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The following dissertation research studied bioturbation activity in the benthic 

community at a site in the eastern North Pacific (Station M; 34º50’N, 123º00’W; 4100 m 

depth).  Time-lapse photography, animal collections and sediment core samples were 

used to examine whether bioturbation rates of Echinocrepis rostrata echinoids at Station 

M changed significantly over an 18-year period between 1989 and 2007, if these possible 

changes are correlated to food supply and surface conditions/climate, and how E. rostrata 

bioturbation affects deep-sea sediment chemistry. 

First, animal aggregation behavior was addressed as a potential bias in the time-

lapse camera data used to conduct the long-term observations at Station M.  Genetic tests 

were conducted to determine the phylogenetic relationships among the three commonly 
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observed color morphs of E. rostrata (designated tan, purple and white).  The 

reproductive behavior of E rostrata, which has never been described, was also examined.  

Abundance, size and speed data from the photographic record were used to track long-

term changes in bioturbation by E. rostrata, and how those changes were correlated to 

variations in climate and particulate organic carbon (POC) flux rates.  Radioactive 

isotope activity, carbon content and chlorophyll concentrations were measured in the top 

four cm of thirty-two paired push core samples collected at Station M from sediment 

trails recently created by E. rostrata and local undisturbed sediment. 

The results showed that the rate of bioturbation of E. rostrata echinoids at Station 

M was correlated to food supply and climate indices.  Aggregation behavior and possible 

multiple species of Echinocrepis were ruled out as confounding factors which might have 

affected the data used to conduct the bioturbation study, while examination of the 

reproductive anatomy of E. rostrata showed that this species is unlikely to broadcast 

spawn or reproduce seasonally.  Finally, there was no conclusive evidence of the effect of 

E. rostrata bioturbation on sediment chemistry; however, further research is required. 
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General Introduction
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Far from being the featureless, monotonous, mostly lifeless mud plain that it was 

initially thought to be, the abyssal plain is now known to support high levels of 

biodiversity and undergo constant change due to a degree of biological and geological 

activity that rivals that found anywhere else on the globe (Hessler and Sanders 1967; 

Gage 1996; Gage et al. 2002).  The abyssal plain is also the eventual destination for the 

particulate organic carbon (POC) produced in the surface ocean (Martin et al. 1987; 

Lampitt 1992; Lee et al. 1998; Kiørboe 2001; Kiørboe and Thygesen 2001; Stemmann et 

al. 2004; Buesseler et al. 2007).  The POC that reaches the seafloor, in the form of 

phytodetrital aggregates, does not simply accumulate on the seafloor and remain in a 

refractory state; instead, it is consumed and reworked by deep-sea benthic organisms, 

sequestered in sediments, remineralized, and eventually a large percentage of the carbon 

(Thunell et al. 1994; Thunell et al. 2000) is transported back to the surface over hundreds 

to thousands of years (Bauer et al. 1992; Reimers et al. 1992; Smallwood et al. 1999; 

Miller et al. 2000).  The biologically mediated cycling of carbon from CO2 in the 

atmosphere to incorporation by phytoplankton, from planktonic organisms to the export 

of POC into the deep ocean, and from phytodetritus ingested by benthic organisms back 

into the water column as dissolved CO2 is collectively known as the “biological pump” 

which is a major control on carbon in the ocean and atmosphere (Sarmiento and 

Siegenthaler 1992; Bopp et al. 2005; Marinov et al. 2006).  However, many of these 

processes occur at depth and are difficult to measure directly. 

Both the quantity and quality of POC that is deposited on the seafloor, and the 

abundance of benthic organisms (Ruhl 2007), fluctuate in relation to climate (Smith et al. 

1994; Smith et al. 2001; Ruhl and Smith 2004); however, the connections between the 
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amount of POC that reaches the seafloor, benthic population size, and bioturbation levels 

have yet to be extensively studied.  The biological mixing of sediment, or bioturbation, is 

an important factor in changing geochemical gradients, redistributing nutrients and 

restructuring bacterial and microfaunal communities (Meysman et al. 2006).  If 

bioturbation levels also fluctuate with climate, the amount of carbon that is sequestered in 

the sediments could be affected by changes in surface conditions as well.  The pelagic-

benthic coupling between surface production, benthic fauna abundance, and seabed 

carbon sequestration is a crucial process that has profound impacts on the seafloor 

biology, chemistry and geology (Gray 1974; Aller 1982; Smith et al. 1997; Biles et al. 

2002; Solan et al. 2004).  In spite of the importance of the deep-sea in the carbon cycle, 

there is a paucity of data on deep-sea processes. 

 One of the major reasons for the lack of biogeochemical data from the deep 

ocean is the difficulty inherent in sampling and observing communities at extreme 

depths.  Traditional techniques, such as sediment coring and bottom trawling, do not 

always provide an accurate picture of the ecosystem.  Marine biologists and geologists 

have used deep-sea photography to identify objects of interest in the deep ocean since the 

late 1960s (Ewing and Davis 1967; Menzies et al. 1973; Grassle et al. 1975; Lemche et 

al. 1976); however, all deployments before 1974 recovered only instantaneous snapshots 

of the seafloor.  In 1974, Gerard and Thorndike created the Bottom Ocean Monitor 

(BOM), which was deployed for 202 days and took still photographs of the ocean bottom 

every 4 hours (Paul et al. 1978).  Adding a time dimension to the photographic record 

significantly increased our understanding of the mechanisms and rates of deep-sea 

processes, and illustrated how little was known about the dynamic benthic environment. 
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 The cost of operating research vessels and submersibles over the ensuing years 

has led to greater reliance on in situ monitoring devices such as time-lapse cameras and 

video systems.  Video cameras require more data storage capacity and have lower 

resolution than still photography (Carter et al. 1979), so time-lapse still photography 

remains the method of choice for long-term deep-sea studies.  A small sample of the 

scientific applications of time-lapse photography include observation and measurement 

of deep ocean floor processes (Thorndike et al. 1982; Gardner et al. 1984; Bett and Rice 

1993; Smith et al. 1993; Bett et al. 2001; Solan and Kennedy 2002), feeding rates of 

abyssal scavengers (Hargrave 1985; Ramsay et al. 1997; Kemp et al. 2006), and the 

behavior and mortality of hydrothermal vent tubeworms (Tunnicliffe et al. 1990) and 

gastropods (Martell et al. 2002). 

The following dissertation research used time-lapse photography and manned and 

robotic submersibles (ROVs) to study bioturbation activity in the benthic community at a 

site in the eastern North Pacific (Station M; 34º50’N, 123º00’W; 4100 m depth).  This 

location, approximately 220 km west of Pt. Conception, CA, has been the subject of 

multiple long-term benthic and pelagic studies that provided 18 years of background data, 

including sediment trap collections as well as an 18-year set of time-lapse photographs of 

the seafloor.  The long-term time-series study was established at this site because the 

activity of the California Current above it leads to seasonal and interannual variations in 

surface productivity.  Seasonal pulses of phytodetritus and other forms of organic matter 

often begin in June or July and can last until December (Smith et al. 1994), though this 

cycle can vary extensively in intensity and duration from year to year (Baldwin et al. 

1998).  The variable food supply at Station M has seasonal impacts on sediment 
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community oxygen consumption (SCOC, Smith and Kaufmann 1999; Smith et al. 2001), 

abundance of sediment infauna (Drazen et al. 1998), megafaunal behavior (Kaufmann 

and Smith 1997) and megafaunal abundance (Ruhl and Smith 2004; Ruhl 2007). 

A strong El Niño Southern Oscillation (ENSO) event in 1997 and 1998 caused 

numerous and persistent ecological changes in the northeast Pacific Ocean (Kahru and 

Mitchell 2002a; Kahru and Mitchell 2002b; Bograd and Lynn 2003; Brinton and 

Townsend 2003; Lavaniegos and Ohman 2003).  A deficit in the abyssal food supply in 

1998 was found by comparing the food supply (POC flux rates) and demand (SCOC 

levels) from 1989-1998 (Smith et al. 2001); the supply:demand ratio shifted back to 

surplus levels in 1999 (Smith et al. 2006).  Ruhl (2004; 2007; 2008) found that the 

abundance and distribution of various species of mobile epibenthic megafauna at Station 

M were correlated with the climate-related, interannual variation in POC flux. 

One of the most active and abundant epibenthic organisms observed at Station M 

is Echinocrepis rostrata, an irregular sea urchin that ranges in width between 50 to 150 

mm and exhibits three color morphs: white, tan, and purple (Smith et al. 1993; Kaufmann 

and Smith 1997; Ruhl 2007; Vardaro et al. 2007).  Echinocrepis echinoids mediate 

bioturbation through their locomotion and feeding behaviors, which create visible and 

distinctive trails several centimeters deep in the sediment that can persist for months 

(Kaufmann and Smith 1997).  In addition to its abundance at Station M and bioturbation 

activity, E. rostrata was an ideal proxy species to use in this study because of its 

distinctive color and shape, which simplified identification from the time-lapse 

photographic record, and its movement speed, which was slow enough to remain in the 

field of view of the time-lapse camera for days to weeks at a time, but fast enough to be 
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measurable in hourly time-lapse photographs.  The genus Echinocrepis was first 

described by Alexander Agassiz in a report on the echinoids dredged up by the 

Challenger Expedition (Agassiz 1879; 1881), with two species identified: E. cuneata in 

the Antarctic and E. rostrata in the eastern Pacific, described from samples recovered by 

Mironov (1973).  Echinocrepis belongs to the family Pourtalesiidae in the order 

Holasteroida (Mortensen 1950).  Holasteroida is an abyssal order that includes heart 

urchins (David 1988; Smith 2004).  There are seven globally distributed genera of 

pourtalesiids, all of which exhibit unique spines and pedicellariae, irregularly-shaped 

tests, and oral structures that are significantly different from the conventional five-fold 

radial architecture of regular echinoids (Agassiz 1881; Mironov 1975; Gage 1987; Mooi 

and David 1996; David et al. 2003; Saucede et al. 2004; Smith 2004; Mironov 2008). 

Chapters II-VI of this dissertation present research that used time-lapse 

photography, animal collections and sediment core samples to examine the behavior and 

biology of E. rostrata, whether bioturbation rates of E. rostrata echinoids at Station M 

changed significantly over time, if these possible changes are correlated to food supply 

and surface conditions/climate, and how bioturbation by E. rostrata affects deep-sea 

sediment chemistry.  Chapters II and III examine possible confounding factors which 

might have affected the data used to conduct the bioturbation study, while Chapter IV 

deals with aspects of the reproductive biology of E. rostrata that have important 

implications for the recruitment and dispersal of the species. 

 Chapter II addresses animal aggregation behavior as a potential bias in the 

time-lapse camera data used to conduct the long-term observations at Station M.  

Aggregation responses of fish and invertebrate populations following the introduction of 
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structures to seafloor habitats have been documented in shallow water artificial reefs and 

at deeper structures such as shipwrecks and oil extraction platforms.  The objective of 

this chapter was to document any persistent increases in the abundance of fish 

(Coryphaenoides spp.) or invertebrates (Echinocrepis rostrata) over the four-month 

deployment period of the time-lapse camera system. 

In Chapter III I present the results of gene sequence tests to determine 

phylogenetic relationships among the three color morphs of E. rostrata (designated tan, 

purple and white).  Bioturbation and population studies would be much more complex if 

the morphotypes were actually different species.  The mitochondrial (mt) 16S rDNA 

sequence, a portion of the mitochondrial genome commonly used in barcoding, was 

amplified from tissue samples from all three morphotypes, and their similarity was 

compared using Bayesian analysis.  This chapter addressed whether the three E. rostrata 

morphotypes constituted different species, possible explanations for the color variations 

of the morphotypes, and whether the size differences among the morphotypes were 

significant. 

Chapter IV examines the gonadal anatomy of E. rostrata to determine the 

reproductive strategy that would explain the low fecundity and large ova sizes found in 

the collected specimens.  Optical and electron microscopy as well as in situ photographs 

were used to search for evidence of seasonal spawning or constant gamete production, 

whether E. rostrata females brood their larvae or broadcast spawn, and any anatomical or 

photographic evidence of the reproductive behavior of E. rostrata. 

 Chapter V uses the 18-year time-series photographic record from Station M and 

data from concurrent abundance studies to track long-term changes in bioturbation by E. 
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rostrata.  Abundance, size and speed data from the photographic record were used to 

create an equation for bioturbation potential.  The bioturbation equation was used to 

determine whether there was an increase in bioturbation over the 18-years of the time 

series.  The levels of bioturbation by E. rostrata were then correlated with POC flux rates 

and climate indices to examine whether climate variation could lead to altered rates of 

carbon sequestration in deep sea sediments. 

Chapter VI uses push cores collected by ROV in areas of recently disturbed 

sediment to look for evidence of sediment mixing caused by E. rostrata bioturbation.  

The upper few cm of the sediment cores were sectioned and the isotopic composition, 

CHN concentration, and chlorophyll content of the sediment core sections were analyzed 

to isolate any evidence of vertical sediment mixing and homogenization by E. rostrata in 

recently bioturbated cores. 

