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A series of Calanus copepod grazing experiments was per-

formed using concentrations of Ditylum brigtwe1lii to simulate

moderate natural food concentrations (115-450 g C/i). By using

an ionization chamber and vibrating-reed electrometer in conjunction

with a C-H-N elemental analyzer, it was possible to measure simul-

14taneously the carbon, C, and nitrogen of food, feces, and copepod

samples containing as little as 100 pg of organic material. In

addition to quantitative estimates, the specific activity (PCi of

total carbon) and the C/N ratio of various measurements yielded

comparative qualitative information,

Due to the fact that all cell suspensions used were dilutions

of a common primary stock, it was possible by regression analysis

to accurately compute the amounts of C, 14C, and N/cell of Ditylum
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and to detect any non-Di.tylum filterable contaminants of C, 4C, and

N/liter. It was found that significant changes had occured in both the

cellular amounts and contaminant concentrations during the 24 hour

grazing period.

After correcting for these changes, it was possible to compute

the ingestion and assimilation quantities in each experiment. Two

methods of data treatment are given: Method I is based on assumptions

which yield the maximum ingestion, assimilation, and assimilation

efficiencies, and Method II is based on assumptions yielding minimum

possible values of these quantities. In each experiment, '4C assimila-

tion efficiency was higher than nitrogen assimilation efficiency, which

was higher than total carbon assimilation efficiency. Assimilation

efficiency of 14C and nitrogen increased with lower food concentration

(i. e. , lower ingestion), but total carbon assimilation efficiency was

relatively constant over the food concentration range studied.

The significant difference between 14C and stable carbon

assimilation efficiency was attributed to an addition of hlnOn_foodtl

carbon into the feces of the copepods. The amounts of this 'non-food

carbon averaged 3. 35% of body carbon/day and contributed as much

as 96. 1% of the total fecal pellet carbon at the lowest food concentration

used, It is proposed that 14C assimilation represented the ugross!

assimilation efficiency of food carbon, and that total carbon assimila-



tion efficiency represents the ?Inetll carbon assimilation efficiency

of the copepods.

All animals used in these experiments were selected randomly

from a single maintainence collection and were thus assumed to have

the same mean weights in each of the concurrent experiments.

Analysis of the final weights in carbon and nitrogen/copepod, yielded

a linear relationship to the amount of that element ingested. The

gross incorporation efficiency of food carbon into copepod body car-

bon was 43. 0% and that for nitrogen was 62. 7%. Analysis of the C/N

ratios of the incorporated material indicated that it was mostly pro-

tein or amino acids.

Total utilization budgets were calculated for carbon and nitrogen

by solving for the unmeasured quantities of carbon respiration and

nitrogen excretion. Qualitatively, the food material catabolized in

copepod respiration was mostly carbohydrates and lipids. Calcula-

tions are presented to suggest that attempts to measure directly these

respiration and excretion fractions would be seriously complicated

by the concurrent respiration and possible heterotrophic ammonia

uptake by. the phytoplankton food cells.

Some possible ecological and evolutionary implications of the

results are discussed, and the analytical methodology Is compared

to previously used methods for the study of copepod feeding and

growth.
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SHORT-PERIOD QUANTITATIVE AND QUALITATIVE
UTILIZATION OF FOOD CARBON AND NITROGEN

BY STARVED CALANUS COFEPODS

INTRODUCTION

Copepods are the most abundant form of macroscopic animal

life in the marine environment. Ranging in size from approximately

one to ten millimeters in length, the herbivorous species are adapted

for feeding on the microscopic unicellular algae which comprise about

98% of the total primary production of the world oceans. These

animals are then preyed upon by larger zooplankton, fish, and some

types of whales. Because the copepods are such an important link

in most marine food chains, they have been studied extensively since

first being described by Gunnerus the Bishop of Nideros (Trondheim)

in 1767.

Prior to 1900, copepod investigations centered on taxonomy

and life histories (summarized respectively by Geisbrecht, 1892,

and Lebour, 1916). The first reports on feeding relationships were

by Dakin (1908) and Lebour (1922) on the gut contents of copepods.

Both found mostly diatom and dinoflagellate remains.

Because of its abundance in Northern European waters, and

its relatively large size (ca. 3mm in length), Calanus finmarchicus

was the organism of choice for most early studies. Studies have

turned from the field to the laboratory to provide quantitative and



qualitative information on Calanus feeding. Esterly (1916) first

attempted to describe the filtering behavior of Calanus. This was

further elaborated by Cannon (1928) and recently by Gauld (1966)

and Conover (l966a). Essentially the mechanism of filtering in

Calanus involves a feeding eddy current set up by the larger swimming

current caused by move±iient to.secbnd antenna.. This feeding eddy

forces water and suspended particles of food anteriorly along the

ventral surface where it then enters the "filtering basket" formed by

the first and second maxillipeds. The captured cells are "combed"

from the filtering setae of the first maxillipeds by the stiff setae on

the maxillae, and passed anteriorly under the labrum where they

are crushed by the mandibles and sucked into the mouth.

Experimental feeding experiments by Fuller (1937) and Harvey

(1937) determined the rate of cell removal and the effects of different

food sources and temperatures. Raymond and Gross (1942) pro-

ceeded further by determining the differences in feeding rates between

copepod sexes using egg production and laboratory survival period as

indexes of the health of the animals. Raymont and Gross also

quantitatively collected and described the fecal pellets produced.

Aside from the early estimates of Fuller (1937), the study of

the digestive assimilation of copepods began with the extension work

on Calanus by Marshall and Orr (1955a, 1955b, 1955c, 1956). Their

assimilation results were expressed in terms of amount assimilated



and the efficiency of assimilation. The term assimilation efficiencylt,

as used in other fields of feeding research, is the fraction of the

ingested food which is assimilated across the gut wall. It is usually

measured as:

Ingestion - Egestion 100% = Assimilation Efficiency.Inge ston

Conover (1964) has reviewed the research on assimilation efficiencies

in copepods and listed reported values from 10% to 99%. Canover

(1966b) sought to obtain better precision by comparing the ash free

dry weight to dry weight ratios of the food and the feces in an experi-

ment. This method has been adopted in other recent studies (Corner,

Cowey, and Marshall, 1967; O'Connors, 1969).

The earliest studies of the metabolic losses in copepods were

the respiration measurements of Ostenfeld (1913) and later Marshall,

Nichols, and Orr (1935). Recent work by Conover and Corner (1968)

has demonstrated some of the controlling factors and seasonal varia-

tion in respiration of these organisms.

The excretion of nitrogen and phosphorous compounds by cope-

pods was measured by Harris (1959) and has been further studied as

to quantity and chemical form by Corner and Newell (1967), Conover

and Corner (1968), and Butler, Corner, and Marshall (1969, 1970).

Studies on the growth of copepods have been attempted in the

field (Cushing and Vucetic, 1963), and recently under laboratory
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conditions, Calanus has been raised in laboratory cultures by Mullin

and Brooks (1967, 1970a, 1970b, 1971) and PaffenW5fer (1970).

My study was designed to investigate several of the ways of

utilization of the food which is captured and consumed by adult female

Calanus pacificus. The instruments which were modified for the

measurement of the minute samples are of sufficient sensitivity so

that determinations could be made using food concentrations similar

to those found in nature after a grazing period of 24 hours. Previous

assimilation and growth experiments using less sensitive instrumenta-

tion have been of necessity for longer duration or at unnaturally high

food concentrations (Raymont and Gross, 1942; Conover, 1962;

Corner, Cowey, and Marshall, 1967).

The utilization parameters which were determined for each of

my experiments were 1) ingestion, based on cells removed from

suspension; 2) egestion, based on fecal pellet recovery; 3) assimila-

tion, by difference between ingestion and egestion; 4) incorporation,

based on increase in average weights of the animals during the graz-

ing period; 5) respiration and excretion, by difference between I

assimilation and incorporation.

The above utilization factors were based on elemental (e. g.

carbon and nitrogen) determinations of the various components of

the grazing system (food, feces, and animals). Quantitative bud-

gets were computed for elemental carbon and nitrogen. By
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simultaneous determination of 14C utilization in the system, and

comparing these parameters to the total carbon utilization, additional

information regarding gross and net processes were obtained for

car b on.

In addition to the amounts of carbon, 14C, and nitrogen in each

sample, the ratios of carbon to nitrogen (C/N) and the specific

activity (14C/total C) were used to provide qualitative information

about the biochemical constituents Of the food, feces, animals, the

incorporated fraction of the food, and the respired or excreted

fraction of the food.



MATERIALS AND METHODS

Choice of Organisms

The data reported here were obtained from four experiments

in which different concentrations of the diatom Ditylum brightwellii

(Grun.) were grazed by adult female Calanus pacificus (Brodskii)

copepods.

Adult female Calanus pacificus were selected for these experi-

ments because they are closely related to the species Calanus

fimmarchicus, C. helgolandicus, and C. glacialis which have been

intensively studied by other investigators (it is noted that the taxonomy

of the genus Calanus in the N. E. Pacific is the subject of current

controversy and revision may result in the abandonment of Brodskii's

species C. pacificus). These animals are about 3. 5 mm in total

length and have feeding appendages modified for filtering out phyto-

plankton cells larger than 5 i in diameter (Gauld, 1966). Egestion

of waste materials is in the form of compact pellets surrounded by

a secreted membrane, These pellets are fairly resistant to dis-

integration for two or three days, after which bacterial action

breaks them down,

The selected food organism was the neritic centric diatom

Ditylum brightwellii. This alga has a cylindrical silica frustule

measuring 1OO by 20-30 in diameter. This species was selected



because its large size and non-chained cells greatly simplify the

determination of cell concentrations. In addition, it is one of the

natural food items of Calanus species, and laboratory investigations

have shown Calanus to feed actively, grow, and reproduce using it

(Marchall and Orr, 1952; Mullin, 1963; Mullin and Brooks, 1967,

l970a).

Food concentrations were chosen to represent abundant natural

food conditions. The highest concentration was comparable to the

maximum particulate carbon concentration reported in upwelled

waters along the Oregon Coast (Ramberg, 1970). In order to obtain

detectable differences after 24 hours, it was necessary to use con-

centrations of animals at least 10 to 100 times more concentrated

than in nature. Anraku (1964) found that crowding effects on feeding

rate of Calanus fimmarchicus were not significant if there was at

least 100 ml of food suspension per copepod. In my experiments

the volume per animal was 100 ml.

Ditylum brightwellii treatment

Ditylum brihtwellii was grown in batch cultures under con-

tinous flourescent light at 15°C in a cold room. Two liters of

autoclaved, Mi1lipore -filtered sea water (to which nutrients had

been added) were innoculated from a maintenance culture of Ditylum.

The culture was not bacteria-free.



F;]

When the Ditylum cell concentration reached 15 00-2000 cells!

ml, 40 tCi of NaH14 CO3 was added as 2 ml of solution. Magnetic

stirrers wereused in preference to bubbling to decrease loss of

'4CO2 to the atmosphere. The use of the mechanical stirring did

not adversely affect the cells. The culture was allowed to assimilate

the 14C label for 2 to 3 days, during which time approximately two

cell divisions took place to give a final cell concentratioi of 4000-

8000 cells/mi. The population was assumed to be 75% uniformly

labelled, proportional to the 14C specific activity of carbon in the

medium. It was felt that 75% uniform labelling would be satisfactory

because after two cell divisions all types of biochemical compounds

in the cell should be labelled. Because of the high concentration of

non-radioactive HCO in sea water, only one or two percent of the
14 C was assimilated.

