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Fecal pellet production rates for mesozooplankton (> 500 um) were measured monthly at a shelf edge
and inshore station in northern Norwegian coastal waters during March-September as part of the Ocean
Margin Exchange (OMEX) study. The total potential fecal pellet carbon flux was higher at the inshore
station except in May when Calanus finmarchicus (Gunnerus) was more abundant at the shelf edge.
Mesozooplankton fecal pellets had the potential to contribute 2.5 % (April & September) to > 100 %
(May-August) of the POC flux found in sediment traps. This compared with only 5-35 %, when fecal
pellet carbon flux was measured from trap pellets suggests that a significant amount of fecal pellet
remineralization or coprophagy was occurring in the surface waters. Calanus finmarchicus apparently
plays a pivotal role in moderating pellet carbon flux on Nordvestbanken both through its potential fecal
pellet production and possibly through coprophagy. Carbon ingestion by the large mesozooplankton at
the shelf edge station was found to be 250 g C m for the duration of the OMEX study (March-Septem-
ber). This is significantly higher than that estimated for new production during the course of this study
suggesting that the large copepods were also feeding on detritus and/or microzooplankton. The high
estimated carbon ingestion also indicates that the mesozooplankton were able to apply sufficient pres-

sure to maintain the low chlorophyll standing stocks observed during this study.
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INTRODUCTION

Zooplankton fecal pellets play an important role in oce-
anic and coastal carbon cycles either through the sedi-
mentation and removal of organic carbon or through
the recycling and retention of carbon in the surface
waters (Fowler & Small 1972; Angel 1984;
Welschmeyer & Lorenzen 1985; Bathmann & al. 1987,
Lampitt & al. 1990; Noji 1991; Marty & al. 1994). The
contribution of fecal pellets to sediment traps has been
found to range from <1 % up to 100 % of the particulate
organic carbon (POC) flux (Smetacek 1980; Urreére &
Knauer 1981; von Bodungen & al. 1987; Fowler & al.
1991; Small & Ellis 1992; Gonzalez & al. 1994; Lane
& al. 1994). Many interacting biological and physical
factors affect the export of particulate and dissolved
organic carbon (DOC) by fecal pellets from the euphotic
zone to deeper waters and the sediments. These factors
include: fecal pellet production rates, the carbon con-
tent and settling velocity, as well as the zooplankton
community composition, microbial activity, current
velocities and physical mixing of the water column
(Hofmann & al. 1981; Alldredge & al. 1987; Noji 1991;
Lane & al. 1994; Urban-Rich 1997, 1999).

The quantity, quality and composition of the avail-
able seston influence production rates of copepod fecal
pellets (Dagg & Walser 1986; Ayukai 1990). Typically,
high concentrations of food result in faster fecal pellet
production rates and greater concentrations of organic
carbon in the fecal pellets due to superfluous feeding
and selective grazing (Knauer & al. 1979; Cowles &
al. 1988). Houde & Roman (1987) found that copepod
ingestion increased with a decrease in the protein con-
tent of the food suggesting that the copepods try to maxi-
mize their intake of protein. Changes in the amount in-
gested could lead to variable defecation rates over the
course of the year depending upon the quality and quan-
tity of seston present. Changes in zooplankton grazing
are also reflected in the C:N content of the fecal pel-
lets. High C:N ratios are found in fecal pellets produced
on a diet of phytoplankton in stationary growth with a
high C:N ratio or on a diet of detritus (Checkley &
Entzeroth 1985; Morales 1987; Butler & Dam 1994).
Herbivory, carnivory and coprophagy can all result in
fecal pellets with potentially different carbon concen-
trations. The seasonal aspect of the Ocean Margin Ex-
change (OMEX) study, prebloom conditions in spring
to post-bloom conditions in the fall, allowed us to in-
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vestigate how changes in the seston composition af-
fected the pellet production rates, total potential fecal
pellet flux, measured fecal pellet sedimentation and
carbon content of pellets from copepods > 500 um.

Zooplankton community composition can influence
the total number of pellets produced in the water col-
umn and the number of pellets available for sedimenta-
tion (Hofmann & al. 1981; Corner & al. 1986; Gonzalez
& Smetacek 1994). Copepod fecal pellet production
rates are negatively related to body size (Ayukai &
Nishizawa 1986; Morales & al. 1993) while pellet vol-
ume is positively correlated with body size. Thus a com-
munity of small copepods will tend to produce many
small pellets that are likely to be recycled within the
water column while a community of large (> 500 um)
copepods will tend to promote carbon export by the
formation of large, fast sinking fecal pellets. In con-
trast, gelatinous zooplankton have a defecation rate and
pellet volume that corresponds proportionately with
body size (Madin 1982). Salps, pteropods and pelagic
tunicates frequently occur in swarms thereby produc-
ing large quantities of fast sinking fecal pellets that
strongly influence local sedimentation (Bathmann 1988;
Fortier & al. 1994 (references within)).

