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Marine copepod fecal pellets: production, preservation
and sedimentation
by Susumu Honjo 1 and Michael R. Roman 1 , 2
ABSTRACT
Production, preservation and sedimentational aspects of common m arine copepod fec al
pellets were studied in order to understand the transport of organic and inorganic material
from the surface to the deep sea. Fecal pellets were obtained from laboratory cultures of
Ca/anus finmarchicus, Acartia tonsa and A. clausi fed several species of coccolithophores (approximately 10 µm in diameter) and diatoms (approximately 6 µm and 50 µm in diameter).
Copepods also ingested pure coccoliths (the carbonate plates of coccolithophores), microcrystals
of calcite and aragonite. Carbonate crystals were not dissolved while they were in the copepod
gut or in fec al pellets. In bacteria-free cultures of coccolithophores and diatoms, individual
bacteria cells of gut origin were not found in the interior of fecal pellets under SEM observation.
The surface of fecal pellets produced by all three copepods tested, under all feeding conditions, was covered by a protective surface membrane. Rapid bacterial colonization was observed on the pellet's surface membrane when exposed to seawater. The rate of microbial
colonization increased with temperature. When fresh fecal pellets were exposed to 20 °C the
surface membranes were degraded within 3 hours resulting in the internal contents being exposed to seawater; at 5°C the surface membranes were intact for up to 20 days. When the
surface membrane is consumed, biodegradation proceeds to the interior of the fecal pellets.
Constituent particles fall off and finally break into small amorphous aggregates.
Most of the fecal pellets collected by a sediment trap moored off the deep-ocean bottom at
two stations in the Atlantic Ocean appear to be produced by copepods. The coccoliths and
diatoms contained in such naturally occurring pellets showed no chemical dissolution and small
particles such as coccoliths were free from mechanical destructions. The fecal pellets collected
by sediment trap lacked a surface membrane possibly because of biodegradation du ring sinking and trap recovery.

1. Introduction

Copepods are the most abundant metazoan animals in the ocean (Hardy, 1956).
Fecal pellets are produced by copepods at rates as high as 200 pellets/ individual/
day; the egestion rate increasing with food concentration (Gaudy, 1974). Copepod
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Causeway, Miami, Florida, 33149, U.S.A.
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fecal pellets reflect the chemical composition of their food and represent a rich
energy source for detritivores (Cowey and Comer, 1966). Undigested carbonate
and siliceous skeletal remains from phytoplankton food are also important constituents of copepod fecal pellets (Schrader, 1971; Honjo, 1976).
Suspended particles in the ocean have faster sinking rates as a result of aggregation into fecal pellets. The mass flux of inorganic and organic matter to the bottom
of the ocean because of the high sinking rate of fecal pellets may be significantly
large. Thus fecal pellets produced by copepods may have a significant impact on
nutrient cycling and sedimentation. However, the fate of a fecal pellet is not certain
because of biodegradation (Johannes and Satomi, 1966), coprophagy (Frankenberg
and Smith, 1967) and other modes of destructions (Smayda, 1969) which may take
place while they are sinking. Such processes may reduce the importance of fecal
pellets as a means of vertical transport of materials.
In the study described, the protective role of copepod fecal pellets in packaging
particles and nutrients was examined in controlled laboratory experiments. In order
to assess the integrity of fecal pellets in their natural environment, the biodegradation of laboratory produced fecal pellets was observed during time and temperature
series experiments. To confirm our experimental findings, fecal pellets collected by
a prototype sediment trap moored off the ocean bottom were compared to copepod
fecal pellets produced in the laboratory. We have tried to assess the role of copepod
fecal pellets in the transportation of materials and nutrients through the deep
water column.
2. Materials and methods

a. Copepods. Three species of common marine copepods, Calanus finmarchicus,
Acartia tonsa and A. clausi (adult and 5th copepodite stages), were used for the
experiments. C. finmarchicus, a large copepod, is common in the open ocean as
well as near shore. A. tonsa and A. clausi are medium sized and are common neritic
species (Grice and Hart, 1962). Copepods were collected by plankton tows near
Woods Hole. Species were separated into replicate groups of 50 individuals and
maintained in 500 ml seawater.
b. Food material. Copepods were fed several species of axenically cultured coccolithophores, diatoms, as well as inorganic calcite and aragonite microcrystals.
