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ABSTRACT

Fecal pellets from Oikopleura vanhoeffeni and Calanus
finmarchicus were analyzed in the spring, summer, fall and
winter to determine if there were changes in their physical
(size, phytoplankton content & density) or chemical
(particulate organic carbon & particulate silicate)

characteristics. Changes in phytoplankton content due to

1 ion were observed in both feces types which
resulted from a change from a diatom based food chain in the
spring to one based on the microbial loop in the fall.
Changing phytoplankton content also resulted in seasonal
changes in the dynamic density of the fecal pellets, due to
the differential compactness of the component particles.
Changes in the dynamic density resulted in changes in the
potential of both fecal pellet types to exit the upper mixed
layer and contribute to vertical nutrient and particle flux.

Current literature equations used for predicting the
settling velocity of fecal pellets gave correct trends for
my data but overestimated the actual rates by 2-100 times.
Empirical settling velocity equations were developed for the
two fecal types based on their physical characteristics.

The resulting equations for both C. finmarchicus and Q.

vanhoeffeni were modified Stokes equations. For O.
vanhoeffeni, the settling velocity (W,) can be expressed as:
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1 2.0/ L\-331
W= 002 2 (p, - p) g0} (T,)

and for C. finmarchicus as:

L\-1.759
W,=.028 2 (p,-p) 9L‘~“(,—J)

where u is the viscosity of the water, p, is the density of
the fecal pellet, p is the density of the water, g is
gravity (981 cm s™', D, is the diameter of an eguivalent
sphere, and L and D are the length and diameter of the fecal
pellet. Using these equations, seasonal settling
velocities were calculated for the copepod fecal pellets.
Fall C. finmarchicus fecal pellets had the fastest settling
velocities (25-95 m day’'), indicating that these feces have
a greater potential in contributing to the nutrient flux
than do spring feces (7-35 m day’'). The higher measured
sinking velocities for 0. vanhoeffeni fecal pellets suggests
that they are more likely to leave the upper mixed layer and
contribute to the nutrient flux than are copepod feces.

The decay rate for C. finmarchicus fecal pellets was
the same in the spring, summer and fall in the field,
suggesting that the seasonally dependent nutrient flux due
to fecal pellets is determined not by how fast they decay,
but by their ability to leave the upper mixed layer.

iii



Decaying and fragmenting fecal pellets release dissolved
free amino acids (DFAA) into the surrounding water. Changes
in the physical characteristics of the fecal pellets
resulted in the fall C. finmarchicus fecal pellets and the
winter 0. vanhoeffeni fecal pellets having the greatest
potential to leave the upper mixed layer. This implies
that, seasonally, the microbial loop can contribute to the
nutrient and particle flux through copzpod and tunicate

feces.

iv
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CHAPTER 1

GENERAL INTRODUCTION

1.1 ROLE OF FECAL PELLETS

Fecal pellets are important in sedimentation processes
and in the vertical transport of nutrients, pollutants and
trace elements to the benthos, continental shelf and
bathypelagic environments (Schrader, 1971; Fowler & Small,
1972; Honjo & Roman, 1978; Paffenhdfer & Knowles, 1979;
Bruland & Silver, 1981; von Bodungen, et al. 1987). The
contribution made by fecal pellets to nutrient flux can vary
with season, the type of phytoplankton present and the
zooplankton community structure (Paffenhdfer & Knowles,
1979; Bienfang, 1980; Angel, 1984; Skjoldal & Wassmann,
1986; Michaels & Silver, 1988; Wefer, et al., 1988). Swarms
of salps and pteropods produce large numbers of fast-sinking
fecal pellets which result in rapid transport of organic
detritus to the benthos (Silver & Bruland, 1981; Matsueda,
et al. 1986). During the time of the swarms, these fecal
pellets may have a greater impact on geochemical fluxes than
crustacean, copepod, feces since salp feces tend to be 100
times richer in organic carbon and nitrogen per unit dry
weight (Honjo & Roman, 1978; Bruland & Silver, 1981; Smith

unpubl. data). Gelatinous zooplankton are non-selective
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filter feeders and can repackage small fecal pellets through
coprophagy, accelerating their transport to depth (Silver &
Bruland, 1981).

Recent studies suggest that only large, rapidly sinking
fecal pellets or those incorporated into larger aggregates
reach depths greater than 1000 m (McCave, 1975; Urrére &
Knauer, 1981; Lampitt, 1985; Alldredge & Gotschalk, 1988;
Michaels & Silver, 1988). However, large size and high
sinking velocity do not guarantee export out of the euphotic
zone, as Alldredge, et al. (1987) found high concentrations
of old euphausiid pellets in the surface waters off southecrn
California. Over 90% of the euphotic zone organic
production is recycled in the upper 400 m, mainly through
degradation of fecal pellets and phytoplankton by microbes
and coprophagy of fecal pellets by larger zooplankton
(Bishop, et al., 1978; Small, et al., 1979; Hofmann, et al.,

1981).