Finally, Chapter VII presents the conclusions, broader ecological implications 

and potential future directions of this dissertation research. 
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Abstract 

 Three morphotypes of an irregular echinoid, genus Echinocrepis, are commonly 

observed in the deep North Pacific Ocean by remote time-lapse photographs and video 

from submersibles.  Genetic tests were conducted to determine the phylogenetic 

relationships among the three morphotypes (designated tan, purple and white) to aid in 

bioturbation and population studies involving Echinocrepis.  Ninety-eight specimens of 

Echinocrepis were collected by manned submersible and remotely operated vehicle 

(ROV) between 2005 and 2007.  Gonad tissue samples for microscopy and genetic 

sequencing were removed from the specimens.  The mitochondrial (mt) 16S rDNA 

sequence, a portion of the mitochondrial genome commonly used in determination of 

species, was amplified from 18 of the tissue samples (six specimens from each 

morphotype) and their similarity was compared using Bayesian analysis.  Results show 

that all three morphotypes have statistically similar mt 16S rDNA sequences and are most 

likely the same species, Echinocrepis rostrata.  The white morphotype has a significantly 

smaller body size (p<0.0001) than the other two morphotypes, has less gonad tissue, and 

a slightly different body shape, suggesting that it is a juvenile form of E. rostrata.  

Resolving the three morphotypes into one species simplifies identification of E. rostrata 

from photographs and leads to a greater understanding of the life history and reproductive 

cycle of a species vital to deep-sea bioturbation and carbon sequestration. 

 

Introduction 

 Comparison of short, standardized gene sequences (“barcodes”) that undergo 

relatively rapid molecular evolution can be employed to determine relatedness among 
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closely related organisms (Avise 1994; Floyd et al. 2002; Hebert et al. 2003; Moura et al. 

2007), even within morphologically cryptic species (Moura et al. 2007; Johnson et al. 

2008).  DNA “barcoding” techniques have been used to examine variation on local to 

global scales for many different types of marine species (Miya and Nishida 1997; Burton 

1998; de Vargas et al. 1999; Webb et al. 2006; Johnson et al. 2008, etc.).  However, 

fewer gene sequence identification experiments have been conducted on deep-sea benthic 

megafauna (France et al. 1996; Chase et al. 1998; France and Hoover 2002; Johnson et al. 

2008, etc.).  Studies are hindered in part by the risk and costs of deep-sea exploration, and 

a general lack of specimens of the quantity and quality required for reliable sequencing 

and analysis.  Advances in submersible technology have allowed intact samples of many 

previously indistinguishable and undescribed species to be recovered.  Morphologically 

cryptic species can be problematic when describing geographic ranges, which can be 

overestimated if multiple cryptic species are conflated into a single group or 

underestimated if several morphotype variants are mistakenly described as distinct 

species (Johnson et al. 2008).  In addition, taxa with morphologically distinct life stages 

have also been classified as separate species before molecular techniques linked larval 

and adult morphotypes (Shank et al. 1998). 

One of the most common organisms observed during a long time-series study of 

pelagic-benthic coupling in the abyssal northeast Pacific (Station M; 4100 m, 34°50’N, 

123°00’W) was Echinocrepis rostrata, an irregular echinoid (Smith et al. 1993; 

Kaufmann and Smith 1997; Ruhl 2007).  The genus Echinocrepis contains two described 

species: E. cuneata, recovered only in the Southern Ocean, and E. rostrata, found only in 

the North Pacific.  Echinocrepis cuneata was originally described by Agassiz (1881) and 
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E. rostrata was added to the genus by Mironov (1973).  The E. rostrata specimens 

described by Mironov were “greenish-violet” in color, which probably corresponds to the 

purple morphotype described here.  The fate of particulate organic carbon (POC) that 

reaches the seafloor is heavily influenced by the actions of benthic megafauna, such as 

Echinocrepis, that feed on and/or bury the surface-derived phytodetritus through 

bioturbation (Aller 1982; Kristensen and Blackburn 1987; Pfannkuche 1993; Pfannkuche 

et al. 1999; Smallwood et al. 1999; Miller et al. 2000; Smith et al. 2000).  The large 

numbers of Echinocrepis found at Station M and their capacity for reworking wide areas 

of the seafloor made them ideal organisms for studies on deep-sea bioturbation and 

pelagic-benthic interactions.  Complicating such research was the unknown phylogenetic 

relationship among the three morphotypes of Echinocrepis observed at Station M in time-

lapse photographs and ROV and submersible video footage.  If three different species 

were being observed, possible differences in food preference, foraging behavior or 

spawning pattern would need to be considered when conducting population-level 

research.  Observations of size and density changes over time would also have to be 

separated out by species rather than considering all observations of Echinocrepis in the 

photographic record to be the same species.  

The morphotypes were distinguishable by differences in pigmentation, size and 

shape (Fig. 1).  Because E. cuneata has been found only in the Southern Ocean (Agassiz 

1881), previous Station M studies (Smith et al. 1993; Kaufmann and Smith 1997; Ruhl 

2007) concluded that the irregular echinoids at the site all belonged to the species E. 

rostrata.  We examined the reproductive tissue and 16S mitochondrial DNA (mtDNA) 
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sequence variability of the three observed morphotypes of Echinocrepis echinoids at 

Station M to determine the phylogenetic relationship between the three morphotypes. 

 

Materials and Methods 

Specimen collection 

All specimens of Echinocrepis were collected in the vicinity of a site known as 

Station M located ~220 km west of Point Conception, California, USA (35°16’N, 

123°02’W) at a depth of ~4,000 m.  Collections were conducted at a site that was in close 

proximity to Station M (34º50’N, 123º00’W; 4100 m depth) but slightly shallower in 

depth due to the safety limits of the submersibles.  Echinocrepis specimens were 

collected for gene sequence analysis between 2005 and 2007 using the ROVs Jason II 

and Tiburon, and the Deep Submergence Vehicle (DSV) Alvin.  Specimens were 

collected using a suction sampler attached to the robotic arm of the ROV, or by scoops 

and box-core grab sampling tools operated by the Alvin.  Otter trawl samples, while 

extensive for the area, were excluded from this study because the fragility of 

Echinocrepis tests resulted in no collections of intact, uncontaminated specimens.  All 

samples were sorted by size and appearance (color, body shape, and size), measured 

(length, oral width and height) and photographed.  The specimens were then dissected; 

the gonadal tissue was removed, frozen in liquid nitrogen and ultimately stored in a -80ºC 

freezer.  The remaining tissue and test fragments were preserved in 95% ethanol.   
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Molecular Methods 

Genomic DNA was extracted from the frozen Echinocrepis gonad tissue samples 

using the Qiagen DNeasy purification protocol (Qiagen Inc., Valencia, CA).  About 10 

mg of gonad tissue from ten individuals of each morphotype were incubated overnight at 

52ºC in a solution containing 20µL proteinase K to fully digest the tissue fragments.  

Once the DNA was isolated according to the DNeasy protocol, PCR was conducted in a 

solution that contained 30-100 ng of template DNA, 2.5 µL of 2.5 µM MgCl2, 1 µL of 

each primer (10 µM final concentration), 2.5 units of Taq polymerase (AmpliTaq Gold, 

Applied Biosystems Inc., Foster, CA), 2.5 µL of 2 mM stock solution of dNTPs, and 

sterile water to final volume of 25 µL.  An approximately 500-650-bp fragment of the mt 

16S rDNA coding region was amplified using the primer pair 16sar (5’-

CGCCTGTTTACCAAAAACAT-3’) and 16sbr (5’-

CCGGTCTGAACTCAGATCACGT-3’) (Palumbi et al. 1991).  A Cetus 9600 DNA 

Thermal Cycler (Perkin-Elmer Corp. CT) was used to carry out the PCR at an initial 

denaturation of 95ºC/10 min, followed by 35 cycles of 94ºC/1 min, 55ºC/1 min, and 

72ºC/1 min, and a final extension at 72ºC/7 min.  PCR products were then diluted in 40 

µL of sterile water and purified with a Multiscreen HTS PCR 96 vacuum manifold 

system (Millipore Corp. Billerica, MA).  An ABI 3,100 capillary sequencer and BigDye 

terminator v. 3.1 chemistry (Applied Biosystems Inc., Foster, CA) were used to sequence 

the amplified DNA in both directions with the same primers used for PCR.  Forward and 

reverse sequences were proofread, aligned and edited by eye using Geneious® software 

(Drummond et al. 2007).  Genetic differences between the morphotypes were then 

identified by using Geneious® software to compare the amplified sequences.  Finally, 
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consensus sequences were extracted and basic local alignment search tool (BLAST) 

sequence similarity searched (Altschul et al. 1997) against all 47 of the echinoid mt 16S 

sequences in the GenBank DNA database. 

 

Statistical Methods 

 Statistical analyses of DNA diversity were conducted using Arlequin (v. 3.1, 

Excoffier et al. 2005) and DnaSP (Rozas et al. 2003).  Parsimony networks were 

constructed using the program TCS v. 1.21 (Clement et al. 2000) with a connection limit 

of 95% and redrawn in Adobe Illustrator CS v. 11.0.0. 

Phylogenetic analyses were conducted using the Mr. Bayes v. 3.1.3 program 

(Huelsenbeck and Ronquist 2001).  Appropriate substitution models for mt 16S were 

determined with standard procedures in PAUP (Swofford 1993) using Mr. Model Test 

(www.ebc.uu.se/systzoo/staff/nylander) and the Akaike information criterion (AIC, 

Akaike 1974).  Bayesian analyses involving six chains were run for at least 10 million 

generations with a printing, sampling frequency and burn-in period of 1,000.  Analyses 

were run five times each and data were visualized using Tracer v. 1.3 (Rambaut and 

Drummond 2003) to determine the appropriate burn-in period and ensure data had 

reached convergence.  Trees were visualized using FigTree V.1.0 

(http://tree.bio.ed.ac.uk/software/figtree).  All nodes with less than 0.95 posterior 

probability support were collapsed to basal polytomys. 

One-way analysis of variance (ANOVA) statistical tests followed by least 

significant difference (LSD) post hoc tests were used to compare the means of the test 
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size measurements and the ratios of test height to test length, and test width to test length 

for the three morphotypes. 

 

Results 

 Of the 98 specimens of Echinocrepis collected, 38 were of the purple 

morphotype, 30 were tan and 30 were white.  The specimens were distinguished visually 

by pigmentation differences as well as morphological variability in size, position of the 

test apex and test shape (Fig. 5, 6).  No differences in sex distribution ratio or internal 

anatomy were found between the morphotypes, aside from the white morphotype which 

had very little gonad tissue (Fig. 7).  ANOVA tests showed significant differences 

between the mean test length (TL; F2,94= 162.92, p<0.0001), test width (TW; F2,95= 

147.90, p<0.0001) and test height (TH; F2,95= 146.59, p<0.0001) of all three morphotypes 

(Table 2; Fig. 8A).  The mean values for the ratios of TW:TL and TH:TL were not 

significantly different between the two larger morphotypes (p>0.05; Fig. 8B), but 

ANOVA tests showed a significant difference between the TH:TL ratio of the white 

morphotype and the purple and tan morphotypes (F2,94= 19.70, p<0.0001) and the TW:TL 

ratios of the white and purple morphotypes (F2,94= 3.27, p<0.05). 

 Partial mt 16S rDNA sequences were recovered from 30 specimens.  From those 

sequences, the present analysis was restricted to six of each type, chosen to represent the 

maximum diversity within each morphotype.  Pairwise distances within each morphotype 

ranged from 0 to 0.01%, and between morphotypes 0 to 0.10%.  The Echinocrepis 

sequences were compared with other echinoid 16S sequences in the GenBank DNA 

database and plotted on a difference tree (Fig. 9).  The posterior probability value derived 
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from the Bayesian analysis for the Echinocrepis sequences was 1.00, therefore the node 

is fully supported. 

 

Discussion 

 When compared to other echinoid species in the GenBank BLAST database, 

very little variation was seen between the three Echinocrepis morphotypes.  Based on the 

statistical analyses of the genetic distances, it is most likely that all three morphotypes 

belong to the same species.  The geographic location of Station M and the anatomical 

characteristics of the specimens (Mironov 1973) identify the species as Echinocrepis 

rostrata. 

There is some evidence to suggest that the white morphotypes are juveniles or 

immature individuals.  In addition to their significantly smaller size, white E. rostrata 

specimens display characteristics such as reduced gonadal tissue, less tapered, more 

rounded body shape and shorter spines that indicate that they may not be fully developed.  

The smallest specimen recovered by submersible was 36 mm wide, 39 mm long and 22 

mm high.  The resolution of time-lapse photographs and high-definition video from 

manned and unmanned submersible dives allowed identification of much smaller 

individuals, down to an observed minimum of 13 mm in length.  Growth bands in the 

tests of other deep-sea echinoids have been used to estimate age (Gage 1987), but may 

not be a reliable method due to variation in the timing of band deposition in shallow-

water species (Russell and Meredith 2000).  No experimental age determination was done 

on the E. rostrata samples in this study, but all of the smaller size class of E. rostrata 
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observed in the time-series record and submersible video footage were white 

morphotypes.   