Both the zooplankton community structure and the
seston composition changed over the course of the
OMEX study period. The large calanoid copepod,
Calanus finmarchicus (Gunnerus) dominated the com-
munity during the spring, while during the summer and
fall, smaller, neritic species, larvaceans and pteropods
were more prevalent (Halvorsen & Tande 1999). In
terms of the seston, protozoans were more abundant in
May-July while diatoms were more common earlier in
the study, March-June (Ratkova & al. 1999). In a pre-
vious study in coastal Newfoundland waters, changes
in the seston composition were reflected in the compo-
sition and density of C. finmarchicus and Oikopleura
vanhoeffeni (Lohmann) fecal pellets (Urban & al. 1992;
1993). Calanus finmarchicus fecal pellet densities rang-
ing from 1.07 g cm™ in the spring to 1.20 g cm™ in the
fall with corresponding sinking velocities ranging from
20 m day! to > 100 m day! (Urban 1992; Urban & al.
1993). Sediment trap studies have found seasonal dif-
ferences in the total particle flux and variations in the
organic content of the particles presumably reflecting
both the changes in the phytoplankton and zooplankton
community biomass and composition (Honjo & al.
1988; Wassmann 1991; Wassmann & al. 1991;
Wassmann & Slagstad 1993; Andreassen & al. 1996).

Norwegian coastal waters are dominated by Calanus
Sfinmarchicus, Oithona spp. and Oncaea spp., who have
all demonstrated the ability for coprophagy (Noji & al.
1991; Gonzalez & Smetacek 1994). Coprophagy, the
consumption of fecal pellets, along with coprochaly and
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coprorhexy, the fragmenting of pellets by copepods,
leads to a reduction in the total number of pellets and a
reduction in the organic carbon content of the
sedimenting fecal pellets. Previous studies in the Barents
Sea, Norwegian Sea, North Sea and Norwegian fjords
suggest that coprophagy, coprochaly and/or coprorhexy
are common water-column processes that cause much
of the potential fecal pellet flux to be recycled within
the euphotic zone (Bathmann & al. 1987; Martens &
Krause 1990; Gonzalez & al. 1994; Gonzalez &
Smetacek 1994).

The objective of the present study was to determine
the contribution made by fecal pellets to particulate or-
ganic carbon flux at the shelf edge in northern Norwe-
gian coastal waters during the growing season, March-
September 1994. This study was conducted within the
larger framework of the OMEX project, which exam-
ined the transport of particles along and across a north-
ern Norwegian continental shelf and shelf break at
Nordvestbanken. Since fecal pellets from mesozoo-
plankton have a greater potential than pellets from
microzooplankton to contribute to vertical export and
transport off a continental shelf due to their larger size
and higher sinking velocity, experiments were con-
ducted with large (> 500 um) sized copepods. A com-
parison of the potential fecal pellet flux and the amount
of carbon ingested by large mesozooplankton was ex-
amined for an inshore and shelf edge station, in order
to estimate the potential fecal pellet carbon export across
and off the shelf.

MATERIAL AND METHODS

The study sites were located on a transect line running
across the shelf at Nordvestbanken, off the coast of
northern Norway (Fig. 1). For an overview of the to-
pography, hydrography, nutrients, suspended biomass
and phytoplankton abundance on Nordvestbanken in
1994, see Nordby & al. (1999). Experiments were con-
ducted monthly, March-September at two stations (Fig.
1), an inshore Stn A (70°20'N, 18°57'E) and a shelf edge
Stn D (70°24'N, 17°13'E), for fecal pellet production
rates, POC and dry weight content of freshly egested
fecal pellets for two size classes of copepods (500-1000
um and > 1000 um). Samples were also taken from a
free-drifting sediment trap for the number and POC
content of sedimented fecal pellets at the shelf break,
for details on the sediment trap methods see Andreassen
& al. (1999).

FECAL PELLET PRODUCTION

Mesozooplankton were collected with vertical net tows
from 30 m to the surface, using a 183 um, 0.5 m diam-
eter WP-2 net with a closed cod end. Immediately after
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Nordvestbanken

Fig. 1. Transect line and stations sampled during the OMEX study on
Nordvestbanken in 1994. Station A (70°20'N, 18°57'E) was the inshore
site while Station D (70°24'N, 17°13'E) was the shelfedge station.

