
Vol. 175: 87-96,1998 
MARINE ECOLOGY PROGRESS SERIES 

Mar Ecol Prog Ser Published December 17 
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ABSTRACT. The effects of food type and concentration on fecal pellet characteristics of the calanoid 
copepod Acartia tonsa were examined in the laboratory. Copepods were fed several autotrophic and 
heterotrophic diets, including the diatoms Thalassiosira weissflogii and Chaetoceros neogracile, the 
photosynthetic flagellates Rhodomonas lens and Tetraselmis sp., the heterotrophic dinoflagellate 
Oxyrrhis marina, the heterotrophic flagellates Cafeteria sp. and Oikomonas sp., and the scuticociliate 
Uronema sp. Copepods were fed both a low (-100-300 pg C l-l) and a high (-500-1500 pg C l") 
concentration of these diets. Length. width and density of the resulting fecal pellets were measured. 
Sinking rates were calculated from a semi-empincal model based on these parameters. In general, 
diets that resulted in large pellets also resulted in the least dense pellets. Ciliate and diatom diets pro- 
duced the largest pellets and resulted in the fastest estimated sinking rates. Heterotrophic flagellate 
and heterotrophic dinoflagellate diets resulted in the most dense and slowest sinking pellets Within a 
diet, significant differences in pellet characteristics were often found between food concentrations, but 
there was no consistent pattern of increasing or decreasing pellet size or density with an increase in 
food concentration. The coefficient of variation of pellet sinking rates across all diets in this study was 
nearly 40%.  This indicates the uncertainty in estimated sinking rates if dlet is not considered. Combin- 
ing the sinking rates from this study with published diet-specific fecal pellet degradation rates, we 
define an L-ratio, the fraction of pellet degradation per unit length of sinklng. The L-ratio may be use- 
ful in predicting the degree of recycling of pellets within the mixed layer. Diatoms show the lowest 
L-rat~os and photosynthetic fldgellates the highest L-ratios. 
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INTRODUCTION 

While small single celled phytoplankton account for 
most of the primary production in the oceans, most of 
the downward flux of organic material is in the form of 
larger (>63 pm) particles and aggregates (McCave 
1975, Pilskaln and Honjo 1987, Gardner 1997). One of 
the primary mechanisms of biologically mediated 
aggregation of small particles is through the produc- 
tion of zooplankton fecal pellets (Turner & Ferrante 
1979). Copepods are ubiquitous and the most common 
pelagic metazoans present year-round in the ocean. 
They therefore have the potential to contribute sub- 
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stantially to the total production of fecal matter, and 
hence the downward flux of organic material. 

The flux of fecal pellets in the water col.umn, F (g m" 
d-l), may be approximated by: 

where C = mean concentration of fecal pellets (g m?), V 
= mean sinking velocity of the pellets (m d-l), K, = verti- 
cal eddy diffusion coefficient (m2 d-l) and aC/aZ= verti- 
cal gradient in fecal pellet concentration (g m-4).  C x F 
represents the flux due to gravitational sinlung, whereas 
K,(aC/dZ) represents the flux due to turbulent vertical 
mixing. Fecal pellet concentration is a function of zoo- 
plankton concentration and pellet production and degra- 
dation rates. The magnitude of the velocity term deter- 
mines the fraction of the pellet production exported from 
the euphotic zone. Slowly sinking pellets are more likely 
to be recycled or decomposed before leaving the 
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warmer, more physically and biologically active eu- 
photic zone (Dagg & Walser 1986, Small et al. 1987). 

This study focuses on the exammation of parameters 
that affect the gravitational sinking rates of fecal pel- 
lets. Sinking velocities due  to turbulent eddy motion 
(V ' )  can be approximated by KJL, ,  where L,  is the 
buoyancy length scale. Employing typical oceanic val- 
ues of K, = 5.2 m2 d-' and L ,  = 10 m (Mann & Lazier 
1996) yields V' = 0 52 m d-',  which is much lower than 
the typical sinking rate for zooplankton fecal pellets 
(e.g. Small et al. 1979), although values of V' in estuar- 
ine environments can be substantially higher (Tang et 
al. 1998). The gravitational sinking rate of a fecal pellet 
is primarily a function of its size, shape and specific 
gravity (Komar et al. 1981). Pellet size is known to 
increase with increasing animal size (Paffenhofer & 
Knowles 1979, Uye & Kaname 1993) and with increas- 
ing food concentration to a point of saturation (Dagg & 

Walser 1986, Tsuda & Nemoto 1990, Butler & Dam 
1994). Pellet size can also be affected by the diet con- 
sumed. For instance, Bienfang (1980) reported that 
copepods fed a diatom diet produced pellets smaller 
than those produced on a flagellate diet. The opposite 
was observed by Turner (1977). 