Coccolithophores were Emiliania huxleyi (coastal and pelagic strains) and Cruciplacolithus neohelis (pelagic strain). Unless stated, all cells had coccoliths. The
pennate diatom, Nitzschia closterium, and the centric diatom Coscinodiscus sp.
were also used as food . The feeding experiments were conducted in the dark for
24 hours but were disturbed briefly by microscopic illumination while collecting
fecal pellets. The culture jars were rotated at the rate of 1.0 rpm to maintain an
even suspension of food particles. Copepods were cultured at the temperature of
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collection (10°C-12°C) and were starved for several hours in filtered seawater
(0.5 µm) before feeding experiments.

c. Analysis of fecal pellets. Groups of three hundred fecal pellets were collected
by pipette under microscope and placed on pre-weighed, combusted, glass fiber
filters. The pellets were washed with distilled water, dried at 60°C, and weighed
by microbalance. Nitrogen and total carbon were measured by a Perkin-Elmer
Model 240 Elemental Analyzer. Parallel carbon samples for inorganic carbon were
first combusted at 500°C for 4 hours in a muffle furnace to ash the combustible
fraction of carbon (Horita and Szyper, 1975).
d. Microscopy. Scanning electron microscopy was used to investigate fecal pellets
and their contents. Fecal pellets were fixed in seawater buffered 2 % glutaraldehyde,
a 0.5% Os0 4 seawater solution, dehydrated gradually through 100% alcohol and
finally deliquified by Freon critical point drying method. A thin coating of Au-Pd
alloy was deposited by a cold cathod discharge evaporator under Ar-gas pressure.
Pellets were dissected to observe the internal structure by transmission and scanning electron microscope only after they were fixed and dehydrated so that microbial contamination could be easily detected.
e. Sinking rate measurement. The sinking rate of fecal pellets at 5 and 15 °C were
measured as described by Wiebe et al. (1976). The seawater used for this experiment was filtered and allowed to stand at ambient temperature at least overnight to
reduce turbulence. All the fecal pellets used for sinking rate measurement were
collected shortly after egestion.

3. Observations and results

a. Dimension of fecal pellets produced in laboratory culture. Fecal pellets of A.
tonsa and A. clausi were cylindrical with identical hemispheric ends. Pellets produced by C. finmarchicus were considerably larger and the proximal end (where
it comes out last) was tapered to form an acute tip which was usually attached to a
membrane like a fin (Figures lA & B). The dimensions of the pellets were 600 ±
100 µm long, 70 ± 15 µm wide for C. finmarchicus and 200 ± 55 µm long, 40 m
± 1O µm wide for A. tonsa and A . clausi. The volume of typical fecal pellets of
C. finmarchicus and A. tonsa were 2.3 X 10 7 µm 8 and 2.5 X 10 5 µm 3 respectively.
b. Egestion rates. A. clausi produced an average of 24.5 (sd = 4.1) pellets a day
when cultured in near-shore natural seawater at 12°C. The particle concentration
(1 to 50 µmin diameter) of the food suspension was 1.67 x 105 cells/ 1 (by Coulter
Counter analysis). In filtered seawater with E. huxleyi and C. neohelis in a 1: 1
mixture (1.63 x 105 cells/ 1), A. clausi produced 90.7 (sd = 7.6) fecal pellets/ day
at 12°c. The fecal pellets were collected over 72 hours from 6 replicate vessels
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which contained 50 copepods each. To prevent coprophagy all pellets were removed
from the containers every 3 hours. Egestion rates did not increase with increasing
food concentration beyond 10 5 cells/ 1. Conversely, the egestion rate of A . tonsa
decreased to 1 fecal pellet every 3 hours at a food concentration (E. huxleyz) of 2
X 10 4 cells/ 1.