The explanation for the difference in pigmentation between the tan and the purple 

E. rostrata morphotypes remains unknown.  Many echinoids exhibit high levels of 

within-species variability in color, shape and spine length (Millott 1953; Nichols 1959; 

Chesher 1968; Chesher 1970; Serafy 1973; Higgins 1974; Higgins 1975; Marcus 1983; 

Lewis and Storey 1984).  However, variability between morphotypes of the same 

echinoid species has often been linked to environmental factors such as light levels 

(Kristensen 1964), wave activity (Lewis and Storey 1984) and sediment type (Higgins 

1974; Higgins 1975), none of which apply to E. rostrata.  Although the test shapes of the 

tan and purple E. rostrata were more similar to each other than to the white morphotype, 

there were significant differences in test width, length and height between the purple and 

tan morphotypes.  The size disparity may indicate that the smaller tan E. rostrata are 

younger than the larger purple ones.  The pigmentation may change from tan to purple (or 

vice versa) with age, similar to color progressions seen in some shallow water species 

(Millott 1953), and some individuals that appeared to be intermediate in color have been 

observed at the site.  The color difference may also be related to the density of spines on 

a particular animal which could alter its appearance.  A number of other types of 

spatangoid echinoids exhibit unexplained within-species color variations (Chesher 1968; 

Chesher 1970).  Although the colors of the tan and purple E. rostrata appear very 

different in time-lapse photographs and ROV video records, once removed from seawater 

or placed in water warmer than ~4ºC the pigments begin to leach out of the specimens 

into the water and the morphotypes become difficult to distinguish.  HPLC analyses of 
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the pigments found in the test and spines of purple and tan E. rostrata may provide more 

information about the chemical composition and elucidate possible differences between 

the pigments. 

Confirmation that the three morphotypes of E. rostrata seen at Station M are the 

same species allows for population-level measurements and bioturbation studies to 

proceed without having to divide population numbers by morphotype or species.  The 

physical variability between the morphotypes highlights the difficulty of determining 

deep-sea species based only on photographs or video footage.  Future research will 

attempt to sequence the mitochondrial cytochrome c oxidase (CO1) gene, another 

commonly used “barcoding” sequence, and test tissue samples from Echinocrepis 

specimens collected at other sites worldwide.



 

 

  

 

 
Figure 5.  High-definition video captures from the ROV 
Tiburon illustrate the three morphotypes of Echinocrepis 
rostrata seen at Station M: tan (A), purple (B) and white (C).  
Another species of spatangoid echinoid, Urechinus loveni (syn. 
Cystechinus loveni) is visible in the bottom left of A.  Scale is 
the same for all three images. 
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Figure 6.  Front view (a) and lateral view (b) of a white (left) and a tan E. rostrata 
(right) recovered during the November, 2005 Jason II cruise.  The white 
morphotype is significantly smaller and has a more rounded, less tapered shape.  
The pigmentation difference between the morphotypes is less pronounced at the 
surface. 
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Figure 7.  Amounts of gonadal tissue removed from a specimen of the 
white E. rostrata morphotype (A, top) and a purple E. rostrata 
morphotype (B, center).  The reddish material in the center of the petri 
dish in A and the top of B is membranous support tissue, not gonad. 

A 
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Table 2.  ANOVA statistical test results on the size differentials between the E. rostrata morphotypes 

Source 
Sum 

squares DF 
Mean 

square F statistic p 
 

LSD Contrast Difference 95% CI   
Test Width (TW) 146.94 2 73.47 147.90 <0.0001  Purple v Tan 0.65 0.23 to 1.07 (significant) 

Residual 47.19 95 0.50    Purple v White 2.88 2.46 to 3.30 (significant) 

Total 194.13 97     Tan v White 2.23 1.78 to 2.67 (significant) 

           

Test Length (TL) 204.27 2 102.13 162.92 <0.0001  Purple v Tan 0.93 0.46 to 1.40 (significant) 

Residual 58.93 94 0.63    Purple v White 3.47 2.99 to 3.94 (significant) 

Total 263.20 96     Tan v White 2.54 2.03 to 3.04 (significant) 

           

Test Height (TH) 140.82 2 70.41 146.59 <0.0001  Purple v Tan 0.86 0.45 to 1.28 (significant) 

Residual 45.63 95 0.48    Purple v White 2.86 2.45 to 3.28 (significant) 

Total 186.45 97     Tan v White 2.00 1.56 to 2.44 (significant) 

           

TH:TL ratio 0.109 2 0.055 19.70 <0.0001  Purple v Tan 0.025 -0.006 to 0.057  

Residual 0.261 94 0.003    Purple v White 0.081 0.049 to 0.113 (significant) 

Total 0.371 96     Tan v White 0.055 0.022 to 0.089 (significant) 

           

TL:TW ratio 0.025 2 0.013 3.27 0.0425  Purple v Tan 0.026 -0.012 to 0.063  

Residual 0.366 94 0.004    Purple v White 0.038 0.000 to 0.075 (significant) 

Total 0.391 96     Tan v White 0.012 -0.027 to 0.052  
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Figure 8.  Charts of mean widths, lengths and heights of the three E. rostrata morphotypes 
drawn from the 98 specimens recovered (A).  The white morphotype was significantly smaller 
than the other two.  The ratios of test length (TL) to test width (TW) and test height (TH) were 
similar for all three morphotypes (B). Error bars indicate one standard deviation. 
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Figure 9.  Bayesian tree constructed from the partial mt 16S rDNA sequences of 47 shallow and deep-
water echinoid species drawn from the GenBank database and the 18 consensus sequences of the three 
E. rostrata morphotypes from Station M.  The lack of variability among the mt 16S rDNA sequences 
from three morphotypes suggests that they are all the same species.  Scale bar indicates % species 
divergence. 
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Gonadal anatomy and possible brooding by the deep-sea epibenthic echinoid 
Echinocrepis rostrata (Order Holasteroida: Family Pourtalesiidae) 
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Abstract 

Although fairly common in the deep northeast Pacific, the reproductive behavior 

of the deep-sea epibenthic echinoid Echinocrepis rostrata has never been described.  The 

low overall densities of E. rostrata on the seafloor, very low fecundity (<1000 ova per 

female) and extremely large ova (600-700 µm) compared to shallow-water echinoids 

indicate that it is probably not a broadcast spawner.  Only one incidence of contact 

between two animals was seen in hundreds of hours of in situ observations and there is no 

anatomical evidence of specialized brood pouches or internal fertilization.  However, 

photographic evidence suggests that newly fertilized ova and possibly larvae adhere to 

the female’s aboral epidermis, where at least the early stages of development take place.  

This brooding behavior would allow E. rostrata to make the most efficient use of its 

small number of gametes and minimize the energy investment involved in producing 

large amounts of germinal tissue in an abyssal environment characterized by highly 

variable food availability. 

 

Introduction 

 Echinocrepis rostrata is unusual among deep-sea echinoids of the order 

Holasteroida in that it is permanently epibenthic.  It is also fairly common for a member 

of the deep-sea megafauna, reaching densities approaching 1 individual m-2 (Ruhl 2007), 

and moves at an average rate of only 1.68 m day-1 (Chapter V).  Thus this species is 

amenable to direct long-term observation by time-lapse photography and direct 

observation from submersibles (Smith et al. 1993; Lauerman et al. 1996; Kaufmann and 
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Smith 1997; Smith and Druffel 1998; Smith et al. 2002; Ruhl 2007; Vardaro et al. 2007).  

Although many aspects of the biology of E. rostrata are well-known, to date the 

reproduction of this species has not been described.  Therefore, the purpose of this note is 

to illustrate the reproductive anatomy and to discuss likely incidence of brooding 

behavior. 

 Two species of Echinocrepis have been described: E. cuneata from the Southern 

Ocean and E. rostrata only in the North Pacific.  Echinocrepis cuneata was originally 

described by Agassiz (1879; 1881) while E. rostrata was added to the genus almost a 

century later by Mironov (1973).  Specimens collected by Mironov were described as 

“greenish-violet” which probably corresponds to the purple morphotype described in Ch. 

IV of the present dissertation.  A tan morphotype was also described in the present study, 

and was shown to be the same species by mt 16S RNA sequencing.  Since no obvious 

differences were found between the tan and purple specimens, the gonadal anatomy of 

the two morphotypes will be described together here. 

  

Materials and Methods 

Observations relevant to the present paper were made on several hundred 

specimens of E. rostrata in situ (Fig. 10A) and on 68 specimens brought to the surface by 

submersible and dissected.  All specimens were collected in November 2005, August and 

December 2006 and February, June and September 2007 around a site known as Station 

M located ~220 km west of Point Conception, California, USA (35°16’N, 123°02’W) at 

a depth of ~4,000 m.  Collections were conducted using the ROVs Jason II and Tiburon, 

and the Deep Submergence Vehicle (DSV) Alvin at a site that was in close proximity to 
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Station M (34º50’N, 123º00’W; 4100 m depth) but slightly shallower in depth due to the 

safety limits of the submersibles.  Specimens were collected using a suction sampler 

attached to the robotic arm of the ROV, or by scoops and box-core grab sampling tools 

operated by the Alvin.  Otter trawl samples, while extensive for the area, were excluded 

from this study because the fragility of Echinocrepis tests resulted in no collections of 

intact, uncontaminated specimens.  All samples were sorted by size and appearance 

(color, body shape, and size), measured (length, oral width and height) and photographed.  

The specimens were then dissected and the gonads were removed.  The gonad tissue was 

frozen in liquid nitrogen or fixed for histology either in 10% formalin or in 95% ethanol. 

The fixed tissue was dehydrated in ethanol, embedded in Spurr’s resin, sectioned 

with glass knives, stained in 0.1% toluidine blue, and mounted in immersion oil for 

optical microscopic investigation.  Testes and ovaries were prepared, respectively, as 3 

and 7 µm sections.  Some of the ethanol and formalin-fixed gonads were prepared for 

scanning electron microscopy (SEM).  After fixation, the specimens were washed in 

distilled water for 2 minutes and then dehydrated in an ethanol series and critical point 

dried from CO2.  The dried specimens were mounted on stubs with Scotch double-stick 

tape, rotary coated with a mixture of gold and palladium (60:40), and viewed with a 

Cambridge Instruments® 360 scanning electron microscope. 

 

Results 

 All 68 of the specimens had four gonads at their aboral pole (Fig. 10B).  As in 

irregular echinoids generally, the gonad at the AB interradius (the section that extends 

clockwise from the radius directly opposite the hydropore in regular five-sectioned 
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echinoids) had been lost (Hyman 1955).  Of the 60 animals in which sex could be 

determined, the sex ratio was approximately equal (32 female: 28 male).  Each gonad 

comprised numerous branching tubules and was ~0.5 – 2 cm in overall length.  We did 

not determine gonad indices (percentage of gonad weight divided by total weight of the 

animal) because dissection was performed at sea with no access to a balance, but even the 

ripest specimens would have had a gonad index of under 1%.  This is extremely small 

compared to shallow-water echinoids, where the gonad index can reach values around 

30% (Boolootian et al. 1959; Holland and Giese 1965; Giese et al. 1966; Magniez 1983). 

 Specimens of E. rostrata testes were also collected and photographed.  Testes 

from most of the males contained numerous spermatozoa in the lumen (Fig. 10C), 

although testes from some males were less ripe, containing few sperm (Fig. 10D).  In 

unripe testes spermatocytes predominated in the germinal epithelium (Fig. 10D,E).  The 

sperm identified from the male gonads (Fig. 10F,G) exhibited the conical, arrowhead 

shape typical of most echinoid sperm (Pearse and Cameron 1991).  The sperm heads (at 

3.5 µm) are only slightly longer than shallow-water echinoids, but considerably shorter 

than the approximately 10-µm long sperm of some deep-sea echinoids (Eckelbarger et al. 

1989).  The only unusual feature of E. rostrata sperm were the five small concavities 

near the posterior pole of the midpiece (Fig. 10G).  

A cross-section of an ovarian lobe is shown in Figure 11A-C.  The germinal 

epithelium included primary oocytes with diameters ranging between 7 µm and 700 µm.  

The primary oocytes were characterized by a large germinal vesicle containing a 

prominent nucleolus.  Also present in the germinal epithelium were numerous nutritive 

phagocytes, some of which appear to be digesting a small proportion of the primary 
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oocytes that were undergoing degeneration.  The ovarian lumen includes a relatively 

small number of female gametes of maximum size that proved to be haploid ova 

(“eggs”).  These ova contained a small female pronucleus (Fig. 11A), instead of the large 

germinal vesicle characterizing the large primary oocytes.  Figure 11D shows twelve 

uncompressed ova that were removed from an ovarian lumen.  Although the ova were 

fixed in formalin, their diameters were probably comparable to those of living ova.  Their 

average diameter was approximately 675 µm.  This is considerably larger than the 85- to 

150-µm diameter ova of shallow-living echinoids with planktotrophic larvae (Pearse and 

Cameron 1991). 

 

Discussion 

The large size of the eggs found in the gonad tissue strongly indicates that larval 

development of E. rostrata is lecithotrophic, omitting any planktotrophic phase, as is 

typical for many species of deep-sea echinoderms (Mortensen 1921; Tyler et al. 1982).  

Lecithotrophic development is consistent with the constant egg production found in E. 

rostrata specimens, which indicates that E. rostrata probably does not spawn seasonally 

(Tyler et al. 1982).  Seasonal spawning of planktotrophic larvae by other deep-sea 

echinoderms has been linked to pulses of particulate organic carbon (POC) flux to the 

seafloor, because planktotrophic larvae require a ready source of food soon after hatching 

(Tyler et al. 1982; Tyler and Gage 1984; Ferrand et al. 1988).  Lecithotrophic larvae, by 

contrast, can survive for long periods of time on stores of energy provided by large, yolky 

eggs (Shilling and Manahan 1994; Young et al. 1997) which allows them to disperse 

widely at any time of year regardless of the availability of an external food supply.  The 
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seasonal and interannual variability of the food supply (POC flux) at Station M (Smith et 

al. 1992; Smith et al. 1994; Smith and Kaufmann 1999) may favor constant egg 

production and lecithotrophic larvae, which allows spawning and larval dispersal at any 

time of year.  The E. rostrata larvae can then survive from their yolk and eventually 

recruit into the adult population whenever POC flux rates become favorable. 