retrieval ofthe net, the cod end was gently emptied into
10 1 of surface water to dilute the copepods. The
copepods were then gently size-fractioned into 500-
1000 pm and > 1000 pm. Fecal pellet production rates
for the two, copepod size-fractions were measured at 3
depths throughout the euphotic zone (100, 30 and 10 %
surface irradiance (% lo)). Surface irradiance levels were
used so depth dependent, pellet production rates be-
tween months could be directly compared. For each
depth and each size fraction, three experimental bottles
(1.2 1) and one control bottle (1.2 1) were filled with
water collected by Niskin bottles on a CTD rosette from
100, 30 and 10 % lo In each experimental bottle, 3-5
copepods were put into a suspended insert (900 ml) with
183 pm Nitex mesh on both ends, which allowed the
pellets to fall through and prevented coprophagy. The
bottles were covered with neutral density screening to
obtain the correct % Ioand placed in a running seawater
incubator for 3-5 h in both the morning and evening. At
the end ofthe incubation, the copepods were removed
and the contents from experimental and control bottles
were sieved through a 20 pm Nitex mesh to collect the
fecal pellets. Both the fecal pellets and copepods from
each experimental and control bottle were preserved
with 2 % glutaraldehyde for later counting.

The experiments were conducted once during each
month from March to September 1994. The pellet pro-

duction rate for both size fractions at each light percent
was calculated after subtracting the fecal pellets found
in the control from the experimental bottles and divid-
ing the total number of pellets by the time of incuba-
tion. The average pellet production rate was calculated
and then multiplied by the Zooplankton abundance for
each size fraction within the upper 20 m. Zooplankton
abundance was determined by size fractioning samples
collected with a MOCNESS (Multiple Opening Clos-
ing Net Environmental Sampling System.

FECAL PELLET CARBON PRODUCTION

The potential carbon flux due to fecal pellets from the
community of copepods (> 500 pm) was measured by
incubating 100-200 animals in 20 1ofmixed (100, 30
and 10 % lo) euphotic zone seawater for 6 h to collect
fecal pellets for particulate organic carbon (POC) analy-
sis. Incubations were kept short (6 h) to collect the
freshest fecal pellets possible and to minimize micro-
bial degradation, which would change the carbon con-
tent of the pellets. The community approach was used
to obtain a large enough sample for analysis and to ob-
tain a community average carbon content. However, by
using this approach we were not able to determine car-
bon differences between calanoid or cyclopoid copepods
or gelatinous zooplankters. One hundred to two hun-
dred fecal pellets, containing a mixture of fecal pellet
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types, were picked out from surrounding detritus and
phytoplankton, rinsed with 0.2 um filtered seawater and
then filtered unto a 13 mm combusted glass fiber filter
(Gelman A/E). The sample filter was placed on top of a
second, blank backing filter (combusted Gelman A/E)
during collection and rinsing of the pellets. This blank
backing filter was treated the same as the sample filter
and was used to correct for filter and machine error.
Samples were analyzed on a Control Systems CHN
analyzer in the Analytical Department of Horn Point
Environmental Laboratory. To obtain the potential, daily
pellet carbon flux produced in the euphotic zone, the
average pellet carbon was multiplied by the estimated
fecal pellet production.

FECAL PELLET SEDIMENTATION

A drifting sediment trap was deployed for 24 h at the
shelf break (methods described in Andreassen & al.
1999). From the 20, 50, 100, 150 and 200 m traps rep-
licate, 200 ml aliquots were taken for fecal pellet counts
and carbon analysis. One aliquot was preserved with
2 % glutaraldehyde for enumeration in the laboratory.
The second aliquot, used for carbon analysis was sorted
at sea by picking intact and fragmented fecal pellets.
The pellets were rinsed with 0.2 um filtered seawater
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and filtered onto combusted, 13 mm glass fiber filters
and analyzed for POC as described above. To deter-
mine the number of pellets rinsed onto the filter, it was
assumed that three pellet fragments equaled one whole
pellet. This could be an over or under estimate depend-
ing upon the actual degree of pellet fragmentation.

DATA ANALYSIS

In order to investigate differences between the two size
fractions, stations and the measured pellet flux versus
potential fecal pellet flux, paired t-tests were used with
an alpha level of 0.05. Spearman rank correlation and
t-test analysis were done to examine differences between
the different sampling months and between depths in
the water column. Linear regression analysis was used
to examine the relationship between measured pellet
flux (at each sediment trap depth) and potential flux.
This was significant only at the 200 m depth, so for this
depth multiple regression analysis was used to exam-
ine which variable that comprised the potential flux
estimate (i.e. fecal pellet production rate, pellet carbon
content, zooplankton abundance) most explained the
correlation. Also the relationship between individual
zooplankton species and measured pellet carbon flux
was examined using a combination of multiple and lin-

Table 1. Fecal pellet production rates for two zooplankton community size classes (> 1000 um and 500-1000 pum) through the
euphotic zone and average pellet production rate values for the whole euphotic zone for day and night at the shelf edge station
(70°24'N, 17°13'E) on Nordvestbanken, north Norwegian shelf in 1994. nd = no data