Despite their relevance to sinking velocities, fecal 
pellet densities have rarely been measured directly. 
Studies that included this measurement are consistent 
in the range of values reported (1.04 to 1.19 g cm-3), 
and the variability is often associated with changes in 
food type or quality (Dilling & Alldredge 1993, Urban 
et al. 1993, Butler & Dam 1994). The conclusions drawn 
from these studies as to the effects of spec~fic types of 
foods on pellet densities are conflicting. Urban et al. 
(1993), in a seasonal study, observed that the densest 
fecal pellets produced by the copepod Calanus fin- 
marchicus in the natural environment coincided with 
times when the fecal pellets consisted of mainly 
nanoplankters, bacteria, ciliates and dinoflagellates, 
not diatoms. Bienfang (1980) did not measure fecal pel- 
let densities, but inferred from volume and sinking rate 
measurements that fecal pellets produced by copepods 
fed on a diet consisting of primarily diatoms were more 
dense than those from a flagel!ate diet. Even when 
copepods are fed a single diatom diet, differences In 
growth stage of the food can result in significant differ- 
ences in pellet densities (Butler & Dam 1994). The 
authors of past studies suggest that fecal pellet densi- 
ties are most likely a function of either the density of 
the compounds contained within the pellets or of the 
level of compaction of these components (Bienfang 
1980, Dilling & Alldredge 1993, Urban et  al. 1993). 

The gravitational sinking velocity of copepod fecal 
pellets can be parametenzed by a semi-empirically 
derived version of Stokes' law: for cylindrical particles 
at low Reynold's numbers (Komar et al. 1981) 

where V = sinking velocity (cm S- ' )  v = viscosity of sea- 
water (g  cm-' s- '),  g = acceleration due to gravity 
(981 cm S - ' ) ,  L = length of pellet (cm), D = diameter of 
pellet (cm), and p = dens~ty  (g  cm-') The purpose of 
this study was to determine the effects of diet composl- 
tion and concentration on those parameters that deter- 
mine the gravitational sinking rate of fecal pellets- 
length, w ~ d t h  and density Although most copepods 
are known to be opportunistic omnivores (Turner 1984 
Kleppel 1993), to date a comprehensive analysis of diet 
and food concentration on these tecal pellet parame- 
ters has not been undertaken Through controlled lab- 
oratory experiments we tested the null hypothesis that 
there would be no significant differences in fecal pellet 
characterist~cs associated with changes m food compo- 
sition or concentration 

MATERIALS AND METHODS 

The effects of food type and concentration on length, 
width and density of pellets were studied under con- 
trolled laboratory conditions. Each experimental lncu- 
bation consisted of feeding the omnivorous copepod 
Acartia tonsa a low and a high concentration (see 
'Acclimation and incubation') of several autotrophic 
and heterotrophic diets (Table 1) .  

Copepod and prey culture conditions. All copepods 
and their foods were grown in culture in a walk-in 
environmental chamber at 19°C (kZ°C) on a 12 h 
light:12 h dark cycle. Cohorts of Acartia tonsa were 
grown from the eggs of copepods collected from Long 
Island Sound (USA) and kept on a mixture of Isochry- 
sis galbana, Rhodomonas lens, Tetraselmis sp. ,  Thalas- 
siosira weissflogii, and Oxyrrhis marina at a total con- 
centration of approximately 500 pg C I-' The copepods 
were raised in age cohorts to ensure that all adults 
used in an  experiment were grown in slmilar condi- 
tions and were of about the same age.  The copepod 
cultures were grown in 2 to 4 1 polycarbonate contain- 
ers and bubbled gently with filtered air. At least 50% 
of the culture food suspension was replaced 3 times a 
week. 

All diatoms (Table 1) were maintained in exponen- 
tial growth In f/2 medium (Guillard 1975). Photosyn- 
thetic flagellates and dinoflagellates were kept in 
exponential growth in f/2 medium without silica (Guil- 
lard 1975). Heterotrophic dinoflagellates were grown 
in a medium of 0.2 pm filtered seawater with the iron- 
EDTA and trace metal component of f/2 (proportions as 
in Gifford 1993). They were fed Isochrysisgalbana and 
Chroomonas salina. Small heterotrophic flagellates 
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were grown in a medium of sterilized, 0.2 pnl filtered 
seawater enriched with sterilized grains of rice and 
brought to a final concentration of 0.2% yeast extract 
(Caron 1993). These heterotrophic flagellates fed upon 
the bacteria with which they were isolated. Ciliates 
were grown in a medium of sterilized, 0.2 pm filtered 
seawater. The inedium was brought to a concentration 
of 0.2% yeast extract to sustain the bacteria upon 
which the ciliates fed. 

Acclimation and incubation. Active adult females 
with intact appendages were selected from the Acartia 
tonsa cultures and acclimated to experimental condi- 
tions for 48 h. The low food concentration was a nomi- 
nally limiting level of -100 to 200 pg C I- ' .  The high 
food concentration was nominally saturating at 
>500 1-19 C 1-' (Ki~rboe et al. 1985, Houde & Roman 
1987, Berggreen et al. 1988, Butler & Dam 1994). The 
designation of limiting and saturating concentrations 
for the production of fecal pellets by A.  toasa is poorly 
defined in the literature for the diets used in this study. 
These concentrations were chosen as a best estimate 
from the ingestion responses shown by Ki~rboe  et  al. 
(1985) and Houde & Roman (1987) as well as the fecal 
pellet production and volume responses shown by But- 
ler & Dam (1994). To prepare dilutions for the experi- 
ments, phytoplankton cell concentration and volume 
were measured (triplicate subsamples) using an 
Elzone 280 particle counter and their carbon content 
estimated from volume using the conversion factor of 
0.11 pg C pm-"Strathmann 1967). Heterotrophic 
dinoflagellates and ciliates were counted and their 