Some irregular echinoids that brood their young have conspicuous indentations in 

the test for retaining the developmental stages (Magniez 1983; Poulin and Féral 1996; 

Poulin and Féral 1998; Poulin et al. 2002).  However, some echinoderms without such 

pouches brood their young directly on the surface of the female, for example the crinoid 

Antedon mediterranea (Holland 1991).  There is limited evidence that E. rostrata may 

also exhibit surface brooding of the developmental stages without morphological 

specialization.  Video recordings of a single tan individual of E. rostrata observed in 

December 2006 showed about 20 spherical objects clustered near the aboral pole of the 

animal (Fig. 12).  The animal was collected using the ROV and dissection of the gonads 

showed it to be a female; unfortunately, the spheres on the surface were lost during 

collection.  The diameter of the objects was uniform and very close to the 675 µm 

diameter of E. rostrata ova.  It is probable that each sphere represented a recently 

fertilized ovum or an embryo in the early stages of development.   

 It is very unlikely that E. rostrata is a broadcast spawner.  Only a very small 

quantity of eggs and sperm are present at any one time in females and males, 

respectively.  In a ripe female, there are at most a few hundred ova ready to be spawned 

at any given time, compared with tens of millions of eggs in large, shallow-water 

echinoid species (Thompson 1979; McShane et al. 1996).  Moreover, the density of adult 
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animals on the deep sea floor is relatively low (less than one individual m-2 according to 

Ruhl 2007).  It is therefore likely that individuals of E. rostrata are required to come into 

close proximity to ensure effective fertilization, although we never saw any direct 

evidence for this.  In observing several hundred hours of E. rostrata behavior in time-

lapse photographs and real-time video, we saw two animals interact with each other only 

once and no obvious spawning ensued. 

In sum, E. rostrata makes a relatively small investment in germinal tissue (which 

is presumably a good strategy in nutrient-limited environment like the deep sea).  It 

seems likely that this species makes the most effective use of its small number of gametes 

by some kind of mating behavior that we have not yet observed.  Presumably, this 

behavior involves close approximation of a male and female (and possibly multiple 

individuals) and involves the adhesion of the spawned ova to the female’s aboral 

epidermis where at least the early stages of development take place. 
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Figure 10.  Echinocrepis rostrata adults and male reproductive system as seen by light 
microscopy (LM) and scanning electron microscopy (SEM).  (A) Purple morphotype 
from a frame of a videotape taken at about 4,000 m; the animal is crawling slowly on the 
sediment surface with its notched anterior end in advance (toward bottom left).  (B) View 
of inner aboral surface of an animal (anterior end toward the right) after removal of all 
the viscera except the gonads (arrowed).  (C) LM cross section of part of a testicular 
tubule with numerous spermatozoa in the lumen.  (D) LM cross section of a testicular 
tubule with only a few spermatozoa in the lumen.  (E) LM detail of 1D showing that the 
germinal epithelium comprises mostly spermatocytes with no detectable nutritive 
phagocytes.  (F) SEM of a spermatozoan in side view showing the acrosome (arrow), 
conical nuclear region, midpiece (arrowhead) and flagellum.  (G) SEM of a spermatozoan 
showing the flagellum arising from the posterior pole of the midpiece, which is indented 
by five shallow depressions.
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Figure 11.  Echinocrepis rostrata female reproductive system seen by light microscopy. 
(A) Cross section of an ovarian tubule. The germinal epithelium includes many primary 
oocytes (po) ranging in diameter from about 10 µm (inset at top left) to hundreds of 
micrometers; also present are numerous nutritive phagocytes (np) some of which appear 
to be breaking down degenerating oocytes (arrowhead). The ovarian lumen contains ova 
(ov).  (B) Detail of nutritive phagocytes in the germinal epithelium of an ovary.  (C) The 
haploid female pronucleus near the periphery of an ovum.  (D) Fixed, uncompressed ova 
with average diameters of approximately 675 µm.
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Figure 12.  Echinocrepis rostrata female (tan color morph) from a frame of a videotape 
taken at about 4,000 m; anterior is toward the right.  Approximately fifteen spheres 
(probably ova or early embryos) adhere to the epidermis of the animal near its aboral 
pole.  The animal was captured, but the spheres were detached and lost by the time it 
reached the surface. 
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Abstract 

Seasonal and interannual climate variation is known to cause changes in the 

quality and quantity of particulate organic carbon (POC) flux to the deep-sea.  Changes in 

POC flux could affect bioturbation and ultimately the sequestration of organic carbon in 

the deep-sea.  The 18-year time-series photographic record from Station M showed 

increased abundance of Echinocrepis rostrata since the late 1990’s.  Abundance, size and 

speed data from the photographic record were used to create an equation for bioturbation 

potential that allowed us to track long-term changes in bioturbation by E. rostrata.  

Bioturbation did not increase significantly over 18 years despite increased population 

size, but bioturbation was significantly correlated with POC flux.  Thus, by changing 

POC flux and bioturbation rates, climate variations can lead to changes in rates of carbon 

sequestration in deep sea sediments, impacting the global carbon cycle.  

 

Introduction 

Fluctuations in climate influence deep-sea benthic community structure and 

activity through the marine carbon cycle.  Recent research has shown that climate 

variation affects levels of photosynthetic activity at the sea surface and subsequent 

particle export (Kahru and Mitchell 2002; Bopp et al. 2005; Behrenfeld et al. 2006; 

Buesseler et al. 2007).  Ocean warming is likely to increase stratification and decrease 

nutrient availability at the surface, leading to a shift towards smaller size classes of 

phytoplankton, greater recycling of nutrients in surface layers and decreases in particulate 

organic carbon (POC) flux out of the euphotic zone (Bopp et al. 2005).  Thus 

photosynthetic activity and primary production are related to the quantity and quality of 
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POC flux that reaches the seafloor and ultimately influences the benthic community 

(Smith et al. 1994; Ruhl and Smith 2004; Ruhl 2007). 

Although flux attenuation rates are variable, the majority of the organic carbon 

produced in the surface layers of the ocean is recycled in the upper ocean, either 

solubilised and remineralized by bacterial activity or consumed by zooplankton as it falls 

through the water column (Martin et al. 1987; Lampitt 1992; Lee et al. 1998; Kiørboe 

2001; Kiørboe and Thygesen 2001; Stemmann et al. 2004; Buesseler et al. 2007).  

Organic carbon that reaches the seafloor provides food for benthic fauna, while some 

portion becomes sequestered through burial without being ingested (Reimers et al. 1992; 

Smallwood et al. 1999; Miller et al. 2000).  This sequestration removes carbon from 

cycling back through the water column.  The fate of POC that reaches the seafloor is 

heavily influenced by the actions of benthic megafauna that feed on and/or bury the 

surface-derived phytodetritus (Aller 1982; Kristensen and Blackburn 1987; Pfannkuche 

1993; Pfannkuche et al. 1999; Smallwood et al. 1999; Miller et al. 2000; Smith et al. 

2000).  Here we show that climate variation and deep-sea bioturbation are positively 

correlated, and that increased POC flux leads to altered rates of bioturbation and changes 

in levels of carbon sequestration. 

 

Materials & Methods 

Time-Lapse Camera (TLC) 

The study was conducted using a long time-series photographic record of the 

seafloor at 4,100 meters in the Northeast Pacific Ocean.  An autonomous film camera 

system was first deployed at the site known as Station M in 1989 (Smith et al. 1993), and 
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continued through September 2007.  The time-lapse camera (TLC) took one oblique 

photograph of the seafloor every hour and was serviced 3 times a year.  The TLC 

consisted of a Benthos 377 camera mounted on a titanium frame at an angle of 31º from 

horizontal with the lens ~2 m above the sea floor. The camera was equipped with a 28-

mm Nikonos lens, providing angular coverage of 50º in the horizontal and 35º in the 

vertical plane, and holds 400 feet of 35-mm color-negative film (Fuji, Type 8514, 500 

ASA).  Up to 3500 images could be collected in 4.6 months.  Two 400-W-s strobes, one 

mounted on either side of the camera housing, illuminated approximately 20 m2 of the 

sea floor beginning at a distance of 1.8 m from the camera frame and extending 

approximately 6.5 m from the base of the camera frame (see Smith et al. 1993 for a more 

complete description of the time-lapse camera).   

 

Camera Sled (CS) 

Fifty-two seasonal photographic line-transects were also taken using a towed 

camera sled (CS) between October 1989 and January 2005.  Due to logistical restraints, 

the frequency of these transects was variable, but they were typically conducted 

seasonally.  Line transect photography was conducted using a Benthos 372 35mm film 

camera and Benthos 382 strobe mounted on a towed benthic camera sled, at a height of 

82 cm and 22.5° below horizontal (Wakefield and Smithey 1989).  The camera took one 

photograph every five s as the sled moved along the bottom at ~2.8 km h-1.  The 

overlapping images created a continuous image mosaic of the seafloor.  A semi-balloon 

otter trawl net towed behind the camera sled collected specimens from the line transect 

area.  Specimens recovered from the trawl net were then identified and used to facilitate 
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identification of the species observed in the line-transect photographs. The trawl net had a 

6.1 m opening and 3.8 cm stretch mesh net with a 1.3 cm mesh cod-end liner (Wakefield 

and Smithey 1989).  The resulting photographic record monitored deep benthic sediment 

community processes over 18 years.  The CS tows provided instantaneous line-transect 

measurements of epibenthic megafauna abundance and size, while the TLC system 

monitored a single area of the seafloor for 4-month intervals with a detailed view of 

temporal changes in activity and bioturbation (Fig. 13a,b).  Animal specimens were 

collected by remotely operated vehicle (ROV) and submersible during research cruises in 

2006 and 2007. 

 

Photographic Analysis 

The oblique photographs taken by the TLC were analyzed using a perspective-

grid method (Wolf 1983; Wakefield and Genin 1987).  Each image was projected onto a 

flat surface and digitized with a Science Accessories Corp.® electronic digitizer 

interfaced with a computer.  The camera sled photographs were evaluated using a 

Canadian grid system (Wakefield and Genin 1987) as well as the computer program 

DISTANCE (Laake et al. 1994), based on line-transect theory (Buckland et al. 1993).  

Using the digitized location of each individual along each transect, DISTANCE estimated 

the visibility of an object at a distance perpendicular to the centerline of the transect.  The 

DISTANCE program then provided a probability density function and effective strip 

width (ESW) for each species. The transect length was calculated using the sum of non-

overlapping distances between frames along the axis of the transect. Overlap was 
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estimated by measuring the relative positions of objects visible in sequential frames. The 

ESW was multiplied by the transect length to provide an estimation of abundance. 

 

Climate Indices 

Four climatic indices were also examined as part of the study, the Northern 

Oscillation Index (NOI, Schwing et al. 2002), Southern Oscillation Index (SOI, Trenberth 

and Shea 1987), the Multivariate ENSO Index (MEI, Wolter and Timlin 1998), the 

Bakun Upwelling Index (BUI, Bakun 1973), and the North Pacific Gyre Oscillation 

Index (NPGO, Di Lorenzo et al. 2008).  The NOI is based on the difference in sea level 

air pressure anomalies (SLPA) between the N Pacific high, located in the NE Pacific and 

a climatologically low-pressure region near Darwin, Australia.  The SOI is similar to the 

NOI, but is based on two S Pacific locations, one near Darwin, and the other near Tahiti.  

Although the SOI and the NOI are highly correlated, the NOI is correlated more closely 

with ecological variables in the NE Pacific (Schwing et al. 2002).  The MEI is a more 

integrated anomaly index incorporating parameters such as sea surface temperature, 

clouds, and wind.  Correlations with NOI and SOI have the same sign and correlations 

with the MEI have the opposite sign of the NOI and SOI.  The BUI is measure of the 

volume of water that upwells along coastal California and Oregon.  It uses geostrophic 

wind fields to identify the amount of offshore transport of coastal surface waters.  The 

NPGO is derived from analyses of Northeast Pacific sea-surface temperature anomalies 

(SSTa) and sea-surface height anomalies (SSHa).  The variability of the NPGO is driven 

by regional and basin-scale fluctuations in upwelling and horizontal advection, and has 

been significantly correlated with previously unexplained changes in salinity, nutrients 
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and chlorophyll.  All time-lagged correlations used the non-parametric Spearman-Rank 

correlation with monthly data and 1-month lag intervals. Pearson (parametric) 

correlations have several assumptions that are violated by the biological data in this study 

including normality and homoscedasticity.  Nonparametric tests were used here since 

they do not make assumptions about the distribution of the data.  Numerical analyses 

were done using Excel (Microsoft®) and Statistica (StatSoft®).   

Adjustments for multiple comparisons were not used.  Multiple test adjustments 

to the p value, such as the Bonferroni or Box-Jenkins corrections, are often used to 

reduce Type I errors, but can also increase Type II errors and result in a loss of test 

power, especially for smaller sample sizes (Feise 2002).  Subjective decisions about what 

constitutes a test, or group of tests, are also avoided by not using such corrections. 

Instead, conclusions regarding links with climate or food supply were based, in part, on 

whether the correlations met the basic criteria of sign and temporal relationship specified 

in Ruhl and Smith 2004. 

