
Lim nol. Oceanogr., 42(5), 1997, 1001-1005
©  1997, by the A m erican Society o f  L im nology and O ceanography, Inc.

The origin of sedimenting detrital matter in

Abstract—Total sedimentation and the fraction due to co- 
pepod fecal pellets were measured during the growth season 
(March-October 1989) in the southern Kattegat, Denmark. In 
this period the sedimentation of detritus made up 52 g C n r 2, 
equal to 82% of the sedimenting matter from the euphotic 
zone, but fecal pellets (11 g C n r 2) constituted only a minor 
fraction. The remaining detrital matter was produced by other 
heterotrophs than copepods. Published data on heterotrophic 
biomass and grazing obtained during the investigation in the 
Kattegat are reviewed in order to relate the sedimentation to 
processes in the pelagic system. Copepod defecation nearly 
equaled the sedimentation of fecal pellets, indicating that re
tention of this matter in the pelagic system was insignificant. 
A considerable fraction (10-24%) of the carbon flow pro
cessed by heterotrophic pico-, nano-, and microplankton was 
converted to detritus that was lost from the mixed system by 
sedimentation. The microbial food web is thus not an exclu
sively regenerating system.

Sedimentation of autochthonous matter from the pelagic 
system is quantitatively related to the input of nutrients that 
are available for primary production (Eppley and Peterson 
1979). The connection is based on a mass balance consid
eration whereby new production in the euphotic pelagic sys
tem is matched by an equivalent output of sedimenting or
ganic matter. Estimates of nutrient fluxes in oceans and in 
coastal waters accord with this mass balance (Eppley and 
Peterson 1979; Olesen and Lundsgaard 1995). However, the 
functional relationship between sedimentation and the pelag
ic structure and productivity is only partly understood. One 
major problem is the identification of material collected in 
sediment traps and the sources of this matter. The identifi
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cation has been based mainly on microscopy or on analysis 
for chemical markers of characteristic components. This has 
provided information on the sedimentation especially of phy
toplankton and fecal pellets that can be quantified by pig
ment analysis and by microscopy. Other recognizable com
ponents also co n tribu te  to the flux (e.g. m olts from  
Zooplankton, eggs, cysts, and dead organisms), but a large 
detrital fraction usually remains unidentified.

The seasonal sedimentation of phytoplankton and total or
ganic matter from the euphotic zone was measured in the 
southern Kattegat, Denmark (Olesen and Lundsgaard 1995). 
In the present paper the fecal component of edimentation is 
estimated from both pigment data and by direct microscopy 
of material collected during this investigation. The sedimen
tation of fecal matter and other detritus is related to previ
ously published independent estimates of the activity of the 
dominant heterotrophic components. The sampling station 
(56°17'30"N, 11°59'54"E) was visited 52 d during 1989. Wa
ter was sampled from the mixed zone (extending to a depth 
of 10-22 m) and sediment traps were deployed in the pyc- 
nocline as described in Olesen and Lundsgaard (1995).

The fecal pellets in the sediment trap material were quan
tified by microscopy on samples fixed in 1% glutaraldehyde. 
The peritrophic membrane was destroyed on most of the 
pellets and the content was swelling and disintegrating, but 
both intact and partly disintegrated pellets were counted. The 
average volumes of intact pellets were estimated using a 
sem iautom atic im age analysis system  (M O P-V ideoplan 
Kontron Bildanalyse) assuming a cylindrical shape with 
spherical ends. The number of pellets (intact and partly dis
integrated) was multiplied by the average volume of intact
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pellets and a measured carbon : volume ratio in order to cal
culate the sedimentation of fecal pellet carbon (FPC). The 
carbon : volume ratio of fecal pellets was determined on 
fixed samples from the sediment traps as well as on fresh 
and fixed material from cultured Acartia tonsa and from sed
iment trap samples from the northern 0resund, Denmark 
(Table 1). Both the exposure time of sediment traps and the 
incubation period of the copepod cultures were 24 h. Pellets 
were picked up individually from the samples by pipetting 
and were washed 3 times in 100 ml 0.2-/rm filtered artificial 
seawater (NaCl solution). Fixed pellets were allowed to stay 
overnight in the artificial seawater. Subsamples of —120 
washed pellets were photographed and pellet volumes were 
measured on projections of the negatives using the image 
analysis system. Each subsample was transferred to a preig
nited 13-mm GFC filter, dried, and combusted in a tube fur
nace (Carbolite) at 700°C. The released CO, was quantified 
with an infrared gas analyzer (ADC 225 M K 3) calibrated 
with oxalate.