1.2 CONTROLS ON THE FLUX POTENTIAL OF FECAL PELLETS

Phytoplankton in temperate waters follow a seasonal
progression from small, single-cell diatoms to large chain-
forming diatoms to unarmored flagellates and back to single-
cell diatoms (Marshall & Cohn, 1983; Marshall, 1984; Nielsen

& Richardson, 1989). The kind of phytoplankton present will



influence the zooplankton community. Gelatinous filter
feeders consunme mainly micro- (20 =200 gm) and nano- (2-20
pm) plankters, whereas copepods ingest predominately larger,
single-cell and chain forming diatoms (Turner, 1984; Deibel
& Turner, 1985; Michaels & Silver, 1988). Thus, gelatinous
zooplankters can feed on the primary members of the
microbial loop, i.e. bacteria and heterotrophic
nanoflagellates (Pomeroy, 1974; Michaels & Silver, 1988),
whereas copepods are linked to the microbial loop through
larger ciliates and protozoans (Berk, et al., 1977; Porter,
et al., 1979; Klein Breteler, 1980).

The type of phytoplankton ingested affects the pellet's
density, which in turn may effect its settling velocity.
During the spring and fall phytoplankton blooms, the guts of
copepods become saturated with food, resulting in rapid gut
passage times (Penry & Jumars, 1986). Consequently, the
feces are more dense and may be rich in organic matter,
thereby sinking faster and contributing more to the organic
flux than feces during the rest of the year (Dagg & Walser,
1986) . This was demonstrated by Bienfang (1980), who found
that fecal pellets composed primarily of flagellates were
less dense (1.11 g cm’') and sank more slowly than feces
composed primarily of diatoms (1.17 g cm’').

Sinking velocity is dependent in part on the difference

between fecal pellet density and the density and viscosity



of the surrounding water (Komar, et al., 1981). As feces
decay, they become less dense (Noji, et al., 1991) and
should therefore sink more slowly. Previous studies suggest
that the sinking velocity of a fecal pellet decreases with
decreasing temperature due to increased water viscosity
(Fowler & Knauer, 1986 and ref. within).

Water temperature can also affect the rate of fecal
pellet decay (Honjo & Roman, 1978; Turner, 1979; Roy &
Poulet, 1990). Most zooplankters produce fecal pellets with
a peritrophic membrane. The breakdown of this membrane and
the total decay of the pellet is a function of water
temperature and its affect on microbial and protozoan
activity. The peritrophic membrane is consumed by bacteria
either from the water column or from within the feces.
Alldredge, et al. (1987) found bacteria mainly within
euphausiid fecal pellets, whereas Honjo & Roman (1978) found
microbes attached to the outside of copepod pellets. These
external bacteria may be an artifact of laboratory
incubation or retrieval methods due to contact with the
container's walls (Gowing & Silver, 1983), and may lead to
an increased decay rate in the laboratory. More recent work
suggests that zooplankton facilitate the decay process
through coprochaly or coprohexy (Lampitt, et al., 1990;
Noji, et al., 1991).

The rate at which fecal pellets are degraded controls



in part the rate at which nutrients are released to the
surrounding water and the resultant supply of energy from
fecal pellets to both the benthos and the bathypelagic
environments. Jumars, et al. (1989) suggested that 90% of
the DOC (dissolved organic carbon) in small fecal pellets
(diameter < 100 ym) diffuses out within 2 s of egestion.
Microbes also utilize many of the nutrients within feces
(Pomeroy, et al., 1984). Amino acids and poly- and mono-
unsaturated fatty acids in fecal pellets are utilized or
degraded in the upper mixed layer (Wakeman, et al., 1984).
However, wax esters and saturated fatty acids remain in
feces collected from deep water, indicating that some feces
can provide energy to the bathypelagic environment (Wakeman,

et al., 1984; Matsueda, et al., 1986).

1.3 SITE DESCRIPTION

In Conception Bay, Newfoundland (47° 30'N, 53° 00'W),
the surface water ranges from <-1° C to 12° C. The bay has
a maximum depth of 270 m, and water below ca. 100 m is never
above 0° C. The eastern coast of Newfoundland is dominated
by the Labrador Current, which enters Conception Bay as a
tongue of cold water at a sill depth of 170 m (Leggett, et
al., 1984; Taggart & Leggett, 1987). The spring diatom

bloom occurs when the surface water is still < 0° C, and is



dominated by chain-forming Chaetoceros spp., Thalassiosira

spp. and Skeletonema costatum (Greville) Cleve (McKenzie,
unpubl. obs.). Bacterial numbers and activity at this time
are suppressed due to low temperatures and substrate levels
(Pomeroy & Deibel, 1986; Pomeroy, et al., 1991), and much of
the phytoplankton sinks intact to the sediment (Thompson, et
al, 1986). Zooplankton abundance lags behind the peak of
the diatom bloom due to the effect of temperature on copepod
development rate (Redden & Deibel, unpubl. obs.).