 

Particulate Organic Carbon (POC) Flux 

Particulate organic carbon (POC) flux to the seafloor was measured using a 

Teflon© coated parflux sediment trap with a 0.25 m2
 opening moored at 50 m above 

bottom (4050m water depth) (Baldwin et al. 1998; Baldwin and Smith 2003).  Ten-day 

samples were taken at 50 and 600 meters above bottom (mab).  Details of sediment trap 

data collection and analysis can be found in Baldwin et al. (1998).  Temporal gaps in 

measured POC flux measurements over the time series necessitated the creation of a 

composite estimate of POC flux.  This POC flux composite incorporates POC flux data 
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from 50 mab, then uses available data from the 600 mab sediment trap to fill in gaps 

where possible, and finally an estimation of POC flux to 50 mab based on multiple 

regression analysis of empirical data.  The empirical estimate of POC flux at 50 mab was 

generated using the Northern Oscillation Index, Bakun upwelling index, and satellite 

estimated export flux from surface waters overlying the study site (Smith et al. 2006).  

The export flux estimate used satellite-based net primary production (NPP) derived from 

the Vertically Generalized Production Model (VGPM, Behrenfeld and Falkowski 1997) 

and sea surface temperature using formulas from Laws (2004) for a 50 km radius around 

the Station M site.  The modeled POC flux data can explain about 50% of the sediment 

trap measured POC flux and can therefore establish if the flux is high or low.  The 

VGPM based POC flux estimates were included from March 1997 until October 1997 

because measured POC became available in November 1997.  In January 1998 POC flux 

estimates to 50 mab using the newly available Carbon-based Production Model (CBPM, 

Behrenfeld et al. 2005) were used to fill in POC flux time-series gaps beginning in 

January 1999.  The CbPM model also can explain about 50% of the variation in measured 

POC flux.  The composite of both measured values and model-estimated values presented 

a nearly continuous POC flux time-series to cross-correlate with climatic indices, 

bioturbation rate and the parameters used to calculate the bioturbation rate (abundance, 

size and speed). 

 

Bioturbation Equation 

Echinocrepis rostrata, a deep-sea epibenthic, irregular echinoid, is common at 

Station M and leaves distinctive trails in the sediment that allow quantification of the area 
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disturbed by their movements (Fig. 14a,b).  Abundance, body size and activity of E. 

rostrata from the photographic record were used to create an equation for bioturbation 

potential similar to that generated for shallow-water environments (Solan et al. 2004a; 

Lohrer et al. 2005).  Unlike prior research which used indices of bioturbation to compare 

the relative contributions of multiple epibenthic and infaunal populations to total 

sediment mixing rates in shallow water (Solan et al. 2004a), our study focused on the 

primary species, E. rostrata, as a proxy for bioturbation in a less complex deep-sea 

environment.  The significant traits used in our calculation of area covered by 

bioturbation (Bi) were abundance (Ai, individuals m-2), size (Si, mm), movement speed 

(Vi, mm day-1), and depth of sediment disturbance (Di, mm): 

Bi = Ai x Si x Vi x Di  (1) 

Full descriptions of each trait and the details of their derivation from CS and TLC 

datasets are provided below. 

We derived the abundance of E. rostrata from the CS line transects.  The CS data 

were used because of the greater spatial coverage of the line transects (~125,797 m2) 

compared to the TLC area (~560 m2).  In addition, the greater statistical power of the CS 

analyses performed using DISTANCE software (Laake et al. 1994) based on line transect 

theory (Buckland et al. 1993) provided a more robust measurement of abundance changes 

over time.  Although abundance can be calculated from stationary measurements or 

“point transects,” the mobility of E. rostrata, the number of individuals seen in the TLC 

records (nTLC = 202), and the low number of individuals visible in the camera field of 

view at a particular point in time made it less appropriate to rely on TLC-based 

abundance.  A rapid order of magnitude increase in E. rostrata abundance (Fig. 15a) 
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occurred between 2000 (0.2 individuals m-2) and 2005 (0.8 individuals m-2) and was 

recorded from the CS transects (Ruhl 2007).  A similar trend was seen in the number of 

E. rostrata observed with the TLC (Fig. 13a,b).  The average yearly number of E. 

rostrata seen in the field of view of the TLC before 2000 was 0.4 individuals m-2, which 

doubled to 0.8 individuals m-2 year-1 after 2000.     

The increase in abundance coincided with a decrease in the mean size of the 

individuals observed per month in both the CS (Ruhl 2007) and TLC photographic 

records.  Sizes of E. rostrata for the bioturbation calculations were taken from the CS 

data rather than the TLC data again because of the much larger sample size.  Size drawn 

from the CS photographs was of body length rather than the anterior width.  Since 

anterior width corresponds to the width of the trails of disturbed sediment left by E. 

rostrata movement, we converted the length to width measurements using a ratio 

(length:anterior width) derived from measurements taken of 98 E. rostrata specimens 

collected by remotely operated vehicle (ROV) and submersible.  Monthly mean widths of 

E. rostrata observed by the CS decreased from 62 mm (+/- 9 mm) before 2000 to 43 mm 

(+/- 13 mm) after 2000 (Fig 15a), while the mean width of E. rostrata observed by the 

TLC decreased from 90 mm to 80 mm (±20 mm).  Although the decrease in size seen in 

the TLC data fell within the error range, the general trend of decreasing size over the 

period of the time-series measurements agreed with the CS data.  The disparity in 

maximum and minimum sizes of E. rostrata observed between the CS and TLC data is 

most likely due to the differences in spatial coverage and sample size.  The CS camera, at 

~1m above the seafloor, facilitated measurements of the smallest size class of E. rostrata 
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and the greater spatial coverage enabled the CS to photograph a larger number of 

individuals (nCS = 2782) than the TLC (nTLC = 202). 

Mean speed of E. rostrata individuals observed by the TLC (1.68 ± 0.85 m day-1) 

did not exhibit a significant positive or negative trend (p > 0.05) over the entire time 

series, from 1989 to 2007 (Fig 15a).  However, a seasonal pattern in E. rostrata 

movement speed did emerge.  Speed correlated significantly (p<0.05) with sea surface 

temperature, which has a primarily seasonal variation, in a non-parametric Spearman 

correlation.  There was also a significant positive correlation (rs = 0.36; p<0.0001) 

between the size of E. rostrata individuals and their speed (Fig. 17a) indicating that 

larger organisms moved faster. 

The mode of E. rostrata bioturbation, “plowing” through the top layer of the 

sediment, remained consistent in both TLC and CS photographic records.  No E. rostrata 

were observed in the process of burrowing into the sediment, however on a few occasions 

some individuals were covered with sufficient sediment to be nearly obscured.  The depth 

of the trails created by most E. rostrata observed during submersible and ROV dives at 

Station M ranged from 0 to 2cm depth.  Although not able to be reliably measured from 

either TLC or CS photographs, this depth was determined by comparing the measured 

heights of E. rostrata collected using the submersibles to the depths of the observed 

furrows.  Here we use an estimated mixing depth of one cm in the bioturbation equation.   

 

Results 

The quantity of bioturbation values (n=16) was a product of the occasional lack of 

temporal overlap between CS and TLC deployments (Fig. 16).  There were a total of 37 



 

 

75 
 

months with E. rostrata abundance and size data from the CS tows, but only 16 of those 

months also included TLC deployments with visible E. rostrata that allowed 

measurement of movement speed and estimation of the bioturbation rate.  Bioturbation 

rate calculated using the above values was positively correlated (rs = 0.65; p < 0.01) to 

POC flux to the seafloor, with changes in bioturbation activity lagging variations in food 

supply by ~1 month (Table 3).  However, the bioturbation rate did not change 

significantly (p > 0.05) over the length of the time-series record (Fig. 15a).  The lack of 

secular change in bioturbation rates was not unexpected due to the relationship with POC 

flux, which has also not undergone any secular change over the time period of the time-

series, and the long-term trends seen in the variables used to calculate bioturbation show 

either no change (speed, trail depth) or opposing trends (size vs. abundance). 

POC flux has previously been correlated to upwelling indicators such as the 

Bakun Upwelling Index (BUI), the BUI anomaly and to sea surface temperature (SST) 

(Fig. 15b,c) with time lags between upwelling events and changes in the food supply to 

the deep sea of ~40 to 60 days at Station M (Baldwin et al. 1998).  Climate indices 

expressive of El Niño/La Niña such as the Northern Oscillation Index (NOI), the 

Multivariate ENSO Index (MEI, Fig. 15d), and the Southern Oscillation Index (SOI) 

have also been correlated with POC flux variations and shifts in benthic megafauna 

abundance (Ruhl and Smith 2004).  The North Pacific Gyre Oscillation Index (NPGO, Di 

Lorenzo et al. 2008) is a relatively new indicator of climate variation, and has not 

previously been correlated with Station M data.  Sea surface temperature (SST) was 

calculated for a 50 km radius around Station M using the ocean color and temperature 

scanner (OCTS).  SST was found to correlate significantly (rs = 0.58; p <0.05) with 
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bioturbation on a 3-month time lag (Fig. 15c; Table 3).  Ruhl and Smith (2004) found that 

cross correlations between climate indices and several holothuroid species abundances 

peaked with abundance lagging climate by 11 to 22 months.  We found that bioturbation 

was also correlated with these indices at time lags varying from 3-4 months for the BUI, 

SST and NPGO, and 16-20 months for the NOI, SOI and MEI (Table 1).  The varying 

time-lags between changes in climate, temperature, upwelling and bioturbation can be 

attributed to the time necessary for climate variations to impact upwelling, SST and POC 

flux and for the ensuing flux changes to reach and affect the seafloor community.  The 

parameters used to calculate the bioturbation rate (abundance, size and speed) correlated 

with POC flux variations on differing time scales.  Abundance peaks lagged ~3 months 

behind POC flux changes, but there was no significant relationship between size and 

POC flux, for unknown reasons.  Conversely, rates of speed shifted nearly 

instantaneously, with peaks lagging POC flux by ~0-1 months (Table 1).  Speed also 

appeared to have seasonal peaks, coinciding with similar peaks in POC flux and SST 

(Fig. 15a,c).  Some of the temporal lags between climate and bioturbation are the net 

outcome of changes in size, density and speed values. 

 

Discussion 

Epibenthic megafauna feeding and movement have proven to be major factors in 

incorporating detritus into the benthic food web (Solan et al. 2004b).  Detrital material 

that reaches the seafloor attracts epibenthic fauna which respond to these patches of 

resources (Levinton and Kelaher 2004; Ruhl and Smith 2004).  These epibenthic 

megafauna then facilitate incorporation of the POC into the sediment where it is rapidly 
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consumed by infauna and bacteria (Witte et al. 2003).  If the activity levels of epibenthic 

megafauna such as E. rostrata are affected by climate-mediated changes in POC flux, the 

fate of carbon that reaches the seafloor will also be affected. 

The calculated bioturbation rate, a product of the intermittent overlap between the 

CS and TLC deployments as previously stated, may obscure larger trends in bioturbation 

rate over time as well as seasonal signals.  For example, a paired t-test showed that 

significantly lower numbers (p < 0.01) of E. rostrata were seen in TLC photographs 

during summer months than during winter months (Fig. 17b).  However, no seasonal 

pattern was found in the CS abundance data, which may indicate that the difference in the 

frequency of occurrence variation between TLC and CS abundances was primarily due to 

changes in movement speed or migration behavior rather than a localized change in 

population size.  These behavioral changes would affect local bioturbation rates, but the 

impact on sediment mixing over regional to basin scales remains unknown.   

Shifting rates of bioturbation linked to climate could greatly impact sediment 

biology, chemistry and geology.  If global warming leads to increased stratification of 

ocean layers and decreased particle flux (Bopp et al. 2005), rates of bioturbation would 

also be expected to decline.  Decreasing rates of bioturbation would weaken sediment 

mixing, leading to reduced availability of surface derived POC to deep-sea infauna and 

bacteria (Reimers et al. 1992; Smallwood et al. 1999), resulting in less incorporation of 

surface-derived carbon into the infaunal food web (Aller 1982; Kristensen and Blackburn 

1987).  Less sediment mixing by epibenthic megafauna could potentially strain infauna 

and microbial populations that depend on the transport of POC deposits from the 

sediment-water interface deeper into the sediment (Danovaro et al. 2008; Thistle et al. 
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2008).  Restructuring of the benthic community and the rise of new dominant species 

might also follow such changes in sediment mixing.   

Variation in sediment stratification and species composition due to changes in 

bioturbation rates (McIntyre et al. 1967; Berger and Heath 1968; Guinasso and Schink 

1975; Goreau 1980; Hutson 1980) can provide a means of tracking climatic shifts in the 

geologic record (Behl and Kennett 1996).  Diversity oscillations and significant 

abundance changes in deep-sea benthic species have been linked to variation in climate 

both in the geologic record (Cronin and Raymo 1997; Cannariato et al. 1999; Cronin et 

al. 1999; Yasuhara et al. 2008) and in more recent benthic surveys (Ruhl and Smith 2004; 

Ruhl 2008).  Declines in sediment mixing and phytodetritus breakdown by benthic 

infauna and microbes combined with the decomposition of the nutrient-starved infaunal 

population could lead to reductions in dissolved oxygen in the sediment and a positive 

feedback loop that could even further reduce levels of bioturbation.  Although even total 

anoxia does not preclude the breakdown of phytodetritus on the seafloor (Hulthe et al. 

