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ABSTRACT: Knowledge of the feeding habits of infaunal deposit-feeders is essential to understand 
their role in the movement of sediment-bound material and nutrients and in trophic transfer. Deposit- 
feeding ophiuroids are abundant in the world's oceans but many details of their intricate feeding 
behaviors are unknown. We used fluorescent polystyrene microspheres in a subsurface food layer to 
demonstrate that Amphipholis gracillima, an infaunal ophiuroid known to feed on surface particles, is 
also capable of consuming subsurface particles in the laboratory. Although physical conditions varied 
only slightly during experiments there was a significant effect of temperature on the number of micros- 
pheres consumed Additional experiments using layers of m~crospheres with and without food demon- 
strated that food layers significantly influenced the disc depth of A. gracillima, whereas layers without 
food did not. Utilizing subsurface sources of food might give burrowing organisms access to more 
sources of nutrients, decrease sublethal predation and lead to more stable populations over time. 
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INTRODUCTION 

Marine deposit-feeding infauna and epifauna such 
as ophiuroids, polychaetes, bivalves and holothurians 
are integral parts of soft bottom marine communities 
(Rhoads 1974, Cadee 1979, Fauchald & Jumars 1979, 
Levinton 1989). These deposit-feeders ingest particles 
and/or clumps of sediment, consuming associated 
meiofauna, microfauna, plant material, bacteria, and 
detritus (Hunt 1925, Rhoads 1974, Powell 1977, 
Fauchald & Jumars 1979, Lopez & Levinton 1987, 
Decho 1990). Through their feeding behavior, deposit- 
feeders influence the cycling of nutrients and chemical 
compounds (Rhoads 1974), as well as the physical 
characteristics of the sediment (Lopez & Levinton 1987, 
Levinton 1989). Subsurface deposit-feeders, in particu- 
lar, have the potential to play an important role in the 
global carbon cycle by increasing the rates of biomin- 
eralization and/or decreasing the amount of carbon 

that is permanently buried. They also have the poten- 
tial to influence the location and availability of pollu- 
tants (Olsen et  al. 1982). 

Infaunal deposit-feeding ophiuroids, although not 
as thoroughly studied as other groups, are abundant in 
all oceans of the world and frequently dominate soft 
bottom macrobenthic communities (Thorson 1957, Bar- 
nard & Ziesenhenne 1961, Buchanan 1964, Bowmer & 
Keegan 1983, Duineveld & Van Noort 1986). Ophi- 
uroids are frequently subjected to lethal or sublethal 
predation by a variety of fishes, shrimps, and crabs in 
many parts of the world (Blegvad 1914, Hunt 1925, 
Duineveld & Van Noort 1986, Feder & Pearson 1988, 
Theiling 1988, Pape-Lindstrom et al. 1997). They are 
well known for their ability to rapidly regenerate tis- 
sues lost to sublethal predation (Singletary 1970, 
Bowmer & Keegan 1983, Stancyk et al. 1994), and 
Pape-Lindstrom et al. (1997) have demonstrated that 
consumption of infaunal brittlestar arms is a significant 
trophic pathway in some soft-sediment habitats. 
Warner (1982, Table 1) has summarized past ophiuroid 
feeding research, but much is still unknown about the 

0 Inter-Research 1999 
Resale of full article not permitted 



Mar Ecol Prog Ser 184: 129-138, 1999 

more intricate aspects of their feeding habits and 
behaviors. Knowledge of ophiuroid feeding behaviors 
is essential before we can assess the role these organ- 
isms play in trophic transfer of nutrients and possibly 
pollutants both within benthic communities and 
between benthic and pelagic communities. 

Amphipholis gracillima (Stimpson) (= Microphiopho- 
lis gracillima; see Hendler et al. 1995, p. 152) is an 
amphiurid brittlestar commonly found throughout the 
southeastern United States (Thomas 1962, Ruppert & 

Fox 1988, Hendler et al. 1995). It burrows approxi- 
mately 10 cm into the sediment and occurs in densities 
up to 56 m-' (Singletary 1980). Adults of this species 
have a disc diameter of 4.6 to 8 mm with thin arms 100 
to 150 mm long (Hendler et al. 1995) which extend to 
the surface through 2 to 3 mucus-lined burrows. The 
digestive system of A. gracillima, which is contained 
within the disc, is composed only of a mouth and a sac- 
like stomach (Hyman 1955). A. gracillirna has been 
described as both a selective and non-selective surface 
deposit-feeder, and has also been known to employ 
suspension feeding to obtain food (Singletary 1980, 
Clements & Stancyk 1984, Hendler et al. 1995). In gen- 
eral, however, A. gracillima collects particles and 
moves them to its mouth with its tube feet like other 
amphiurid brittlestars, as previously described by 
Woodley (1975). A.  gracillima has also been thought to 
be a subsurface deposit-feeder (Singletary 1980), 
although this has not been demonstrated conclusively. 
Feeding on subsurface particles might reduce the risk 
of predation or satisfy a portion of the nutritional 
requirements of A. gracillima. 