Calanus finmarchicus, a raptorial suspension feeder, is
one of the most abundant large copepods in the bay. Copepod
fecal pellets have been found in sediment traps in
Conception Bay at the end of May and in June, near the end
of the spring bloom, and they peak in September and October
(McKenzie, unpubl. obs.). This suggests that at certain
times the fecal pellets from C. finmarchicus could be
contributors to the vertical particle flux.

Oikopleura vanhoeffeni is a pelagic tunicate that
produces a mucous house and filter feeds with a mucous net.
It is most prevalent in the fall through early spring
(October to March) (Davis, 1982). When phytoflagellates
predominate it is an important grazer and contributes both
houses and feces to the organic flux (Redden, et al., 1988).

Fecal pellets from 0. vanhoeffeni have been found in
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sediment traps in all months, but with a maximum in December

(McKenzie, unpubl. obs.).

1.4 PURPOSE AND OBJECTIVE

The objective of my research is to determine seasonal
changes in physical (size, phytoplankton content, density
and decay rate) and chemical (particulate organic carbon,
particulate silicate) characteristics of Calanus
finmarchicus and Oikopleura vanhoeffeni fecal pellets.
Measured settling velocities will be compared to predicted
values obtained from current literature equations to
determine the accuracy of these equations for predicting
seasonal settling velocities. The dependence of fecal
pellet settling velocity with physical characteristics of
the feces will be examined. This seasonal data will then be
analyzed to determine if any variations in the physical or
chemical characteristics of the fecal pellets will affect
the potential particle and nutrient flux due to these feces
in coastal Newfoundland waters. Could the potential of
these fecal pellets to leave the upper mixed layer and
contribute to the vertical nutrient flux be seasonally

dependent?




CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1 ANIMAL AND PELLET COLLECTION

Oikopleura vanhoeffeni was collected in 400 ml glass
jars by SCUBA divers in March, June and November 1990, and
January and February 1991, from Logy Bay, Newfoundland,
canada (47° 37'N, 52° 39'W). Immediately after collection
the jars containing animals were placed in a flow-through
seawater bath in the laboratory. After 1 h and no longer
than 12 h later, any jars containing houses (> 90% of the
jars) had the houses shaken by hand to release pellets
trapped inside. The house and animal were then removed and
the remaining water was poured through a 20 um nitex filter
to collect pellets. Fresh, intact pellets were removed from
the filter and pipetted into a beaker or vial, or onto a
filter for further analysis.

Calanus finmarchicus was collected from Conception Bay,
Newfoundland, in April, July and September 1990 and April
1991, from oblique net hauls with a 0.5 m plankton net
fitted with 350 um nylon mesh (Nitex) and a closed cod end
cup. The net was lowered to 200 m, towed for 1 minute, and
then retrieved at a rate of 13 m min''. Cod end contents

were emptied into a bucket containing water from the
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subsurface chlorophyll maximum (SCM). Within 3 h, adult C.
finmarchicus females were removed from the bucket and placed
in a large (24 x 24 x 15 cm) PVC cup with a bottom of 505 um
nitex mesh. The cup was suspended in a bucket containing
water from the SCM and incubated in the laboratory at
ambient seawater temperature (-1° to 10° C) for 1-12 h.
During the 1-12 h incubation period, the PVC cup was removed
from the bucket and the water was passed through a 20 pm
nitex mesh to collect all fecal pellets. Pellets were
removed from the filter by pipette and placed in a beaker or

vial, or onto a filter for further analysis.



CHAPTER 3

BEASONAL DIFFERENCES IN THE FECAL PELLET CONTENTS:
IMPLICATIONS FOR FOOD WEB DYNAMICS IN COASTAL NEWFOUNDLAND

WATERS

The contents of fecal pellets from QOikopleura
vanhoeffeni and Calanus finmarchicus were examined in the
spring, summer, fall and winter. The content of the fecal
pellets varied seasonally, resembling available particles in
the water column. This indicated a temporal succession from
a diatom-based food chain in the winter and spring to one
based on the microbial loop in the summer and fall.
Bacteria, cyanobacteria, choanoflagellates, ciliates, and
heterotrophic dinoflagellates were found in the feces,
suggesting a direct link between the microbial loop and both

crustaceans and pelagic tunicates.
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3.2 INTRODUCTION

Primary production by phytoplankton and bacteria forms
the basis of all aquatic food webs. The composition of the
phytoplankton community in coastal, temperate waters varies
seasonally, from a predominance of large, chain-forming
diatoms in the winter and spring to dinoflagellates,
protozoans and nanoplankton in the summer and early fall
(Marshall & Cohn, 1983; Marshall, 1984). This results in a
succession from a predominately diatom-based food chain in
the winter and spring to one based on the microbial loop in
the summer and fall. However, interactions among
phytoplankton, bacteria, protozoans and zooplankton are not
well understood. How and to what extent are microbial food
webs linked to metazoans? Do small plankton act as energy
links (i.e. prey) or as sinks (i.e. decomposers)? How does
the nature of this linkage vary seasonally in coastal
Newfoundland waters that are dominated by the sub-arctic
Labrador current?