1998), the combined impact of reduced bioturbation and impaired sediment oxygenation 

on the benthic community might render the benthos unable to efficiently respond to and 

break down large pulses of phytodetritus during more productive periods.  This might 

result in the excess carbon being cycled back into the water column.  Alternatively, 

decreasing bioturbation could lead to increased burial and sequestration of carbon.  POC 

deposits that reach the abyss may simply accumulate on the seafloor if they are not mixed 

into the sediment and broken down by biological activity.     

Deep sediment cores, pore water analyses and isotopic organic carbon tests are 

necessary to determine the actual fate of the POC being mixed by bioturbation, but it is 
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clear that climate-mediated changes in POC flux are correlated to deep epibenthic animal 

behavior and biologically mediated sediment mixing.  Climate variation has far-reaching 

effects on the global carbon cycle, from surface productivity to deep sea bioturbation.  

Long-term time-series measurements are critical to resolving the links between the 

surface and deep-sea carbon cycling in the context of changing climate.
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Figure 13.  Echinocrepis rostrata movement patterns digitized from 4-month autonomous time-lapse 
camera deployment periods at Station M prior to (a) and subsequent to (b) the 1998 El Niño/La Niña 
cycle.  Lines indicate individual E. rostrata trails through the field of view of the camera; units are in mm 
from the base field of view and the intervals between plotted points are hours. 
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Figure 14.  Examples of images from the autonomous time-lapse camera record (A) and the towed 
camera sled footage (B) taken at Station M, with an Echinocrepis rostrata visible in the center of the field 
of view in each shot.  The characteristic trail left in the sediment by E. rostrata movement is markedly 
evident in the camera sled image. 
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Figure 15. Bioturbation (circles) and E. rostrata speed (diamonds) (A), the inverse relationship between 
E. rostrata size (open squares) and density (closed triangles) previously published in Ruhl (2007) (B) the 
sea surface temperature (SST) anomaly (C), the MEI climate index anomaly (D) and the POC flux 
composite (blue line) and the BUI anomaly (red bars) (E), from 1989 to 2005.  
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Figure 16.  The temporal overlap between months with camera sled (CS) transects and time-lapse camera (TLC) deployments at Station M.  The TLC 
was deployed during 28 of the 37 months with CS transects, but unfortunately 12 of the overlapping deployments were during months when no E. rostrata 
were observed by the TLC (green diamonds). 
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Table 3.  Peaks in time-lagged Spearman rank cross-correlations (r) between climate indices and the factors used to calculate bioturbation.  The “activity” 
term represents size and speed multiplied to derive the area covered by E. rostrata movement before adding density numbers to derive population-level 
bioturbation.  The correlations and associated time lags (in months) shown are the peaks in cross correlations (those with the highest r) and are not intended 
to represent fixed temporal lags.  Significant correlations are in bold.  n = number of monthly estimates for each correlation 

                              
  NOI      SOI      MEI      NPGO   Category n 

r p 
Time 
lag   r p 

Time 
lag   r p 

Time 
lag   r p 

Time 
lag 

                 
Density 37 0.16 0.33 11  0.15 0.37 9  -0.18 0.28 13  0.32 0.06 2 
Size 37 0.22 0.18 10  0.14 0.41 14  -0.23 0.16 20  -0.29 0.08 8 
Speed 71 -0.21 0.08 15  -0.25 <0.05 16  0.29 <0.05 14  -0.21 0.08 22 
Activity 16 -0.67 <0.01 12  -0.53 <0.05 15  0.61 <0.05 14  -0.55 <0.05 6 
Bioturbation 16 0.39 0.14 16  0.53 <0.05 18  -0.51 <0.05 20  0.67 <0.01 3 
                 
POC flux 206 0.47 <0.001 6  -0.45 <0.001 9  0.36 <0.001 10  0.41 <0.001 17 
                                  

                              

  BUI      
BUI 

Anomaly      

SST 
(50km 
radius)      

POC flux 
composite   Category n 

r p 
Time 
lag   r p 

Time 
lag   r p 

Time 
lag   r p 

Time 
lag 

                 
Density 37 0.46 <0.01 4  0.38 <0.05 5  -0.29 0.09 9  0.39 <0.05 3 
Size 37 -0.3 0.07 5  -0.53 <0.001 5  0.20 0.23 21  0.21 0.25 18 
Speed 71 0.37 0.001 4  0.34 <0.01 1  0.29 <0.05 2  0.38 0.001 1 
Activity 16 -0.26 0.33 7  -0.67 <0.01 7  0.31 0.24 15  -0.66 <0.01 4 
Bioturbation 16 0.59 <0.05 4  0.48 0.06 13  0.58 <0.05 3  0.65 <0.01 1 
                 
POC flux 206 0.46 <0.001 2  0.31 <0.001 2  -0.53 <0.001 6     
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Figure 17.  The positive correlation (rs = 0.36; p < 0.0001) between size and average speed of 
Echinocrepis rostrata (A) and the seasonal signal (p < 0.01) observed in the monthly average 
number of E. rostrata individuals observed over the 18 year time-lapse camera record (B).  The 
error bars in (B) indicate one standard deviation. 
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Abstract 

 Biological mixing of seafloor sediment, or bioturbation, plays an important role 

in determining the degree of recycling or burial of particles reaching the deep-sea floor.  

This study used deep-sea sediment cores recovered using manned and unmanned 

submersibles to determine the quantity of mixing that was attributable to bioturbation by 

Echinocrepis rostrata, a common deep-sea epibenthic echinoid.  Thirty-two paired push 

core samples were collected between 2005 and 2007 from sediment trails recently created 

by E. rostrata and local undisturbed sediment at 4100 m depth in the eastern North 

Pacific.  Radioactive isotope activity, carbon content and chlorophyll concentrations were 

measured in the top four cm of sediment from the push core samples.  No significant 

differences were found in the 234Th:210Pb ratio, carbon content, or chlorophyll and 

phaeopigment concentrations between the control and bioturbated cores.  The negative 

result may have been due to low particulate organic carbon (POC) flux rates at the study 

site during the sampling period, patchy distribution of newly deposited phytodetritus 

material in the areas cored, or negligible particulate matter ingestion and disturbance by 

E. rostrata in areas with small amounts of organic carbon.  Future bioturbation studies 

will take background phytodetritus concentrations during sampling into account, and 

measure possible horizontal mixing by epibenthic megafauna. 

 

Introduction 

The fate of carbon that is buried in the deep sea sediments is largely determined 

by sediment disturbance caused by biological activity, or bioturbation (Gray 1974; 

Rhoads 1974; Aller 1982; Rhoads and Boyer 1982; Reimers et al. 1992; Smallwood et al. 
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1999; Miller et al. 2000).  Bioturbation can also be a confounding influence on the 

temporal interpretation of sediment layers (McIntyre et al. 1967; Berger and Heath 1968; 

Guinasso and Schink 1975; Goreau 1980; Hutson 1980) and a means for transporting 

organic carbon deeper into the sediment, making it available to bacteria and infauna 

(Witte et al. 2003; Solan et al. 2004).  However, relatively little is known about the role 

of deep-sea epibenthic megafauna in determining whether newly settled organic material 

will be buried or recycled into the water column.  Epibenthic bioturbation can affect the 

geochemistry of sediments by disrupting fluid flow, homogenizing particle gradients 

created by macroinfauna and phytodetritus settlement, and by displacing, ingesting, and 

transporting sediment particles (Hoover 1995).  Some infaunal and bacterial populations, 

which can be highly concentrated in surface sediments (Reimers and Smith 1986), are 

likely to be disturbed or buried by epibenthic bioturbation events, while newly settled 

organic carbon is simultaneously made available to the infaunal community that remains.  

The sampling experiments made possible by submersible technology allow for detailed 

studies of the controls on and consequences of deep-sea bioturbation and feeding 

behavior. 

A long-term time-series study conducted at 4100m depth in the northeast Pacific 

Ocean demonstrated that one of the most common mediators of bioturbation at the study 

site was the irregular echinoid Echinocrepis rostrata (Smith et al. 1993).  Echinocrepis 

rostrata is an epibenthic species that forages for phytodetritus and other food by 

“plowing” through the top layers of the sediment.  In addition to ingesting organic 

carbon, the movement of E. rostrata through the top few cm of the sediment leaves 

distinctive trails, and may mix newly fallen particulate organic carbon (POC) and 
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phytodetritus aggregates deeper into the sediment.  Recent findings from long-term 

photographic surveys at this study site (Ruhl 2007) show an order of magnitude increase 

in the abundance of E. rostrata between 2000 and 2005 following a strong El Niño/La 

Niña event in 1998-1999, as well as positive correlations between bioturbation activity 

and POC flux levels (Chapter V).  If increases in ocean temperature amplify stratification 

and decrease nutrient availability at the surface, it could cause reductions in 

phytoplankton size, increase recycling of nutrients in surface layers and decrease 

particulate organic carbon (POC) flux (Bopp et al. 2005).  The combination of factors 

make it important to discover how E. rostrata bioturbation affects deep-sea sediment and 

the carbon cycle.  Decreasing rates of bioturbation due to a decline in POC flux would 

reduce sediment mixing, making surface derived POC inaccessible to deep-sea infauna 

and bacteria (Reimers et al. 1992; Smallwood et al. 1999), and resulting in reduced burial 

and remineralization of carbon. 

Positive correlations between bioturbation by deep-sea epifauna and the diversity 

of infaunal sediment communities (e.g. Lohrer et al. 2004; Gallucci et al. 2008; Thistle et 

al. 2008) and rates of mixing of organic matter (e.g. DeMaster et al. 1994; Fornes et al. 

1999; Smith et al. 2000) have been shown in previous studies.  Submersible and remotely 

operated vehicle (ROV) technologies allow for more specific identification and sampling 

of sediment that has recently undergone bioturbation.  We examined sediment push cores 

collected by manned and unmanned submersibles to determine how much mixing of 

deep-sea sediments is a result of E. rostrata bioturbation.  Using stable isotopes to 

directly measure the mixing of the sediment before and after E. rostrata-mediated 

bioturbation provides previously unavailable data on the chemistry and homogenization 
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levels of recently disturbed sediment in the deep sea.  Knowledge of the overall nutrient 

content of pre- and post-feeding surface sediments, estimated by measuring 

concentrations of chlorophyll and organic carbon, could also help to incorporate E. 

rostrata bioturbation into models of the deep-sea carbon cycle and carbon sequestration 

rates. 

 

Materials and Methods 

Push Core Collection 

 All of the sediment samples for this study were collected at a long-term time-

series station in the northeastern Pacific Ocean known as Station M, located ~220 km 

west of Point Conception, California, USA (34°50’N, 123°00’W) at a depth of ~4,100 m.  

Station M is subject to strong seasonal pulses of surface productivity, a major factor in 

the selection of this study site (Smith et al. 1992).   The sea floor at 4100 m has very little 

topographic relief (< 100 m over 1,600 km2) and is composed of silty-clay sediment with 

seasonal deposits of flocculent phytodetritus.  Sedimentation rates vary from 0-20 days 

for large phytodetritus aggregates to >100 days for small particulates (Lauerman et al. 

1997).  Currents near the seafloor average 3.8 cm s-1, can reach a maximum of 18.2 cm s-

1 and flow to the south during periods of highest current speeds and towards the north and 

west during the periods of low current speeds (Beaulieu and Baldwin 1998).  Time-lapse 

photographs taken at this site have revealed abundant evidence of bioturbation and other 

epifaunal activity at the site in the form of numerous trails, furrows and mounds that 

range in width from centimeters to meters (Smith et al. 1993). 

Sixteen pairs of 6.35 cm diameter push core sediment samples were taken at 

Station M using manned and unmanned submersibles during four cruises between 
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November 2005 and September 2007.  Moving E. rostrata echinoids were identified on 

the seafloor by eye or video monitoring.  The depth of the trails created by most E. 

rostrata at Station M ranged from 0 to 2cm depth.  Only E. rostrata with distinct 

sediment trails ≥1 cm deep were chosen for sampling.  Using the robotic arm of the 

submersible, a control core was inserted vertically into an undisturbed area of sediment 

next to the E. rostrata individual and an experimental core was inserted into the sediment 

directly behind the individual, centered in the trail (Fig. 18).  After both cores were in 

place and the purge valves closed the cores were removed and placed in a quiver onboard 

the submersible for recovery.   

 

Core sectioning 

Once the submersible had been recovered by the surface vessel, the cores were 

immediately taken to a refrigerated van or cold room (~2ºC) and sectioned.  Of the 32 

total cores recovered, eight cores were sectioned at 0.25 cm intervals down to a depth of 

4 cm.  The sections from four of these cores were placed in pre-weighed gamma vials and 

refrigerated until they could be transported back to the lab, where the sediment was then 

dried, ground, weighed and shipped to Claudia Benitez-Nelson at the University of South 

Carolina for 234Th and 210Pb isotope analysis.  The other 24 cores were all sectioned at 

0.25 cm intervals down to 1 cm and then every cm down to a depth of 4 cm.  Each 

section was homogenized, and then split into two cryovials: one for phaeopigment 

analysis and one for carbon/hydrogen/nitrogen (CHN) analysis.  The cryovials were then 

frozen in liquid nitrogen and then stored in a -80ºC freezer until analysis.     
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Isotope analysis 

The naturally occurring radionuclides 234Th and 210Pb, which are strongly 

adsorbed by particles in the water column, can be used to trace the ingestion of 

particulate matter by benthic organisms (Aller and DeMaster 1984; Moore and Dymond 

1988). 234Th is produced by 238U decay and is scavenged by particles sinking through the 

water column.  The short half-life (24.1 d) of 234Th makes it very useful in identifying 

newly settled particles on ~100-d time scales.  210Pb, produced in situ from 226Ra and 

atmospheric input, has a long half-life (22.3 yr) relative to 234Th.  210Pb can be used to 

track particles on the order of 100 yr and is effectively stable over the time scales relevant 

to this study.  Previous studies have found homogenization of 210Pb activity levels down 

to depths of 2-3 cm in sediment recently disturbed by echinoid bioturbation activity (D.J. 