When the batch culture had reached the desired radioactivfty

and cell concentration, subsamples were placed in cylindrical battery

jars and diluted with cold, freshly filtered sea water to yield the 4

liter suspensions to be used in the grazing experiments. These

dilute suspensions were placed in total darkness to stop the growth

of the Ditylurn and to simulate more accurately natural grazing con-

ditions for the Calanus. Twelve hours of darkness were allowed for

the algal suspension to reach a stable cell concentration and level of

filterable carbon, nitrogen, and 14C. Darkness was attained by



placing a black plastic sheath around the battery jars, and covering

the top with aluminum foil. Stirring in these containers was

accomplished by slow bubbling (at these more dilute concentrations,

the loss of14CO2 to the atmosphere due to bubbling was not hazard-

ous). These dilute algal suspensions were also kept in the 15°C

cold room.

Calanus iacificus treatment

Adult Calanus pacificus were collected periodically in an area

5 to 10 nautical miles off the coast at Newport, Oregon. Collection

was done with a half-meter #6 mesh (240 ) zooplankton net. Catches

were sorted on board to remove most non-copepod animals and

undesired small copepods. In the laboratory, the samples were

further sorted to retain only adult C. pacificus. These samples

were kept at concentrations of about 150 animals per one gallon

jar in subdued light at 10°C. Animals could be kept in this manner,

with biweekly changes of water and rations of Ditylum, for 3 to 4

weeks. In most experiments, however, no animals were used which

had been kept in the laboratory for more than two weeks or less

than three days, Three days were alloted for the animals to adjust

to the new environment.

All of the animals used in the four experiments were randomly

selected from a single maintenance vessel in which they had been
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kept for eight days since capture. Just prior to each grazing experi-

ment the animals were starved for 24 hours to increase the grazing

activity (Mullin, 1963; McAllister, 1970), and, during this time,

were transferred to the 15°C room to allow them to acclimate to

the temperature of the algal food suspensions.

Grazing experiments and sampling procedure

At the end of the dark adaptation period of the Ditylum sus-

pensions, each container was thoroughly mixed. Cell concentrations

were determined with a Sedgewick-Rafter counting cell. This cell

holds exactly 1 ml of solution, and five optical pathways of a micro-

scope at 100 power surveyed 45% of the volume and usually resulted

in several hundred cells being counted,

Aliquots of the algal suspension were filtered through 24 mm

diameter Whatman GF/A glass filter filters for '4C, organic carbon,

and organic nitrogen determinations, Two or three samples of pro-.

gressive volumes were taken from each container, the volumes

chosen being predicated by the cell concentration. The filters were

sucked as dry as possible with a water aspirator vacuum system and

placed on a drying rack in a 60°C oven for at least two days and

then analyzed. Filter blanks were also taken by drawing some of the

cell suspension filtrate thrQugh another glass fiber filter and sucking

dry as before. The glass fjber filters will remove 50% of particles.
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0. 9 in diameter and 90% of particles 3 in diameter (Sheldon and

Sutcliffe, 1969).

Copepods were filtered from their holding containers on to a

ring-supported screen of 540 pore size Nitex? They were inspected

and counted using a l0-20X binocular zoom microscope. Only active,

undamaged animals were used in grazing. The copepods were rinsed

from the screen into the dark-adapted cell suspension and returned

to total darkness for about 24 hours. Slow bubbling was continued

to maintain uniform suspension of the algae. The feeding results

and the observed behavior of the animals demonstrated that this

type of slow convective mixing did not appreciably disturb the

characteristic feeding behavior of the copepods whereas preliminary

experiments using magnetic stirring bars during grazing had resulted

in high mortality due to physical battering of the animals. The cope-

pods were not disturbed during the grazing period other than

occasional checks to confirm that the bubblers were still functioti-

I ng.

After 24 hours of grazing, the experiments were terminated.

Each 4-liter culture suspension was poured slowly through a

separatory screening apparatus shown in Figure 1. The upper
®1050 Nitex screen (12. 0 cm diameter) retained all of the cope-

pods and any molts. The lower 110 p. screen (13. 5 cm diameter)

retained virtually all of the fecal pellets plus occasional fragments



C
B B
I r"--

12

Figure 1. Separatory screening apparatus for separat-
ing the copepods and fecal pellets from the post-grazed
Ditylum brightwellii suspension. A) 1050 p. screen to retain
copepods, B) 110 p. screen to collect fecai pellets, C) watch
glass to maintain water level above the two screens, D)
support, and E) catch basin containing the screened lun1
suspension.
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of copepod exoskeletal material and eggs (although the latter were

absent in these experiments). The Ditylum cells passed through

both screens and were collected in the base container. The two

screens were separated by small plastic feet on the upper ring which

rested on the lower screen. The lower 110 screen was supported

by a 20 cm diameter water glass which overflowed at the edge into

a catch basin. The water level at overflow was such that a free

water surface was maintained above both screen surfaces so that

the media would not fall directly on to the screen and possibly damage

the fecal pellets and the diatoms. The collected diatom suspension

was sampled for cell concentration, 14C, organic carbon and organic

nitrogen exactly as before grazing.

The 110 screen was washed gently with a wash bottle (contain-

ing previously collected filtrate from the grazed culture) in order to

aggregate the fecal pellets in a small area. The pellets were then

washed into a small petri dish for microscopic examination. Under

ZOX magnification, any exoskeletal fragments, eggs, of other con-

tarninant were separated from the fecal pellets. The pellets were

then washed onto a glass fiber filter, sucked dry, and oven dried

at 60°c. Examination of the Ditylum suspension after passing through

both screens showed that virtually all of the fecal pellets had been

removed and that there was no evidence of broken pellets. Therefore,

in all calculations 100% fecal pellet recovery was initially assumed.
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The animals were examined individually under 20X magnifica-

tion and each was classified as to sex and condition (e. g. alive with

green alimentary tracts, alive but with emtpy guts, or dead). Two

samples of nominally 15 animals each were taken from each experi-

ment and washed onto glass fiber filters which were sucked dry and

then further dried at 60°C as with. all other samples. The animals

died within minutes after being washed onto the fUt:ers, so there

was little respiratory carbon loss prior to death.

Instrumentation and analysis

After drying at 60°C for two days, the filters were combusted

for elemental analysis in a F&M Model 185 C-H-N elemental

analyzer. The sample combustion takes place in a 1000°C oxidation

furnace tube and the combustion products of CO2. N2, and H20 are

carried by a Helium carrier gas, flowing at 100 mi/mm. into a gas

chromatography column for separation of the three product gases.

Detection is by a therrnai-conductj.vity bridge equipped with a strip

chart recorder. The three separate peaks which are produced are

each proportional in height to the amounts of C, H, and N in the corn-

busted sample. The hydrogen peaks weze not considered in this study

because of the poor rep roductibility in this machine for this element.

An organic powder, acetanilide, was used as a standard, with the re-

sponse of the intrument being linear throughtout the range of my sampl,es.
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The basic C-H-N analyzer was modified to allow subsequent

14C. counting of the same samples by connecting an ionization

chamber to the gas outlet of the thermal conductivity bridge. This

ionization chamber was mounted on the detector probe of a Cary

Model 401 vibrating reed electrometer. This addition, shown in

Figure 2, allows the CO2 peak resulting from the sample combustion

to be quantitatively collected as it leaves the detector block, and the

activity to be determined. Standardization was done by injection

into the ionization chamber of gas aliquots drawn from a sealed

bottle which contained a known activity of '4CO2. The sealed bottle

contents were prepared by the addition of concentrated HC1. to a known

activity of Na H14CO3, thereby releasing the gaseous '4CO2 into the

airspace of the bottle. Unfortunately no labelled organic substance

was available at the time for a direct standardization and recovery

efficiency determination by combustion of the labelled sample in the

C-H-N analyzer.

The vibrating reed electrometer was operated in the high-

resistance leak mode in which the electrons accumulated at the

center probe anode flow to ground potential through a iolZ phm

precision resistor. The potential in millivolts built up across this

resistor is directly proportional to the rate of 14C disintegrations

in the chamber. The chamber and pre-amp of the electrometer

are enclosed in a grounded copper screen cage to reduce extraneous
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electrical noise. Response time is 2 seconds to 90% full scale

deflection without damping on the higher millivolt ranges (30 my and

up) and 100 seconds for highly damped response on 1, 3, and 10 my

ranges where background noise is high.

Necessary plumbing was provided so that the C-H-N outflow

could bypass the ionization chamber once the CO2 peak had been

captured. Also an additional flow of helium was connected to allow

14
a 500 ml/min sweep gas to reduce the CO2 concentration in the

chamber once a satisfactory peak had been resolved on the strip

chart recorder. The outflow from the ionization chamber was

through an Ascarite® filter to absorb the 14CO2. Dilution of the

activity in the chamber is an exponential decrease related to the

ratio of the chamber volume (275 ml) to the flow rate of the sweep

gas. It was found that a sweep rate of 500 ml/min would reduce

the signal to essentially background level in six minutes. During

this interval, the next sample was loaded and equilibrated prior

to its introduction into the oxidizing furnace of the elemental

analyzer.



CHARACTERIZATION OF THE FOOD SUSPENSION

Total filterable carbon, 14C, and nitrogen

To determine the amounts of carbon, 14C, and nitrogen pre-.

sent in each sample, calibration curves were constructed andTthe

regression coefficients determined for each element (Figure 3a and

3b). The extremely high correlation coefficients for both carbon

and nitrogen (r=O. 999+) indicate that virtually no error is incurred

in converting from peak height in mm to p.g C or g N. The crude

results of the calibration for 4C discussed in the Materials and

Methods section is shown in Figure 3c. The curve was linear

throughout the range of values obtained in this set of experimental

samples. The calibration slope is approximately 1. 0 nanocuries

per millivolt (nCi= l0 curies).