Primary production in many oceanic and coastal areas is
dominated annually by nanoplankton (2-20 um) and
picoplankton (< 2 pm) (Booth, et al., 1982; Murphy & Haugen,
1985; Hoepffner & Haas, 1990). It is known that copepods
and euphausiids are not able to feed efficiently on

particles < 10 um in diameter (Marshall & Orr, 1955; Nival &
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Nival, 1976; Fenchel, 1988), and that protozoans, such as
ciliates and choanoflagellates, may consume 4-70% of the
annual phytoplankton production (Burkill, et al., 1987 and
ref within). These observations suggest that at certain
times most of the primary production is recycled in the
upper mixed layer (i.e. through the microbial loop), and
that only large phytoplankton > 20 um in size contribute to
the nutrient flux out of the euphotic zone. However,
mucous-net feeders that occur in brief swarms, such as
salps, doliolids and appendicularians, ingest nanoplankters
and picoplankters efficiently (Harbison and McAlister, 1979;
Mullin, 1983; Deibel and Lee, unpubl. obs.). Thus, small (<
20 um) plankters can be transported to depth through the
feces of mucous-net feeders (Michaels & Silver, 1988).

The purpose of my study was to examine how the
phytoplankton content of the feces from Calanus
finmarchicus, a raptorial, suspension-feeding copepod, and
Oikopleura vanhoeffeni, a pelagic tunicate that feeds with a
mucous filter, varies seasonally. The composition of the
feces provides qualitative information on the structure of
the food web and on the seasonally changing role of

different organisms in energy flow.
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3.3 MATERIALS AND METHODS
3.3.1 GENERAL

Oikopleura vanhoeffeni was collected in March, June,
and November 1990, and January 1991, while Calanus
finmarchicus was collected in April, July and September of

1990, using the method described in Chapter 2.

3.3.2 ANALYSIS OF PELLET AND WATER COLUMN CONTENTS

Fresh, intact pellets were removed from the filter and
pipetted into a beaker containing distilled water to rinse
off salt crystals. The water containing the pellets was
then passed through a 0.45 pm nylon filter (13 mm in
diameter, Micron Separations Inc.). The filter with
attached pellets was put through an ethanol dehydration
series (50%, 70%, 85%, 95%, 100%), critical point dried and
coated with gold (Turner, 1984). Contents of the pellets
were viewed on a Hitachi § 570 scanning electron microscope
(SEM) with the upper detector set at 15 Kv and an 8 mm
working distance. After critical point drying, 50% of the
pellets were pulled in half using double-sided tape before
being mounted and coated with gold.

In each season, 6-8 fecal pellets from both Calanus

finmarchicus and Oikopleura vanhoeffeni were examined at



3000X using SEM. 3000-5000 fields were scanned on O.
vanhoeffeni pellets (average pellet area was 9.73 x 10°

um?), and 500-700 fields were scanned on C. finmarchicus

pellets (average pellet area was 1.42 x 10° um?).
Photomicrographs were made of all phytoplankton species that
appeared in > 20% of the fields and of those that were
unique or rare. Intact cells were measured to the nearest
0.1 pm, and were identified to genus and/or species when
possible. Taxa that appeared in > 50% of the fields were
tabulated as "abundant®, those that appeared in 20-50% as
"common", and those that appeared in < 20% "rare".

When calanus finmarchicus was collected, 180-ml samples
were taken from the subsurface chlorophyll maximum (SCM) for
microscopic analysis. Cell samples were stained with
Lugol's iodine and fixed in 5% borate-buffered formaldehyde
in seawater. 10-50 ml samples were allowed to settle for 48
h, followed by identification and counting at 200 and 400X
using a Zeiss Axiovert 35 inverted microscope with phase

contrast, following the method of Utermchl (1958).
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3.4 RESULTS

A complete species list of the contents identified from
the fecal pellets of Calanus finmarchicus and Oikopleura
vanhoeffeni is given in Table 3.1. The contents for both

fecal types varied seasonally.