Direct observation of subsurface feeding behavior is 
difficult if not impossible. Consequently, many previ- 
ous studies of other deposit-feeding organisms have 
used indirect evidence such as the orientation of the 
organism's body (anterior end located within the sedi- 
ment, posterior end at the sediment surface; e.g. 
Mangum 1964) or the color of its fecal pellets (Cadee 
1979) to conclude ingestion of subsurface particles. 
Studies of burrowing brittlestars have suggested that 
the organisms consume subsurface particles, but pro- 
vided no real evidence supporting or refuting the 
hypothesis (e.g. Pentreath 1970). 

The primary purpose of this study was to determine 
unequivocally whether Amphipholis gracillima ingests 
subsurface particles in the laboratory. In our experi- 
ments, fluorescent microspheres were used to ensure 
that the origin of particles found in the gut of A. gracil- 
lima was known. The second objective was to quantify 
the rate of subsurface ingestion. The third objective 
was to determine whether A. graciUima would move 
towards subsurface concentrations of food by ascer- 
taining the location of the buried brittlestars' discs rel- 
ative to a subsurface food layer. 

MATERIALS AND METHODS 

Amphipholis gracillima and sediments were col- 
lected from a site in Debidue Creek in the North Inlet- 
Winyah Bay National Estuarine Research Reserve, 
Georgetown County, South Carolina, USA (33'20' 
22.62" N, 79" 10'00.42" W). Acclimation and experi- 
ments were conducted from May to June 1997 in flow- 
through fiberglass seawater tanks at the Belle W 
Baruch Marine Field Laboratory. All seawater was fil- 
tered through 20 and 5 pm filters to remove potential 
food particles, then aerated. Sediment was sieved 
through a 3 mm mesh to homogenize it and remove 
large shells and macrofauna. Experiments were con- 
ducted in complete darkness for 12 h overnight, when 
A. gracillima has been observed to be particularly 
active (J. McAlister pers. comm.). 

Brittlestars were collected from subtidal sediment 5 d 
before the beginning of each experiment. Individuals 
were placed into 750 m1 NASCO Whirl-PaksB, and 
transported to the laboratory in a cooler of seawater. 
Once at the lab, brittlestars were rinsed clean of resid- 
ual sediment then anaesthetized with magnesium 
chloride (3.5% solution mixed 1:l with seawater), so 
they could be handled and examined without damage. 
Only adult-sized individuals with fully grown discs and 
4 or 5 complete arms were used for experiments. A 
fully-grown disc was defined as one that completely 
covered the most proximal arm segments, which have 
no aboral arm plates. Sex was determined by the 
gonad color for each individual (Singletary 1980). 
Anaesthetized individuals chosen for the experiments 
were placed in open-topped 50 m1 plastic Falcon" cen- 
trifuge tubes with the cone-shaped bottom removed, 
which were filled with sieved natural sediment. The 
bottom of the ~alcon" centrifuge tubes were covered 
with 1 mm mesh window screen for the duration of the 
experiments; the top was only covered for the first 24 h 
to encourage burrowing. Brittlestars were acclimated 
in the ~alcon@' centrifuge tubes with no additional food 
sources for the 5 d between collection and the begin- 
ning of the experiment. Brittlestars that would not bur- 
row or which left the tubes during the acclimation 
period were not used in experiments. 

Food preparation. Tetramina Tropical Fish Food was 
used for food in all experiments, because Arnphipholis 
gracillima has been maintained healthily on  etr ram in" 
in the laboratory for long periods of time (S.E.S. un- 
publ.). Tetraminm is arguably a much richer food source 
(45% protein, 5% fat) than brittlestars encounter 
naturally. Small (48 pm average diameter, 1.05 g ml-' 
specific gravity), green, fluorescent polystyrene di- 
vinylbenzene microspheres (Fluorescent Polymer 
Microspheres [Dry], catalog number 35-8, Duke Scien- 
tific Corporation, Palo Alto, C A )  were used to track the 
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food source. Polystyrene microspheres have been suc- 
cessfully utilized in invertebrate feeding experiments 
(e .g .  Self & Jumars 1988, Ward & Targett 1989, Gross- 
mann & Reichardt 1991). Although artificial particles 
are not a perfect substitute for natural particles, these 
particular microspheres were chosen because Clem- 
ents & Stancyk (1984) found that A. gracillima prefer- 
entially ingests particles 30 to 60 pm in diameter. They 
were also chosen because they fluoresce brightly when 
illuminated with longwave ultraviolet (UV) light and in 
the absence of other light individual particles can be 
seen with the naked eye. Finally, deposit-feeding in- 
vertebrates preferentially ingest particles of low spe- 
cific gravity (Self & Jumars 1988). 