c. Weight and organic content of fecal pellets. The dry weight of fecal pellets produced by C. finmarchicus fed E. huxleyi (10 5 cells/ 1) was 10 to 26 µ,g (x = 19 µ,g) ;
A. tonsa pellets weighed 0.6 to 4.0 µ,g (x = 1.6 µ,g).
The combustible organic fraction of fecal pellets was 25 % to 45 % for both
copepod species fed E. huxleyi (10 5 cells/ 1). When non-coccolith forming strains of
E. huxleyi were fed (10 5 cells/ 1) to A. tonsa, the combustible fraction of fecal pellets produced was 97%. Total carbon content (inorganic and organic) of fecal
pellets produced by A . clausi was 0.133 to 0.276 µ,gC / pellet when they were fed
E. huxleyi/C. neohelis (l: 1) with the cell density of 1.69 X 10 5 /1. The total carbon content of fecal pellets produced in natural coastal seawater with 1.67 x 10 5
particles/ 1 was 0.096 to 0.187 µ,gC/pellet. Fecal pellets produced by A. clausi
feeding on natural seawater (1.67 x 10 5 particles/ 1) contained 0.015 to 0.038
µ,gN / pellet. Fecal pellets produced on a coccolithophore diet (1.69 x 10 5 / 1) contained 0.013 to 0.028 µ,gN / pellet.
d. Interior of fecal pellets. Coccospheres were preserved intact in the fecal pellets
of all copepod species tested. Coccospheres of C. neohelis were usually better preserved in fecal pellets than E. huxleyi (Figs. lF, 2C). Under all feeding conditions
no sign of chemical dissolution of coccoliths (calcite) were observed. Mechanical
damage of coccoliths as the result of ingestion was insignificant (Figs. 2B, E).
The interior of fecal pellets was observed under SEM after critical-point dehyFigure 1. Scanning electron micrographs of copepod fecal pellets.
A. Fresh (fixed 0.5 % in 0s0, solution within several seconds after voiding) pellet from
Calanus finmarchicus X 225. E. huxleyi culture was fed to copepod.
B. Ibid. a specimen preserved seven days in 5 °C natural sea water (total darkness). Notice
longitudinal shrinkage marks along the surface membrane. X 225.
C. Ibid. after exposing a few hours in 18° seawater.
D . Fresh fecal pellet of Acartia tonsa X 450.
E. Fecal pellet of A cartia tonsa exposed 5 hours in I 8 °, X 450.
F. Ibid. exposed 3 hours in 27° water, X 600. All surface membrane disappeared. Spheric
objects of app. 10 µm diameter are intact coccospheres (C. neohelis) being fed to copepods.
G. A fecal pellet from A. clausi kept in 5°C water for 20 days (total darkness). Considerably shrunk from the original configuration. X 190.
H . Two pieces of strongly biodegraded pellets in culture. No surface membrane remained.
X 225.
I. and J. Naturally occurring fecal pellets collected by a sediment trap by Wiebe et al.
(1976) from the Tongue of the Ocean, 2,200 m, showing similarity to the condition illustrated
in H. X 530.
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Figure 2. Scanning electron micrographs of copepod fecal pellets.
A. Enlargement of D, Figure 1 showing partial exposure of pellet contents. X 1,350.
B. Initial stage of bacterial growth in a quasisystematic pattern. The pellicle is well perforated. Notice the excellent preservation of coccolith. X 6,500.
C. Progress of biodegradation in between the stage shown in E and F, Figure 1. Some of
the coccoliths and coccospheres which filled the inner space of the pellet have dispersed.
Intact coccospheres (C. neohelis) tend to remain. Notice the dense colonization of bacteria.
X 1,900.
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dration technique. Thin thread-like membranes (250 to 300 A O diameter) were
present throughout the spaces between undigested matter (Fig. 2E). The material
was presumed to be the result of gel conversion of a micellar solution, a result of
the dehydration technique. A similar phenomenon was observed by dehydrating
such solutions as polyvinyl alcohol.
e. Surface membrane of fecal pellets. The surface of fresh fecal pellets produced
by all three copepod species tested, under all feeding conditions, was covered by a
thin, continuous membrane (Figs. lA, B, D & G). This surface membrane does
not fit the description of a "pellicle" or "peritrophic membrane" of Caridae
(Forster, 1953). The original definition stated that the thick, outer covering was
not attached to the contents of the fecal pellet. The membrane found covering
fecal pellets under SEM appeared continuous with the organic matter which filled
the interstitices of the fecal pellet but the degree of polymerization may be different.