An independent estimate of fecal pellet sedimentation was 
based on concentrations of pheopigments (Pha) in the sedi
ment traps, as these pigments are considered to be associated 
with sinking fecal pellets (Welschmeyer and Lorenzen 
1985). Pigments were extracted in 96% ethanol and m ea
sured spectrophotometrically according to Lorenzen (1967) 
by using an absorption coefficient for Chi a in ethanol of 
83.4 1 g_1 c m 1 (Wintermans and DeMots 1965). To convert 
the sedimentation of pheopigments to fecal pellet carbon 
(FPCpha), the C : Pha ratio was calculated according to

C :P h a  =  (C : Chi) X (F : I) X (Pha: C hi)"1,

where C : Chi is the phytoplankton carbon : chlorophyll ratio, 
F : I is the defecation : ingestion ratio with regard to carbon, 
and Pha : Chi is the ratio between pheopigment production 
and chlorophyll ingestion. The C : Chi ratio was determined 
by linear regression analysis between concentrations o f POC 
and Chi in the suspended material during two intensive sam
pling periods (Olesen and Lundsgaard 1995). This ratio was 
29 during the diatom spring bloom and 93 during the di- 
noflagellate-dominated period in the late summer. The av
erage F : I ratio for copepods is —0.33 (review by Conover 
1978) and pigment decomposition ratios are typically —0.66 
(Shuman and Lorenzen 1975; Helling and Baars 1985; Ki0r- 
boe and Tiselius 1987). The theoretical C : Pha ratio is there
fore (C :C hl) X 0.33/0.66, giving values of 15 and 47 using 
the actual C : Chi data.
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Fig. 1. Sedimentation of fecal pellet carbon estimated on the 
basis of microscopy (FPC) and pigment analysis (FPCphJ  as well 
as sedimentation of the remaining detritus fraction (RC).

The carbon : volume ratios of copepod fecal pellets were 
not significantly different when comparing sampling locali
ties or absence/presence of fixation (f-test, P =  0.05 level). 
However, the food items influenced the carbon content of 
the pellets, but this could also be an indirect effect of dif
ferent ingestion rates due to different prey size and concen
tration. The average carbon : volume ratio of pellets from the 
four different sources was 0.15 pg C and this value
was used for calculation of FPC (Fig. 1).

The results on FPC obtained by microscopical quantifi
cation were supported by the pheopigment-based estimates 
(Fig. 1). Differences between the two types of treatments 
were insignificant for both periods where C : Pha ratios could 
be calculated (paired and unpaired r-tests, P =  0.05 level).

Olesen and Lundsgaard (1995) presented data on the sea
sonal sedimentation of total particulate organic carbon 
(POC) and of phytoplankton carbon (PhytoC). PhytoC con
stituted 18% of the sedimenting matter integrated over the 
growth season. Detritus sedimentation was divided into two 
classes: FPC and the remaining detritus (RC; Fig. 1). FPC

Table 1. Carbon : volume ratios (C : vol; mean ± SD) of copepod fecal pellets collected from 
sediment traps and from cultures of Acartia tonsa feeding on Rhodomonas baltica or Skeletonema 
costatum. Samples fixed in 1% glutaraldehyde were used for some of the determinations as indi
cated.