To prepare food for the experiments, 0.25 g of 
Tetramin' and 0.035 g of microspheres were well 
mixed with 15 m1 of sieved moist natural sediment, and 
flattened into a uniform disk approximately 2 mm thick 
and 8.5 cm in diameter. The disks were checked for a 
uniform distribution of microspheres with a UV light; a 
1 mm mesh fiberglass window screen was pressed on 
top of the disk; the entire mixture was wrapped in plas- 
tic wrap and frozen for at least 24 h. 

Subsurface feeding experiments. Four separate ex- 
periments utilizing 11, 6, 5, and 8 individuals, respec- 
tively, were run in May and June 1997. Brittlestars that 
would not burrow or that left their containers during 
the acclimation or experiments were removed from the 
experiment; therefore the number of individuals per 
experiment varied. During the acclimation periods and 
experiments, environmental variables (temperature, 
salinity, and dissolved oxygen of the seawater) were 
automatically recorded hourly with a Hydrolab Data 
Sonde 3. For each brittlestar a 950 m1 plastic container 
(height = 14.5 cm) was filled with fresh, sieved natural 
sediment to 6.5 cm below the top of the container. The 
prepared frozen food mixture was lowered onto the 
sediment surface with forceps, taking care not to 
deposit microspheres on the sides of the container. The 
layer defrosted rapidly, allowing the screen to be 
removed. Next, 3 samples of the food layer were taken 
at random locations to calculate initial microsphere 
densities. Samples were collected by pushing a drink- 
ing straw through the layer, applying suction and 
removing the sediment in the straw. Each sample cov- 
ered an area of 0.28 cm2 and was 1 to 2 cm deep. The 
container was carefully filled to the top with sediment 
without disturbing the food layer. 

To insert a brittlestar into the container, the barrel of 
a 50 m1 plastic syringe (2.9 cm diameter) with the nee- 
dle end removed was pushed into the center of the 
container and the sediment within the syringe core 
was scooped out without disturbing the remainder of 
the food layer. A brittlestar was immediately inserted 
into the prepared hole by removing the bottom screen 

of the ~ a l c o n @  tube and allowing the burrowed brit- 
tlestar and sediment to gently slide out of the tube and 
into the syringe; the syringe was then removed. The 
brittlestar and sediment were inserted into the con- 
tainer through the layer of food so that the sediment 
from the FalconQ tube was flush with the sediment sur- 
face of the container. Each container was checked with 
UV light and any microspheres visible on the surface 
were removed with a pipette. The containers were 
placed in a flow-through tank and the seawater was 
maintained 5 to 10 cm above the top of the containers. 
For the duration of the experiments, all containers 
were monitored for fluorescent microspheres on the 
sediment surface by shining a hand-held UV light on 
the sediment surface. The experiments were not left 
unattended for more than 5 consecutive minutes. 
When microspheres were seen at  the surface they 
were immediately removed with a Pasteur pipette to 
insure that no microspheres were available for inges- 
tion at the sediment surface. Upon termination of the 
experiment each brittlestar was carefully removed 
from the sediment, gently rinsed until free of micro- 
spheres, and placed in a clean dish of seawater. The 
brittlestar was promptly induced to autotomize its disc 
by holding the disc with a pair of forceps. The auto- 
tomized disc and gut contents were placed in a num- 
bered container and held for examination. At a later 
date all individual discs were emptied of their contents 
by placing them in seawater and gently pumping the 
disc with forceps. Additional material was removed 
from the gut with a gentle stream of water from a 
pipette. Stomach contents were recorded and the num- 
ber of microspheres in the brittlestar guts was counted. 