This surface membrane was not attacked by chitinase (reaction compared chitin
digestion of crustacean carapace and fresh surface membrane of a fecal pellet under
SEM). Forster (1953) reported that the peritrophic membrane of the Caridea was
chitinous but no positive results were obtained in tests for chitin in the surface
membrane of copepod fecal pellets in our study or that of Gauld (1957).
f. Time/temperature series biodegradation experiment of fecal pellets. Rapid bacterial colonization was observed on fecal pellet surfaces in seawater. The microbial
colonization was greater at higher temperatures. A typical pattern of bacterial
development was that small bacterial cells of less than 0.5 µ,m appeared on the
membrane surface (Fig. 2B). These were replaced or grew to larger bacteria with
time (Figs. 2C, E). As the surface membrane was broken down by bacteria, the
internal contents of the pellet were exposed. Frequently ciliates were observed
swimming about the decomposing fecal pellets. Eventually bacteria colonized the
whole fecal pellet, destroying its integrity, and the undigested contents were dispersed (Fig. 1H).
Time-series exposure experiments of fecal pellets in seawater off Woods Hole
were conducted at various temperatures (25, 20, 15, 10 and 5°C). When fresh
D. Surface detail of a pellet of A. tonsa after preserving 10 days in 5 °C sea water (total
darkness). Small white spots are presumed to be bacteria. Coli-form bacteria (i.e. on the
upper left corner) were rarely observed. X 6,500.
E. Interior space of a fecal pellet of A. tonsa fed (coccolithophore) and diatom mixtures.
Notice thread-like structure covering the space. Arrow indicates a coli-form bacteria. X 5,000.
F. Surface of I, Figure 1, a naturally occurring fecal pellet. Notice fr agile coccoliths such
as Umbelosphaera irregu/aris (a) are excellently preserved. (b) remains of cell material. The
sample was dehydrated by a critical point method. X 3,200.
G. and H. Microcrystals of reagent calcite in a fecal pellet provide recognizable proof of
preservation after feeding to C. finmarchicus or A. tonsa (h, partially covered by organic
matter) when it was compared to the standard (G). X 1,250.
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fecal pellets were exposed to 20 or 25 °C seawater, the surface membrane showed
degradation within 3 hours. After 24 hours the surface membrane was usually
completely degraded. At lower temperatures such as 15 and 10°C, the rate of biodegradation was reduced. In the first 24 hours, some degradation of the surface
membrane was observed but it commonly remained intact. In most cases numerous
small bacteria were scattered throughout the surface membrane. Larger bacteria
were more abundant in 15 °C than 10°C fecal pellet cultures. At 5°C, fecal pellet
membranes were intact for 20 days (Figs. lB, lG). Bacterial growth was limited,
but a few cells were found on surface membranes (Fig. 2D).
g. Bacteria in fecal pellets. Individuals of C. finmarchicus, A. tonsa and A. clausi
were cultured separately in 300 cc glass vessels containing filtered seawater (0.22
µ,m) with various diets of axenic phytoplankton cultures. Fecal pellets were collected at the moment of egestion and immediately fixed in 0.5 % OsO4 solution,
critical point dried and dissected by tungsten microprobe to observe the interior of
the fecal pellets under SEM. Possible contamination was minimized because the
treated pellet was soaked with highly toxic OsO4 and dehydrated. In bacteria-free
cultures of coccoliths and diatoms bacteria cells were not found in fecal pellets.
h. Sinking rate in seawater. Laboratory measurement of the sinking rates of fecal
pellets varied significantly even among pellets from the same copepods. For A.
tonsa fed E. huxleyi (2 x 10 5 cells/1), the sinking rates of fecal pellets in 15°C
water was approximately 120 m/ day- 1 (range 80 to 150 m/day). The pellets of
C. finmarchicus were much larger than the former, and sinking rates were 180 to
220 m/ day in 15°C water. In 5°C water, the average rate was approximately 35%
less than the rate measured in 15 °C.
i. Coccoliths and inorganic carbonate crystals in fecal pellets. Pure coccoliths of E.
huxleyi and C. neohelis were extracted from culture by centrifugation and fed to
A. tonsa and C. finmarchicus in filtered seawater. Both copepod species ingested
coccoliths and produced fecal pellets. Both species of coccoliths were intact in the
pellets.