lengths and widths measured at lOOx magnification 
using an inverted microscope. Their volume was esti- 
mated assuming a cylindrical shape. Carbon contents 
were calculated using a conversion factor of 0.20 pg 
pm-3 for heterotrophic dinoflagellates <60 pm (Evelyn 
Lessard pers. comm.) and 0.22 pg C for the cili- 
ates (Stoecker et al. 1994). Heterotrophic flagellates 
were stained with acridine orange and measured at 
1200x magnification on an epifluorescence micro- 
scope. Volumes were estimated from cell diameter 
assuming a spherical shape. Carbon content was ini- 
tially estimated with a conversion factor of 0.18 pg 
C pm-"derived from elemental analysis (Carlo Erba 
EA 1108 CHN analyzer; authors' unpubl, data) and cell 
volumes of the cultures. Combusted glass-fiber GF/D 
filters with a 2.7 pm pore size were used for this analy- 
sis in order to minimize the contribution to POC by 
bacteria in the cultures. At a later date, actual carbon 
concentrations were measured for all diets from sam- 
ples collected for CHN analysis at the time of the incu- 
bations (see 'Sample processing' and Table 1). 

Triplicate 2 l bottles containing 10 copepods each 
were used for each experimental diet and concentra- 
tion. Bottles were filled to the top and kept on a plank- 
ton wheel (end-over-end bottle rotation at 2 rpm) in the 
environmental chamber at 19 * 1°C. All incubations 
were run for 12 h at night and in the dark to coincide 
with the period of enhanced feeding in Acartia tonsa 
(Stearns 1986, Durbin et al. 1990). Our aim was to max- 
imize ingestion and presumably fecal pellet production 
while minimizing the time for pellet degradation and 

Table 1. Summary of diets and food concentrations used in experiments. ESD = equivalent spherical diameter; low food and high 
food: low and h ~ g h  food concentrations treatments. NMFS = National Marine Fisheries Service; EPA = Environmental Protection 

Agency; WHO1 =Woods Hole Oceanographic Inst~tution (Woods Hole, MA, USA) 

Functional group Species ESD (pm) Origin/strain Measured conc (pg C I- ' )  
Low food High food 

Diatom Thalassiosira weissflogii 1 1.0 NhlFS Collection 142 
(Milford. CT, USA) ?l2 1 

Diatom Chaetoceros neogracile 5.4 h'MFS Collection 122 610 
(Milford, CT, USA) 

Flagellate Rhodomonas lens 6 5 NMFS Collection 162 814 
(Milford, CT, USA) 

I Flagellate Tetraselmis sp. 7.5 EPA (Narragansett, RI, USA) 269 1346 1 
Dinoflagellate Heterocapsa triquetra 12.8 Bigelow Laboratory (West Boothbay 266 

Harbor, ME, USA) 'CCMP448' 1334 l 
Heterotrophic dlnoflagellate Oxyrrh~s marina 20.0 Bigelow Laboratory (West Boothbay 167 835 

Harbor, ME, USA) 'CCMP1795', 
isolated from Long Island Sound, USA 

Heterotrophic flagellate Cafeteria sp. 5.5 D. A. Caron (WHOI) 'Cflag' 360 1804 

Heterotrophic flagellate Oikomonas sp. 4.5 D. A. Caron (WHOI) 'NBl ' ,  isolated 238 
from Narragansett Bay, RI, USA 1189 1 1 Ciliate Uronema sp. 11 .O D. A. Caron (WHOI) 'BBcil' 65 325 1 
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reingestion. Hansen et  al. (1996) found that pellets pro- 
duced on a diet of the nanoflagellate Rhodomonas 
baltica displayed the highest degradation rate of the 
diets used in their experiments. Using the degradation 
rate calculated for this species, pellet volumes should 
decrease approximately l 1  % over a 12 h period. 
This would be the maximum decrease expected in 
our study since most of the pellets produced in the 
incubat~ons of our study would be less than 12 h old. 
Furthermore, no significant declines in pellet volume 
or density were observed by us during a 12 h incuba- 
tion (observations made every 3 h) with the photosyn- 
thetic flagellate Rhodomonas lens, suggesting that no 
measurable degradation had occurred. 

Sample processing. At the beginning of each incu- 
bation replicate samples of the food cultures were col- 
lected for CHN analysis. Samples were filtered onto 
combusted glass fiber filters, dried at 60°C in a petri 
dish for >24 h and processed using a Carlo Erba EA 
1108 CHN Analyzer. 

