Exp Mar Biol Ecol 212:259-275 

Grabe SA (1996) Composition and seasonality of nocturnal peracarid zooplankton from 
coastal New Hampshire (USA) waters, 1978-1980. J Plankton Res 18:881-894 

Graeve, Graeve M, Dauby, Dauby P, Scailteur, Scailteur Y (2001) Combined lipid, fatty 
acid and digestive tract content analyses: a penetrating approach to estimate 
feeding modes of Antarctic amphipods. Polar Biol 24:853-862 

Griffen BD, Byers JE (2006) Partitioning mechanisms of Predator Interference in 
different Habitats. Oecologia 146:608-614 

Harper MK, Bugni TS, Copp BR, James RD, Lindsay BS, Richardson AD, Schnabel PC, 
Tasdemir D, VanWagoner RM, Verbitzki SM, Ireland CM (eds) (2001) 
Introduction to the chemical ecology of marine natural products, Vol. CRC, Boca 
Raton, FL 

Hay ME (1996) Marine chemical ecology: what's known and what's next? J Exp Mar 
Biol Ecol 200:103-134 

Hay ME, Duffy JE, Fenical W (1990) Host-plant specialization decreases predation on a 
marine amphipod - an herbivore in plants clothing. Ecology 71:733-743 

Hay ME, Fenical W (1988) Marine plant-herbivore interactions: the ecology of chemical 
defense. Annu Rev Ecol Syst 19:111-145 

Hay ME, Kappel QE, Fenical W (1994) Synergisms in plant defenses against herbivores: 
interactions of chemistry, calcification, and plant quality. Ecological Society of 
America, p 1714-1726 

Huang YM, Amsler MO, McClintock JB, Amsler CD, Baker BJ (2007) Patterns of 
gammaridean amphipod abundance and species composition associated with 
dominant subtidal macroalgae from the western Antarctic Peninsula. Polar Biol 
30:1417-1430 

Huang YM, McClintock JB, Amsler CD, Peters KJ, Baker BJ (2006) Feeding rates of 
common Antarctic gammarid amphipods on ecologically important sympatric 
macroalgae. J Exp Mar Biol Ecol 329:55-65 

Ide K, Takahashi K, Nakano T, Sato M, Omori M (2006) Chemoreceptive foraging in a 
shallow-water scavenging lysianassid amphipod: role of amino acids in the 
location of carrion in Scopelocheirus onagawae. Mar Ecol Prog Ser 317:193-202 

Iken K, Barrera-Oro ER, Quartino ML, Casaux RJ, Brey T (1997) Grazing by the 
Antarctic fish Notothenia coriiceps: evidence for selective feeding on macroalgae. 
Antarct Sci 9:386-391 



107 
 

Iken K, Quartino ML, Wiencke C (1999) Histological identification of macroalgae from 
stomach contents of the Antarctic fish Notothenia coriiceps using semi-thin 
sections. Mar Ecol Prog Ser 20:11-17 

Jephson T, Nystrom P, Moksnes PO, Baden SP (2008) Trophic interactions in Zostera 
marina beds along the Swedish coast. Mar Ecol-Prog Ser 369:63-76 

Lauzon-Guay JS, Scheibling RE (2006) Behaviour of sea urchin Strongylocentrotus 
droebachiensis grazing fronts: food-mediated aggregation and density-dependent 
facilitation. Mar Ecol Prog Ser 329:191-204 

Littler MM, Littler DS, Taylor PR (1995) Selective herbivore increases biomass of its 
prey - a chiton-coralline reef-building association. Ecology 76:1666-1681 

Mai TT, Hovel KA (2007) Influence of local-scale and landscape-scale habitat 
characteristics on California spiny lobster (Panulirus interruptus) abundance and 
survival. Mar Freshwater Res 58:419-428 

Maschek JA, Baker BJ (eds) (2008) The chemistry of algal secondary metabolism, Vol. 
Springer-Verlag, Berlin, Germany 

Mateo M, Serrano O, Serrano L, Michener R (2008) Effects of sample preparation on 
stable isotope ratios of carbon and nitrogen in marine invertebrates: implications 
for food web studies using stable isotopes. Oecologia 157:105-115 