Disc depth experiments. Three separate disc depth 
experiments utilizing 1 4 ,  13, and 14 individuals were 
conducted in June 1997. The number of individuals per 
experiment varied because those who left their con- 
tainers or would not burrow were not used. Collection 
and experimental procedures were similar to the sub- 
surface feeding experiments except that food or con- 
trol layers were placed 3.5, 6.5, or 9.5 cm below the 
sediment surface. The layer for the food treatment was 
prepared in an identical fashion to the food layers used 
in the subsurface experiments. The layer for the con- 
trol treatment was prepared in the same manner but 
without any Tetraminm added. Microspheres brought 
to the surface during the experiment by burrowing 
activity were not removed. After 12 h, the sediment 
containing the brittlestars was carefully removed from 
the containers. The sediment was then gently broken 
apart and the distance of the brittlestar's disc from the 
treatment layer and the sediment surface was mea- 
sured. Measurements were corrected for the amount 
the sediments lengthened when they were removed 
from the containers. 
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Data analysis. Statistical analyses for subsurface 
feeding and disc depth experiments were conducted at 
a significance level of 0.05 (unless otherwise noted) 
using SAS Statistical Software (SAS Institute Inc. 1989, 
1990, 1993). Pearson correlation coefficients (Moore & 
McCabe 1993) were calculated for all pairwise combi- 
nations of water temperature, salinity, and dissolved 
oxygen to determine if any multicollinear relationships 
existed among these possible predictor variables in the 
subsurface feeding experiments. 

Initial microsphere densities for the subsurface feed- 
ing experiments were estimated by counting subsam- 
ples of the food layers. Variance heterogeneity in the 
density data was observed across experiments, hence 
the normal-based linear model was considered inap- 
propriate for data analysis. However, the observed 
coefficients of variance for the data were roughly con- 
stant, leading to the consideration of a gamma distrib- 
ution for the data (Piegorsch & Bailer 1997). Accord- 
ingly, a gamma generalized linear model (GLiM) was 
employed. A l-way analysis of deviance, which is a 
modified analysis of variance for GLiMs, was used to 
determine if the microsphere densities were statisti- 
cally similar between containers within experiments 
(Piegorsch & Bailer 1997). 

The statistical analysis of the number of microspheres 
contained in the gut contents of each brittlestar was 
conducted using a GLiM with a Poisson distribution for 
the data. The specific link function for the GLiM was 
taken to be the log link (Piegorsch & Bailer 1997). The 
corresponding log-linear model included as regression 
variables the initial number of microspheres per square 
centimeter in the food layer (as a quantitative covari- 
ate), sex of the brittlestar, and the average temperature, 
salinity, and dissolved oxygen of the water during each 
experiment. (Note that each unique combination of 
temperature, salinity, and dissolved oxygen corre- 
sponds to a unique experiment, hence any potential 
differences among experiments are confounded with 
possible differences among these combinations of re- 
gression variables.) Significance of these regression 
variables was assessed via an an.alysis of deviance. 
Data variability in excess of that predicted under the 
Poisson model was corrected by including an additional 
overdispersion parameter in the log-linear model. 

For the disc depth experiments, 2 outcome variabIes 
were considered: the distance from the brittlestars' 
discs to the treatment layer and the distance from the 
brittlestars' discs to the sediment surface. For both 
variables, we assumed that a normal linear model was 
valid then assessed whether the results could be 
pooled over different experiments using an analysis of 
variance (ANOVA) model that contained terms for 
each of the following factors: treatment (control vs 
food), depth of layer (3.5, 6.5, or 9.5 cm), experiment, 

and all possible 2- and 3-way interactions among these 
factors. To assess the effect of the experiment factor, all 
possible singleton and interaction terms in the ANOVA 
that contained the experiment factor were tested. If all 
were found to be insignificant, then the experiment 
factor was deemed not to have an effect and so the 
data could be pooled over experiments. If this was 
indeed the case, then the reduced ANOVA was fit con- 
taining only terms for treatment, depth, and a treat- 
ment X depth interaction. If the interaction was found 
to be significant, then further pooling across depths to 
test the treatment term would be inappropriate (Neter 
et al. 1990). In thls case, any analysis of the treatment 
effect or of the depth effect was conducted by stratify- 
ing on the other variable. To assess the model fit, resid- 
u a l ~  were studied for departure from standard ANOVA 
assumptions, including a Shapiro-Wilk test for depar- 
ture from normality (Shapiro & Wilk 1965). 

Under this ANOVA, interest in the disc depth exper- 
iments with both outcome variables centered on 
(1) whether pooling over experiment was valid, and if 
so (2) whether treatment X depth interaction was sig- 
nificant. If the interaction was s~gnificant, then com- 
parj.sons were made (3) between food and control 
groups at each level of depth using the distance from 
the brittlestar disc to the layer as an outcome variable, 
and (4) among depth levels separately in the control 
and food groups using the distance from the brittlestar 
disc to the sediment surface as an outcome variable. 