C : vol No. of
Source of pellets Fixation (pg C g m “3) subsamples

Southern Kattegat, July-September, traps + 0.18±0.07 3
Northern 0resund, May, traps - 0.12+0.06 3
Cultures of A. tonsa feeding on R. baltica - 0.18±0.07 5

+ 0.30±0.07 3
Cultures of A. tonsa feeding on S. costatum - 0.078±0.032 7

+ 0.061±0.010 5
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Table 2. Review of data on primary production, Zooplankton ingestion, and bacterial uptake (mg C m -2 d -1) in the mixed zone in the 
southern Kattegat 1989. Data were read from figures in the cited papers, recalculated as described in the text, and averaged for each of the 
four periods. The number of sampling days varied as indicated depending on the parameter.

Period 
(No. of sampling days)

28 March- 
9 April 
(7-10)

10 April- 
8 August

(9-13)

21 August- 
8 September 

(10-15)

9 September- 
12 October 

(2-3) Source of primary data

Copepod ingestion 200 100 190 120 Kiprboe and Nielsen 1994
Ciliate ingestion 170 440 430 230 Nielsen and Kiprboe 1994
Dinoflagellate ingestion 520 480 840 510 Hansen 1991, 1992
Bacterial uptake 960 160 60 30 C. Lundsgaard, M. Olesen, and P. K. Bjpmsen 

(unpubl.)
Sum 1,850 1,180 1,520 890
Primary production 2,480 1,240 No data 300 Richardson and Christoffersen 1991

and RC constituted 17 and 65%, respectively, o f the POC 
sedimentation integrated over the growth season. Variability 
of the carbon : volume ratios of fecal pellets and the potential 
loss of material from pellets following the disintegration of 
the peritrophic membrane may affect the accuracy of the 
FPC estimate. In case of an error of —50% /+100%  in this 
estimate the RC fraction would still have been the largest, 
i.e. 42-74% .

Sedimentation from the euphotic zone at the study site 
was likely dominated by autochthonous matter because of 
(1) the relatively short residence time of particulate matter 
in the pelagic system compared to the current patterns and 
the distance from land, (2) the relatively low C : N ratio (av
erage 8.6 by weight) for the sedimenting matter, and (3) the 
agreement between the estimates of new production based 
on nutrient inputs and the sedimentation (Olesen and Lunds
gaard 1995). Consequently, biological processes in the pe
lagic system were the source o f the sedimenting detritus. 
Independent estimates of carbon flow processed by the dom 
inant pelagic organism groups were obtained by reviewing 
published results from studies conducted at the same station 
and during the same period (Table 2). The data were aver
aged for each of four periods corresponding to the peak and 
the decline of the diatom spring bloom (28 M arch-9 April), 
the summer period with low phytoplankton biomass (10 
A pril-8 August), a late summer situation where dinoflagel- 
lates dominated (21 August-8 September), and the early au
tum n (9 S ep tem b er-1 2  O ctober). C opepod and cilia te  
ingestion were calculated from production estimates assum
ing growth efficiencies of 0.33 and 0.40, respectively (Ki0r-

boe and Nielsen 1994; Nielsen and Ki0rboe 1994). The bio
mass of heterotrophic dinoflagellates in the upper mixed 
layer (Hansen 1991) averaged 470, 170, 300, and 190 mg C 
m -2 in the four periods, and these estimates were converted 
to ingestion using maximum specific ingestion rates of 1.1, 
2.8, 2.8, and 2.7 d-1, respectively. These ingestion rates were 
calculated using the average cell volume of heterotrophic 
dinoflagellates in each period (6,600, 2,100, 9,400, and 4,800 
/zm3, respectively; R J. Hansen pers. comm.), the scaling of 
maximum growth rate vs. cell volume (Hansen 1992), a Q 10 
o f 2.5 for growth rates (Fenchel and Finlay 1983), and a 
growth efficiency of 0.20. Bacterial production was estimat
ed by C. Lundsgaard, M. Olesen, and P. K. Bjpm sen (unpubl. 
results) from measures of tritiated thymidine incorporation 
and volume estimation by epifluorescence microscopy. Bac
terial carbon uptake was calculated using a cell yield con
stant o f 1,100 cells per fmol thymidine (Riemann et al. 
1987), a carbon content o f 0.35 pg C g m “3 (Bjpmsen 1986), 
and a growth efficiency of 0.40. Prim ary production was 
determined by 14C incorporation (Richardson and Christof
fersen 1991).