Hoover, personal communication).   

Gamma ray spectrometry using an intrinsic well germanium detector with a 

resolution of 0.1% was performed to determine the activities, in counts per minute (cpm), 

of 234Th and 210Pb in the samples sent to South Carolina (Moore 1984; Thunell et al. 

1994).  Measured activities were converted to disintegrations per minute per gram (dpm 

g-1) using liquid standards measured in the same geometry.  To account for any possible 

fractionation due to compositional or grain size changes, excess (unsupported by decay of 

parent radionuclide) 210Pb activity was used to normalize excess 234Th activity.  The 

234Th: 210Pb activity ratio can be used to calculate apparent age differences between 

particulate matter from the sediment samples taken from disturbed and undisturbed areas 

of the seafloor.  Such ages could indicate whether E. rostrata were mixing freshly settled 

(234Th-rich) particles deeper into the older (234Th-poor) sediment.  Nonparametric Mann-
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Whitney tests were performed on the mean values of 210Pb activity, 234Th activity, and the 

234Th: 210Pb activity ratio from each core. 

 

CHN analysis 

 Samples from 23 cores (one set of core sections was damaged during freezing 

and could not be used) were sent to the MSI Analytical Lab at UC Santa Barbara for 

CHN analysis.  Each sample was freeze dried overnight and ground in a mortar and 

pestle.  The elemental composition of organic material in the sediment samples was 

determined using an Automated Organic Elemental Analyzer (Dumas combustion 

method) which simultaneously analyzes the weight percentage of carbon (C), hydrogen 

(H), and nitrogen (N) in ~10 mg of sediment.  Nonparametric Mann-Whitney tests were 

performed on the mean values of carbon and C:N ratio from each core, as well as the 

mean carbon and C:N ratio values from each individual 0.25 cm section.  Inorganic 

carbon in each sample was measured using a UIC carbon coulometer and acidification 

module, but the proportion of inorganic to organic carbon in the sediment samples was 

negligible (0-100 ppm), even in the topmost layers of sediment. 

 

Fluorometric analysis 

 Sections from 12 cores were kept in low-light conditions for chlorophyll and 

phaeopigment analysis on a fluorometer (Holm-Hansen et al. 1965).  Sediment samples 

were freeze dried for 24 hours, then ground using a mortar and pestle, and weighed.  One 

gram of sediment was placed in a 15 mL centrifuge tube, and then ~10 mL of 90% 

acetone was added to each tube.  The sample tubes were incubated overnight in a -20ºC 

refrigerator to extract the pigments.  The tubes were then centrifuged at 800g for 5 
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minutes, after which 10 mL of supernatant was decanted into a fluorometry tube.  

Samples were run on a Turner Designs (Sunnyvale, CA) 10-AU Fluorometer to 

determine the chlorophyll A concentration.  After the chlorophyll number was recorded, 

2 drops of 5% HCl were added to the sample to get a phaeopigment number.  The results 

from the fluorometer were then interpreted by an equation that incorporated sample 

weight, solvent volume and instrument-specific response values to derive chlorophyll and 

phaeopigment concentrations (µg/g).  Nonparametric Mann-Whitney tests were 

performed on the mean chlorophyll and phaeopigment concentrations (µg/g) from each 

core, as well as the chlorophyll and phaeopigment concentrations (µg/g) of each 

individual 0.25 cm section. 

 

Results 

 Cores taken from areas that had recently been disturbed by E. rostrata showed 

no evidence of any mixing of 234Th-enriched material deeper into the sediment (Fig. 

19A).  234Th activity levels below a depth of 0.25 cm were not significantly elevated 

above background concentrations (<0.20 cpm) to indicate bioturbation.  The low 234Th 

values made it impossible to determine if bioturbation had mixed newer, 234Th-rich, 

material deeper into the sediment.  In addition, there was no evidence of homogenization 

of isotope values in the cores taken from bioturbated areas.  No significant difference 

(p>0.05) in excess 210Pb (Fig. 19B), excess 234Th or the 234Th: 210Pb activity ratios was 

found between the two control and two experimental cores. 

 The CHN analysis on 23 sediment cores found no significant differences 

between the control and experimental cores that would conclusively indicate bioturbation 
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activity (Table 4).  Data was recovered on the weight percentage of carbon, hydrogen and 

nitrogen, and the C:N ratio for each section of all the cores.  Statistical tests showed no 

significant difference (p>0.05) between the carbon content in the control versus 

experimental sections.  The carbon content and C:N ratio in the top cm of sediment was 

slightly higher in control cores (%C = 1.63 ±0.10; C:N = 7.01 ±0.48) than in the 

experimental cores (%C = 1.61 ±0.11; C:N = 6.89 ±0.51), although these differences 

were within the error range and not statistically significant. 

 The mean chlorophyll and phaeopigment content of the top cm of sediment was 

higher in the control (concchla = 8.85 ±5.76 µg/g; concphaeo = 308.77 ±162.45 µg/g) than in 

the experimental cores (concchla = 7.82 ±4.92 µg/g; concphaeo = 259.90 ±131.41 µg/g) as 

well as in the top four 0.25 cm core layers (Table 4).  However, the mean chlorophyll and 

phaeopigment concentrations of each 0.25 cm sediment core layer and whole cores 

showed no significant difference (p>0.05) between control and experimental cores. 

 

Discussion 

 Although previous studies have successfully examined sediment isotope values 

at Station M (Lauerman et al. 1997) and sites at similar depths (Aller and DeMaster 1984; 

Buesseler et al. 1992; Clough et al. 1997; Borole 2002; Demopoulos et al. 2003), the 

background 234Th levels found at deep-sea sites were always very low (~10-20 dpm/g).  

Depletion of 234Th in seafloor sediments is generally due to the time it takes for fresh 

phytodetritus material to reach the seafloor.  The isotope values measured in the sediment 

samples from this study were much lower than expected, even given the extreme depth of 

Station M.  The time delay between sample collection and measurement of isotope 
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concentrations (13 to 50 d), and possible factors such as unusually low influx of POC at 

the site may have resulted in depleted isotope values that provided little useful 

information on mixing depth due to bioturbation.  The patchy nature of phytodetritus falls 

(Smith et al. 1994; Smith et al. 1996; Smith et al. 1998) and the lack of fresh samples of 

phytodetritus aggregates to compare to the background sediment made it difficult to 

detect mixing events.  In addition, the short (24.1 d) half-life of 234Th may have allowed 

the 234Th content of the sediment samples to decay past the minimum detectable limit 

during the time that elapsed between sample collections and isotope measurements.  This 

delay was an unavoidable result of weather difficulties, time required to return to shore, 

sample processing time, shipping time and a backlog of samples at the analytical lab that 

performed the spectroscopy.  Conical sediment traps deployed at Station M nearly 

continuously since 1989 (Smith and Druffel 1998) have demonstrated that POC flux 

levels at Station M are highly variable seasonally and interannually, ranging from 0.18 to 

25.21 mgC m-2 d-1.  The sample collections in November 2005 were conducted during a 

period of relatively low POC flux (<3 mgC m-2 d-1), which would likely result in highly 

234Th-depleted sediment.  Because the POC flux rates could not be determined until after 

the sediment trap samples recovered during the same cruise had been analyzed in the 

laboratory, there was no way to know whether POC flux rates were higher or lower than 

normal at the time.  Sediment samples taken during a period of higher flux would be 

more likely to exhibit isotopic variation between bioturbated sediment and undisturbed 

sediment. 

The absence of significant differences in the organic carbon or chlorophyll 

content of the control and experimental cores may also be related to the patchy nature of 
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phytodetritus aggregate falls, or to the feeding strategy of E. rostrata.  Sampling of the 

gut contents of various deep-sea epibenthic megafauna has shown that most preferentially 

consume freshly deposited organic material, often in the form of phytodetritus aggregates 

(Pfannkuche and Lochte 1993; Lauerman et al. 1997; Miller et al. 2000; Demopoulos et 

al. 2003; Howell et al. 2004; Hudson et al. 2004).  Echinocrepis rostrata have been 

observed changing the direction of movement towards newly fallen phytodetritus and 

consuming large aggregates on the seafloor (M. Vardaro, personal observation).  Since 

POC flux is variable seasonally and interannually at the Station M study site, and the area 

of the seafloor that is covered by phytodetritus aggregates can be patchy on the scale of 

E. rostrata, even during extremely high flux events, it is possible that the sampling sites 

for this study were not enriched enough in carbon or chlorophyll to provide evidence of 

feeding behavior.  The tracks that were sampled by the submersible may have been 

produced only by movement, not feeding, and any sediment mixing due to the movement 

of E. rostrata might not be detectable.  Even if some of the organic material in the 

experimental cores was ingested, the absence of detectable amounts of phytodetrital 

material in the control cores could be responsible for the similarity between cores in front 

and behind the moving E. rostrata echinoids.  The slightly higher carbon content and 

chlorophyll concentration in the top cm of the control cores compared to the slightly 

lower amounts of carbon and chlorophyll in the top cm of the experimental cores, while 

not statistically significant, suggests that some mixing or organic particle consumption 

was taking place.  Sampling during a period of higher flux or coring only trails that pass 

through patches of phytodetritus would likely provide more evidence of mixing. 
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One potentially significant aspect of E. rostrata bioturbation that was not 

explicitly examined in this study was horizontal sediment transport.  The mobility of E. 

rostrata could horizontally redistribute recently settled material across the sediment 

surface (Wheatcroft 1991; Smith et al. 1993) and change the chemistry of these particles 

in the process.  By ingesting and concentrating phytodetritus aggregates, transporting 

them and then redistributing them as fecal material, horizontal heterogeneity of the 

seafloor would be increased.  This horizontal component could be as important as the 

more commonly considered vertical component to the impacts of bioturbation on seafloor 

chemistry and geology.  If E. rostrata bioturbation is more horizontally than vertically 

oriented, paired core samples from recently disturbed and control locations may not be 

sufficient to quantify the effect of E. rostrata movement and feeding on sediment 

chemistry.  Horizontal bioturbation could be traced using artificial tracers such as dyes or 

luminophore beads, or additional core samples from multiple positions along the trail left 

behind a moving E. rostrata individual. 

Although this study did not find conclusive evidence of the effect of E. rostrata 

bioturbation on sediment chemistry, previous work in the equatorial Pacific has shown 

that epifaunal echinoids can homogenize the top layers of sediment and redistribute 

phytodetrital material (Hoover 1995).  The minimal differences between control and 

bioturbated cores in this study may have been due to low POC flux rates at Station M 

when compared to more eutrophic study areas, or to low feeding and/or mixing rates of 

E. rostrata in regions containing small amounts of newly arrived phytodetritus.  The 

potential effects of bioturbation on carbon burial, infaunal and bacterial access to organic 

material, pore water flow and sediment particle sizes add significant complexity to 
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tracing the fate of organic carbon that reaches the deep sea.  The collection of more 

sediment cores at different times of year and different time scales is necessary to 

parameterize bioturbation by E. rostrata and other epifauna if accurate models of carbon 

flux and sequestration are to be generated. 



 

 

 
 

 

Figure 18.  A high-definition still image from the ROV Tiburon, taken during sediment push core recovery.  The E. rostrata 
echinoid in the center of the frame was moving from left to right.  Thus, core 74 (left) was the experimental core placed in the trail 
behind the animal, and core 64 (right) was the control core, placed in undisturbed sediment in front of the animal.  The ROV’s 
suction sampler, used for collecting animals, is visible in the bottom right of the frame.  The distance between the lasers is 29 cm. 

105 



 

 

106 
 

 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

0-0.25 0.5-0.75 1.00-1.25 1.50-1.75 2.00-2.25 2.50-2.75 3.00-3.25 3.50-3.75

Sediment Layer Depth (cm)

23
4-

Th
 a

ct
iv

ity
 (d

pm
/g

)  
   

   
d

Core K control
Core B control
Core G experimental
Core A experimental

 

50.00

55.00

60.00

65.00

70.00

75.00

80.00

85.00

90.00

95.00

100.00

0-0.25 0.5-0.75 1.00-1.25 1.50-1.75 2.00-2.25 2.50-2.75 3.00-3.25 3.50-3.75

Sediment Layer Depth (cm)

21
0-

Pb
 A

ct
iv

ity
 (d

pm
/g

)  
   

  d

Core K control
Core B control
Core G experimental
Core A experimental

 
 
Figure 19.  Measured activities of excess 234Th (A) and 210Pb (B) in disintegrations per 
minute per gram dry weight from the two pairs of cores taken in front (control) and 
behind (experimental) E. rostrata echinoids at Station M.  Every other 0.25 cm section 
was skipped to minimize cost and sampling time.  Zero values in the 234Th data indicate 
levels of 234Th activity too low to be detected by gamma ray spectroscopy. 
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Table 4.  Mean carbon content (% by weight) and the carbon/nitrogen ratio from 23 sediment cores sent for CHN analysis.  Mean 
chlorophyll a concentrations (µg/g) and phaeopigment concentrations (µg/g) are from the 12 cores analyzed fluorometrically. 