RESULTS 

Subsurface feeding experiments 

This research shows that Amphipholis gracillima will 
ingest subsurface particles in the laboratory. Over the 
4 experiments, only 2 individuals were found with 
completely empty guts, probably because they egested 
the contents when disturbed, which is not uncommon 
in ophiuroids (Hunt 1925, Skjaeveland 1973, Feder 
1981). Because they may or may not have ingested 
microspheres prior to egestion, these individuals were 
not included in the data analysis. Twenty-eight of the 
29 remaining brittlestars ingested subsurface micro- 
spheres; the one with no microspheres had other parti- 
cles in its gut. The number of microspheres recovered 
from the bnttlestar guts was extremely variable, rang- 
ing from 0 to 1160 (Fig. 1). The maximum number of 
microspheres ingested in Expts 1, 2, and 3 was be- 
tween 395 and 570; in Expt 4 the maximum was 1160 in 
1 individual, but no others ingested over 620. Sediment 
particles of various sizes were found in all of the brit- 
tlestar guts, and many of the guts also contained thick 
globules which were probably comprised of partially 



Glelazyn et al.: Subsurface feeding by Amphipholis gracillima 

digested Tetramina. Based only on gut contents 
at the end of the expenments, brittlestars 
ingested from 0 to 97 microspheres h-'; this rate 
does not include ingestion of other particles and 
sediment grains. 

The estimated initial microsphere densities of 
the food layers in the experimental containers 
were quite variable within experiments, despite 
careful weighing and mixing. Over the 4 experi- 
ments they ranged from 4171 to 11966 cm-' 
(Fig. 2). The analysis of deviance (which was con- 
ducted at an alpha of 0.10 to ensure that any ini- 
tial differences in mlcrosphere densities were not 
overlooked) demonstrated that microsphere den- 
sities were significantly different between indi- 
vidual containers within Expts 1, 2, and 3, but 
they were not different within Expt 4 (Table 1). 
Therefore, all statistical analyses with the sub- 
surface feeding data were adjusted for possible 
differences in microsphere densities by including 
initial density as a quantitative covariate. 

The correlation analysis of environmental data 
showed a marginal negative correlation (r = 
-0.417) between water temperature and dis- 
solved oxygen, a strong negative correlation be- 
tween dissolved oxygen and salinity (r = -0.871), 
and a strong positive correlation between water 
temperature and salinity (r = 0.746). Water tem- 
perature, salinity, and dissolved oxygen during 
the 4 experiments were fairly consistent over 
time, although subtle differences between exper- 
iments were noted (Table 2). 

Results of statistical analysis of factors possibly 
influencing the number of microspheres ingested 
over the 4 experiments are shown in an analysis 
of deviance table (Table 3). Water temperature 
was the only factor to have a significant effect on 
the num'ber of microspheres found in brittlestars' 
guts (p = 0.003). 

Experinlen~ Number 

Fig. 1 .  Arnphipholis gracillima. Number of microspheres ingested 
over a 12 h period in subsurface feeding experiments. Each bar rep- 
resents a single brittlestar. Mean * standard deviation is given above 
each experiment. Data are arranged in ascending order within each 

experiment 

I 2 3 4 
Experiment Number 

Fig. 2. Estimated initial density of microspheres in experimental con- 
tainers in subsurface feeding experiments. Each bar represents a 
single container. Mean * standard deviation is given above each 
experiment. Data are arranged in the same order as Fig. 1 *No data 

were available 

Table 1. Analysis of deviance results for initial microsphere 
densities in experimental containers within the 4 subsurface 
feeding experiments, stratified by experiment. 'Significant 

results at alpha = 0.10 Disc depth experiments 

Expt Source df Deviance Chi-square p 

1 Intercept - 
Contamer 10 

Intercept - 

Container 5 

Intercept - 

Container 5 

lntercept - 
Container 7 

The results of the ANOVA indicated that experiment 
had no significant effect on the location of the brit- 
tlestars for either of the outcome variables; therefore 
the 3 disc depth expenments were pooled for further 
analysis. However, a significant interaction was found 
between depth and treatment, so comparisons be- 
tween food and control treatments were conducted at 
each depth level, and comparisons among the depth 
levels were performed within each treatment group. 
Stratifying by depth, we found that when the layers 
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Table 2. Dates, mean (standard deviation) water temperature, salinity, and dis- Shapiro-Wilk test showed no signifi- 
solved oxygen measurements for the subsurface feeding experiments cant departure from normality. 