Reagent calcite particles with euhedral, rhombohedral microcrystals of 2 to 20
µ,m, were fed to A . tonsa. The copepods excreted short, white fecal pellets with a
thin surface membrane. Under the SEM, the crystals were tightly packed inside the
pellet. The crystals were intact with edges as sharp and unetched as control crystals
which were kept in seawater during the feeding period (Figs. 2G, H). Aragonite
crystals, less chemically stable, also showed no dissolution in copepod fecal pellets.

4. Natural fecal pellets collected by a prototype sediment frap
A prototype sediment trap (Wiebe et al., 1976) was moored for two months at
the Tongue of the Ocean at 2,200 m depth (130 m from the sea floor). Small fecal
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pellets were abundant in the sediments collected. The majority of the pellets were
morphologically classified into two groups. One type, greenish colored, contained
aggregations of diatom skeletal remains and coccoliths. Organic material constituted
a small fraction of these pellets. A "green" fecal pellet was loosely formed and
easily broken. Intact specimens were a few hundred microns long and several tens
of microns wide. The size of the second type of fecal pellet was similar to the
former but dark colored, well consolidated, and fusiform. This type of pellet contained primarily amorphous organic material. Skeletal remains such as diatom tests
were rarely found. The origin of these fecal pellets has not been clarified. The
first type of pellet appears to be produced by copepods, based on the similarity to
laboratory produced fecal pellets (Figs. 11, J; Fig. 2F).
The coccoliths contained in the green fecal pellets showed no sign of mechanical
destruction and chemical dissolution. Fragile coccolith specimens such as the megacoccolith of Umbelosphaera irregularis and many species of holococcoliths were
kept intact (Fig. 2F). The fecal pellets contained a number of intact coccolithophores of small and abundant species, such as E. huxleyi and Gephyrocapsa
oceanica.
The major difference between the fecal pellets produced by laboratory cultured
copepods and pellets which were collected by sediment trap was that natural fecal
pellets were more densely packed with undigested material, particularly skeletal remains of phytoplankton. The laboratory pellets produced by copepods fed coccolithophore cultures at various concentrations were less dense when compared to
the trap collected pellets of similar size. Sinking speed of naturally occurring fecal
pellets measured by Wiebe et al. (1976) was approximately 20 % faster than the
laboratory produced pellets of the same size fraction. Those observations are similar
to Fowler and Small's (1972) comparison of laboratory produced and natural
euphausid fecal pellets.
The average CaCO 3 concentration of the natural pellets from the Tongue of the
Ocean was 30 µ,g for fecal pellets .x = 200 µ,m long, .x = 60 µ,m wide. However, the
calcite concentration did not exceed 10 µ,g in the pellets of equivalent size produced
by laboratory cultured copepods fed exclusively coccolith (calcite) bearing cells of
E. huxleyi and C. neohelis mix. No fecal pellets collected by sediment trap when
examined under SEM possessed a surface membrane, while all fresh copepod pellets
produced in the laboratory were covered with a surface membrane.

5. Discussion
In the laboratory, the diatom Coscinodiscus sp. (50 µ,m or more in diameter)
were crushed into small fragments while E. huxleyi cells (10 µ,m) , eaten simultaneously and/ or independently were intact in copepod fecal pellets. Large coccolithophores such as Syracosphaera (30 µ,m) , Pontosphaera (50 µ,m), and Umbel-
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losphaera (45 µm) were not preserved in naturally occurring fecal pellets, but
Emiliana and Gephyrocapsa Oess than 10 µm) were often found intact. Small particles of 10 µm or less may be at the lower limit of copepod retention for filter feeding (Hargrave and Geen, 1970; Boyd, 1976; Nival and Nival, 1976) and may be
inefficiently ingested. The concentration of coccolithophores in the ocean was 10 5
cells per liter in the Subarctic zone and 10 4 cells per liter in the Equatorial and
Central zone of the North Central Pacific Ocean during the summertime (Okada
and Honjo, 1973). The Subarctic zone was monopolized by E. huxleyi and approximately 80% of coccolithophores in the Equatorial zone were E. huxleyi and
Gephyrocapsa spp. A number of these small coccolithophores remained in copepod
fecal pellets (i.e., Fig. lF), and may reach the deep ocean floor intact. Coccolithophores dispersed from sinking, biodegraded fecal pellets may be resuspended at
any depth in the deep sea. Okada and Honjo (1973) observed up to 100 suspended
coccolithophores per liter in the deep equatorial Pacific.