 

 % Carbon  C/N Ratio  Chlorophyll (µg/g)  Phaeopigment (µg/g) 
Sediment 

Layer 
Depth (cm) 

Control Exp. p-value  Control Exp. p-value  Control Exp. p-
value  Control Exp. p-value 

                
0-0.25 1.674 1.607 0.1179  7.25 6.97 0.0688  11.02 7.93 0.9372  427.77 334.55 0.3095 

 ±0.106 ±0.113   ±0.34 ±0.48   ±8.92 ±5.87   ±208.51 ±154.58  
                

0.25-0.5 1.628 1.585 0.2875  6.96 6.87 0.7399  7.51 6.92 0.8182  320.46 251.60 0.2403 
 ±0.103 ±0.082   ±0.55 ±0.60   ±4.36 ±4.18   ±159.71 ±135.80  
                

0.5-0.75 1.611 1.594 0.5619  6.91 6.86 0.6075  8.95 7.14 0.5887  257.48 229.76 0.4848 
 ±0.092 ±0.103   ±0.36 ±0.53   ±5.26 ±4.31   ±122.32 ±113.60  
                

0.75-1.00 1.614 1.646 0.7045  6.90 6.85 0.8633  7.93 9.29 0.5887  229.39 223.68 0.9372 
 ±0.075 ±0.132   ±0.62 ±0.49   ±4.18 ±6.05   ±97.81 ±121.52  
                

1.00-2.00 1.637 1.668 0.5027  7.01 6.67 0.1128  8.31 9.58 0.6991  205.02 205.95 0.9372 
 ±0.071 ±0.100   ±0.48 ±0.36   ±4.01 ±5.84   ±97.94 ±103.31  
                

2.00-3.00 1.730 1.782 0.2469  7.10 7.22 0.4562  13.88 16.08 0.9372  219.59 259.53 0.4848 
 ±0.085 ±0.091   ±0.52 ±0.41   ±10.11 ±9.34   ±98.04 ±123.85  
                

3.00-4.00 1.788 1.849 0.2276  7.25 7.41 0.4491  16.98 15.82 0.9372  264.84 286.44 1 
 ±0.078 ±0.113   ±0.42 ±0.46   ±10.15 ±9.24   ±125.82 ±140.23  
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Conclusions 

This dissertation presented research that used time-lapse photography, animal 

collections and sediment core samples to prove that the rate of bioturbation of 

Echinocrepis rostrata echinoids at Station M was correlated to food supply and climate 

indices.  Aggregation behavior and possible multiple species of Echinocrepis were ruled 

out as confounding factors which might have affected the data used to conduct the 

bioturbation study, while examination of the reproductive anatomy of E. rostrata showed 

that this species is unlikely to broadcast spawn or reproduce seasonally.  More research is 

required to determine how bioturbation by epibenthic megafauna affects deep-sea 

sediment chemistry. 

The apparent lack of aggregation behavior around the time-lapse camera in the 

deep North Pacific has significant implications for the study of abyssal populations.  

Aggregation behavior and the biases such behavior could cause have been cited as a key 

argument against the use of observations made with seafloor time-lapse camera systems 

(Carter et al. 1979).  However, it appears that artificial structures alone do not cause 

significant associative behavior in abyssal fish or detritus-feeding echinoids around time-

lapse cameras.  The result of this study provided a sound basis to proceed with the main 

focus of my dissertation research, which used the 18 years of Station M time-lapse data to 

analyze the behavior and movement patterns of epibenthic megafauna.  However, more 

study is warranted on time-lapse camera deployments lasting longer than four months, 

which may allow enough time for slow-growing deep-sea epifauna (Beaulieu 2001) to 

settle on the time-lapse camera frame, attracting other organisms and leading to 

aggregation behavior.  Exploring the effects of longer exposure to the deep ocean 
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environment is especially important because of the growing number of long-term cabled 

array systems, such as the MARS and NEPTUNE arrays in the eastern Pacific Ocean, 

which will be deployed indefinitely at a range of depths with only limited service 

intervals. 

By confirming through gene sequence analysis that the purple, white and tan E. 

rostrata individuals seen at Station M were likely the same species, the bioturbation 

study could go forward without having to separate the surveys of E. rostrata abundance 

and statistical analyses of abundance, size and movement speed by morphotype or 

species.  While the size and color differences between the morphotypes were significant, 

the population numbers and effects of the three morphotypes E. rostrata on the sediment 

could be considered collectively.  The physical variability between the morphotypes did 

demonstrate the difficulty of determining deep-sea species based only on photographs or 

video footage.  Even the mt 16S rDNA results may not be sufficient to claim definitively 

that the three E. rostrata color morphs are one species.  The mt 16S rDNA gene sequence 

is a more conserved gene than some of the other genes used in “barcoding” studies.  

Future research will attempt to sequence the mitochondrial cytochrome c oxidase (CO1) 

gene, which is even more prone to mutation than 16S, and test tissue samples from 

Echinocrepis specimens collected at other seafloor sites.  

The discovery that E. rostrata produces a relatively small amount of germinal 

tissue is important to understanding the distribution and reproductive strategy of this 

deep-sea echinoid.  The highly variable flux of POC at Station M and other deep-sea sites 

would provide an inhospitable climate for seasonal reproduction, since there would not 

always be sufficient food to support gonad growth, gamete production, larval 
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development and recruitment at a predictable time of year.  Constant production of small 

numbers of large, yolky eggs allows E. rostrata to take advantage of pulses of 

phytodetritus that occur at irregular intervals by spawning and releasing their larvae into 

a more nutrient-rich environment.  Although the mating behavior of E. rostrata has not 

been observed, the relatively low density of individuals and lack of seasonal spawning 

behavior makes large spawning aggregations and broadcast spawning unlikely.  The 

investment in a small number of large ova also supports the larval brooding hypothesis, 

in which newly fertilized ova adhere to the external aboral surface of a female E. rostrata 

echinoid.  Early larval development would occur in a protected environment as opposed 

to release into the water column, and, once developed, the larvae can recruit immediately 

into the benthic environment without relying on random dispersal by bottom currents.  

Although larval distribution is limited by brooding behavior, the increased survival rates 

of the larvae presumably compensates for that disadvantage (Poulin and Féral 1996; 

Poulin et al. 2002), and the wide distribution of E. rostrata supports that theory (Mironov 

1973; Mironov 1976).  The distribution of E. rostrata across the Pacific Ocean basin also 

highlights the suitability of conducting deep-sea bioturbation studies using this animal, as 

results can be extrapolated to apply to the entire abyssal plain. 

The time-lagged correlations between climate indices, upwelling indices, POC 

flux rates and bioturbation rates show that climate-mediated changes in POC flux are 

connected to deep epibenthic animal behavior and biologically mediated sediment 

mixing.  The increased abundance of E. rostrata following the 1998-1999 ENSO event 

(Ruhl 2007) did not increase overall levels of bioturbation, most likely because the 

population spike reflected increased larval recruitment and a shift towards smaller size 
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classes.  However, when abundance, size and movement speed are all taken into 

consideration, the amount of sediment disturbed by E. rostrata is closely tied to POC 

flux, and therefore climate variation.  Climate variation has far-reaching effects on the 

global carbon cycle and biological pump, from surface productivity to deep sea 

bioturbation.  Long-term time-series measurements are critical to identifying the links 

between the surface and deep-sea carbon cycling. 

Previous studies in the equatorial Pacific have shown that epifaunal echinoids can 

homogenize the top layers of sediment and redistribute newly fallen phytodetritus 

(Hoover 1995; Smith et al. 1996).  However, my study did not find conclusive evidence 

of the effect of E. rostrata bioturbation on sediment chemistry.  Low POC flux rates at 

Station M compared to study areas with higher levels of surface productivity and less 

interannual and seasonal variability may have resulted in the minimal differences found 

between control and disturbed sediment cores.  Reduced movement and feeding of E. 

rostrata due to the small amounts of newly arrived phytodetritus may have also been a 

factor.  More sediment coring at different times of year, as well as coring extensively in 

areas containing large amounts of phytodetritus and fresh disturbance by E. rostrata may 

provide more data on the effects of bioturbation on the sediment. 

 

Broader Ecological Implications 

This research strengthens our knowledge of the connections between surface 

conditions and the deep-sea, and extends the recognized impact of climate variation on 

animal behavior from population-level effects to large-scale sediment mixing.  

Bioturbation was first studied in terrestrial soil movement (Richter 1952), a process 
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recognized by Charles Darwin (1881) and one that is now acknowledged as an important 

factor in changing geochemical gradients, redistributing nutrients and restructuring 

bacterial and microfaunal communities (Meysman et al. 2006).  However, bioturbation 

has an even greater global impact on the enormous sediment volume of the abyssal plain, 

which covers ~60% of the surface of the Earth (Glover and Smith 2003).  The export of 

POC out of surface waters and into the deep sea delivers large amounts of carbon to the 

abyssal environment, supporting a highly diverse community of epifauna, infauna and 

bacteria (Martin et al. 1987; Lampitt 1992; Lee et al. 1998; Kiørboe 2001; Kiørboe and 

Thygesen 2001; Stemmann et al. 2004; Buesseler et al. 2007).  The abyssal benthic 

community bioturbates the sediment, sequestering or remineralizing the POC, and 

upwelling then transports the carbon back to the surface waters, in the form of dissolved 

CO2, at variable time scales ranging from hundreds to thousands of years (Broecker 1991; 

Bauer et al. 1992; Reimers et al. 1992; Smallwood et al. 1999; Miller et al. 2000). 

Climate-related fluctuations in the levels of productivity at the surface result in 

corresponding changes in the quantity and quality of material that is deposited on the 

seafloor (Smith et al. 1994; Smith et al. 2001; Ruhl and Smith 2004) and the abundance 

of benthic organisms (Ruhl 2007).  Long-term changes in ocean temperature, whether 

natural or anthropogenic, could reduce upwelling and nutrient delivery through increased 

stratification (Bopp et al. 2005).  Increased temperatures may also reduce the percentage 

of surface production that is exported from surface waters into the deep ocean (Laws et 

al. 2000; Laws 2004).  Although vertical mixing of the ocean occurs on the order of 

hundreds to thousands of years, the time scale of POC export flux can connect the surface 

to the abyss within weeks to months (Ruhl and Smith 2004; Smith et al. 2006). 
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Any shifts in the dominant species or distribution of the benthic community, 

secondary to climate-driven changes in POC flux rates, will change the nature and 

intensity of marine sediment bioturbation. The impacts of faunal-driven sediment mixing 

on the long-term carbon cycle remain essentially unknown.  If long-term changes in 

ocean temperature and productivity disrupt the process of basin-scale abyssal 

bioturbation, the global carbon cycle could be affected in unforeseen ways. 

 

Future Directions 

 Understanding and modeling deep-sea processes, such as the biological pump 

and oceanic carbon cycle, requires long-term datasets that can resolve the seasonal and 

interannual variability, population-level biological variability, and animal movements and 

behaviors that control those processes.  Unfortunately, only two deep-sea sites worldwide 

have been the subject of long-term studies that exceed 5 years in length: Station M, the 

site of this dissertation project, located in the northeast Pacific Ocean at 4100m depth, 

studied since 1989,  and the BENGAL project located on the Porcupine Abyssal Plain 

(PAP) at 4800m in the northeast Atlantic Ocean, studied since 1991 (Bett and Rice 1993; 

Bett et al. 2001; Billett et al. 2001; Lampitt et al. 2001).  Both stations have observed 

considerable interannual variability in climate, productivity and animal behavior, and 

regime shifts in the dominant fauna over decadal time scales. 

 Funding for ship time, equipment deployments and servicing, information 

storage and data analysis are in short supply even for these two sites, despite the 

incalculable value of the unique datasets that have resulted from the observation of the 

deep-sea over long time scales.  Establishing new long-term deep-sea study sites in other 
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parts of the ocean is essential to expanding the scope of the results from Station M and 

the PAP beyond those two sites to global ocean scales.  Collaboration with deep-sea 

resource exploration and extraction projects can provide the support necessary to deploy 

new long-term observation platforms, and the ship and ROV time needed to service the 

platforms and recover collected data and samples.  However, these sites are limited in 

global coverage to the locations of the offshore resource extraction projects, and stand-

alone observation platforms have the same battery life limitations and data capacity 

restrictions as previous deep-sea projects. 

 The development of cabled seafloor arrays, which connect deep-sea observation 

platforms to high-bandwidth fiber-optic power and data cables, is revolutionizing the 

field of deep-sea biology.  By providing power directly from shore to deep-sea 

observation platforms and sending real-time images and oceanographic data from the 

platforms back to monitoring facilities onshore, many of the logistical difficulties of 

deep-sea research can be eliminated.  Once deployed, these arrays require minimal 

servicing, no recurring ship time costs and have minimal power and data storage 

restrictions.  Several arrays are near functional status, such as the NEPTUNE and 

VENUS regional-scale monitoring projects in the northeast Pacific Ocean, and several 

more are either in the process of coming online or in the planning stages.  There are 

significant technical hurdles to overcome, such as safely connecting new oceanographic 

modules to the underwater junction boxes and dealing with the storage and analysis of the 

immense amounts of real-time data that cabled arrays can produce.  However, the ability 

to conduct long-term deep-sea observation and experimental projects at a fraction of the 

previous cost and in numerous new locations will provide a better understanding of 
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oceanic processes that vary on long time scales, such as pelagic-benthic coupling, deep-

sea population dynamics, bioturbation and the carbon cycle. 
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