To obtain estimates of the concentrations of carbon,

and nitrogen on a per liter basis for the pre- and post-grazed

Ditylum suspensions, the peak heights and nCi of each sample

were regressed against the appropriate volume of each sample

(Figure 4a-f). The slopes of each best-fit line were multiplied

by the respective calibration factor (determined in Figures 3a-c)

to obtain the concentration values, C/N ratios am'

values given in Table I.
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Table I: Particulate food suspension: number of cells, 14C, carbon, and nitrogen per liter, with
C/N ratios and specific activities. *

Specific
l4 Carbon Nitrogen C/N Activity

Experiment Cells/mi nCi/1. p. g/l. p. g/i. p.g C/p.g N 1j.Ci/g C

Experiment A;

Pregrazed 1118 60.00 530.67 107.68 4.92 113.06

Postgrazed 449 21.02 440.55 78.37 5.63 47.71

Experiment B:

Pregrazed 790 4&07 421.08 91.78 4.60 109.41

Postgrazed 260 12.50 298.47 51.10 5.58 41.88

Experiment C:

Pregrazed 508 30.24 287.80 I64.79I 4.44 105.07

Postgrazed 130 8.40 234.51 39.54 5.80 35.82

Eçperiment D:

Pregrazed 301 17.00 190.52 45.67 4.20 89.23

Postgrazed 29 2.36 165.73 25.25 6.56 14.24

*Units used: Curie (Ci) = 3 .7 x 1010 disintegrations per second; micro curIe (p.Ci) = i06 Ci; nano curie (nCi) = iO Ci

N
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The zero intercept of each curve in Figure 4 represents the

filter blank value. The sources of these filter blank readings are

impurities in the borosilicate glass-fiber filter material, contamina-

tion in the oxidation catalyst (used in combustion of the sample), and

dissolved organic and inorganic compounds in the small amount of

water which was not removed from the interstitial spaces of the

filter when it was sucked dry in the filtration process. All samples

of cells, animals, and fecal pellets were corrected by the subtraction

of the appropriate mean filter blank value. The average filter blank

corrections were 0. 17 ± 0. 26 nCi 14C, 42. 7 ± 12. 4 ig carbon, and

2. 04 ± 0. 19 g nitrogen.

Evidence for a contaminant in the Ditylum suspension

Although the Ditylum brightwellii suspensions were maintained

in total darkness for the duration of all grazing experiments, there

was a significant decrease (with decreasing cell concentration) in

the specific activity among experiments and between pre- and post-

grazed conditions in each experiment (Table 1), There were also

increases in the rrapparentrr carbon and nitrogen per cell (Table II).

The ??apparentt carbon per cell, for example, was the carbon per

liter (Table I) divided by the observed cells/l (Table I). The

!Iapparentl! carbon per cell increased with lower cell concentrations

and increased during the grazing period, an increase of 107% in



Table II: !Apparent carbon, 14C, and nitrogen per D.itylum brightwellii cell, and relative change
during grazing period. *

f Ci relative .2& relative 28_u relative

Experiment Cells/mi cell change cell change cell change

Experiment A:

Pregrazed 1118 53.66 474.66 96.31
-12.7% +106 .7% 81 .2%

Postgrazed 449 46.81 981 .18 174.54

Experiment B:

Pregrazed 790 58.31 533.01 116.17
-17.6% +115.4% + 69.2%

Postgrazed 260 48.07 1147.96 196.53

Experiment C:

Pregrazed 508 59.52 566.53 127.48
+ 8.6% +218.4% +138.6%

Postgrazed 130 64.61 1803.92 304.15

Experiment D:

Pregrazed 301 S6.47 633.95 151.72

+44.1% +802.9% +473.9%

Postgrazed 29 81.37 5714.82 870.68

*Unit5 used: Curie (Ci) = 3.7 x 1010 disiutegrations per second; femto curie (1 Ci) = 10_is Ci; picogram (pg) = i012 g

N)
1J3
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Experiment A to an increase of 803% in Experiment D, Likewise,

the "apparent" nitrogen/cell ranged from an increase of 69% in

Experiment B to 474% in Experiment D. On the other hand, the

"apparent'1

14C/ cell varied little between experiments before the

grazing period, and the change during the grazing period varied

from an app:roximate 18% loss in Experiment B to a 44% gain in

Experiment D (Table II).

It was postulated that Ditylum had undertaken heterotrophic

growth and that an unknown contaminant had proliferated in the

filtered sea water with which the Ditylum primary culture had been

diluted for the four grazing experiments. Several smaller pilot

experiments had shown similar increases, being greater in grazed

containers than in control (1. e. non-grazed) containers of the

identical cell concentrations. This problem has been reported by

other investigators (Marshall and Orr, 1952), who were unable to

use their data when the problem occurred.

Because all four of my algal suspensions were simultaneous

dilutions of the same Ditylum primary culture, it was possible to

fractionate mathematically the carbon, 14C, and nitrogen per

liter into either the Ditylurn fraction or a contaminant. This

fractionation was accomplished by regressing the carbon, 14C, and

nitrogen/liter against the cell concentration in both pre- and post-

grazed situations (Figure 5). These three regressions produced
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slopes equal to the amounts of carbon 14C, and nitrogen per cell.

The zero intercepts of each regression were the amounts of contain-

inant carbon, 14C, and nitrogen per liter, or that amount in each

vessel not associated with the cells.

These regressions are based on two assumptions: 1) that at

any given time the concentration of the contaminant was the same

in all four containers, and 2) that the amount of carbon, 14C, and

nitrogen per Ditylum cell was likewise the same in all four containers.

Regarding the first assumption, if the contaminant was introduced with

the water that was used to dilute the primary Ditylum culture, the

amount of contamination present in each of the four vessels would

be proportional to the amount of dilutent used. The aliquots of the

primary culture contributed an average of only 6. 25% of the total

volume of the final suspension, so the amount of dilutent used (and

the amount of contaminant added) was a relatively large, constant

fraction of the total volume. Because the cells in all four containers

had the exact same history, the second assumption also seemed

reasonable. The high correlation coefficients of the regressions

lend support to the validity of the assumptions.

Figure 5a indicates that the carbon contaminant increased

from 76. 5 ± 8 g C/i (90% confidence limits) in the pre-grazed

suspensions to 154. ±20. 7 g C/i in the post-grazed suspensions.

This represents an increase of 102% in the 24-hour grazing period.
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The nitrogen contaminant value decreased insignificantly from

25. 1 ±6. 9 g N/i to 21. 5 +7. 0 g N/i (Figure Sb). The '4C con-

taminant value decreased insignificantly from 2. 56 03 nCi/l to

1. 71 ±1. 5. nCif 1 (Figure 5c),

A secondary confirmation of the pre-grazed contaminant

values is obtained from Table I. Because progressively larger

ali.quots of the Ditylum culture were used in preparing the four

cell suspensions, the differences in carbon, 14C, and nitrogen

between successive cell concentrations should have been uniform.

If the average increments of C, 14C, and N are subtracted from

the actual value obtained in Expeiiment D (the lowest cell con-

centration), a resultant value for the addition: of a zero aliquot of

the Ditylum primary stock is obtained. In the case of carbon,

the average increment was 113. 4 g C/i, and the contaminant

estimate is thus 190. 5-113.4 = 77. 1 jg C/i. This estimate corn-

pares favorably with the regression value of 76. 5 1jg C/i in

Figure 5a. Similarly, the estimate for pre-grazed nitrogen con-

taminant was 25. 0 1ig N/i (compared to 25. 1 g N/i in Figure Sb),

and the estimate of the pre-grazed 14C contaminant was 2. 6 nCi/1

(compared to 2. 56 nCi/i in Figure 5c).
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Because of different grazing rates in the four vessels, the

above secondary confirmation could not be made to determine the

contaminant concentrations in the post-grazed suspensions. How-

ever, a crude confirmation was available from subsamples taken

from the same post-grazed cell suspensions after first passing

through a 35 pore-size Nitex® screen. It was originally hoped

that all of the Ditylum cells would be removed by the screen so

that the contaminant could be measured directly in the filtrate. This

was not the case, and a small fraction of the cells passed through

the screen and were collected on the filters. Because of the low

cell concentrations in post-grazed Experiments C and D, however,

very few cells escaped the screen and the filters appeared to be

almost clear of cells. The average carbon value obtained on these

filters was 155.7 g C/i (compared to 154.7 g C/i in Figure 5a),

a value significantly higher than the p re-grazed contaminant carbon.

An estimate of 25. 3 g N/i on the same filters confirmed that the

nitrogen contaminant had not changed significantly during grazing

(post-grazed value of 21. 5 g N/l in Figure 5b). Similarly, an

estimate of 1. 69 nCi/l 14C (compared to the estimate of 1. 71

nCi/l in Figure Sc) confirmed an insignificant decrease in the con-

tan-iinant 14C during grazing.

The contaminant, although retained in copious amounts on

the glass fiber filters, was not noticeable under the 100X
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magnification used to count the Ditylum cells. A possible explanation

of the increased carbon contaminant is the evidence that bubbling,

such as that used to keep my Dityluin cells in suspension, can cause

organic carbon aggregates to form in filtered sea water. Batoosingh,

Riley, and Keshwar (1969) studied this phenomenon extensively and

reported productions as high as 250 p.g C/i after 14 hours of bubbling.

Control experiments where no bubbling was done produced about

50 g C/i. No explanation for the high and non-changing nitrogen

contaminant in my experiments can be suggested presently.

Evidence of heterotrophy in Ditylum brightwellii

In addition to the changes in the contaminant concentrations

during the grazing period, Figures 5a and Sb also indicated marked

increases in the amounts of organic carbon and nitrogen per

Ditylum cell. The increases were noted as changes in the slopes

of the regression lines; the increase in carbon was from 410. 4

±40.6 ico grams C/cell (gico tram 10 gram, 90% confidence

limits) to 591. 8 ±42. 2 pg C/cell, while te increase in nitrogen was

from 76. 4 +5. 8 pg N/cell to 124. 1 ±12. 2 pg N/cell. This represents

an increase of 44% in carbon and 62% in nitrogen during the grazing

period. Cellular 14C, however, decreased from 51. 9 ±2. 9 to

42. 8 ±2. 6femto Curies (feinto Ci = io Curies) during the graz-

ing period, a decrease of 18% (Figure 5c).
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The increases in C/cell and N/cell could have been true

heterotrophic (non-photosynthetic) growth, or a surface collection

of bacteria or some other contaminant on the cell frustules. The

fact that the grestest percentage increase was in the nitrogen

fraction, while there was no change in contaminant nitrogen fraction,

would indicate that the two phenomena are not directly related.

Fogg (1965) cites unpublished data of J. F. Paredes showing that

D. brightwellii can use an organic carbon source, glycoli.c acid, to

increase its growth rate. Apparent heterotropic growth by diatoms

in the dark has yielded a 6. 6 fold increase in carbon in three days

(McAllister etal., 1961). Experiments by J. S. Ward (personal

communication) have shown that Ditylum and other diatoms actively

take up radiolabelled glycolic acid in the daxk.

The decrease in cellular 14C (Figuze 5c) can be explained on

the basis that there was little 14C in the suspension medium and

therefore heterotrophic mechanisms could not incorporate significant

additional amounts of 14C. With little or no incorporation, active

cell respiration in the dark and any additional cell division would

reduce the amount of 14C on a per cell basis. Preliminary 24-hour

grazing experiments had shown insignificant cell division in control

vessels after the 12-hour dark adaptation period as used in these

experiments.
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Fractionation of particulate material

Based on the values obtained from Figure 5, each measured

parameter (C, 14C, and N) was partitioned into the fraction due to

Ditylum cells, the fraction due to the contaminant, and a residual

term (Table III). The cellular and contaminant values from Figure 5

are also included in Table III, as are the appropriate C/N ratios and

specific activities.