After each 12 h incubation, contents of the bottles 
were immediately wet-sieved through 200 and 30 pm 
meshes to collect and separate the copepods and the 
fecal pellets, respectively. Copepods were preserved 
in formalin and then videotaped (standard rate black 
and white microscope-mounted video camera) and 
measured (prosome length and maximum width) 
within 72 h using an image analysis system (Optimas 
Corp). Pellets were collected and rinsed with filtered 
seawater and immediately videotaped for image 
analysis of length and width (precision = 3 pm). At least 
30 intact pellets from each bottle were measured. 
When possible, at least 50 intact pellets were collected 
from each bottle for density measurements. 

Density measurement. Fecal pellet density was mea- 
sured in a density gradient, using a modified version of 
the method described by Schwinghamer et al. (1991). 
Five dilutions were made using NALCO 1060 colloidal 
silica, sucrose and distilled water These dilutions 
ranged in density from about 1.06 to 1.30 g cm-3. A 
2 ml volume of each dilution was poured gently into a 
15 m1 centrifuge tube, beginning with the most dense 
and finishing with t h e  least dense. These density gra- 
d.ients were refrigerated overnight, but were allowed 
to come to room temperature before use. The pellets 
collected from each of the experimental bottles were 
rinsed in filtered seawater and then placed In about 
1 m1 of seawater, carefully pipetted onto the top sur- 
fa.ce of the density gradient and centrifuged for 30 mln 
at approximately 3000 rpm in a Fisher Scientific table- 
top centrifuge. After centrifugation, 1 m1 aliquots were 
removed from the tube using a peristaltic pump. Due to 
slight mixing at the edges of the original density layers, 
and the observation that pellets often congregated in 
one portion of these layers, it was deemed more accu- 

rate to measure 1 m1 aliquots than the original 2 m1 
added. Each aliquot was examined under a stereo 
microscope and the number of pellets per layer 
recorded. The density of each aliquot was then deter- 
mined by measuring the volume of the liquid with a 
5 m1 Hamilton syringe calibrated to 0.05 m1 and by 
measuring its mass using a Mettler PM2000 balance to 
0.01 g. Thus, the inherent error in density measure- 
ment is 1 %. 

Sinking velocities. Pellet sinklng velocities were cal- 
culated uslng Eq. (2).  Viscosity was assumed to be 
0.01 1 g cm-' S-' and the seawater density was assumed 
to be 1.0135 g cm-? The mean pellet density per bottle 
was used in the sinking velocity calculations, since pel- 
let densities measured were not associated specifically 
with individual pellets. 

Statistical analysis. For many of the data sets it was 
not possible to use parametric statistics, usually due to 
unequal variance in the treatments even after the data 
had been log transformed. Therefore, the non-para- 
metric Kruskal-Wallls test was used for analysis of 
differences between pellets from different diets and 
the functional groups defined in Table 1. The Mann- 
Whitney U-test was used to compare pellets from the 2 
concentrations within a diet and for pairtvise compar- 
isons between diets. 

RESULTS 

Several tens to hundreds of fecal pellets were pro- 
duced in all experiments; however, pellets produced 
on the dinoflagellate Heterocapsa triquetra diet were 
too poorly contained within a peritrophic membrane to 
measure reliably and thus are not included in the 
results presented here. Copepods fed heterotrophic 
flagellate diets produced fewer pellets than those fed 
other diets, which partially explains the increased 
error found for these measurements. Fecal pellets from 
different diets varied significantly in size, density and 
color. Diatom diets produced olive green to brown pel- 
lets, photosynthetic flagellate diets produced bright 
green pellets, the Oxyrrhis marina diet produced pink 
and orange pellets and the heterotrophic flagellate and 
ciliate diets resulted in white pellets. All pellets were 
essentially cylindr~cal in shape. 

Because experiments were not performed simulta- 
neously, mean copepod prosome length varied by 
approximately 15 %, over the course of all of the exper- 
iments. Body size may affect some of the variables of 
interest in our study. For instance, Uye & Kaname 
(1994, and references therein) reported allometric rela- 
tionsh~ps for pellet volume and animal size, and one 
may suspect that both length and width of pellets also 
depend on animal size. However, in this study we do 
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35.0 Rhodomonas lens) (Figs. 1 to 3). Pellet lengths and 
l widths appeared generally to parallel each other with 
l respect to food concentration within a diet (Figs. 1 & 2). 

C 1 
I For instance, fecal pellets from the photosynthetic fla- 

25.0 , A I gellate diets decreased in both length and width with 

Diatoms Flagellates Het. Dinos. Het. Flags. Ciliates 

Diet 

Fig. 1. Acartia tonsa. Mean copepod fecal pellet length as a 
funtion of diet. Error bars show 95% confidence interval (Cl). 
T.w. = Thalassiosira weissflogii, C.n. = Chaetoceros 
neogracjle, R.1. = Rhodornonas lens, T.sp. = Tetraselmis sp., 
0 . m .  = Oxyrrhis marina, C.sp. = Cafeteria sp., O.sp. = 
Oikomonas sp and U.sp. = Uronema sp *Significant 

difference (p < 0.05) between food concentrations 

not report results that have been scaled by copepod 
size (e.g. pellet length/animal weight or length) for 
several reasons. First, it is generally inappropriate to 
use a ratio to scale measurements expected to have an 
allometric relationship with animal size (see discussion 
in Dam & Peterson 1991). Second, both linear and 
power function fits of pellet length and width versus 
copepod length and weight yielded significant (p < 
0.05), but weak relationships (r2 < 0.3). More impor- 
tantly, the conclusions drawn from data scaled by 
copepod size varied very little from those for the origi- 
nal measurements. Third, there was no significant 
relationship between copepod size and fecal pellet 
density. 