Marshall and Orr (1955) stated that the gut of copepods is acidic. However,
aragonite crystals which were fed to the copepods mixed with food were not dissolved or etched in copepod fecal pellets. These crystals readily dissolved in solution with slightly lowered pH (< 6). Coccoliths, including delicate forms such as
U. irregularis also did not show evidence of dissolution in natural fecal pellets.
Thus, although the pH of the alimentary canal of copepods was not directly measured, it is presumed to be close to that of seawater. Therefore, the chemical state
of minerals such as calcite would not be altered by transport in copepod fecal pellets. Furthermore, the surfaces of particles in fecal pellets are protected by an organic membrane which shields the interior from seawater unless biodegradation
proceeds to the deeper part of the pellets. Thus copepod fecal pellets have been
found to be protective rather than destructive to skeletal particles of less than 10
µ,m . Solution of small biogenic particulates in the water column would be greatly
decreased by such protection.
The strength of fecal pellets during suspension in seawater is another factor
affecting the vertical flux of materials associated with copepod fecal pellets. The
surface membrane, or "pellicle," packages the contents and increases sinking speed
by providing a smooth covering which decreases frictional drag. Our time/ temperature exposure experiments suggest that biodegradation occurs first on the surface
membrane and that the process is accelerated in warmer seawater. The colonization
of bacteria and associated protozoa may increase the nitrogen concentration and
nutritive value of fecal pellets (Newell, 1965). However, this colonization disrupts
the morphology of the fecal pellet.
Assuming that "in situ" microbial colonization is comparable to rates observed
in our laboratory experiments, the surface membrane of fecal pellets has less
chance of being preserved in shallower water and lower latitudes than the membrane of pellets produced in lower temperature, deep and/ or high latitude water.
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The surface membrane will be degraded before a pellet sinks through a euphotic
layer whose surface temperature is 25°C. On the other hand, a fecal pellet produced in cold water such as that distributed below the thermocline will be less
'
affected by biodegradation. The 5 °C isotherms are often located at approximately
1,000 m depth in the ocean, and an average pellet takes approximately a week to
fall to that depth. Biodegradation may be insignificant in 5°C water and the chance
of a fecal pellet reaching bottom will be significantly increased. However, the dispersion of particles from the pellet may continue while it sinks through the deep
water column, contributing to suspended particles in the deep seawater column
(Honjo, 1975). The lack of a surface membrane in the majority of fecal pellets
collected by sediment trap may be due to such biodegration, particularly after the
sample was returned to the ship through warm surface water.
Surface membranes covering copepod fecal pellets may perform an important
role by allowing the release of dissolved fluids after perforation by bacteria activity,
while retaining solids such as carbonate and clay particles. Thus, although no
quantitative data has been obtained, nutrients such as phosphorous and nitrogen
may be recycled to the shallower water column enhancing nutrient regeneration
where copepod grazing is high. Johannes and Satomi (1966) observed quick leaching of phosphorous from shrimp fecal pellets. They fed diatoms to the shrimp,
Palaeomonetes pugio, and found that fecal pellets examined immediately after
voiding were densely packed with bacteria. They concluded that the bacterial cells
were of intestinal origin and that they were an assimilable food. We failed to observe such concentrations of gut-origin bacteria in the copepod fecal pellets. Rapid
bacterial growth was first observed on the surface membrane of fecal pellets and
only later proceeded into the interior of the pellets.
Evidence of coprophagy by copepods has been documented (Frankenberg and
Smith, 1967; Paffenhofer and Strickland, 1970). Although phytoplankton are
scarce or absent below 200 m in the ocean, substantial zooplankton populations
are present (i.e., Deevey and Brooks, 1971; Wheeler, 1970). Harding (1974)
found amorphous detritus and fecal pellets in the guts of deep-sea copepods. Thus
copepod fecal pellets may not only be important in sedimentation and geochemical
processes but also to the nutrition of bathypelagic zooplankton communities.
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