Following subtraction of the contaminant terms from each

measured value of C, 14C, and N, there could be generated for each

experiment three separate estimates of the number of Ditylum cells/

ml. The best estimate of the true Ditylum cell concentration in each

experiment was obtained by mathematically selecting the concentration

which produced the smallest residual fractions of the three measured

parameters. Despite the relatively large 90% confidence terms

about each of the contaminant estimates and cellular estimates,

this procedure resulted in 17 of the 24 residual terms (12 pre-grazed,

and 12 post-grazed) being less than 2% of the measured value which

I wished to fractionate, while only two were greater than 5%. Compar-

ing the calculated cell concentrations to the optical counts (Table III),

7 of the8 calculated concentrations were within one standard deviation

of the microscope estimates.
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Table Ill: Partitioning of particulate 14C, carbon, and nitrogen into
Ditylurn brightw ellii, contaminant, and residual practions.

A: Pre-grazed Ditylum and contaminant calculation parameters *

Ditylum (± 90% confidence limits) Contaminant (4 90% confidence limits)

= 51.9±2.9fCj/cell 14C = 2.56±3.03 nCi/l

C = 410.44±40.6 pg C/cell C = 76.45±47.8 j.gC/I

N = 76.45+5.8 pg N/cell N = 25.07 ±6.9gN/l

C/N= 5.39J.gC/.tgN C/N = 3.04j.gC/.tgN

Specific activity = 126.45 J.CiIgC Specific activity = 33.49 J.Ci/g C

B: Pre-grazed budgets based on above values.

Experiment

C D

Cell concentration

Observed cells/mi 1118±50 790±42 08±33 301±26

Calculated cells/mi 1107 839 519 277

14C (nCi/l)

Measured 60.00 46.07 3)24 17.00

Contaminant -2.56 -.2.56 -2.56 -2.56

Contaminant-free 57.44 43.51 27.68 14.44

Calculated Ditylum -57.45 -43.54 -26.93 -14.38

Residual -0.01 0.03 0.75 0.06

Carbon (g C/i)

Measured 530.67 421.08 287.80 190.52

Contaminant -76.45 -76.45 -76,45 -76.45

Contaminant-free 454.22 344.63 211,35 114.07

Calculated Ditylum -454.36 -344.36 -213.02 -113.69

Residual -0.14 0.27 -1.67 0.38

Nitrogen (jg N/i)

Measured 107.68 91.78 64.76 45.67

Contaminant -25.07 -25.O7 -25.07 -25.07

Contaminant-free 82.61 66,71 39.69 20.60

Calculated Ditylum -84.53 -64.06 -39.63 -21 .15

Residual -1 .92 2,64 0.06 -0.55

*Units used: Curie (Cl) 3.7 x 1010 disintegrations per second; femto curie (f Cl) = 10 Ci;

nano curie (nCi) = i0 Ci; picogram (pg) = io'2 g; microgram ip. g) 1O g.
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Table III: (Cont.

C: Post-grazed Ditylum and contan

Djtylurn (± 90% confidence limits)

14C = 42.8+2.6fCi/cell

C = 591.8+42.2 pg C/cell

N 124.l+12.2pgN/cell

C/N = 4.76 g C/J.g N

Specific activity 72 .32 j.Ci/g C

iinant calculation parameters.

Contaminant (4- 90% confidence limits

14c = l.71+O.69nCi/i

C = 154.74+20.7 pgC/l

N = 21.54+7.0tgN/1
C/N = 7.18 1j.gC/.LgN

Specific activity = 11 .05 Ci/g C

D: Post-grazed budgets based on the above values.
Experiment

A B C D

Cell concentration

Observed cells/mi 449±31 260±23 130±17 29±8

Calculated cells/mi 457 241 140 18

14c (nCi/l)

Measured 21.02 12.50 8.40 2,36

Contaminant -1.71 -1.71 -1.71 -1.71

Contaminant-free 19,.31 10.79 6.69 0,65

Calculated Ditylurn -19.55 -10.31 _5.99 0.77

Residual -0.24 0.48 0.70 .0.12

Carbon (ug C/I

Measured 440.55 298,47 234.54 165.73

Contaminant -154.74 -154.74 -154.74 154.74

Contaminant-free 285.81 143.73 79.80 10.99

Calculated Ditylum -270.44 -142.62 -82.84 -10.65

Residual 1537 1.11 -3.05 0.34

Ni2gen (g N/i)

Measured 78.37 51.10 39.54 25.25

Contaminant -21.54 -21.54 -21.54 -21.54

Contaminant-free 56.83 29.56 18.00 3.71

Calculated Ditylum -5.73 -29.92 -17.38 -2.23

Residual 0.10 -0.36 0.62 148
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Based on the apparent validity of the values in Table III, the

feeding and utilization of carbou, and nitrogen by the copepods

was examined.



COPEPOD GRAZING ACTIVITY

Survival and evidence of feeding

Microscopic examination of the copepods at the completion of

the grazing experiments revealed that virtually all of the animals

were still alive (Table IV). As the animals are transparent while

alive, it was possible to detect the presence of food in those animals

which had fed. Individual Ditylun'i cells could not be discerned, but

a definite greenish coloration easily could be detected.

All animals had uncolored (i. e, empty) guts at the start of

the experiments. Animals in preliminary experiments which were

still alive but had uncolored guts at the end of a 24 hoar grazing

period showed no significant 14C accumulation, and it was concluded

that such animals had not fed significantly. Table IV shows the

condition and sex of the animals jn each of the four experiments.

Because the ratio of females to males was large in all four

of the experiments, only the females were analyzed for carbon,

and nitrogen composition, and the few males in each experi-

merit which had green guts were considered to behave identically to

females in further feeding calculations. Furthermore, in all calcula-

tions expressed on a per copepod basis, the number used as the

denominator represents only those animals with green guts at the

completion of grazing.
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Table IV: Number and post-grazed condition of Calanus pacificus
used in each experiment.

Experiment

A B C

Introduced (animals/experiment) 47 47 47 47

Recovered (animals/experiment)

Live with food in gut 40+0d 42 +2d' 41 + 1d 37+ 1d

Livewithemptygut 2+3 i+id 2+2 4+1
Dead at end of experiment 1 1 1 4

Total recovered 46 47 47 47

Table V: Copepod grazing activity; food availability, food removal
and volume swept clear.

Experjrnent

A B C

Period of grazing (hrs,) 23.0 25.25 26.75 28.0

Volume of suspension per
copepod (ml)* 85.0 84.1 88.1 97.4

Available Ditylum cells per
copepodxlo4* 9.50 6.64 4.48 2.93

Removed Ditylum cells per
copepod/dayx i4* 5.77 4.80 3.00 2.16

% removal/day 60.7% 72.3% 67.0% 73.7%

Volume swept clear
(ml/copepod/day)* 78.5 99.6 103.5 228.1

*Number of copepods is considered to be only those with food in their guts at the end of the grazing
period (discussion In text).
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Effect of Ditylum concentration on grazing activity

Table V shows the effectiveness of the copepods in removing

the available food cells. These values were plotted in Figures 6 and

7 against both the initial cell concentrations and the exponential mean

cell concentrations in the four experiments.

Figure 6 indicates that the number of cells removed/ani.malf

day increased as the cell concentration increased. A linear extra-

polation would indicate an impossible acquisition of cells at zero

cell concentration, but the exact form of the curve at very low con-

centration is not known. Also, the upper portion of the curve pro-

bably does not maintain linearity at very high cell concentrations,

but the exact shape is again unknown (discussed later).

The concept of volume swept clear, as used by Gauld (1951),

specifies the filtering rate per animal which would be sufficient to

account for the observed decrease in cell concentration if the filter-

ing rate was constant throughout the experiment and the cell suspen-

sion was uniforuly mixed at all times. Such a filtering rate would

result in an exponential decrease of cells according to the equation

N Nt 0

where N and are respectively the cell concentrations prior to

and following grazing, t is the grazing period in days, and k is the

grazing rate per day for the copepod population. The volume swept



5

0
Lox
I>'

4

_Jo

>w
ci
o 2

ci)

0
0

300

Lii

J

LU

- "-

..jE0
>

V0c

_0
D

200 400 600 800 1000 1200
CELL CONCENTRATION (ceHs/mi)

Figure 6. Number of Ditm cells removed/copepod/day as a function
of C) initial cell concentration, and 0 exponential mean cell concentration.

0___ 0 -____ 0B
C B0

A

00 200 400 600 800 1000 1200

CELL CONCENTRATION (cells/mi)

Figure 7. Volume swept clear as a function of 0 initial cell concen-
tration, and 0 exponential mean cell concentration.



39

clear is then calculated as

F = vk,

where F is the volume swept clear (or filtering rate) per copepod

per day, and v is the suspension volume per copepod.

Volume swept clear decreased with increasing cell concentration

(Figure 7). These values are usually plotted against the initial cell

concentration to ascertain the relationship of grazing intensity to

cell concentration (Gauld, 1951; Mullin, 1963). Because the actual

decrease in cell concentration is a function of both the sweeping rate

and the animal density, and because the sweeping rate itself varies

with cell concentration, I have also plotted the volume swept clear

against the average cell concentration which the animals encountered

in each experiment, which is the concentration half way through the

grazing period, and is calculated as the exponential mean of the pre-

and post-grazed concentrations. The net effect of the decrease in

filtering rate with increase in cell concentration was that a four-

fold increase in initial cell concentration (or a 12-fold increase in

mean cell concentration), when coupled with a three-fold decrease

in the volume swept clear, resulted in an increase of only 2. 7 times

in the number of cells ingested per copepod per day (i. e. from

21, 600 to 57,700 cells ingested).
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Discussion

It has been reported that the feeding activity of male copepods

is less than that of the females (Raymont and Gross, 1942; Marshall

and Orr, i955a,l955b). This observation was confirmed in my experi-

ments, in that 7 of the 11 males had empty guts at the end of the graz-

ing period, whereas only 9 of the 161 females had empty guts.

From the limited number of data points in Figure 6 it is not

possible to definitely comment on the shape of the curve that pro-

perly describes the relationship of cell removal as a function of cell

concentration. Two types of relationships have been suggested in

the literature. Mullin (1963) suggests that the sweeping rate decreases

linearly with increasing cell concentration, resulting in a dome-

shaped curve for cell removal pe r copepod per day with the maximum

at intermediate cell concentrations, On the other hand, McAllister

(1970) presents data to support the viewpoint of a maximum daily

ration as proposed by Ivlev (1945) and modified by Parsons etal.

(1967). McAllister shows a curve rising from zero feeding at 15 g

C/i (comparable to 30 Ditylum cells/ml) and reaching a maximum

plateau:above 400 g C/i (equivalent to 800 Ditylurn cells/mi). Corn-

paring my data points to this curve indicates that the cell concentra-

tions used in my study resulted in points which fell on the rising

portion of McAllister's curve and neither approached the zero
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intercept concentration nor clearly fell on a well-defined maximum

plateau region.