3.4.1 BPRING

In March, O. vanhoeffeni feces were full of diatoms (Fig.
3.1A) and chrysophytes (Fig. 3.1B). Dinoflagellates,

silicoflagellates, coccoli ids, lagellates,

ciliates and bacteria were "rare". Many cells were intact
and diatom chains were observed. Cells ranged from 0.7-183
pm in least dimension in valve view, with most < 10 pm in
size.

In April, broken diatom shells (Fig. 3.1C) dominated
the contents of C. finmarchicus feces, including Skeletonema
costatum (Fig. 3.1D), Chaetoceros spp., Thalassiosira spp.
and Fragillariopsis spp. Intact cells ranged from 5-18 pum
in least dimension. Chrysophyte and dinoflagellate remains
were “rare".

The water sample was dominated by diatoms, primarily
Thalassiosira spp. and Chaetoceros spp. (Table 3.2).

Unidentifiable spheres < 2 um in diameter were copious,



followed by choanoflagellates and chrysophytes. Ciliates
and dinoflagellates were scarce. Total cell concentration

was 1.58 x 10° 7',

3.4.2 SUMMER

Broken and unidentifiable diatom frustules dominated
fecal pellet contents of Oikopleura vanhoeffeni at the end
of May and beginning of June (Fig. 3.2A). Individual cells
ranged from 1-167 um in least dimension in valve view.
Dinoflagellate fragments were "common" (Fig. 3.2B & C).

At the end of June and early July, the pellet contents of
calanus finmarchicus were diverse. Broken diatom shells
were "abundant" (Fig. 3.2A), but bacteria, choanoflagellates
(Fig. 3.2D), cyanobacteria, dinoflagellates (Fig. 3.2B), and
diatom cysts were "common". Intact cells ranged from
1-44 pm in least dimension.

Particles in the water were dominated by macroscopic
flocs of "marine snow" (Table 3.2). Few intact diatoms were
present. Spheres < 2 um in diameter were the most prevalent
live organisms. Gymnodinium spp., choanoflagellates and
ciliates were present. Total cell concentration was

1.91 x 10° ¢,
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In September, Calanus finmarchicus feces were dominated
by nanoplankton, including ciliates (Fig. 3.3A), bacteria,
cyanobacteria (Fig. 3.3B), choanoflagellates (Fig. 3.3C),
cysts (Fig. 3.3D), cryptomonads, chrysophytes, diatoms (Fig.
3.3E) and dinoflagellates. Cells ranged from 0.5-87 pm in
least dimension. Small diatoms were "rare".

Chrysophytes and unidentifiable spheres < 2 um in
diameter dominated the cells in the SCM (Table 3.2). Small
(< 15 pm) and large (> 20 pm) ciliates were plentiful, as
were choanoflagellates, gymnodinoid dinoflagellates and
marine snow. Total cell abundance was 3.13 x 10° ¢,

In November, diverse nanoplankton species dominated the
fecal pellets of Oikopleura vanhoeffeni. Coccolithophorids
(Fig. 3.3F), choanoflagellates (Fig. 3.3G), chrysophytes,
dinoflagellates (Fig. 3.3H), euglenoids (Fig. 3.3I),
silicoflagellates (Fig. 3.3J), xanthophytes and cysts (Fig.
3.3K) were "abundant", and "rare" was a testate rhizopod
(Fig. 3.3L), with many partially broken cells. Intact cells

ranged from 0.9-57 um in least dimension.

R

;
{
]




3.4.4 WINTER

Diatoms, including Skeletonema costatum, Chaetoceros spp.

(Fig. 3.4A), and Arcocellulus cornucer (Fig. 3.4B), and
coccolithophorids (Fig. 3.4C) were the main components in
the fecal pellets of 0. vanhoeffeni in January.
Chrysophytes, dinoflagellates, choanoflagellates and
ciliates were "common" (Fig. 3.4D). Small cells appeared to
be intact but many larger cells and chain-forming diatoms
were cracked. Intact cells ranged from 1-66 gm in least

dimension.
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3.5 DISCUBSBION
3.5.1 CAUSES OF DIFF IN THE OF FECAL

Pellets

The seasonal succession of phytoplankton and microbes
is reflected in the changing composition of the feces of:
Oikopleura vanhoeffeni and Calanus finmarchicus. Large,
chain-forming diatoms dominate phytoplankton biomass and
numbers during the spring bloom in Newfoundland waters
(Table 3.2). These autotrophic species deplete dissolved
silica in surface waters by the end of May (Thompson, et
al., 1986), resulting in a 200-fold decrease in diatom
concentration by June and early July (Table 3.2). Bacterial
activity is suppressed during the bloom due to low
temperature and substrate levels (Pomeroy and Deibel, 1986;
Pomeroy, et al., 1991). Phagotrophic and mixotrophic
organisms are found in all seasons, though they predominate
in the summer and fall as components of the microplankton
and nanoplankton communities in coastal waters (Stoecker, et
al., 1989; Paranjape, 1990). In my samples, unarmored
dinoflagellates and ciliates together made up 12% and 9% of
the cell numbers in the summer and fall respectively (Table
3.2). Thus, bacterial numbers and heterotrophic flagellate
biomass track the seasonal cycle of water temperature, which

peaks in the late summer and early fall (Powell, et al.