Zooplankton fecal pellet production rates (# pellets copepod hour™)

Light % March April May June July Aug Sept
Day
>1000 um
100 0.19 0.43 0.65 nd 2.01 0.37 0.45
30 0.17 0.49 0.57 nd 1.69 0.69 0.54
10 0.16 0.46 0.51 nd 1.05 0.35 0.29
Mean+SE 0.17+£0.07 0.46+0.08 0.57+0.08 nd 1.58+0.20 0.47+0.22 0.42+0.19
500-1000 um
100 0.16 0.47 0.70 0.48 0.48 0.33 0.28
30 0.18 0.39 0.50 0.46 0.50 0.38 033
10 0.14 0.44 0.52 0.39 0.46 0.33 0.34
Mean+SE 0.16+0.09 0.43+0.16 0.57+0.13 0.44+0.17 0.48+0.17 0.34+0.20 0.31+0.09
Night
>1000 um
100 0.19 0.17 0.64 nd nd 0.27 0.65
30 0.16 0.13 0.68 nd nd 0.34 0.66
10 0.17 0.15 0.56 nd nd 0.32 0.58
Mean+SE 0.17+0.07 0.15+0.06 0.62+0.18 nd nd 0.31£0.13 0.61+0.21
500-1000 um
100 0.16 0.16 0.80 nd 0.84 0.36 0.63
30 0.17 0.18 0.73 nd 0.96 0.52 0.71
10 0.15 0.14 0.92 nd 0.89 0.42 0.50
Mean+SE 0.17+0.05 0.16+0.06 0.81+0.28 nd 0.89+0.37 0.42+0.23 0.61+0.21
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Fig. 2. Fecal pellet carbon content of freshly cgested pellets,
produced by > 500 um mesozooplankton at the shelf cdge sta-
tion (70°24'N, 17°13'E). The copepods were fed natural scston
from a mixture of scawater taken from 100,30 & 10 % 1.

ear regression. In order to examine the role of environ-
mental variables (temperature, chlorophyll, POC and
% 1) on measured and estimated fecal pellet flux pa-
rameters, multiple regression analysis was applied to
the data. All the statistical analyses were completed
using Systat version 5.0.

RESULTS

FECAL PELLET PRODUCTION RATES AND CARBON CONTENT

The lack of significant diel variation in fecal pellet pro-
duction rates within the euphotic zone (100-10 % I,
Table 1) lead us to calculate an average monthly, day/
night defecation rate for each size fraction. Defecation
rates did not vary significantly between the two size
classes (500-1000 and > 1000 um) in any month except
during the day in July (Table 1). However, there was a
2.5 to 9-fold variation in the average fecal pellet pro-
duction rate over the course of the study. Maximum
excretion rates occurred from May-September (Table
1). After the first months of investigation there was a
slight tendency for higher pellet egestion rates at night.
Results from multiple regression analysis showed that
the only environmental variable (chlorophyll, POC, %
I, water temperature) that pellet production rates were
slightly correlated with was water temperature (p <0.05,
r? = 0.10). A comparison of the inshore and shelf edge
stations revealed no significant differences in pellet pro-
duction rates except in September when rates were lower
at the inshore station (0.27 £ 0.09 vs 0.61 £ 0.21 pellets
copepod! h™!; data for the inshore station are not shown,
shelf edge production rates are in Table 1).

Fecal pellet carbon content of freshly, egested pel-
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Fig. 3. Fecal pellct carbon : dry weight (FPC:DW) ratio for
freshly cgested pellets produced in shipboard experiments with
> 500 um mesozooplankton at the shelf edge station (70°24'N,
17°13'E) on Nordvcstbanken in 1994.

lets was maximum in the spring and decreased through
the summer and early fall (Fig. 2). There was no sig-
nificant day/night difference in the total carbon content
of the fecal pellets. The dry weight of freshly egested
fecal pellets remained relatively constant throughout the
year until September when there was a 3 to 4-fold de-
crease in dry weight. Both fecal pellet carbon and dry
weight tended to be higher in the day yet the carbon:
dry weight ratio was significantly higher at night in 4
out of 6 months (Fig. 3).

POTENTIAL FECAL PELLET FLUX

The potential in situ fecal pellet flux was calculated by
multiplying the zooplankton abundance per size class
in the upper 20 m by the average fecal pellet produc-
tion rate and the pellet carbon concentration. Results
from paired t-tests showed significant seasonal differ-
ences in the potential pellet flux, with maximums oc-
curring in May through July at both sites (Figs 4 & 5).
The potential fecal pellet flux was higher at the inshore
station for all months except May when the in situ pel-
let production was 6-fold higher at the shelf edge. Plot-
ting the estimated, potential fecal pellet production
against zooplankton abundance, fecal pellet production
rates and pellet carbon content suggests that zooplankton
abundance had the greatest influence on the flux poten-
tial (data not shown). Neither the potential in situ fecal
pellet production, fecal pellet production rates nor
zooplankton abundance was correlated with suspended
POC or with suspended chlorophyll stocks.