Attempts to determine sweeping rates for Calanus spp. which

can be applied to field models have been frustrated by the extreme

range of the values reported in the literature. Calculated values

have ranged from less than 10 mI/copepod/day (Marshall and Orr,

1955c) to 7000 mi/copepod/day (Gushing and Vucetic, 1963). It now

appears that many factors affect the va.lue obtained, including species,

sex, and developmental stage of the copepods, species and age of the

food culture, food concentration, animal concentration, period of

starvation prior to the grazing experiment, length of the grazing

experiment, and a host of chemical and physical factors such as

temperature, oxygen concentration, and light intensity (Rayrnont

and Gross, 1942; Marshall and Orr, 1955c; Conover, 1956; Gushing,

1959; Mullin, 1963; Anraku, 1964; Richman and Rogers, 1969; and

McAllister, 1970). My data agree with the general conclusions of

Mullin (1963) and McAllister (1970) that the volume swept clear

decreases in some manner with increased cell concentration, but

the exact manner cannot be determined from the small number of

data points.

Two assumptions were made concerning the feeding behavior

of Calanus pacificus during the grazing experiments. First, it was

assumed that Ditylum brightwellii cells were the only ingested food
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(i. e., the contaminant was not ingested). Secondly, it was assumed

that the filtering rate was constant for the copepod population, The

first assumption was based on the fact that the contaminant was not

seen under the magnification used to count the Ditylum cells. Several

studies have shown that Calanus spp. prefer large-sized particles

as food (Mullin, 1963; Mi1lin and Brooks, 1967; Conover, 1966a;

and Gauld, 1966), and other studies have shown that the spacing of

the filtering setae on the feeding appendages would make Calanus

quite inefficient at removing particles smaller that a few microns

in diameter (Marshall and Orr, 1955a; Gauld, 1966). Additional

support for my first assumption is shown in the demonstration by

Fuller and Clarke (1936) that Calanus fjnmarchicus could not survive

solely on bacteria, even in high concentrations. Regarding the

second assumption, Conover (1966a) has shown that Calanus hyper-

boreus will feed intermittently, with pauses when the gut is full.

However, for a population of 40 copepods, this uneven feeding by

individuals would tend to damp out to a population mean. Experi-

ments by Mullin (1963) and McAllister (1970) indicate that the popula-

tion grazing rate decreases with time throughout the grazing expert-

ment. McAllister (1970) indicates, however, that the mean ingestion

rate based on pre-grazed and post-grazed concentrations is a close

approximation to the instantaneous ingestion rate half-way through

the grazing experiment. Thus, although the second assumption is
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not strictly valid, I am forced to assume it for lack of intermediate

data, and am probably not introducing a significant error in so doing.
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UTILIZATION OF INGESTED FOOD

As similation and as similati.on efficiency

Computation Method I

Assimilation is that amount of consumed food which the animal

is able to digest and absorb through the gut wall, and thus is that

material available for meeting the metabolic expenses of the animal,

This amount is equal to ingested food minus egested feces. Assimila-

tion efficiency is the fraction of ingested material which is assimilated.

Assimilation estimates computed by Method I are based on

ingestion determined from observed changes in the food suspension

due to copepod grazing. Because the values of carbon, '4C, and

nitrogen per cell changed during the grazing period (Figure 5,

Table III), ingestion could not be estimated simply by subtracting

post-grazed Ditylum C, 14C, and N values from the corresponding

pre-giazed Ditylum values. If the changes in C, 14C, and N were

linear with time, my assumption of an exponential decrease in cell

numbers due to grazing would indicate that the exponential means

(as defined before) of the pre-grazed and post-grazed carbon

(=492.0 pg C/cell, 14C (47. 4 fCi/cell), and nitrogen (=97.2 pg

N/cell) would be the values for the Ditylum cells at the point in

time at which half of the total ingestion had taken place. These

exponential mean values would thvs be the average values for all
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ingested cells, and the quantities of C, i4 and N ingested per liter

could then be calculated from the product of the exponential means and

the observed change in cell concentration per liter.

The following example is given to demonstrate that carbon

ingestion calculated in the above manner for Experiment A was

significantly different from the simple difference between the pre-

grazed and post-grazed Ditylum carbon fractions per liter from

Table III:

[N0 N] x [:I [4k0 At]

{(1107-457)xlo3] X [492 [4s4.4} - [270.4],

319.8 184. 0 g C/i.

where Ncells/l in the pre-grazed suspension, N= cells/i inthe

post-grazed suspension, Z= the exponential mean carbon/cell

(1.g C/cell), A=j.j.g Di.tylum C/i in the pre-grazed suspension, and

Ditylum C/i jn the post-grazed suspension.

The egestion values required to obtain assimilation estimates

were directly determined and corrected for the filter blank values

as outlined previously. Fecal pellets were considered to have no

contaminant fraction present. Values of assimilation and assimila-

tion efficiency computed by Method I are listed in Table VI.

It was possible that some of the cells which were removed

from suspension were crushed but not completely ingested. The

results in Table VI were based on the assumption that all cells



Table VI: Assimilation budgets calculated by method I, for the total population, and per copepod.

EXPERIMENT: A B C D

Change in cells/mi 650 598 598 379 259

Number of feeding copepods 40 44 44 42 38

Assumed fecal recovery 100% 100% 71% 100% 100%

per per per per per

COMPONENT: Total copepod Total copepod Total copepod Total copepod Total copepod

14CB1JDGET (nCi) 14C

Ingestion 104.75 2.62 104.88 2.38 104.88 2.38 66.47 1.58 45.42 1.195

Egestion -6.43 -0.16 -4.33 -0.10 -6.08 -0.14 -1.18 -0.03 -0.33 -0.009

Assimilation 98.32 2.46 100.55 2.28 98.80 2.25 65.29 1.55 45.09 1.186

Efficienty 93.9% 95.9% 94.2% 98.2% 99.3%

TOTAL CARBON BUDGET: (rig carbon)

Ingestion 1087.32 27.18 1088.60 24.71 1088.60 24.71 689.93 16.43 471.48 12.41

Egestion -177.50 -4.44 -132.11 -3.00 -187.47 -4.22 -113.42 -2.70 -87.38 -2.30

Assimilation 909.82 22.75 956.49 21.74 903,13 20.53 576,51 13.74 384.10 10.11

Efficiency 83i% 879% 83:0% 83:6% 81.5%

TOTAL NITROGEN BUDGET: (pg nitrogen)

Ingestion 214.81 5.37 215.06 4.89 215.06 4.89 136.30 3.25 93.15 2.45

Egestion -17.66 -0.44 -8.62 -0.20 -12.10 -0.27 -6.84 -0.16 -3.60 0.10

Assimilation 197.1S 4.93 206.44 4.69 202.96 4.61. 129.4.6 3.09 89.55 2.36

Efficiency 91.8% 96.0% 94.4% 95.I% 96.1%

C.'

B' assumes only 71% fecal pellet recovery in order to adjust the total carbon assimilation efficiency to 83.0% (see discussion in text).
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removed were in fact completely consumed by the copepods; hence,

assimilation and assimilation efficiencies determined by Method I

must be considered as maximum possible values.

Computation Method II

A second computation procedure, independent of the changes in

cell concentration, was also used to compute 14C, carbon and nitrogen

assimilation. This was Method II. In this method, it was assumed

that '4C activity in the animals (body 14C) was equal to assimilated

(1. e., there had been no respiratory losses of newly assimilated

material). As used by Marshall and Orr (1955c), the ingestion was

14
then easily calculated as the sum of the body C and fecal pellet

14 14
C. It follows that C assimilation efficiency would be:

14
(Body C)

Assimilation efficiency
(Body 14C) + (Egested C)

The assimilation results obtained by this method are given in

Table Vii

Based on the specific activity and C/N ratio of the ingested

Ditylum cells, I have extended the above protedure to calculate

total carbon and total nitrogen assimilation. Dividing the exponential

mean 14C/cell (47. 5 X1015 Ci/cell) by the exponential mean total

C/cell (=492.0 X1012g C/cell) yielded the specific activity value

of 96. 24 Ci/g C. Then, dividing the calculated 14C ingestion

terms by 96. 24, I obtained the equivalent amounts of total carbon



Table VII: Assimilation budgets calculated by method II, for the total population, and per copepod.

EXPERIMENT: A B C D

Change in cells/mi 650 598 598 379 259

Number of feeding copepods 40 44 44 42 38

Assumed fecal recovery 100% 100% 71% 100% 100%

14CBIJGET (nCj)

Ingestion

Egestion

Assimilation

Efficiency

per
Total coepod

59.92 1.50

6.43 -0.16

53.49 1.34

89.3%

TOTAL CARBON BUDGET: (Jg carbon)

Ingestion 622.57 15.56

Egestion -177.50 -4.44

Assimilation 445.07 11.12

Efficiency 71.5%

per
Total copepod

64.57 1.47

-4.33 -0.10

60.24 1.37

93.3%

670.88 15.25

-132.lj -3.00

538.77 12.25

80.3%

per
Total copepod

66.32 1.51

-6.08 -0.14

60.24 1.37

90.8%

689.06 15.66

-185.47 -4.22

503.59 11.45

73.1%

per per

Total copepod Total copepod

36.29 0.864 25.26 0.665

-1.18 -0.028 -0.33 -0.009

35.11 0.836 24.93 0.656

96.7% 98.7%

377.05 8.98

-113.42 -2.70

263.63 6.28

69.9%

262.45 6.91

-87.38 -2.30

175.07 4.61

66.7%

TOTAL NITROGEN BUDGET: (p.g nitrogen)

Ingestion 123,04 3.08 132.59 3.01 136.18 3.09 74.52 1.77 51.87 1.$65

Egestion -17.66 -0.44 -8.62 -0.20 -12.10 -0.28 -6.85 -0.16 -3.60 -0.095

Assimilation 105.38 2.63 123.97 2.82 124.08 2.82 67.67 1.61 48.27 1.270

Efficiency 85.6% 93.5% 91.1% 90.8% 931%
00

Bassumes only 71% fecal pellet recovery in order to adjust the total carbon assimilation efficiency to 83 .0% (see discussion in text).



which must also have been ingested. Subtracting from thesethe

measured egested total carbon values, I obtained assimilation and

assimilation efficiency terms on a total carbon basis (Table VII).

Likewise, I obtained the C/N ratio of 5. 06 by dividing the exponential

mean C/cell (=492. 0 pg C/cell) by the exponential mean N/cell

(=97. 2 pg N/cell). Then dividing the calculated carbon ingestion by

5. 06, I obtained the ingested nitrogen terms. Subtracting from these

the measured nitrogen egestion terms gave estimates of nitrogen

assimilation, and from these the nitrogen assimilation efficiency

(Table VII).

Whereas Method I produced absolute maximum estimates of

assimilation, Method II was based only on the 14C activity that was

actually inside the animals at the end of the grazing period plus the

fecal fraction which had to pass through the animals; therefore, this

latter method yielded absolute minimum estimates of C, 14C, and

N as similati.on and as sirnilation efficiency.

As the amount of ingestion decreased due to lower food concentra-

tions, the '4C assimilation efficiency appeared to increase slightly.

Likewise, there was a trend toward increase in nitrogen assimilation

efficiency with a decrease in food concentration, but the efficiencies

were slightly lower than the corresponding 14C assimilation efficiencies.

Total carbon showed the lowest assimilation efficiencies and there was

no clear trend with decreasing food concentration.
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Dis cus sion

Lasker (1960, 1966) has shown that much of the assimi-

lated by Euphausia acifica (similarly a small, marine, pelagic,

crustacean) is respired during relatively short grazing periods,

implying that the majority of respired carbon is derived from recently

assimilated food and not uniformly from all tissues of the animal,

Thus it would appear that the assumption of no respiratory losses

of (which was the most important assumption for Method II) was

false, and that the true assimilation and assimilation efficiency

values lie closer to the maximum values as determined by Method I.