£
i

1987) . In the late fall and winter, single-cell diatoms
become abundant, most likely in response to increased
vertical transport of essential, inorganic nutrients
resulting from destabilization of the water column.

The content of the feces of both 0. vanhoeffeni and C.
finmarchicus reflects the phytoplankton succession and
relative abundance of particle size classes available in the
SCM at the time of sampling. Diatoms are the primary
component of both animals' feces in the winter and spring,
especially chain-forming Skeletonema costatum, Chaetoceros
spp., Thalassiosira spp. and Fragillariopsis spp. (Figs.
3.1, 3.4). An assortment of nanoplankton species fill the
feces in the fall (Fig. 3.3). Also abundant are amorphous
mucous blobs which may be the remains of soft bodied
plankters or marine snow. The large numbers of broken
diatoms in the feces in the summer (Fig. 3.2) and the few
intact diatoms found in the water column suggest that both
0. vanhoeffeni and C. finmarchicus are feeding on marine
snow derived from fragmented diatoms. I am not attempting to
quantify the relative importance of armored vs. unarmored or
autotrophic vs. heterotrophic plankters as a food source for

copepods and appendicularians.
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3.5.2 A_CHANGING FOOD WEB: LINKS TO THE MICROBIAL LOOP

The fecal pellet of 0. feni and C.

finmarchicus follow a similar seasonal pattern. They are
dominated by large diatoms in the spring (Fig. 3.1) and
small nanoplankton and bacteria in the fall (Fig. 3.3).
Summer and winter fecal pellets have an even mixture of
large diatoms and small nanoplankton (Figs. 3.2, 3.4), thus
showing seasonal shifts in food web structure (Fig. 3.5).
This confirms the role of the oikopleurids as a "generalist"
suspension feeder, and should result in a seasonal change
from the flux of opal from diatoms in the spring (Fig. 3.1)
to calcite from coccolithophorids in the fall (Fig. 3.3).

Sediment traps from Conception Bay show maximum copepod
(C. finmarchicus) fecal pellet flux in September and October
(McKenzie, et al., unpubl. obs.), indicating that they are
able to consume the nanoplankton in early fall. The
surprisingly high content of bacteria (Fig. 3.3) and
nanoplankton in the fall C. finmarchicus feces raises the
question of the validity of existing conceptual models of
the classic food chain, from large (> 20 um) diatoms to
copepods to fish, and suggests it is time to look for
mechanisms to explain how this consumption of bacteria and
nanoplankton takes place.

My observations indicate that O. vanhoeffeni and C.
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finmarchicus ingest large quantities of non-phytoplanktonic,
food particles, generally overlooked in laboratory feeding
studies and energy flow models. Marine snow is absent
during the spring, but makes up 36% and 7% of the total
particles in the summer and fall respectively (Table 3.2).
Since these aggregates are large (> 50 um), they, together
with attached particles, may be ingested by C. finmarchicus,
creating an avenue for the vertical flux of bacterial
biomass. These observations could also help explain the
controversy over external vs. internal pellet decay (Honjo &
Roman, 1978; Gowing & Silver, 1983; Alldredge, et al., 1987)
by indicating a source (i.e. marine snow) for the internal
bacteria found in some fecal pellets.

Previous studies have shown that C. finmarchicus is an
indiscriminate, raptorial feeder, ingesting those particles
present in greatest abundance (Cowles, 1979; Ishimaru, et
al., 1988). Particles < 10 um have been found in C.
finmarchicus feces (Huntley, 1981; Ishimaru, et al., 1988),
indicating that although this copepod is not able to filter
particles of this size efficiently (Nival & Nival, 1976),
such particles may be ingested when abundant and/or trapped
within marine snow aggregates. There are reports of
copepods and euphausiids eating ciliates, tintinnids,
choanoflagellates, heterotrophic dinoflagellates and

coccolithophorids (Berk, et al., 1977; Honjo & Roman, 1978;



found in the fecal pellets of C. finmarchicus and Q.
vanhoeffeni.