Carbon ingestion by mesozooplankton > 500 um was
calculated by assuming a 70 % assimilation efficiency.
The highest estimated carbon ingestion occurred in May,
40.4 g C m? month™ and 237.4 g C m month™' at the
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Fig. 4. Fecal pellet production throughout the euphotic zone (0-
20 m) by > 500 um copepods at the inshore station (70°20'N,
18°57'E) on Nordvestbanken, north Norwegian shelf in 1994.

Aug Sept

inshore and shelf edge stations respectively (Table 2).
However, at the inshore site the amount of carbon in-
gested in July (33.5 g C m * month ') was only slightly
lower than that ingested in May. A comparison between
the two sites reveals that significantly more carbon was
ingested over the course of the whole OMEX study at
the shelf edge than at the inshore site, due to the high
amount ingested during May (Table 2). For the dura-
tion of the OMEX study (March-September), 250 g C
m 2 was ingested within the euphotic zone at the shelf
edge station.

SEDIMENTED FECAL PELLET FLUX

A minimum of 5-35 % of the total POC flux in the sedi-
ment traps at 20 and 200 m could be attributed to iden-
tifiable fecal pellet material (Table 3). The maximum
pellet carbon contribution occurred in the spring dur-
ing April and May when C. finmarchicus was most abun-

Table 2. Macrozooplankton (> 500 pum) carbon ingestion at the
shelf cdge station (70°24'N, 17°13'E) and inshorc station
(70°20'N, 18°57'E) on Nordvestbanken, north Norwegian shelf
in 1994, assuming a 70 % assimilation cfficicncy. nd = no data

Month

Inshore station
(g C m? month™)

Shelf edge station
(g C m~? month™)

March 0.1 nd
April 0.4 1.6
May 237.4 40.4
Junc 34 nd
July 6.1 335
August 2.0 4.7

Scptember 0.6 2.0
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Fig. 5. Fecal pellet production throughout the euphotic zone (0-
20 m) by > 500 um copepods at the shelf edge station (70°24'N,
17°13'E) on Nordvestbanken, north Norwegian shelf in 1994.

dant. Linear regression analysis showed that the meas-
ured fecal pellet carbon flux was positively correlated
with the estimated, potential fecal pellet flux only at
200 m (p < 0.05, r2=0.93). The potential flux was cal-
culated from fecal pellet production rates, mesozoo-
plankton abundance and pellet carbon content. Taking
the variables that comprise the potential flux estimate
and using multiple regression showed that the meas-
ured pellet carbon flux in the sediment traps was corre-
lated only with mesozooplankton abundance (p < 0.001,
=0.97).

The estimated, potential in situ fecal pellet carbon
flux created by large mesozooplankton in the euphotic
zone could contribute from 2 % to >100 % of the meas-
ured fecal pellet carbon flux in the sediment trap at 20
m. More fecal pellet carbon was found in the 20 m sedi-
ment trap then was estimated to be produced by the >
500 um copepods in April and September. In contrast,
during the remainder of the study, May-August, <50 %
of the estimated, potential in situ fecal pellet flux was
found in the 20 m trap. However summing the integrated
trap material from 0-200 m, indicates that more fecal
pellet carbon was measured in the traps than was po-
tentially, produced in the overlying euphotic zone by
the > 500 um copepods, in every month except May. In
May, only 11 % of the estimated in situ fecal pellet flux
(3464 mg C m d') was found as recognizable fecal
pellet carbon in all the sediment traps (382 mg C m=2d!)
and only 3 % was collected in the 200 m trap (105 mg
Cm2d").

Numbers of sedimenting fecal pellets decreased with
depth yet the flux of organic carbon due to fecal pellets



increased with depth in May, June and August (Table
4). This resulted in a doubling of the carbon/pellet ratio
suggesting more recently egested fecal pellets with
depth. Visual examination of the trap contents revealed
many large calanoid and euphausiid type pellets. July
and September sediment trap data showed a mid-water
depth increase in the carbon/pellet ratio. During all the
months except September, the 20 and 60 m sediment
trap carbon/pellet values resembled that measured in
the freshly egested fecal pellets from mesozooplankton.
September pellet trap measurements were 5-fold higher
than that measured in the freshly egested fecal pellets.