Food concentration effects 

an increase in food concentration. Because length, 
width and density of pellets were used in Eq. (2),  the 
same lack of consistent patterns with changes in food 
concentration appears in the calculated sinking rates 
for the fecal pellets (Fig. 4) .  With the exception of the 
heterotrophic flagellate diets, most differences within 
and between diets, even when significantly different, 
were small for all parameters. The pellets produced on 
the low concentration of Oikomonas sp. seemed differ- 
ent enough from the other pellets to warrant repeating 
the expeiiment. However, repeating the experiment 
did not change the results. When pellets from all 
experiments were grouped by food concentration, pel- 
let lengths and widths were not significantly different 
(Mann-Whitney U-test p = 0.396 and p = 0.386 respec- 
tively). However, for both pellet density and sinking 
rate, the values for the low food concentration as a 
whole were significantly higher (Mann-Whitney U-test 
p < 0.01) than those for the high food concentration. 

When the results from all diets were combined, there 
was no clear linear relationship between the measured 
C and N concentrations of the food and the mean pel- 
let width, density, and sinking rate (data not shown). 

8 0 

l 

H~gh Food Concentratlont 

X 

5 3 0  
a 

10 

0 0 . . 

0 h 
In some cases significant differences were found in , ?/ $ ?, $, 

- 1  I U I  l U 
fetal pellet characteristics with a change in food Con- Diatoms Flagellates Het Dinos. Het. Flags Ciliates 

centration within a single diet (Figs. 1 to 3). However, 
these differences did not produce consistent patterns Diet 

across diets. An increase in food concentration caused 
Fig. 2. Acarfia tonsa. Mean copepod fecal pellet width as a increases in pellet size (e.g. pellet length and width for f ~ n t i o n  of diet. Error bars show 95 CI, Species abbrevia- 

Chaetoceros neogracile) and/or density (e.g. Uronenla tions as ,n F,g 1 *Significant difference (p < 0.05) between 
sp.) for some diets, but decreases for other diets (e.g. food concentrations 



Mar Ecol Prog Ser 175: 87-96, 1998 

T 

0 2 c, +/ '., c, c% ., 0 (I 
L; +/ '., 4, @% O% % 

I I U U U  I I U U U  
Diatoms Flagellates Het D~nos Het Flags C~l~ates Diatoms Flagellates Het D~nos Het Flags Ctl~ates 

Diet 
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Fig. 3. Acartia tonsa. Mean copepod fecal pellet density as a Fig. 4.  Acartia tonsa. Mean copepod fecal pellet sinking rate 
function of diet. Error bars show 95% CI. Species abbrevia- as a function of diet. Error bars show 95% Cl. Species abbre- 
tions as in Fig. 1. *Significant difference (p < 0.05) between viations as in Fig. 1 *Significant difference (p c 0.05) be- 

food concentrations tween food concentrations 

Only in the case of pellet length was the relationship to 
C and N concentration significant (p = 0.045), but the 
unexplained variance was large (r2 = 0.26). 

Diet effects 

For all fecal pellet characteristics (length, width, den- 
sity and sinking rate) the Kruskal-Wallis tests showed 
significant differences due to diet. Pairwise compar- 
isons with the Mann-Whitney U-test showed that pellet 
lengths were significantly different for all diets except 
for the 2 diatoms (Chaetoceros neogracile and Thalas- 
siosira weissflogii) and C. neogracile and the scuticocil- 

iate Uronema sp. (Table 2). Pellet widths showed many 
significant differences among d.iets, with the exceptions 
that C. neogracile was not significantly different from 
Rhodomonas lens or T weissflogii and Uronema sp. 
was not significantly different from Oikomonas sp. 
(Table 2). The densities of fecal pellets produced from 
T. weissflogii, Oxyrrhis marina and Oikomonas sp. di- 
ets were not significantly different from each other and 
neither were the densities of pellets produced by C. 
neogracile and Uronema sp., but those of all other diets 
were significantly different (Table 2). All of the diets re- 
sulted in significantly different fecal pellet sinking rates 
except for 2 pairs: Rhodomonaslensand 0. marina, and 
Oikomonas sp. and Uronema sp. (Table 2). 

Table 2. Ranking of copepod fecal pellet characteristics by diet. Rank is in descending order from the top of the columns. All diets 
are significantly different (p < 0.05) except those linked by a vertical line 

l 

Length Width Density Sinking rate 

I I 
Uronema sp. 
Chaetoceros neograclle 
Thalassiosira weissflogii 
Oikomonas sp. 
Rhodomonas lens 
Oxyrrhis manna 
Tetraselmis sp. 
Cafeteria sp. 

Uronema sp I Oi*omonas sp. 
T weissflogii 
C. neogracile 
R. lens 
0. marina 
Tetraselmis sp. 
Cafeteria sp. 