McQuaid CD, Froneman PW (1993) Mutualism between the territorial intertidal limpet 
Patella longicosta and the crustose alga Ralfsia verrucosa. Oecologia 96:128-133 

Moe RL, Silva PC (1989) Desmarestia antarctica (Desmarestiales, Phaeophyceae), a 
new ligulate antarctic species with an endophytic gametophyte. Plant Syst Evol 
164:273-283 

Moens T, Bouillon S, Gallucci F (2005) Dual stable isotope abundances unravel trophic 
position of estuarine nematodes. J Mar Biol Assoc UK 85:1401-1407 

Moksnes PO, Gullstrom M, Tryman K, Baden S (2008) Trophic cascades in a temperate 
seagrass community. Oikos 117:763-777 

Momo F, Bogazzi E, Duttweiler F (1998) Amphipods of Potter Cove: community 
composition, biology and growth. Ber Polar 299:144-149 

Munro MHG, Blunt JW (2005) MarinLit, a marine chemical literature database. 
University of Canterbury, Christchurch, NZ 

Nair KKC, Anger K (1980) Seasonal variation in population structure and biochemical 
composition of Jassa falcata (Crustacea, Amphipoda) off the island of Helgoland 
(North-Sea). Est Coast Mar Sci 11:505-513 

Norkko A, Thrush SF, Cummings VJ, Funnell GA, Schwarz AM, Andrew NL, Hawes I 
(2004) Ecological role of Phyllophora antarctica drift accumulations in coastal 
soft-sediment communities of McMurdo Sound, Antarctica. Polar Biol 27:482-
494 

Nyssen F, Brey T, Lepoint G, Bouquegneau J-M, De Broyer C, Dauby P (2002) A stable 
isotope approach to the eastern Weddell Sea trophic web: focus on benthic 
amphipods. Polar Biol 25:280-287 

Nystrom P, Stenroth P, Holmqvist N, Berglund O, Larsson P, Graneli W (2006) Crayfish 
in lakes and streams: individual and population responses to predation, 
productivity and substratum availability. Freshw Biol 51:2096-2113 

 



108 
 

Peters AF (2003) Molecular identification, taxonomy, and distribution of brown algal 
endophytes, with emphasis on species from Antarctica. In: Chapman ARO, 
Anderson, R.J., Vreeland V., Davison, I.R. (ed) Proceedings of the 17th 
International Seaweed Symposium. Oxford University Press, Cape Town, p 293-
302 

Peters KJ, Amsler CD, Amsler MO, McClintock JB, Dunbar RB, Baker BJ (2005) A 
comparative analysis of the nutritional and elemental composition of macroalgae 
from the western Antarctic Peninsula. Phycologia 44:453-463 

Peterson B, Fry B (1987) Stable isotopes in ecosystem studies. Annu Rev Ecol Syst 18 
Philippart CJM (1995) Effect of periphyton grazing by Hydrobia ulvae on the growth of 

Zostera noltii on a tidal flat in the Dutch Wadden Sea. Mar Biol 122:431-437 
Post DM (2002) Using stable isotopes to estimate trophic position: Models, methods, and 

assumptions. Ecology 83:703-718 
Quartino ML, Kloser H, Schloss IR, Wiencke C (2001) Biomass and associations of 

benthic marine macroalgae from the inner Potter Cove (King George Island, 
Antarctica) related to depth and substrate. Polar Biol 24:349-355 

Quillfeldt P, McGill RAR, Furness RW (2005) Diet and foraging areas of Southern 
Ocean seabirds and their prey inferred from stable isotopes: review and case study 
of Wilson's storm-petrel. Mar Ecol Prog Ser 295:295-304 

Rasmussen TB, Manefield M, Andersen JB, Eberl L, Anthoni U, Christophersen C, 
Steinberg P, Kjelleberg S, Givskov M (2000) How Delisea pulchra furanones 
affect quorum sensing and swarming motility in Serratia liquefaciens MG1. 
Microbiology-Uk 146:3237-3244 

Rau GH, Hopkins TL, Torres JJ (1991) N-15/N-14 and C-13/C-12 in Weddell Sea 
invertebrates - implications for feeding diversity. Mar Ecol Prog Ser 77:1-6 