DISCUSSION
ESTIMATED POTENTIAL FECAL PELLET CARBON FLUX

In coastal regions where a diverse population of graz-
ers exists that range in size from <1 um to > 10 mm, it
is difficult to characterize and predict fecal pellet car-
bon flux. An increasing number of studies show that
the zooplankton community composition strongly af-
fects the amount and type of carbon available for ex-
port (Hofmann & al. 1981; Krause 1981 Welschmeyer
& Lorenzen 1985; Emerson & Roff 1987; Gonzalez &
Smetacek 1994; Lane & al. 1994, Wassmann 1998). On
Nordvestbanken, the zooplankton community structure
shifted both seasonally and along an in-shore to off-
shore gradient. In the spring, Calanus finmarchicus
dominated the zooplankton community, especially in
May when it made up numerically 2 70 % of the
zooplankton community. During the summer the com-
munity shifted to smaller, neritic species and in late
summer to early autumn, the pteropod Limacina sp.
comprised a significant fraction of the zooplankton com-
munity (Halvorsen & Tande 1999). This change in
zooplankton community structure could be expected to
result in different potential fecal pellet flux estimates
and in the actual pellet flux measured in sediment traps.
Large fecal pellets produced by C. finmarchicus would
presumably contribute significantly to the vertical flux
of carbon to the sediments while smaller pellets pro-
duced by Acartia longiremis, Temora longicornis and
Oithonia spp. would likely be recycled in the water
column. Generally, results from this investigation sup-
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port this simplistic view, as fecal pellet carbon contri-
bution to POC flux at 200 m was highest in April and
May when C. finmarchicus was most abundant (Table 3).

Besides zooplankton species composition, environ-
mental variables such as food concentration and water
temperature could be expected to influence the poten-
tial fecal pellet carbon production in the euphotic zone.
Generally, fecal pellet production rates increases with
food supply (Dagg & Walser 1986; Ayukai 1990) so
during a phytoplankton bloom it could be assumed that
fecal pellet production rates would be higher than dur-
ing other seasons. Zooplankton grazing rates and thus
fecal pellet production rates increase with water tem-
perature (Huntley & Lopez 1992) and with a decrease
in body size (Ayukai & Nishizawa 1986; Morales & al.
1993). In coastal Norwegian waters there is a temporal
lag between these environmental variables (food sup-
ply and water temperature) that along with changes in
zooplankton size structure could possibly balance each
other such that no seasonal changes in a community
average fecal pellet production rate would be measur-
able. However, changes in pellet production rates did
occur between months and were positively correlated
with water temperature but only a small percent (12 =
0.10) of the variance could be explained by tempera-
ture. At the shelf edge station maximum pellet produc-
tion rates occurred either during May when zooplankton
abundance was the highest and dominated by C.
Sinmarchicus or July when Oithona spp. were dominant.
These monthly changes in pellet production rates most
likely reflect changes in both seston composition and
quality along with changes in zooplankton species, i.e.
high food supply rate in May and smaller copepods with
warmer water in July.

Phytoplankton growth rates and chemical composi-
tion can change with depth in the water column so pre-
sumably fecal pellet production rates by
mesozooplankton could also change with depth. The
lack of a significant change in fecal pellet production
rates within the euphotic zone (Table 1) suggests that
either the seston or zooplankton community structure
was homogeneously mixed or that the methods em-
ployed in this study were not adequate to determine
small significant changes in pellet production rates. The

Table 3. Particulate organic carbon (POC) sedimentation (mg C m™ day™') from 20 m and 200 m from a drifting sediment trap and
the percent composition of fecal pellet carbon to total carbon during the OMEX study on Nordvestbanken, north Norwegian shelf

in 1994.'Data from Andreassen & al. (1999)

'POC Flux mg C m™ day™' (% Fecal pellet carbon)

Depth April May June July August September
20m 200 (11 %) 300 (21 %) 230 (5 %) 300 (5 %) 200 (5 %) 230 (23 %)
200 m 120 (29 %) 300 (35 %) 130 (18 %) 185 (7 %) 130 (13 %) 130 ( 7 %)
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high degree of variability in individual copepod feed-
ing behavior (Paffenhéfer 1994) may have obscured any
depth dependant variability in production rates.
Typically in coastal north Norwegian waters a spring
bloom occurs in May-June while water temperatures
are still fairly cold (Rey 1981; Hegseth & al. 1995).
During this study in 1994, no spring bloom was ob-
served via a build up of chlorophyll stocks. However
nutrient levels during the investigation suggest this was
an area of high primary production (Wassmann & al.
1999a). The high, build up of C. finmarchicus biomass
in May (Halvorsen & Tande 1999), must reflect a high
grazing pressure and suggests that the zooplankton com-
munity on Nordvestbanken was able to maintain the
phytoplankton biomass. Examining the fecal pellet pro-
duction rates from March-May, presuming they reflect
C. finmarchicus pellet production rates (as they made
up the numerically dominant component of the zoo-
plankton community at this time), indicates a 2 to 5-
fold increase in production rates (Table 1). This increase
in pellet production rates most likely reflects an increase
in the rate of food supply. However, with the current
data set it is not possible to tease out the effects of chang-
ing temperature, food supply and zooplankton species
on the community average fecal pellet production rate.
Chlorophyll levels remained low and constant
throughout the year (data shown in Wassmann & al.
19992a). Based on the estimated carbon ingestion, meso-
zooplankton grazing could have maintained these low
chlorophyll stocks. The high carbon ingestion value,
250 g C m? for the duration of the OMEX study is sub-
stantially higher than the new production values (70 g
C m™) calculated by Wassmann & al. (1999a) through
nutrient depletion. Even if allowance is made for all
the potential errors associated in assuming a constant
assimilation value, obtaining an average fecal pellet pro-