Cafeteria sp 
Tetraselmls sp 
Oikomonas sp. 
T weissflogii 
0. marina 
C. neogracile I Uronemasp. 
R. lens 

I Oikomonas sp. 
Uronema sp. 
T weissflogii 
C. neogracile 

I R. lens 
0. marina 
Tetraselmis sp. 
Cafeteria sp. 
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Overall, Uronema sp. and Chaetoceros neogracile 
diets resulted in the longest pellets and a diet of Cafe- 
teria sp. resulted in the shortest pellets. The widest 
fecal pellets were produced when Acartia tonsa was 
fed either Uronema sp. or Oikomonas sp, and the nar- 
rowest pellets were produced when they were fed 
Cafeteria sp. The most dense pellets were produced 
from the Cafeteria sp. diet and the least dense were a 
result of the Rhodomonas lens diet. For the calculated 
sinking velocities, diets of Uronema sp, and Oiko- 
rnonas sp. resulted in the highest rates and a diet of 
Cafeteria sp. resulted in the slowest sinking pellets. 

Collectively, there was moderate to little variation in 
the fecal pellet parameters measured in this study 
(Table 3). Pellet lengths and widths for all pellets mea- 
sured had coefficients of variation below 25%, and 
were nearly an order of magnitude more variable than 
pellet densities. Variability in sinking rates was the 
highest (CV = 38 %). 

When categorized by functional group (diatoms, 
photosynthetic flagellates, heterotrophic dinoflagel- 
lates, heterotrophic flagellates and ciliates) significant 
differences were found in fecal pellet characteristics 
(Table 4). Pellet length and width differed among all 
groups except for the photosynthetic flagellate and the 
heterotrophic dinoflagellate diets. All groups had sig- 
nificantly different densities except for the diatom and 
the photosynthetic flagellate diets. Sinking rates were 
significantly different for all but the photosynthetic fla- 
gellate and heterotrophic flagellate diets. Rankings of 
these functional groups are shown for each pellet char- 
acteristic in Table 4. 

Table 3. Coefficient of variation (CV) (ISD/rnean] X 100) for 
pellet characteristics of copepod fecal pellets measured in all 

experiments 

Characteristic CV (%) 

Length 
Width 
Density 
Sinking rate 

DISCUSSION 

Previous studies of zooplankton fecal pellets indicate 
that food type, quality and quantity affect the fecal pel- 
let parameters that drive sinking velocities (Turner 
1977, Bienfang 1980, Dagg & Walser 1986, Forsyth & 
James 1990, Tsuda & Nemoto 1990, Dilling & All- 
dredge 1993, Urban et al. 1993, Butler & Dam 1994). 
Given that most copepods feed on a taxonomically 
diverse diet (Turner 1984, Kleppel 1993), there is a 
question as to whether changes in fecal pellet charac- 
teristics can be explicitly attributed to specific diet 
types. Prior studies vary greatly in methodology and 
often consider only 1 or 2 diets. Thus, inter-comparison 
is difficult. A main goal of this study was to be able to 
compare changes in pellet characteristics associated 
with diet. We were able to do this through controlled 
laboratory experiments of several autotrophic and het- 
erotrophic diets. 

Our results indicate that pellet characteristics do 
change significantly with changes in diet at 'low' and 
'high' food concentrations. We can therefore reject our 
null hypothesis. Though these differences clearly exist, 
we find that they are mostly small (Tables 2 & 3) and 
that the pellet characteristics do not always change in 
a consistent manner with the specific diets or concen- 
trations used. Below we consider the sources of varia- 
tion in our nleasurenlents and the potential fates of 
fecal pellets from this study given the range of calcu- 
lated sinking rates. 

Since significant differences in sinking rates were 
found for nearly all diets and food concentrations we 
will consider the sources of variability which con- 
tribute to these differences. Pellet lengths are the 
most variable of the measurements in this study, 
closely followed by pellet widths, both of which are an 
order of magnitude greater in variability than fecal 
pellet densities (Table 3). However, the sinking veloc- 
ity equation used to predict sinking rates in this study 
(Eq. 2) ,  is far more sensitive to pellet density and 
width than to pellet length. Keeping all other parame- 
ters constant, a 10% increase in pellet length 
increases the sinking rate by only 3.3%. The same 
10% increase in pellet width or density would result, 

Table 4 .  Ranking of copepod fecal pellet characteristics by diet functional group. Rank is in descending order from the top of the 
columns. All groups are significantly different (p < 0.05) except where linked by a vertical line 

Length and width Density Sinking rate 

Ciliates Heterotrophic flagellates Ciliates 
Diatoms Heterotrophic dinoflagellates Diatoms 