It is axiomatic that ciliates and phagotrophic
protozoans represent the main link between microheterotrophs
and copepods (Porter, et al., 1979; Sherr, et al., 1986).
However, my observations indicate that both copepods and
appendicularians are able to feed on bacteria, heterotrophic
nanoflagellates and ciliates (Fig. 3.2, 3.3), and thus are
capable of mediating a flow of energy out of the microbial
loop. My observations also have important methodological
implications, because the conventional dilution technique
for determining the grazing pressure on bacteria and other
picoplankton does not measure their consumption by
metazoans, such as copepods and tunicates. This may result
in the erroneous conclusion that the microbial loop is an

energy sink.
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Turner, 1984; Marchant & Nash, 1986; Tanoue & Hara, 1986;
Ishimaru, et al., 1988), implying direct removal of biomass
from the microbial loop.

Azam, et al. (1983) defined the microbial loop as the
interaction between bacteria, flagellates and
microzooplankton. Choanoflagellates are considered
important bacteriovores and members of the mirrobial loop
(Sherr, et al., 1986). Lorica remains from
choanoflagellates were found in the feces of both Q.
vanhoeffeni and C. finmarchicus (Fig. 3.2, 3.3) and thus
represent a direct link between macrozooplankton and the
microbial loop. The lorica was frequently broken in my
samples and the remains were often difficult to recognize.
This fragility may explain the relatively few reports of
choanoflagellate remains in fecal pellets of
macrozooplankton.

Heterotrophic dinoflagellates are also important
grazers on bacteria and phytoplankton, and provide an
important food source for copepods (Klein Breteler, 1980).
Protoperidinium depressum has been reported to feed on
bacteria (Lessard & Swift, 1985), and many unarmored
dinoflagellates are phagotrophic, forming important links in
food chains (Kimor, 1981; Odate & Maita, 1990). Both P.

depressum (Fig. 3.2) and unarmored dinoflagellates were
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Table 3.1: Phytoplankton Content of Oikopleura vanhoeffeni
and Calanus finmarchicus Fecal Pellets.

S8PECIES

BPRING

SUMMER

FALL

WINTER

Bacillariophyceae

Amphora spp.

cellu
cornucervis

Bacterosira
fragelis

Berkeleya sp.
Chaetoceros spp.
Cocconeis spp.

Coscinodiscus
radiatus

Cyclotella spp.
Fragillariopsis spp.

curvata
F. cylindrus

Gomphoneopis
littoralis

Gomphoseptatum
aestuarrii

Licmophora sp.

Minidiscus

trioculatus
Navicula spp.
Nitzchia sp.
Pleurosigma sp.

oa

or

ca

oa

oa

oc

oa

oc

or, Ccr

oc,

or,

oc

oc

Cr

cr

Cr

oc

or

O¢, Cr

or

oc

or

or

oa, cr

Oc, Cr

or

oa

oa

Oc

oa



continuation of Table 3.1

SPECIES SPRING

SUMMER

FALL

WINTER

Pseudo onema Oc
kamtschgticgm

Pteroncola spp. oc

skeletonema oa, ca
costatum

Tabularia sp. or

Thalassionema
nitzschioides

Th: g;assmsua spp. oc, Ca
. gravida

. m;nima

. pseudonana

. symmetrica

BIEEEE

Pyrrhophyceae

*Ceratium sp.
Gymnodinium sp.
Prorocentrum spp. oc

P. balticum
minima

Protoperidinium spp.
P. depressum

Scripsiella sp.
Chrysophyceae

Dictyocha Oe
speculum

Tetraparma sp. oa, Cr

Triparma or
stigata

oc

oa,

ce

ce

oa

oa

Oc

or, Cr
or, cr

oa, ce

oa

oc

or

oa

oc

oc

oc

or

or

or
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Continuation of Tabie 3.1

SPECIES BPRING SUMMER FALL WINTER

Xanthophyceae

Meringosphaera oa oc
mediterranea

Haptophyceae

Coccolithus or or or
pelagicus

Emiliana Oc Or Oa
huxeleyi

Craspedophyceae

Parvicorbicula sp. or

Stephanoeca sp. or

*Lorica bundles or cr Oa, Cr oa
Tintinnidae

Stenosemella Oc
ste

Others
Bacteria oe cr Oc, Ca oc
Ciliates or, ca or
Cyanobacteria cr Ce

Cysts or or, Cr Oa, Ca or

Euglenoids Oc Oc

0= found in O. vanhoeffeni feces

C= found in C. finmarchicus feces

* fragments, identified by plate or surface morphology
a= abundant, found in > 50% of fields viewed

= common, found in 20-50% of fields viewed

r= rare, found in < 20% of fields viewed
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Table 3.2: Cell Counts of Water Samples from Conception

Bay.
PLANKTON SPRING SUMMER FALL
CATEGORY 6~4-90 26-6-90 27-9-9
(cell e71) (cell ¢71) (cell e71)
Total Cell Count 1.58x106% 1.91x10%% 3.13x10%%

< 2 pm Spheres 2.95x105(19%) 1.07x10°(56%) 8.24x10%(28%)