Table 4. Zooplankton fecal pellet flux measured in terms of fecal
pellet numbers and fecal pellet carbon from a drifting sediment
trap during the OMEX study on Nordvestbanken, north Nor-
wegian shelf in 1994.

Depth (m) Apr

May Jun Jul  Aug  Sep

Fecal pellet flux (x 10° pellets m= day™')
20 243 470 74 206 139 270
60 235 548 106 298 114 146
100 471 580 91 120 79 97
160 317 449 75 218 45 75
200 436 399 131 142 63 70

Fecal pellet flux (mg C m™ day™)

20 222 620 112 153 9.5 537
60 325 618 99 323 196 439
100 350 529 126 366 11.0 304
160 156 1002 266 193 157 18.1
200 345 1047 228 133 165 9.5
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duction value and in calculating new production based
on nutrient depletion, the estimated carbon ingested by
mesozooplankton was significantly above that being
produced through new production. It seems logical to
conclude that the mesozooplankton were also consum-
ing detritus and/or microzooplankton, especially since
flagellates comprised a dominant component of the
phytoplankton biomass during this study (Ratkova &
al. 1999). This conclusion would suggest that there was
an active microbial food web on Nordvestbanken in
1994, the same as concluded by Ratkova & al. (1999)
based on the abundance and biomass of pico-, nano-
and microplankton. While it was traditionally thought
that polar waters and Norwegian coastal waters were
dominated by short food chain, several recent studies
have shown that much of the carbon in polar waters is
channeled through a microbial food web (Nielsen &
Hansen 1995; Hansen & al. 1996; Verity & al. 1999).

The changes in fecal pellet carbon (FPC) and dry
weight (DW) content over the course of this study sug-
gest both changes in diet and changes in zooplankton
producers. The total carbon content of the pellets de-
creased over the study, however the carbon to volume
ratio remained fairly constant all months (data not
shown). Thus, the smaller copepods that were present
in the summer and fall made smaller pellets with less
carbon per pellet. However, since the DW of the pellets
in the summer was similar to that in the spring it would
suggest that these pellets are densely packed with small,
easily compressed food items with a low initial carbon
content (Urban & al. 1993). The low carbon content of
the fall pellets with the corresponding high FPC/DW
ratio suggests that these pellets were produced either
by grazers with low assimilation efficiency or there was
achange in the available seston. Flagellates were abun-
dant in the fall (Ratkova & al. 1999) which could pos-
sibly explain the results found here. The differences
observed between the day and night FPC/DW ratio for
April, May and September are not easily explained.
Besides investigator error, it could possibly be due to
an inherent diel change in assimilation efficiency in the
copepods or in the chemical composition of the
phytoplankton. For both April and September the day/
night FPC/DW differences were significant at p < 0.001.
While the percent of total carbon due to amino acid
carbon was 2 times higher at night in the pellets but the
percent of total carbon due to amino acids in the seston
remained similar (Urban-Rich 1997) suggesting changes
in the assimilation of various organic compounds by
the copepods. More work would be needed to deter-
mine if an inherent, diel metabolism exists in polar
copepods. However, it appears that the time of fecal
pellet production can influence the amount and type of
organic carbon available for export.



POTENTIAL FECAL PELLET FLUX VS MEASURED PELLET FLUX

If we assume that the discrepancy in the estimated in
situ pellet carbon production and that measured in the
20 m, sediment traps is accurate then coprophagy,
coprorhexy, coprochally and/or microbial degradation
would be important water column processes on
Nordvestbanken. This is especially true for May when
only 11 % of the estimated, in situ fecal pellet carbon
production was recovered in the traps from 20 to 200
m. Calanus finmarchicus was the dominant mesozoo-
plankter during that sampling period (Halvorsen &
Tande 1999). These results indicate that C. finmarchicus
plays an important role in mediating the vertical flux of
organic carbon in the spring both through the produc-
tion of fecal pellets and potentially through coprophagy,
coprorhexy and/or coprochaly (Noji & al. 1991). While
little is known about the activity and role of the micro-
bial food web in this area, several previous studies have
indicated that copepods play an important role in modi-
fying the vertical organic carbon flux (Bathmann & al.
1987; Lampitt & al. 1990; Martens & Krause 1990;
Gonzalez & al. 1994; Gonzalez & Smetacek 1994).