A part of the heterotrophic carbon demand was probably 
m et by ingestion of heterotrophic biomass instead of phy
toplankton. Nevertheless, the direct estimates of primary 
production (Richardson and Christoffersen 1991) were high
er than the summarized zoöplankton ingestion and bacterial 
carbon demand (Table 2) except for September-October 
where a low average prim ary production was based on only 
two determinations. Sedimentation o f phytoplankton cells 
only accounts for a limited part of the excess prim ary pro

Table 3. Sedimentation of fecal pellet carbon (FPC) and the remaining detritus fraction (RC) in 
absolute numbers and relative to estimates of heterotrophic activity in the mixed zone. See text for 
definition of Cmicro and PPdiff.

Period
28 March- 

9 April
10 April- 
8 August

21 August- 
8 September

9 September- 
12 October

FPC (mg C m -2 d “') 51 59 48 37
FPC/copepod ingestion (%) 26 59 26 30
RC (mg C n r 2 d~‘) 258 218 301 181
R C /C ^  (%) 16 20 23 24
RC/PPdlff (%) 10 20 No data (140)
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Fig. 2. Summarized presentation of the contribution of major 
pelagic groups to the sedimentation integrated over the growth sea
son.

duction and the remaining discrepancy may be due to meth
odological errors or undersampling of specific organisms.

Sedimentation of FPC constituted 26-59%  of the copepod 
ingestion (Table 3), and these fractions were in the upper 
range of defecation : ingestion ratios reported for copepods 
(Conover 1978). The results thus indicate that most of the 
fecal pellets escaped the mixed zone in  spite of some dis
integration. This is in contrast to other studies where disin
tegration due to microbial decomposition (Jacobsen and 
Azam 1984) or mesoplanktonic grazing activity (Lampitt et 
al. 1990) is considered as important for retention of the fecal 
matter in the pelagic system.

The sedimenting RC is assumed to consist o f products 
from heterotrophic processes in the w ater column other than 
copepod grazing. These processes can be quantified in two 
ways: by summing up the ingestion by  dinoflagellates and 
ciliates and the bacterial carbon dem and (Cmicro). and by sub
tracting the copepod grazing, the sedimentation of phyto
plankton and the increase in phytoplankton biomass from the 
primary production (PPdiff).

The sedimentation loss of RC relative to the carbon flow 
through the pico-, nano-, and microzooplankton was >20%  
except during the decline of the spring bloom where a high 
fraction of the carbon flow was processed by bacteria (Table 
3). Thus, the fractional sedimentation loss was in some pe
riods at the same level for microzooplankton as for copepod 
grazing. The detritus loss from the m icrobial food web is 
possibly derived from  several trophic levels and not only 
from grazers on phytoplankton. The relative detritus loss 
from each level is therefore smaller than  from the total m i
crobial compartment as whole.

Several mechanisms for the form ation of detritus can be 
suggested to account for the sedimentation loss, i.e. defe
cation, secretion of particulate matter (e.g. transparent exo
polymeric particles; Alldredge et al. 1993), and death of living 
biomass by virus infection or grazer feeding inefficiencies 
(sloppy feeding). The significance of copepod defecation in 
the formation of the sedimenting detritus has gained much 
attention, while assimilation efficiency, fecal production, and 
fate of fecal debris are poorly understood with regard to

nano- and microzooplankton. A few studies have shown net 
assimilation efficiencies of 60-80%  for nanoflagellates and 
ciliates (e.g. Fenchel 1982; Stoecker 1984; Caron et al. 
1985), and these efficiencies accord with the relative detritus 
loss from microbial activity in this study. Additionally, it is 
known that ciliates and dinoflagellates produce distinct fecal 
particles (Elbrächter 1991; Stoecker 1984). However, these 
particles are much smaller than copepod fecal pellets and 
their sinking velocity is therefore lower.