I Photosynthetic flagellates I Photosynthetic flagellates I Photosynthetic flagellates 
Heterotrophlc dinoflagellates Diatoms Heterotrophic flagellates 
Heterotrophic flagellates Ciliates Heterotrophic dinoflagellates 
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respectively, in a 17.2 or 105% increase in sinking 
rate. Given the observed variation of the different 
parameters (Table 3) and the relatlve sensitivity of the 
equation to changes in these parameters, it appears 
that width is the most influential parameter in the 
estimation of sinking rates. This helps to explain why 
diets that resulted in the largest pellets (ciliates and 
diatoms) rather than those that resulted in the most 
dense pellets (heterotrophic flagellates and het- 
erotrophic dinoflagellates) are associated with the 
highest sinking rates (Table 4). It is interesting that 
pellet density appears to be inversely related to pellet 
slze (Table 4). In fact, pellet density is more consis- 
tently related to pellet size than to the type or size of 
food consumed. For example, diet of ciliates and the 2 
sizes of dia.tom produced the least dense pellets in this 
study (Table 4 ) .  Larger pellets appear to be less 
densely packed than smaller pellets. Examination of 
Figs. 1 & 2 reveals that pellet length and width 
respond quite similarly to different diets, and to food 
concentration within a diet. Thus, it appears that the 
combination of pellet width and length overrides the 
effect of pellet density on sinking rate. From the rela- 
tlonship density = mass/volume, we calculated the 
mass of pellets (data not shown; volume estimated 
from length, and wldth assuming that pellets were 
cylinders). Though pellet volume and density were 
inversely related, they did not appear to be propor- 
tional since pellet mass did not remain constant. 
Therefore, the density and dimensions of pellets must 
be measured to calculate their gravitational sinking 
velocity. 

Past studies have shown an increase in pellet size 
with increasing food concentration (Dagg & Walser 
1986, Tsuda & Nemoto 1990, Butler & Dam 1994), a 
relationship that was not always observed in this study 
(Figs. 1 & 2). Within individual diets, most pellet 
lengths were not significantly different even with a 
5-fold change in food concentration. For the 2 diets 
that did show significant differences (Chaetoceros 
neogracile and Rhodomonas lens), one increased in 
length with an increase in concentration, and the other 
decreased. For pellet widths, half of the diets that pro- 
duced significant differences with changes in food 
concentration increased with a 5-fold, increase in food 
concentration and half decreased.. Elemental analysis 
of the diets (Table 1) showed that the food concentra- 
tions for the 1.ow food treatment were typically higher 
than the nominal value of 100 1-19 C 1-' chosen as a lim- 
iting food concentration. The possibility exists that 
both of the food concentrations used for any given diet 
might have been saturating concentrations. In this case 
we would not expect to see any difference in pellet 
size, regardless of the large difference in food concen- 
tration available 

Thalassiosira weissflogii is the diet for which we 
have the most information for Acartia tonsa, in that 
both ingestion and pellet production functi.ona1 
responses are available in the literature (Houde & 
Roman 1987, Butl.er & Dam 1994). According to the 
functional response for ingestion, saturation is not 
reached until a concentratlon of 245 pg C 1-' (Houde & 

Roman 1987), which is higher than the actual 'limiting' 
concentration (142 pg C 1-') used in this study. Con- 
trary to this ingestion response, the saturating concen- 
tration for fecal pellet production determined by Butler 
& Dam (1994) was approximately 135 pg C I-', which is 
very close to the concentration we used. Hence, not 
only is there a wide range of saturating ingestion con- 
centrations for different diets (Houde & Roman 1987), 
but it appears that the functional responses of inges- 
tion and egestion may not always be co.upled within a 
diet. Functional responses are not available for pellet 
production on all of the diets used in this study, making 
it impossible to know exactly where on the curve the 
actual concentrations would fall. Further studies are 
needed to establish the functional relationship of pellet 
production rates to food concentration. 

The results from the heterotrophic flagellate and cil- 
iate diets are of special interest since the effects of bac- 
terivorous protozoan diets on copepod fecal pellet 
characteristics, to our knowledge, have not previously 
been studied experimentally. When compared as func- 
tional groups, the heterotrophic flagellate and ciliate 
diets are significantly different in all measurements 
(Table 4). However, inspection of Table 2 shows that 
the ciliate (Uronema sp.) and one of the heterotrophic 
flagellate diets (Oikomonas sp.) produce fairly similar 
pellets. In fact, the pellet widths and sinking rates for 
these 2 diets are statistically indistinguishable. Pellet 
lengths and densities for these 2 diets are close to the 
mean for a1.l experiments, but widths and sinking rates 
are significantly higher. Contrary to these results, 
the other heterotrophic flagellate diet, Cafeteria sp., 
resulted in exceptionally small and dense pellets with 
below-average sinking rates. We have no explanation 
for these differences. 

To explore the fate of fecal pellets from different 
diets, one needs to consider both sinking and degrada- 
tion rates of pellets. The gravitational sinking velocity 
estimates are assumed to be maximum rates since they 
represent the sinking of pellets, without any change in 
their integrity, in quiescent, isopycnal waters. Keeping 
these limitations in mind, these sinking velocities are 
considered first-order approximations for the purpose 
of discussion. 