The significant differences in May-August, 1994 in
the estimated fecal pellet production (Fig. 5) and the ac-
tual amount of fecal pellet carbon found in the sediment
traps (Table 4) illustrates the importance of fecal pellets
in the recycling of nutrients in the euphotic zone through
degradation or coprophagy. Only, April and September
had alower estimated fecal pellet carbon production then
was actually measured in the sediment traps. This sug-
gests that for these two months some source other then
large copepods was contributing > 96 % of the fecal pel-
let carbon flux. Possible explanations for this variation
could be due to investigator errors with estimates of pel-
let carbon flux or sediment trap collection. Alternatively,
zooplankton other than large copepods were important
in pellet carbon flux in these months. The latter possibil-
ity seems to be likely for September. The measured fecal
pellet carbon content from the 20 and 60 m sediment
traps in September was 5-fold higher than that measured
from freshly egested fecal pellets (0.20-0.30 ug C pel-
let vs 0.04-0.06 ug C pellet™"). The pteropod, Limacina
sp. was abundant during this sampling period (Halvorsen
& Tande 1999). While no attempt was made to quantify
the different fecal pellet types, pteropod pellets were
observed in the sediment trap samples in August and
September. It is unlikely that the pteropods fed during
the shipboard incubations thus the community average
fecal pellet carbon value would not contain these pel-
lets. The surface traps in September probably reflect the
input of pteropod pellets that was not estimated based
on the shipboard experiments.

Sedimenting fecal pellets decreased with depth yet
the organic carbon content of the pellets doubled in May,
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June and August (Table 4), suggesting more recently
egested fecal pellets from vertically migrating zooplank-
ton. However, MOCNESS and ADCP data did not in-
dicate any vertical migration at any of the stations across
Nordvestbanken (E. Nordby & K.S. Tande, pers.
commn). Yet, large calanoid and euphausiid pellets were
observed in the trap samples. Euphausiids frequently
occur in localized patches. It is entirely possible that a
swarm of euphausiids passed over our study site shortly
before we began sampling and thus were not detected.
Alternatively the calanoid or euphausiid pellets could
have been advected into the study site from a popula-
tion of vertically migration zooplankton in the slope
waters by the strong coastal currents present at the shelf
edge (Moseidjord & al. 1999). The strong current pat-
terns along the coast of northern Norway suggest that
horizontal advection can play a major role in transport-
ing particles from their origins. July and September trap
data showed a mid-water depth increase in the carbon/
pellet ratio indicating a short vertical migration or the
presence of a mid-water column community of
zooplankton. The latter scenario is supported by the
zooplankton samples (Halvorsen & Tande 1999) which
showed a mid-water population of Metridia spp. and
Microcalanus pusillus. There was no significant corre-
lation between individual zooplankton species and the
measured pellet carbon flux so it was not possible to
determine the role of individual species on pellet flux.

A minimum of 5-35 % of the total POC that was col-
lected in the sediment traps came from fecal pellet car-
bon. The measured carbon flux is likely to be an under-
estimate of the total pellet flux due to the fact that many
pellets could be broken or degraded beyond recognition
or to enhanced total POC flux due to swimmers (Michaels
& al. 1990). However, estimates of fecal pellet carbon
flux to POC flux based on suspended fecal pellet con-
centrations give an average range of 6 to 37 % (Wass-
mann & al. 1999b) which is very similar to that meas-
ured in this study. Using all potential data, in situ fecal
pellet production, measured pellet flux, suspended fecal
pellet concentration and estimated pellet flux indicate
that fecal pellets could be a significant fraction of the
export POC flux during most months (Table 3).

CONCLUSIONS

Results from this study show that mesozooplankton
fecal pellets can contribute a large percent (35 %) of
the carbon flux at the shelf edge in northern Norwegian
waters. Fecal pellet contribution to POC flux depended
primarily on zooplankton abundance. Maximum esti-
mated potential fecal pellet flux along with the meas-
ured pellet carbon flux was found in May when C.
Sfinmarchicus was the dominant species. However, only
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11 % of the estimated potential pellet flux was recov-
ered in the sediment traps from 20 to 200 m. Also only
3 % of the potential pellet carbon flux was recovered in
the trap at 200 m, indicating that there was a rapid and
large recycling of pellet material occurring in the water
column either through coprophagy and/or microbial
degradation. These results indicate that C. finmarchicus
is an important mediator of POC flux in northern Nor-
wegian waters both through its in situ fecal pellet pro-
duction and possibly through coprophagy.
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