Average sedimentation velocities of RC were calculated 
by dividing the sedimentation rates by the suspended con
centrations. An estimate of the RC fraction in the water was 
obtained by subtracting the biomass of phytoplankton (Ole
sen and Lundsgaard 1995), copepods (Kiprboe and Nielsen 
1994), ciliates (Nielsen and Kiprboe 1994), and dinoflagel
lates (Hansen 1991) from the concentration of suspended 
POC. The average sinking velocity of RC was 1.5 m  d 1 
(range 0 .7-4 .0  m  d-1), equivalent to an average daily sedi
mentation loss from the euphotic zone of 12%. This is a 
minimum estimate because the suspended concentration was 
neither corrected for the biomass of, for example, bacteria 
and nanoflagellates (except dinoflagellates) nor for the sus
pended copepod fecal pellets. Aggregation of detritus parti
cles produced in the microbial food web may explain why 
these small particles are sedimenting with velocities of >1 .5  
m  d -1. The dominance of fluffy aggregates in the sedimented 
matter supports this assumption.

We conclude that the detritus production from the pico-, 
nano-, and microzooplankton is significant for the total sed
imentation of matter from the pelagic system as summarized 
in Fig. 2. Copepods have been ascribed a major role for 
sedimentation due to production o f fast sinking fecal pellets 
and in this study probably most o f the defecated pellets left 
the mixed euphotic zone. Nevertheless, the copepod fecal 
pellets were of minor significance for the total sedimentation 
because a limited fraction of the carbon flow was processed 
by the copepods. Estimates of between 10 and 24% of the 
prim ary production processed by pico-, nano-, and m icro
zooplankton was lost from the system by sedimentation, in
dicating that the microbial food web is not exclusively a 
regenerating compartment.

Claus Lundsgaard  
M ichael Olesen

Marine Biological Laboratory 
University of Copenhagen 
Strandpromenaden 5 
DK-3000 Helsingpr, Denmark

R eferen ces

A l l d r e d g e ,  A . L., U . P a s s o w ,  a n d  B. E. L o g a n .  1993. The abun
dance and significance of a class of large transparent organic 
particles in the ocean. Deep-Sea Res. 34: 1-17.

Acknowledgment
We are grateful to captains and crews of R A  Ophelia and R/V 

Gunnar Thorson and to Lisbeth Olesen for technical assistance. We 
thank T. Fenchel and P. J. Hansen for comments on the manuscript. 
The study was supported by the Danish Environmental Protection 
Agency (HAV-90, contract no. 2.40B and 2.40C).



Notes 1005

B j 0 r n s e n ,  P. K. 1986. Automatic determination of bacterioplank- 
ton biomass by image analysis. Appl. Environ. Microbiol. 51: 
1199-1204.

C a r o n ,  D . A .,  J. C . G o l d m a n ,  O . K . A n d e r s e n ,  a n d  M. R. D e n 
n e t t .  1985. Nutrient cycling in a microflagellate food chain: 
II. Population dynamics and carbon cycling. Mar. Ecol. Prog. 
Ser. 24: 243-254.

C o n o v e r , R. J. 1978. Transformation of organic matter, p. 221- 
499. In O. Kinne [ed.], Marine ecology, v. IV. Dynamics. Wi
ley, Chichester.

E l b r ä c h t e r , M. 1991. Faeces production by dinoflagellates and 
other small flagellates. Mar. Microb. Food Webs 5: 189-204.

E p p l e y , R. W., a n d  B. J. P e t e r s o n . 1979. Particulate organic mat
ter flux and planktonic new production in the deep ocean. Na
ture 282: 677-680.

F e n c h e l , T. 1982. Ecology of heterotrophic microflagellates. II. 
Bioenergetics and growth. Mar. Ecol. Prog. Ser. 8: 225-231.