Fecal pellet degradation rates are highly tempera- 
ture dependent and should sharply decrease once pel- 
lets leave the warmer surface waters (Honjo & Roman 
1978, Turner 1979, Roy & Poulet 1990). I t  is therefore 



Feinberg & Dam: Effects of diet on fecal pellets of Acartia tonsa 95 

most relevant to consider the degree of degradation 
found in the period necessary for pellets to sink out of 
the mixed layer. Consideration of the combined sink- 
ing and degradation rates allows us to contemplate 
how differences within the range of results of this 
study might affect the fate of these fecal pellets. Fecal 
pellet degradation rates, like sinking rates, are influ- 
enced by diet (Lee & Fisher 1992, Hansen et al. 1996). 
Hansen et al. (1996) determined fecal pellet degrada- 
tion rates for Acartia tonsa based on loss of volume (at 
18°C) that were not significantly different from the 
degradation rates based on a carbon:volume ratio. The 
highest pellet degradation rate was for a diet of the 
photosynthetic nanoflagellate Rhodomonas baltica and 
the lowest rate was for a diet of Thalassiosira weiss- 
flogii. The rates given in Hansen et al. (1996) were low 
compared to those found by Lee & Fisher (1992), but 
high compared to those measured by Jacobsen & 
Azam (1984) and Lampitt et al. (1990). Given the lack 
of consensus, we used degradation rates from Hansen 
et al. (1996), as they were measured under conditions 
most similar to those used in this study. 

Since Hansen et al. (1996) measured nearly equiva- 
lent degradation rates for the flagellate (fast degrada- 
tion rate) and a dinoflagellate diet and suggested that 
the mere presence of ciliates and heterotrophic flagel- 
lates in the pellet incubations hastened the degrada- 
tion process, we will assume that the 'high degradation 
rate' applies to all but the diatom diets in this study. 
Dividing the degradation constant, R ( t - l ) ,  by the mean 
estimated sinking rates, V ,  for each treatment (Fig. 4), 
we calculate the L-ratio, a reciprocal length scale 
which represents the fraction of pellet degradation by 
unit length traveled. We can use the L-ratio to compare 
the combined effects of diet-specific sinking and 
degradation rates for each treatment (Table 5). 

Pellets from diatom diets have the smallest L-ratios 
and thus would be expected to degrade the least per 
meter traveled. Sinking rates for these pellets are near 
the average of all treatments, thus the exceptionally 
low L-ratio is mainly a function of the low degradation 
rate constant for these diets. Since the L-ratios for all 
other diets are calculated using the same degradation 
constant, differences in these ratios are due solely to 
the differences found in estimated sinking rates from 
this study. 

The significance of the L-ratio can be illustrated by 
considering the degree of degradation a pellet experi- 
ences within the mixed layer. For instance, if one 
assumed that pellets produced at the surface sank 
through the mixed layer (e.g. 30 m mixed layer), the 
degree of degradation would be the product of the L- 
ratio times the depth of the mixed layer. Such calcula- 
tion suggests that some diets would result in pellets 
that would be substantially recycled whereas others 

Table 5 The L-ratio (m- ' ) ,  the degradation rate constant, R 
( t - l ) ,  divided by the mean estimated sinking rate, V (m d-l), 
for each diet. R = 0.024 d-' is used for the diatoms and R = 0.24 
d.' is used for all other diets. These rate constants correspond 
to values derived for Thalassloslra welssflogij and 
Rhodomonas Dalfica, respectively, by Hansen et al. (1996). 

Genera given in Table 1 

Diet 

T welssflogii 
C. neogra cjle 
R. lens 
Tetraselmis sp. 
0. manna 
Cafeteria sp. 
Oikomonas sp. 
Uronema sp. 

Low food 
concentration 

7.7 X 1 0 - ~  
9.5 10-4 
9.0 X 10-" 
9.3 X 10-3 
1.0 X 1 0 - ~  
1.2 X 10.' 
3.3 X 1 0  " 
6.0 X I O - ~  

High food 
Concentration 

7.9 X 10-4 
8.2 X IO-~ 
1.3 X I O - ~  
1.1 X 10-? 
8 6 x  TO-" 
1.4 X 10-" 
8.0 X 10." 
4.8 X 1 0 4  

would result in pellets that would be exported out of 
the mixed layer relatively undegraded. Examples of 
the former include the photosynthetic flagellates and 
the slower sinking heterotrophic diets (e.g. Oxyrrhis 
marina and Cafeteria sp.). Examples of the latter 
include the diatoms and the faster sinking hetero- 
trophic diets (e.g. Oikomonas sp, and Uronema sp.). 

In summary, there are significant albeit relatively 
small differences in the fecal pellet parameters deter- 
mining sinking rates with changes in diet. Based on 
the results of this study, the highest degree of variabil- 
ity in the mean fecal pellet sinking rates would be 
associated with the consumption of bacterivorous het- 
erotrophs. The digestive processes leading to differ- 
ences in pellet characteristics (e.g,  gut passage time) 
associated with different diets require further study. 
Based on the results of this study, ignoring diet would 
lead to uncertainties in sinking rates of nearly 40%. 
When considered in conjunction with diet-dependent 
fecal pellet degradation rates, the differences in sink- 
ing rates shown in this study suggest different fates for 
pellets produced from different diets. Thus, in model- 
ing fecal pellet flux diet cannot be completely ignored, 
particularly if diet varies substantially in time and 
space. 
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