In the remainder of this thesis the assimilation values used will be

those derived from Method I.

The assimilation results of Experiment B appeared to be

different from the other three experiments. The number of cells/ml

ingested was slightly higher than in Experiment A, due to a greater

number of actively grazing copepods, but the amounts of carbon,

and nitrogen in the fecal pellets was much less. If we hypothe-

size that incomplete fecal pellet recovery occurred in Experiment B,

we can lower the respective assimilation values and efficiencies.

It was found that to adjust the carbon efficiency to 83. 0% assimilation

(so that the values of the four experiments were relatively uniform

at 83. 7, 83. 0, 83. 6, and 81. 5%), a fecal pellet recovery of 71%

would have to be assumed for the observed data. No conclusive



51

proof that this was the case exists, only the fact that all six of the

assimilation efficiencies given in Table VI and VII for Experiment B

appear to fit more reasonably with the data from Experiments A, C,

and D than do the six efficiencies from Experiment B. Further dis-

cussiori in later parts of this thesis will strengthen the case for poor

fecal pellet recovery in Experiment B, although both sets of data

(for Experiment B) will be' presented in further calculations.

The observed small increases in '4C and nitrogen assimilation

efficiency with decreasing cell concentration is consistent with the

fact that at the lower cell concentrations the animals ingested less

but retained food in the gut for longer time periods (lack of such a

trend in total carbon assimilation efficiency will be discussed in

the next section). Increased residence time of food in the gut would

allow more complete digestion to take place. Similar results have

been found with a terrestrial isopod (Hubbell, Sikora, and Paris,

1969) and with the fresh water cladoce ran Daphnia pulex (Richman,

1958). Studies with marine crustaceans were less conclusive, but

Corner (1961), working with Calanus 4golandicus in paired high-

low food concentrations, found higher assimilation efficiency in the

lower food concentration in four of his five tests. Similarly, Lasker

(1966), using euphausiids, presented data which I have interpreted

to show a slight decrease of assimilation with increased ingestion.
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Conover (1964) discussed the range of assimilation efficiencies

reported by various investigators for a variety of zooplankton. The

range for Calanus spp. was from 10 to 99%. Conover observed that

assimilation efficiencies given by Marshall and Orr (1955a, l955b,

1956) and Corner (1961), and some values reported for other

crustaceans, were always above 60% and often approached 100%.

Conover's own data (Conover, 1962, 1966b, and 1966c) have con-

sistently shown relatively low assimilation efficiencies; for example,

for Calanus hyperboreus grazing on Ditylurn brightwellii, he obtained

a range of 39. 5 to 66.4% assimilation. O'Connors (1969), using

Conover's (1966b) method with C. finmarchicus grazing on very high

concentrations of Ditylum (5-12,000 cells/ml), obtained values of

53 to 88% assimilation. My results differed for assimilation

efficiencies of C, 14C, and N for each of the two methods of cal-

culation; however, all of the 14C and nitrogen efficiencies, and half

of the carbon efficiencies, exceeded 80%.

Conover (1964) suggested that the extremely high values of

assimilation efficiency were obtained only when the observers (and

this would include myself) assumed that they had achieved complete

fecal pellet recovery. Failure to recover all pellets would lead to

overestimation. However, if an observer had actually recovered

only half of the pellets (in reality, recovery is probably always

greater than this), the correction would be to double the deviation



53

from 100% assimilation (e. g. , 90% reported would actually be 80%,

99% reported would be 98%, and so on). It is obvious that failure

to collect all pellets would produce really significant errors only

in experiments reporting less than 90% efficiency, and then only if

fecal pellet collection was extremely inefficient. In my own Experi-

ment B it has already been shown that an assumed 71% fecal pellet

recovery decreased C, '4C, and N efficiencies by only a few per-

cent (Tables VI and VII).

The tendency to disbelieve very high (greater than 90%) ass imila-

tion efficiencies might be based partly on visual observation of the

obvious pigmentation of the fecal pellets. Such pigmentation is

attributed to unassimilated phytoplankton pigments. Marshall and

Orr (1962) point out that each compact fecal pellet contains the silica

test and unassimilated organic material of hundreds to thousands of

diatoms. It seems, therefore, that even a small quantity of

unassimilated pigments, highly concentrated in a pellet, would be

very noticeable, particularly when compared to the relatively low

pigment densities of most cell suspensions used in grazing experi-

me nt S.

Currie (1962) examined the pigment absorption spectra of

fecal pellets derived from laboratory grazing experiments using

Calanus finmarchicus. He found that although the fecal pellets

were highly colored, the absorption spectra indicated that virtually
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all of the chlorophyll a in the diatoms had been partially degraded to

phorbines or phorbides. Nemoto (1968) removed food matter from

various points in the digestive tract of euphausiids and found a

gradient of chlorophyll a degradation which proceeded from freshly

ingested matter to forming fecal pellets. The above evidence suggests

that even though fecal pellets often retain a substantial greenish color

(some chlorophyll a degradation products are also greenish), a con-

siderable assimilation of pigment material could occur before the

pellets are released by the copepods. Even if the pigments are

assimilated with extremely low efficiency, however, they normally

constitute less than 1% of the organic fraction of cells by weight;

hence, in the illustrative case of 100% assimilation of all non-pigment

organic fractions, an ass imi.latton efficiency of about 99% could still

be achieved.

INon_food? carbon in the fecal pellets

Results

In both Tables VI and VII the assimilation efficiency in

each experiment was higher than that for the corresponding stable

carbon assimilation, suggesting that and total carbon were

behaving differently in the copepods. To investigate this phenom-

enon I set up Table VIII, which shows for each experiment the

carbon, and nitrogen content, the C/N ratio, and the specific



Table VIII: Comparison of '4C, carbon, and nitrogen content, C/N ratio and specific activity of post-
grazed copepods, their ingested food, and their egested feces.

Specific p. g of 14c
Biological l4 nCi/ g, C/ p.g N/ c/N activity equiv. C/
fraction copepod copepod copepod p. g C/p.g N p.Ci/g C copepod

Experiment A:

Copepods 1.34 77.76 24.82 3.13 17.23 13.92

Ingested food 2.62 27.18 5.37 5.06 96.25 27.18

Egested feces 0.16 4.44 0.44 10.09 36.04 1.66

Experiment B:

Copepods 1.37 78.00 24.65 3.16 17.57 14.23

Ingested food 2.38 24.73 4.89 5.06 96.25 24.73

Egested feces (B) 0.10 3.00 0.20 15.00 33.33 1.04

Egested feces (B') 0.14 4.22 0.28 15.00 33.33 1.45

Experiment C:

Copepods 0.84 73.35 23.68 3.10 11.40 8.69

Ingested food 1.58 16.43 3.25 5.06 96.25 16.43

Egested feces 0.03 2.70 0.16 16.88 11.11 0.31

Experiment D:

Copepods 0.66 71.55 23.10 3.10 9.17 6.82

Ingested food 1.20 12.42 2.45 5.06 95.25 12.42

Egested feces 0.01 2.30 0.10 23.00 3.91 0.09
U-I

Ui
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activity of the copepods, of the ingested food, and of the egested feces

at the end of the grazing period. Also, using the specific activity of

the ingested food, which was the same in each of the experiments, I

have computed for each fraction a uug of '4C equivalent carbon!

copepod" term: (ug of 14C equivalent carbon/copepod) (nCi of either

the copepods, ingested food, or egested feces/copepod)+(the specific

activity of the ingested food).

Comparing the food and feces data in Table VIII, it is apparent

that the specific activity of the fecal pellets was significantly lower

(i. e., the pellets had a higher fraction of non-radioactive carbon)

than the material ingested by the animals. With decreasing ingestion,

moreover, the discrepency grows greater. Similarly, the C/N ratio

in the feces was significantly greater than that in the food, and

increased as ingestion decreased. It would appear that the copepods

were introducing some "non-food" stable carbon (carbon not directly

attributable to food just ingested) into the feces. Such a source of

unlabeled carbon would account for the lower specific activity and

higher C/N ratio of the feces and explain the higher '4C assimilation

efficiencies relative to total carbon assimilation efficiencies.

Based on the assumption of uniform labeling of all biochemical

fractions of the food material, the "ug of 14C equivalent carbon" in

the feces would be the only non-assimilated carbon derived directly

from the current ration of Ditylum food, By subtraction from the
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total fecal carbon produced in each experiment, that fraction due to

rinon_foodll origin (as defined previously) was calculated. Table IX

shows this fractionation of fecal carbon in each experiment and the

percentages of total egested carbon which can be attributed to

unassimilated Ditylum. The food-derived fraction accounts for only

37. 4% of total fecal carbon in Experiment A and a scant 3. 9% in

Experiment D.

Without having used a nitrogen isotope such as 15N, it was

impossible to compute comparable food-derived and Hnon_foodhl

nitrogen fractions in the fecal pellets. However, if all of the nitrogen

in the feces was of ttnon-food" origin and was from the same bio-

chemical source as the Mnon_foodll carbon in the feces, then the C/N

ratio of "nonfood" carbon in feces/total N in feces would be relatively

constant in all four experiments. Table IX indicates, however, a

change in this C/N ratio between experiments. Likewise, Table IX

shows that the ratio of food-derived carbon/total nitrogen in the feces

changed between experiments, indicating that the egested nitrogen

was not all food-derived either. Therefore, no conclusion can be

made as to the extent of "non-food" nitrogen in the feces.

The relationship between the daily production of "non-food"

carbon in fecal pellets (from Table IX, corrected to a 24-hour day)

and the daily ingestion rate in each experiment (Figure 8) is, with

90% confidence 1ims:
(1. 31 ±0. 64) + (0. 056 ±0. 005) X,



Table IX: Sources of carbon and nitrogen in fecal pellets.

Experiment

Parameter A B B' C D

(.g C/copepod)

Total egested carbon 4.44 3.00 4.22 2.70 2.30

Food-derived carbon -1 .66 -1.04 -1 .45 -0.31 -0.09

"Non-food" carbon 2.78 1.96 2.76 2.37 2.21

% food-derived carbon 37.4% 34.7% 34.4% 11.5% 3.9%

(tg N/copepod)

Total egested nitrogen 0.44 0.20 0,28 0.16 0.10

(j.g.C/j.gN)

Total carbon!
total nitrogen 10.1 15.0 15.0 16.6 23.0

Food-derived carbon!
total nitrogen 3.8 5.2 5.2 1.9 0.9

"Non-food" carbon!
total nitrogen 6.3 9.8 9.8 15.0 22.1

z
0

0

00

0
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Figure 8. Egested "non-food" carhon/copepod/day as a function of
ingested carbon/copepod/day. "Non-food" carbon egested/copepod/day
the equivalent of 5. 6 ( ± 0. 5)% of the ingested carbon/copepod/day + 1. 31

0. 12) tg C/cope pod/day, r 0. 999 using data point for Experiment B'
instead of B (see text).
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where Y = pg ITnon_foodil fecal carbon/copepod/day, and X = 1ig

ingested C/copepod/day. The 1. 31 1g C/copepod/day intercept value

was the hypothetical 'Tnon food" carbon loss in the feces of a starved

animal. Although the slope of the regression line (0. 056) was

significantly different from zero at the 99. 5% confidence level, the

absolute amount of "nonfood" carbon in the feces varied less than

1 g C/copepod/day from an average of 2. 10 pg C/copepod/day over

conditions from hypothetical starvation to the equivalent of a rich

natural bloom of phytoplankton. The average loss can also be

expressed as 3. 35% of final body carbon per day (range, exclusive

of Experiment B (=2. 5%), was 3. 3% to 3. 6%), over the range of

feeding rates in my experiments (values computed from Tables VIII

and IX).