 , a n d  B. J. F i n l a y . 1983. Respiration rates in heterotrophic,
free-living protozoa. Microb. Ecol. 9: 99-122.

H a n s e n , P. J. 1991. Quantitative importance and trophic role o f  
heterotrophic dinoflagellates in a coastal pelagic food web. 
Mar. Ecol. Prog. Ser. 73: 253-261.

--------- . 1992. Prey size selection, feeding rates and growth dy
namics of heterotrophic dinoflagellates with special emphasis 
on Gymnodinium spirale. Mar. Biol. 114: 327-334.

H e l l i n g ,  G . R .,  a n d  M . A . B a a r s .  1985. Changes of the concen
trations of chlorophyll and phaeopigment in grazing experi
ments. Hydrobiol. Bull. 19: 41-48.

J a c o b s e n ,  T. R., a n d  E A z a m . 1984. Role of bacteria in copepod 
fecal pellet decomposition: Colonization, growth rates and 
mineralization. Bull. Mar. Sei. 35: 495-502.

K i p r b o e , T., a n d  T. G. N i e l s e n . 1994. Regulation of Zooplankton 
biomass and production in a temperate, coastal ecosystem. 1. 
Copepods. Limnol. Oceanogr. 39: 493-507.

 , a n d  P. T i s e l iu s . 1987. Gut clearance and pigment destruc

tion in a herbivorous copepod, Acartia tonsa, and the deter
mination of in situ grazing rates. J. Plankton Res. 9: 525-534.

L a m p i t t ,  R. S., T. T. N o j i ,  a n d  B. v o n  B o d u n g e n .  1990. What 
happens to Zooplankton faecal pellets? Implications for mate
rial flux. Mar. Biol. 104: 15-23.

L o r e n z e n ,  C. J. 1967. Determination of chlorophyll and pheo
pigments: Spectrophotometric equations. Limnol. Oceanogr. 
12: 343-346.

N i e l s e n ,  T. G., a n d  T. K i 0 r b o e .  1994. Regulation of Zooplankton 
biomass and production in a temperate, coastal ecosystem. 2. 
Ciliates. Limnol. Oceanogr. 94: 508-519.

O l e s e n ,  M., a n d  C. L u n d s g a a r d .  1995. Seasonal sedimentation 
of autochthonous material from the euphotic zone of a coastal 
system. Estuarine Coastal Shelf Sei. 41: 475-490.

R i c h a r d s o n ,  K., a n d  A. C h r i s t o f f e r s e n .  1991. Seasonal distri
bution and production of phytoplankton in the southern Kat
tegat. Mar. Ecol. Prog. Ser. 78: 217-227.

R i e m a n n ,  B., P. K. B j 0 r n s e n ,  S. N e w e l l ,  a n d  R. F a l l o n .  1987. 
Calculation of cell production of coastal bacteria based on mea
sured incorporation of ’H-thymidine. Limnol. Oceanogr. 32: 
471-475.

S h u m a n ,  F. R., a n d  C. J. L o r e n z e n .  1975. Quantitative degrada
tion of chlorophyll by a marine herbivore. Limnol. Oceanogr. 
20: 580-586.

S t o e c k e r ,  D. 1984. Particle production by planktonic ciliates. 
Limnol. Oceanogr. 29: 930-940.

W e l s c h m e y e r ,  N. A., a n d  C. J. L o r e n z e n .  1985. Chlorophyll 
budgets: Zooplankton grazing and phytoplankton growth in a 
temperate fjord and the Central Pacific Gyres. Limnol. Ocean
ogr. 30: 1-21.

W i n t e r m a n s ,  J. F. G., a n d  A. De M o t s .  1965. Spectrophotometric 
characteristics of chlorophyll a and b and their phaeophytins 
in ethanol. Biochim. Biophys. Acta 109: 448-453.

Received: 3 Novem ber 1995 
Accepted: 16 October 1996



«t
t-
\