When comparisons between depths 

. - 
I the location of the brittlestars' discs 

Expt l Expt 2 Expt 3 Expt 4 

Dates (1997) May 27-28 May 29-30 June 4- 5 June 7-8, 
Temperature ('C) 23.01 (0.457) 21.57 (0.552) 21.10 (0.074) 19.19 (0.113) 
Sa1ini.t~ (ppt) 31 9 (0.421) 33.0 (0 122) 32.5 (0.345) 28.9 (0.973) 

6.00 (0.148) 5.51 (0 318) 5.00 (0.398) 6.66 (0.354) Dissolved 
oxyqen (mg I-') 

were 3.5 cm deep brittlestars in the food treatment 
were located significantly closer to the treatment layer 
(p  = 0.019) than brittlestars in the control treatment. 
There were no significant differences, however, 
between food and control treatments at 6.5 cm (p = 
0.963), or at  9.5 cm (p = 0.088). At 3.5 cm all brittlestars 
were at  or below the treatment layer (Fig. 3). In the 
6.5 cm food treatment all brittlestars were found at or 
above the layer; the brittlestars in the control were 
found at, above, and below the layer. At 9.5 cm all brit- 
tlestars were found at or above the treatment layer 
(Fig. 3). Residual analysis identified no strong depar- 
tures from the model assumptions. In particular, the 

within treatments were performed, 
the depth of the control layers had no 
significant effect on the disc depth of 
the brittlestars (p  = 0.434). However, 
the depth of the food treatment layer 
did have a very significant effect on 

B Control 

Fig. 3. Amphjpholis gracillirna. Measured disc depth of brit- 
tlestars from the sediment su.rface. Each bar represents an 
individual (dark bars = food treatment, light bars = control 
treatment). The horizontal bold lines indicate the location of 
the treatment layer. (A) treatment layer 3.5 cm deep, (B) treat- 
ment layer 6.5 cm deep, and (C) treatment layer 9.5 cm deep 

DISCUSSION 

Subsurface feeding experiments 

Amphipholis gracillima consumes subsurface parti- 
cles in the laboratory, and therefore is capable of both 
surface and subsurface feeding. Although this has not 
been conclusively demonstrated before, it is not 
entirely surprising because many deposit-feeders uti- 
lize more than one feeding site (Buchanan 1964, 
Fontaine 1965, Pentreath 3.970, Warner 1982, Lopez & 
Levinton 1987). The ability to switch feeding sites 
might allow an organism to utilize the best food source 
at any given time or to satisfy a particular portion of its 
nutritional requirements (Lopez & Levinton 1987). 
Fontaine (1965) suggested that utilumg multiple feed- 
ing sites could be one of the factors contributing to the 
success of ophiuroids. In addition, Grassle et al. (1985) 
suggested that the subsurface deposit-feeding behav- 
ior of some benthic invertebrates might lead to more 
stable populations over time. Feeding on subsurface 
organic matter might decrease the risk of predation for 

Table 3. Analysis of deviance results for the subsurface feed- 
ing experiments. Initial microsphere density, water tempera- 
ture, sex of the brittlestar, dissolved oxygen, and salinity were 
included as factors possibly influencing the number of 
microspheres ingested by Amphipholis gracillima. 'Signifi- 

cant factors at alpha = 0.05 

Source d f 

Intercept 
Initial micro- 1 
sphere density 
Temperature 1 
Sex 1 
Dissolved oxygen 1 
Salinity 1 

Scaled 
deviance 

44.379 
44.379 

dThe difference in scaled deviance is used as the chi- l 
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burrowing organisms. Brittlestars feeding on the sedi- 
ment surface expose arms to passing predators and are 
frequently subjected to sublethal predation by a vari- 
ety of organisms (Bowmer & Keegan 1983, Stancyk et 
al. 1994). Lost tissue has to be regenerated at a net 
energetic loss (Singletary 1980, Stancyk et al. 1994). 
Lindsay & Woodin (1995) found that losing tissue as a 
result of sublethal predation caused spionid poly- 
chaetes to switch from surface palp feeding to mouth 
feeding, and possibly to subsurface feeding. 

On a global scale, the sediments marine organisms 
inhabit represent a large and active reservoir of 
organic carbon (Romankevich 1984, Hedges 1992). 
Most organic matter reaching the sediment-water in- 
terface is respired, some is converted to biomass, some 
becomes stored in the sediment mixed layer, and very 
little is preserved in the sedimentary record (Emerson 
& Hedges 1988, Gooday & Turley 1990, Hedges 1992, 
and references therein). The amount and distribution 
of subsurface organic matter varies temporally and 
spatially. Generally, the amount of organic carbon 
attenuates with depth in the sediment (Berner & 
Westrich 1985, Mayer 1994, Santos et al. 1994), but this 
is not always the case. Organic carbon can increase 
with depth (Mayer 1994), remain practically constant 
(Flach & Heip 1996, Relexans et al. 1996), or vary with 
no clear pattern (Mayer 1994, Flach & Heip 1996). 
Labile subsurface carbon might exhibit less temporal 
variability than carbon at the sediment surface. Rud- 
nick & Oviatt (1986) and Flach & Heip (1996) have 
found seasonal variability in the amount of organic 
carbon in surface sediments. Gooday & Turley (1990) 
found that seasonal pulses of organic material affect 
the population dynamics of epibenthic organisms. 