-ii g

The use of (and other radiotracers) in assimilation experi-

ments has traditionally been based on the assumption that the isotope

represents proportionally the fluxes and accumulations of carbon (and

other elements) within an organism. This assumption has been

challenged recently by Conover (1964) and Johannes and Satomi (1967).

The latter authors point out that feces definitely contains matter

derived from previously assimilated material such as the mucous

and/or chitonous intestinal secretions which compose the fecal



pellet sheath. Also, there might be simple exchange of labeled for

unlabeled compounds across the gut wall during digestion. Reichie

(1969) discussed the effect of the inclusion of non-food material on

measured elemental assimilation and isotope retention patterns

following labeling of the animals and subsequent feeding of non-labeled

material.

My data would indicate that "assimilation" by the classical

definition (ingestion minus egestion) is indeed a two-phase phenomenon;

i. e. freshly eaten food material is absorbed through the gut wall, but

some material assimilated from a priPr feeding is transported back

across the gut wall and incorporated into the fecal pellets. If there

is little exchange (during the 24-hour grazing period) between freshly

assimilated materials in the copepod body and the previously assimil-

ated material which is the source of the egested "non-food" carbon,

then assimilation is an indicator of the absorptive capacity to

assimilate carbon from the gut into the tissues and body fluids of

the copepod. Such assimilation would be a physiologically controlled,

or "gross", carbon assimilation. The assimilation efficiency

would then be the "gross" carbon assimilation efficiency. On the

other hand, carbon assimilation efficiency based on total carbon

(which Includes the "negative assimilation" of "non-food" carbon in

the feces) would represent the "net" assimilation efficiency for

carbon. "Net" carbon assimilation would represent the carbon gain
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which is subsequently available to the copepod for metabolism and

growth, and thus it would be the more critical parameter from a

production or ecological point of view.

In checking the validity of the 'non-food fecal pellet carbon

observations, it is useful to examine or re-examine the various

assumptions made in the treatment of the data and their possible

effects in inducing this result. The assumption of uniform

labeling of the Ditylum organic compounds could not realistically

have been so far in error that it would produce such a gross dis-

crepency. The assumption of constant filtering rate by Calanus

would have no effect. Failure to achieve 100% fecal pellet recovery

has been discussed before and would possibly underestimate the

total carbon and 14C in the fecal pellets but it would not alter

the specific activity or C/N ratio. It would only slightly alter the

gross assimilation efficiency and would actually increase the ttnon...

food' carbon fraction! copepod/day (note the difference between

results for Experiments B and B' in Table IX, PT assuming 71%

fecal pellet recovery). One further possibility was that the "non-

food" carbon was not in the fecal pellets, but was collected with

them for analysis, Microscopic inspection and removal of non-

fecal material left a sample which appeared to be at least 95%

fecal pellets. Bacterial surface contamination was a possible

sour Ce of carbon, but again this possibility could not explain such
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a large fraction of the total egested carbon.

Only by rejecting the assumption that Ditylum was the only food

source can the calculated "non-food" carbon values be reduced, The

previously mentioned contaminant was the only other practiculate

material in the food suspension. If this was also ingested, the most

extreme effect would have occurred in Experiment D where the ratio

of contaminant carbon to Ditylum carbon was the highest and there-

fore where the correction would be the greatest. If it is assumed

that the contaminant 1) was grazed at the same removal efficiency

as the Ditylum cells (quite unlikely due to its apparent small size),

and 2) was digested with the same efficiency as Ditylum, the per-

centage of food-derived carbon can only be increased from the pre-

viously calculated 3. 9% to less than 9% in Experiment D, Besides

coming far short of establishing a significant increase in food-derived

carbon (and a corresponding decrease in "non-food" carbon), such

ingestion of the contaminant would cause its concentration to be

directly related to the copepod filtering rate. I demonstrated earlier

(page 21) that the contaminant concentration after grazing was the

same in all four experiments and not related to the copepod filtering

rate.

I concluded from the above evidence that the "non-food" carbon

fraction of the feces was real and was probably derived from a

metabolic "waste" product which was incorporated into the fecal
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pellet along with non-assimilated food. In view of the large fraction

of ttnonfood11 carbon to total carbon in the feces, it would appear that

the thin membrane of the fecal pellets could not possibly account for

all of this material. No pathways for elimination of carbon "waste"

metabolites in copepods other than respiration, direct excretion into

the water, and possibly molting have been previously suggested in

the literature, but the inclusion of metabolic wastes into the fecal

material of higher animals is ubiquitous and not unreasonable to

suggest for copepods,

Christensen (1962), in a discussion of assimilation processes,

states, TTJf a chemical structure mediates transport across a membrane,

it can obviously work in both directions, and much of the flux in one

direction will be cancelled out by flux in another, so that net flux

may be only a small fraction of the total flux. Because

assimilation measured the flux from the gut into the body of initially

unlabeled animals in my experiments, such 14C assimilation could

have lead to overestimates of food carbon assimilation if interpreted

according to the quote from Christensen. However, three pieces of

evidence in my experiments would indicate that a simple, immediate

exchange of labeled for non-labeled compounds across the gut wall

was not the primary source of "non-food" carbon in the feces.

First, a 270% increase in the amount of carbon ingested gave only

a 25% increase in "non-food" carbon in the feces. Simple exchange
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would be proportional to the amount processed. Secondly, regardless

of whether there was extensive exchange of similar compounds (as

Christensen suggests) at the start of the digestive process, by the

time the fecal pellet is formed in the hindgut, the active transport

mechanism necessary to achieve the high 14C assimilation efficiencies

reported here would also indiscriminately reabsorb the non-labeled

exchange materials along with the freshly ingested food, Because

no samples were taken from within the copepod gut, no evidence of

the presence or absence of such an exchange is possible from my

data. Thirdly, the C/N ratio of the egested material is quite

different from the food and different between experiments, which

would indicate that the Itnon_foodit carbon fraction is biochemically

different from the food (of which 99. 3% of the carbon compounds

could be assimilated, according to the results of Experiment D).

These three points indicated that the Itnon_foodilcarbon was actively

incorporated into the feces at a rate which was relatively independent

of the abs orption of carbon into copepod tissues and is not a result

of simple isotopic exchange.

It was previously assumed that all ttnon_foodht carbon was

derived from previously incorporated materials that were non-labeled.

However, as feeding progresses and incorporation of labeled material

increased the specific activity of the copepod as a whole, it is pro-.

bable that the source of the unon-.foodu carbon would also gradually
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increase in specific activity. From Table VIII, it can be calculated

that in Experiments A and B 18% of the final carbon weight of the

copepods was freshly incorporated, labeled material. If the source

14
of the 'non-food" carbon is parttally labeled and some C is put

back into the feces in the form of "non-food" or "waste" carbon, the

computed '4C assimilation efficiency would be slightly less than the

true "gross" carbon assimilation efficiency, and the estimate of

"non-food" carbon in the feces likewise would be low.

Incorporation into body material ("growth")

Results

The term "growth" traditionally connotes a net change in bio-

mass or length during some finite period of time. Because no

initial estimates of the average elemental weights of the animals

were taken prior to grazing, "growth" could not be measured in the

traditional sense. However, it was possible to determine the

fraction of the food which was incorporated into body material during

the grazing period. I use the term "incorporation" to represent that

fraction of the assimilated food carbon or nitrogen which was not

catabolized during the experimental period. Incorporation is usuaUy

greater than "growth", and will equal growth in the limiting case

when there has been no metabolic losses of pre-existing body

materials during the measurement period.



I have regressed the final carbon wejghts of the copepods (two

determinations of 15 copepods for each experiment) against ingested

total carbon (Figure 9a) and assimilated total carbon (Figure 9b).

Because of the assumption that the average elemental weights were

the same in all of the experiments, the high correlation of final

weight (in carbon) to ingestion (in ig carbon) indicates that incor-

poration of carbon was significant and detectable by the analytical

techniques used. The slope of the line in Figure 9a (43. O(+16. 5)%)

represents the gross incorporation efficiency for carbon, This

efficiency term is comparable to Conover1s (1964) gross growth

efficiency, and to Ivlev's (1945) energy coefficient of the first order

(K1). Similarly, the slope of Figure 9b (SO, 5(+19. 7)%) represents

the net carbon incorporation efficiency. This term is comparable

to Conover's net growth efficiency and Ivlev's energy coefficient

of the second order (K2).

I have made analogous regressions using the final nitrogen

weights of the copepods with ingested nitrogen (Figure lOa) and

with assimilated nitrogen (Figure lOb). Nitrogen incorporation

efficiencies were higher than the carbon incorporation efficiencies

although the amounts incorporated were much less. Gross nitrogen

incorporation efficiency was 62. 7(+4. 2)%, and net nitrogen incor-

poration efficiency was 70. 6(+5. O)%.
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The intercept values (with 90% confidence limits) of 66. 3(+4. 3)

g C/copepod (Figure 9a) and 21. 56(+0. 23) g N/copepod (Figure lOa)

represented the elemental weights of hypothetical animals which had

not fed during the one day grazing period. These weights were not

necessarily identical to the elemental weights of the pregrazed

animals because respiration, egestion of Mnon_foodu carbon, and

excretion during 24 hours of starvation would have reduced the

animals weights to those represented by the intercept values. The

C/N ratio of these intercept values was 3. 07 which was slightly

lower than the final C/N ratios of the animals in each experiment

(Table VIII).

A second estimate of the gross incorporation of carbon was

obtained from the 14C activity of the copepods. The 14C equivalent

carbon per copepod (Table VIII) represented new carbon which was

added to the animal during grazing (plus that carbon contained in

any food material in the animalis gut, an amount considered insigni-

ficant compared to the amount which the animal had processed dur-

ing the grazing period). In Figure lla, I have regressed the ig of

equivalent carbon per copepod against the ingestion per copepod.

The slope of 52. 9(±20. l)% represented the gross incorporation

efficiency. The intercept of 0. 23 g C/copepod was not significantly

different from zero, as would be expected for an animal which had

ingested no 14C.