2-5 pm Spheres 3.23x10%( 2%) ** >k
> 5 um Spheres 8.08%10%(.5%) 1.21x10%( 6%) 1.03x10°(36%)
Chrysophytes 6.46%10%( 4%) 1.45x10%( 8%) 4.85x10%(17%)

Choanoflagellates 6.26x10%( 4%) 1.06x10%( 6%) 4.04x103( 1%)

Cryptophytes 2.22x10%( 1%) 5.39%10%( 3%) 4.04x%10%( 1%)
cyanobacteria 2.02x10%(.1%) 1.62x10%(.8%) 4.04x10%( 1%)
Phaeocystis sp.  2.50x103(.2%) ** *k

Prasinophytes 8.08%10%(.5%) 1.62x10%(.8%) 8.08x102(.2%)
Prymisophytes 2.42x10%( 2%) 6.47x10%( 3%) 4.85x103( 2%)
< 20 pm Ciliates #* 8.08x10%(.4%) 8.08x10°( 3%)

> 20 pm Ciliates 1.41x10%(.9%) 1.24x10%(.6%) 2.00x102(.06%)

Tintinnids *x 8.00x10% 2.00x10*
(.04%) (.006%)

Diatoms 9.96x10°(63%) 5.55x10%( 3%) 1.05x10%( 4%)

Unarmored 4.24x10%( 3%) 2,10x10%(11%) 1.62x10%( 6%)

Dinoflagellates

Armored 1.01x10%(.6%) 2.42x10%( 1%) 3.33x10%( 1%)

Dinoflagellates

Marine Snow *% 1.10x10° 2.34x10%

* Total does not include marine snow
*% There were none present in the sample



Figure 3.1: Spring Fecal Pellet Contents

B.

C.

overview of O. vanhoeffeni fecal pellet;
F=Fragillariopsis sp. chain, Co=coccolithophore,
T=Thalassiosira sp., scale bar= 20 um.

common chrysophyte, Tetraparma sp., scale bar= 1 um.

overview of C.

marchicus fecal pellet; C=Chaetoceros
sp., S=Skeletonema costatum, scale bar= 10 um.

Dominant diatom, Skeletonema costatum, scale bar= 2 um.



Figure 3.2: Summer Fecal Pellet Contents

A.

B.

C.

D.

Broken diatoms, common to both types of feces, scale
bar= 2 pm.

Dinoflagellate plates, Protoperidnium depressum, scale
bar= 2 um.

Dinoflagellate, Prorocentrum minima, scale bar= 2 pum.

Bacteria (B) and choanoflagellate lorica remains (Ch)

scale bar= 2 pum.



Figure 3.3: Fall Fecal Pellet Contents

A.
B.

D.
E.
F.

G.

J.

K.

Ciliate, scale bar= 2 um.

Bacteria (B) and cyanobacteria, Anabeana sp. (A),
scale bar= 2 um.

Broken diatom and choanoflagellate lorica remains (Ch),
scale bar= 2 pm.

Chrysophyte cyst, scale bar= 2 um.

Diatom, scale bar= 2 pm.

Coccoliths from Emiliana huxleyi, scale bar= 2 pm.
Choanoflagellate, Stephanoeca sp., scale bar= 1 um.
common dinoflagellate, Scripsiella sp., scale bar= 2 um.
Euglena sp., scale bar= 2 um.

Silicoflagellate, Dictyocha speculum, scale bar= 2 um.

Unknown cyst (Cy) and Meri nedi My,

scale bar= 2 pum.

Testate rhizopod, Paulinella ovalis, scale bar= 1 um.






































































































































































































































































































7.2 SEASONAL FLUX OF FECAL PELLETS

The flux of fecal pellets is controlled in part by the
settling velocity of the fecal pellets and by their ability
to be transported out of the upper mixed layer (Noji, 1991).
Seasonal changes in the fecal pellet density have important
implications for flux models. The settling velocity of a
fecal pellet is dependent on its shape and density relative
to the surrounding water's density and viscosity (Janke,
1966; Komar, et al., 1981). Both C. finmarchicus and O.
vanhoeffeni fecal pellets have low Reynold's numbers and
follow Stokian principles. The measured settling velocities
were compared to predicted values using literature equations
(Komar, et al., 1981) and were found to be substantially
lower than predicted (Table 5.3 & 5.4). Empirical settling
velocity equations that are modified Stokes equations were
developed to better predict the settling velocity of copepod
and tunicate feces (Chapter 5).

The high measured settling velocities for Q.
vanhoeffeni fecal pellets (80-500 m day’') compared to those
for C. finmarchicus (11-35 m day!) suggest that tunicate
feces are better able to contribute to the nutrient flux in
coastal Newfoundland waters than are copepod feces. This
agrees with other studies that have found feces from

gelatinous zooplankton contribute significantly to the
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