Not all of the organic matter found in sediment is 
available for use by organisms because of its refractory 
nature (Lopez & Levinton 1987, Jumars et  al. 1990). 
Mayer (1994) also demonstrated that some organic car- 
bon is located in sediment pores that are 'too small to 
allow functioning of the hydrolytic enzymes needed for 
organic decay'. Nevertheless, a portion of the organic 
matter can be and is utilized by numerous marine sur- 
face and subsurface deposit-feeders throughout the 
world. 

Subsurface and surface environments can be radi- 
cally different as potential feeding sites. In muds and 
muddy-sands the sediment below the first few cen- 
timeters is devoid of oxygen and rich in potentially 
harmful natural compounds such as sulfides and 
ammonia (Rhoads 1974). Subsurface microbial com- 
munities are different from surface assemblages, and 
these are both different from the assemblages found in 
burrow linings (Steward et al. 1996). Burrowing organ- 
isms like Amphipholis gracillima keep their burrows 
filled with oxygen-rich water so that sediment in the 

burrow walls is enriched with oxygen (Woodley 1975). 
This oxygenated zone alters the chemical (Aller 1982) 
and microbial composition (Meyer-Reil 1994) of the 
sediment. Microbial activity can in turn alter the oxy- 
gen and chemical gradients in sediment (Decho 1990). 

Many studies, which have claimed to have proof of 
subsurface deposit-feeding, have relied on less than 
compelling evidence. Cad6e (1979) argued that the 
capitellid polychaete Heteromastus filiformis fed on 
subsurface anoxic sediment based solely on the black 
color of its fecal pellets. Mangum (1964) stated that the 
maldanid polychaete Clymenella torquata consumed 
subsurface particles based on her observations that it 
was burrowed head-down, but Dobbs & Whitlach 
(1982) later found this same organlsm collecting and 
consuming surface particles. 

Subsurface deposit-feeding has been mentioned in 
studies of echinoderms, especially holothurians (e.g. 
Fish 1967, Roberts 1979, Fankboner 1981), but again 
most of the evidence is anecdotal. Among ophiuroids, 
Woodley (1975) suggested that several burrowing 
amphiurid brittlestars probably feed below the surface 
on deposited material. Pentreath (1970) surmised that 
Monamphiura aster fed on subsurface sand and 'detri- 
tal material' because the sediment surrounding its bur- 
row showed 'no evidence of being swept by the arm'. 
Singletary (1970) conducted an experiment specifically 
designed to demonstrate subsurface feeding behavior 
in several amphiurid brittlestars, including Amphipho- 
lis gracillima. Unfortunately, this study made no men- 
tion of carmine particles being seen at the surface dur- 
ing or after the allotted feeding time. Singletary noted 
that carmine particles he found in the brittlestars' 
stomachs might have been ingested from the sediment 
surface (Singletary 1970, p. 66). This argument is not 
trivial; in our experiments microspheres were brought 
to the surface by the burrowing activity of A. gracillima 
within 10 min of being placed in the experimental 
container. The burrowing activity of the brittlestars 
resulted in microspheres being continuously brought 
to the sediment surface, and experiments required 
constant observation and removal of microspheres to 
prevent ingestion from the sediment surface. 

Of the factors we considered a pfion,  water temper- 
ature was the only one to have a statistically significant 
effect on the number of subsurface microspheres found 
in guts. Temperature is known to influence activity lev- 
els and feeding behaviors of many benthic marine 
invertebrates including ophiuroids (e.g. Rhoads 1974, 
Powell 1977, Feder 1981, Kudenov 1982, Stancyk et al. 
1994). However, the difference in temperature seen in 
our experiments was relatively small for an environ- 
ment where temperatures can fluctuate more than 
15°C over one tidal cycle, so this effect may not be bio- 
logically meaningful. 
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Particle selection by deposit-feeding organisms has 
been addressed frequently (e.g. Powell 1977, Jumars 
et al. 1982, Taghon 1982, Self & Jumars 1988). Many 
organisms preferentially ingest small particles of low 
specific gravity and large surface areas (Taghon 1982, 
Self & Jumars 1988). Clements & Stancyk (1984) found 
that Amphipholis gracillima selected smaller protein- 
coated particles over larger ones. Our experiments 
raise questions about the ability of these brittlestars 
to actively select particles. A.  gracillima ingested the 
small uncoated microspheres, which had no nutritional 
value, with sediment particles of a wide range of sizes 
and shapes. However, they may have selected micros- 
pheres based on chemical charge, specific gravity, or 
surface texture, all of which have been shown to influ- 
ence particle selection in invertebrates (Jumars et  al. 
1982, Taghon 1982, Self & Jumars 1988). 