Reichardt W, Dieckmann G (1985) Kinetics and trophic role of bacterial degradation of 
macro-algae in Antarctic coastal waters. In: Siegfried WR, Condy PR, Laws RM 
(eds) Antarctic Nutrient Cycles and Food Webs. Springer-Verlag, Berlin 
Heidelberg 

Rhoades D (1979) Evolution of plant chemical defenses against herbivores, Vol. 
Academic Press, New York 

Richardson MG (1977) The ecology (including physiological aspects) of selected 
Antarctic marine invertebrates associated with inshore macrophytes. PhD 
Dissertation. University of Durham 

Rothausler E, Thiel M (2006) Effect of detachment on the palatability of two kelp 
species. J Appl Phycol 18:423-435 

Schmidt AL, Scheibling RE (2007) Effects of native and invasive macroalgal canopies on 
composition and abundance of mobile benthic macrofauna and turf-forming algae. 
J Exp Mar Biol Ecol 341:110-130 

Scinto A, Benvenuto C, Cerrano C, Mori M (2007) Seasonal cycle of Jassa marmorata 
Holmes, 1903 (Amphipoda) in the Ligurian Sea (Mediterranean, Italy). J Crustac 
Biol 27:212-216 

Sherwood GD, Rose GA (2005) Stable isotope analysis of some representative fish and 
invertebrates of the Newfoundland and Labrador continental shelf food web. 
Estuar Coast Shelf Sci 63:537-549 



109 
 

Stachowicz JJ, Hay ME (1996) Facultative mutualism between an herbivorous crab and a 
coralline alga: advantages of eating noxious seaweeds. Oecologia 105:377-387 

Steinberg PD, De Nys R, Kjelleberg S (2002) Chemical cues for surface colonization. J 
Chem Ecol 28:1935-1951 

Steneck RS, Dethier MN (1994) A functional-group approach to the structure of algal-
dominated communities. Oikos 69:476-498 

Sudatti DB, Rodrigues SV, Coutinho R, da Gama BAP, Salgado LT, Amado GM, Pereira 
RC (2008) Transport and defensive role of elatol at the surface of the red seaweed 
Laurencia obtusa (Ceramiales, Rhodophyta). J Phycol 44:584-591 

Tegner MJ, Dayton PK (2000) Ecosystem effects of fishing in kelp forest communities. 
Ices J Mar Sci 57:579-589 

Van Alstyne KL, Paul VJ (1992) Chemical and structural defenses in the sea fan 
Gorgonia ventalina - effects against generalist and specialist predators. Coral 
Reefs 11:155-159 

Van Alstyne KL, Wylie CR, Paul VJ, Meyer K (1992) Antipredator defenses in tropical 
pacific soft corals (Coelenterata, Alcyonacea) .1. Sclerites as defenses against 
generalist carnivorous fishes. Biol Bull 182:231-240 

Wada R, Terazaki M, Kabaya Y, Nemoto T (1987) 14N and 13C abundances in the 
Antarctic ocean with emphasis on the biogeochemical structure of the food web. 
Deep-Sea Research 34:829-841 

Wahl M, Hay ME (1995) Associational resistance and shared doom - effects of epibiosis 
on herbivory. Oecologia 102:329-340 

Wear DJ, Sullivan MJ, Moore AD, Millie DF (1999) Effects of water-column enrichment 
on the production dynamics of three seagrass species and their epiphytic algae. 
Mar Ecol Prog Ser 179:201-213 

Wiencke C, Clayton MN (2002) Antarctic Seaweeds. In: Wagele JW (ed) Synopses of 
the Antarctic Benthos, Vol 9. A.R.G. Gantner Verlag KG, Lichtenstein, p 94 

Zamzow JP, Amsler CD, McClintock JB, Baker BJ (2010) Habitat choice and predator 
avoidance by Antarctic amphipods: the roles of algal chemistry and morphology. 
Mar Ecol Prog Ser 400:155-163 

Zhao LY, Castellini MA, Mau TL, Trumble SJ (2004) Trophic interactions of Antarctic 
seals as determined by stable isotope signatures. Polar Biol 27:368-373 

 
 


	Chemically mediated macroalgal-mesograzer interactions along the Western Antarctic Peninsula
	Recommended Citation

	tmp.1702910162.pdf.B8X0i