When the numbers of microspheres ingested were 
converted to a rate, the results varied widely, ranging 
from 0 to 97 microspheres h-'. This wide range is due 
in some part to differences between individual brittle- 
stars, differences between the number of microspheres 
in each layer, and variability in the proportion of the 
microsphere layer individual brittlestars contacted. A. 
gracillima burrows approximately 9 cm into the sedi- 
ment and extends 1 to 3 arms to the sediment surface. 
If brittlestars were burrowed below the layer, contact 
with the layer could have been as small as the area 
around arms extending to the surface. Arms in the 
center of the container would not contact the layer 
because of the core of sediment removed when the 
brittlestars were inserted. Brittlestars with discs at the 
layer or arms extending into the layer could contact 
many more microspheres. Because we do not know the 
gut retention time for A. gracillima, gut filling may 
have occurred more than once during the 12 h experi- 
ment. For these reasons our estimates are at best a 
conservative measure of feeding rate. 

The highly variable initial densities of micro- 
spheres added to the containers were taken into con- 
sideration in the statistical analyses. We believe the 
primary factor causing different densities of micro- 
spheres was variation in microsphere diameter, whlch 
had a 10% coefficient of variation (Bulletin 93F, 
June 1, 1994, Duke Scientific Corporation). Errors in 
weighing the microspheres could result in different 
numbers of microspheres. Numerical estimates based 
on weight are unfortunately an inaccurate substitute 
for counting. 

Disc depth experiments 

In the field, Singletary (1980) found Amphipholis 
gracillima burrowed in sediment to an average depth 

of 10 cm & Stancyk et al. (1994) found them at 8 to 
10 cm in their field cores. In these laboratory experi- 
ments, A. gracillima usually burrowed more shallowly 
(average of 6.5 cm deep), possibly as an artifact of the 
14.5 cm tall containers in which brittlestars were held. 
Brittlestars in the food treatments where the layer was 
3.5 or 6.5 cm deep were found shallower than those 
bnttlestars in food treatments where the layer was 
9.5 cm deep (Fig. 3 ) .  The significant difference be- 
tween treatments when the layers were 3.5 cm deep 
was particularly meaningful when coupled with the 
results of the comparisons between depths within 
treatments, where the depth of the food layers had a 
significant effect on the depth of bnttlestars. We 
believe that the brittlestars were responding to the 
b et ram in^ in the food layers. If brittlestars had been 
responding to the physical characteristics of the layer, 
such as sediment density, grain size, or unmeasured 
chemical or microbial characteristics, we would have 
expected to see an effect of the depth of the layer on 
the burrowing depth of brittlestars In controls. More 
experiments with larger sample sizes that include 
treatments to test for other factors could clarify the 
extent to which subsurface food concentration influ- 
ences the location of the brittlestars' discs. 

Amphipholis gracillima usually extends 3 arms to the 
sediment surface, the two that are kept below the sur- 
face could forage for subsurface nutrients. Surface and 
subsurface patches of organic matter are likely to vary 
spatially and temporally in the marine environment 
(Mayer 1994, Flach & Heip 1996); when a patch is cre- 
ated by the death of an organism, for example, bacter- 
ial degradation will begin quickly. If an infaunal 
organism such as a brittlestar locates a subsurface 
patch of organic matter with an arm, moving closer 
would expedite consumption. Food patches are likely 
to be degraded rapidly so it would be best for the 
organism to take full advantage of it as quickly as pos- 
sible. 

CONCLUSIONS 

Amphipholis gracillima ingests subsurface as well as 
surface particles. Because deposit-feeders such as A. 
gracillima ingest sediments of low nutritional value, 
the ability to utilize all food resources available in their 
habitat seems logical. Infaunal brittlestars probably 
actively burrow close to patches of organic matter. The 
methods we have devised could be used to determine 
whether other infaunal deposit-feeders consume sub- 
surface particles. If other infaunal ophiuroids utilize 
subsurface organic matter, turnover rates in the sub- 
surface environments they occupy may be higher than 
previously considered. 
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