70

The gross incorporation efficiency (Figure ha) was higher

than the gross incorporation efficiency measured for total carbon

(Figure 9a), This discrepancy was in part due to the previously

mentioned loss of 'non-food" carbon into the fecal pellets (egested

"non-food" carbon was in a sense a Unegative incorporation" of

stable body carbon during the grazing period). To test how much of

the discrepancy was due to the "non-food" carbon in pellets, I regressed

the sum of final body weight in carbon plus the appropriate egested

"non-food" carbon term against the ingested carbon per copepod

(Figure hib). This slope was 48. 5(±l. 4)%, which was not significantly

different (90% level) from the value of 52. 9% for the gross incor

poration efficiency (Figure ha); therefore, "non-food" stable carbon

loss in the feces was largely responsible for the discrepancy between

total carbon and estimates of carbon incorporation. The inter-

cept value of 67. 75(±0. 39) g C/copepod (Figure hib) reflected the

carbon weight of hypothetical starved animals which had not lost

any "non-food" carbon into the feces.

The non-significant difference between the two estimates of

gross carbon incorporation efficiency in Figures ha and lib served

as a check of the validity of the calculated carbon specific activity

of the food and the amount of carbon/Ditylum cell. The final weights

of carbon in the animals were determined directly and are independent

of the calculations which produced the carbon and ingestion terms.
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While the magnitude of each abs cissal value of ingested carbon/cope-

pod in Figures ha and hib is dependent on the calculations mentioned,

the relative amounts between experiments (e. g. ingested C/copepod

in Experiment D divided by that amount in Experiment A) are con-

stant. The effect of this constant relationship is that the assumed

carbon/cell value will affect the slope of the line but not the inter-

cept. Therefore, in Figure lib the amount of incorporation in each

experiment is independent of the assumed carbon/cell. On the other

hand, ii the equivalent carbon estimate of gross incorporation

(Figure ha), both the abscissa and the ordinant are dependent upon

the carbon/cell calculation and the carbon specific activity estimate.

In this case, the slope is constant and the intercept changes with

changes in the specific activity and carbon/cell estimate. Because

the difference in slopes of the lines in Figures ha and hib was not

significant at the 90% confidence level, the original estimates of

specific activity and carbon/cell were not significantly in error.

Utilizing once again the increased computational power obtained

by having measurements of both and total carbon, both net

incorporation and gross incorporation terms for carbon (not net and

gross 'incorporation efficiencies) can be derived (Figures 9a, ha and

lib, right-hand ordinate), Gross incorporation represents all newly

assimilated material which was not immediately catabolized, Net

incorporation is that fraction of gross incorporation which did not
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simply replace the previously incorporated material lost as 'non-food"

carbon during egestion. In my experiments, net incorporation was

89% of gross carbon incorporation; i. e., 11% of gross incorporation

acted as replacement material for the egested ?Inon..foodJt carbon.

This does not necessarily imply replacement by similar biochemical

compounds, only a replacement into the total carbon atoms of the

copepods body. Because no nitrogen tracer was used, no gross

nitrogen incorporation values could be obtained. However, Figure lOa

(right-hand ordinant) indicates the net nitrogen incorporation values.

Discus sion

Measurements of copepod growth efficiencies are usually based

on the immature stages rather than on the adult females. Indeed,

Corner, Cowey, and Marshall (1967) flatly state that adult copepods

do not grow. While it is true that no further molts (i, e. , length

changes) occur once the adult stage is reached, starvation, fattening

and egg development can appreciably alter the weight of the adult

animals. Nicholls (1933) determined the duration of the adult stage

of Calanus finmarchicus to be five or si weeks during the spring

and summer, or about six months for those animals which over-

winter. Conover (1962) has calculated that C. helgolandicus stage

V copepodites can survive for ten months subsisting only on their

own lipid reserves. During this time the animal loses about O% of

its body weight.
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No previous measurements of copepod incorporation or growth

during a single day have been reported in the literature. Laboratory

experiments by Mullj.n and Brooks (1970a) showed that newly moltd

female C. helgolandicus (pacificus), which were raised from eggs,

were ingesting 15 g C/copepod/day of the diatom Thalassiosira

fluvi.atilis and were growing with 37% gross carbon growth efficiency.

Conover (1964) listed gross growth efficiencies up to 37% based on

organic weight during three- to six-week experiments with C.

yperboreous. Corner, Cowey, and Marshall (1967) calculated a

net growth efficiency of 55% based on nitrogen in C. finmarchicus

from hatching up to adult. They calculated assimilation as the sum

of growth, measured excretion, and the nitrogen content of molts.

Lasker (1966) measured 14C incorporation during one day for the

euphausiid Euphausia pacifica, He obtained an average gross incor-

poration efficiency for carbon of 26%. Thus it appears that my

calculated incorporation efficiencies for carbon and nitrogen are

higher than others reported in the literature, However, my experi.-

ment only measured the efficiencies of starved animals during the

first day after the resumption of feeding. It is quite likely that both

assimilation and incorporatipn would decrease significantly if

measured over a longer period of time.

Studies on the biochemical composition of copepods have indicated

that the most constant and usually greatest fraction of the weight of
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the animal is protein. Marshall, Nicholls, and Orr (1934) estimated

the protein fraction to be 60% of the dry weight of C. finmarchicus.

Nakai (1942) measured the protein fraction at 75. 2% dry weight for

C. helgolandicus captured in the winter. The non-chiton carbohy-

drate fraction has been found to be less than 2% of dry weight (Raymont

and Conover, 1961) and the lipid content, composing most of the

remainder of the animal, is highly variable and dependent upon the

nutritional history of the animal (Marshall, Nicholls, and Orr, 1934;

Conover, and Coner, 1968).

Because protein is a nitrogenous compound and lipid non-

nitrogenous, the C/N ratio provides a fairly strong indication of

the biochemical composition of the copepods. Cowey and Corner

(1963a) determined that 90% of the total nitrogen in C. finmarchicus

was either protein or free amino acids. They also determined the

relative amounts of each constituent amino acid in C. finmarchicus,

From their data, I have calculated a C/N ratio by weight of 2. 93 for

pure copepod protein. The carbon present as protein and free amino

acids was (2. 93 X 0. 90) 2. 64 times the total nitrogen per copepod.

The C/N ratio of the hypothetical starved animals represented

by the intercept values of Figures 9a and lOa was 3.. 07; thus, the

protein fraction was about (2. 64/3. 07) 86% of the total carbon,

leaving about 14% for lipids and all other fractions. The C/N ratios

of the grazing animals increased only to 3. 13 at maximum, indicating
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little significant change in their composition in this short time

period.

The ratio of gross carbon incorporation efficiency to gross

nitrogen incorporation efficiency can be multiplied by the C/N ratio

of the Ditylum (C/N = 5. 06) to yield a C/N ratio of copepod incor-

poration which is 3. 47. If I assume that all of the incorporated

material was protein (plus free amino acids) and lipid, the fractions

of the incorporated material would be about 2. 9 3/3. 47 = 85% protein

and thus 15% lipid by difference. For comparison, the C/N ratio of

the Ditylum cells was 5. 06, indicating that the protein fraction in

Ditylum could not have been greater than 2. 93/5. 06 58% of cellular

carbon (assuming that all of the cellular nitrogen was in the form of

protein). A more realistic estimate of the protein fraction for the

food might be the 31% of organic weight determined by Cowey and

Corner (1966) for the diatom Skeletonema costatum. Simple corn-

parison of probable food protein and the protein actually incorporated

by the copepods showed that the copepods were preferentially uti,liz-

ing, to a very high degree (70. 6% net nitrogen incorporation efficiency),

the amino acids of their food for t?growthu. An appreciable amount

of lipid also was incorporated, indicating some llfatteningli of the

copepods as well.

The C/N ratios of the animals used in this study were slightly

lower than others reported in the literature. Omori (1969) reported
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C/N ratios of 7. 5 in November and 4. 1 in April for stage V copepod-

i.tes of C. pacificus. Mullin and Brooks (1970a) reported C/N ratios

of their laboratory-raised adult female C. helgolanthcus (pacificus)

from 3. 8 to 4. 1, while wild animals collected diring April and May

from adjacent coastal waters for comparison had C/N ratios of 3. 4

to 3. 5 (average carbon = 67. 8 g C/copepod, average nitrogen =

19. 4 p.g N/copepod).

Marshall, Nicholls, and Orr (1934), and Conover and Corner

(1968) have shown that the lipid fraction (and thus the C/N ratio)

increased markedly during the spring arid summer periods of high

phytoplankton productivity, and fell slowly during the winter to a

low in April. April marked the onset of the phytoplankton bloom

and the period of maximum egg production for the over-wintered

females. Omori (1969) determined a C/N ratio of 13. 3 for the

eggs of the copepod Pareuchaeta sarsi, which indicated an extremely

high lipid content.

The animals used in my study were collected in April and

were possibly old females which had over-wintered and already

released eggs. Also, the period of captivity and intermittent

feeding could have resulted in some further depletion of lipid

stores. Lee etal. , (1970) indicated that lipid stores of laboratory-

raised Calanus helgolandicus could decrease from 18. 1% to 1. 5% of

dry weight during seven days of starvation. Either or both factors



could have been responsible for the somewhat low C/N ratios which

were obtained for my animals.

Non- incorporation (re spiration and excretion)

Results

The best estimate of gross carbon incorporation efficiency was

the 14C-based estimate of 52. 9% (Figure ila), and the best estimate

for nitrogen was 62. 7% (Figure lOa). Because the respective assimi-

lation efficiencies averaged over 90% for 14C and nitrogen, however,

it was obvious that some of the assimilated material was not incor-

porated, but lost through subsequent metabolic processes. Because

no reproductive materials were released in these experiments, the

balancing terms for the food utilization budgets were assumed to be

respiration and excretion.

Studies by Corner and Newell (1967) indicated that over 75%

of nitrogen excretion in Calanus was as ammonia (i. e,, as a non-

carbon compound). Also, in a follow-up experiment to my experi-

ments reported in this thesis, I was not able to detect a significant

increase in excreted organic '4C during 18 hours of grazing. Based

on the above results, the carbon budget residual term in my data

was assumed to be all loss via respiration, and the nitrogen residual

to be loss via excretion. Table X shows the overall utilization budgets

of carbon and nitrogen in each of my experiments. Because of the
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Table X: Food utilization budgets for carbon and nitrogen.

Elemeital Budget
Component

Calculation
Method A

Experiment
B' D

CARBON BUDGET (ig C/copepod/day)

1) Ingestion measured 28.36 23.52 23.52 14.74 10.64

2) Egestion measured j -2.85 j9J. j9

3) Assimilation 1) -2) 23.73 20.67 19.51 12.34 8.67

4) Net incorporation regression 12.35 10.81 9.99 5.86 3.96

5) Egested "non-food" C regression 2.89 1.86 2.67 2.16 1.87

6) Gross incorporation 4) + 5) 13.24 12.67 12.66 8.02 5.83

7) Respiration 3) - 6) 8.49 8.00 6.85 4.32 2.85

7T) (pJO2/copepod/day) conversion (19.8) (18.6) (15.9) (10.0) (6.6)

8) Reproduction measured 0 0 0 0 0

NITROGEN BUDGET (jg N/copepod/day)

1) Ingestion measured 5.60 4.64 4.64 2.88 2.09

2) Egestion measured _0,j9 -0.26 J3 -0.07

3) Assimilation 1) - 2) 5.14 4.45 4,38 2.76 2.02

4) Net incorporation regression 3.52 2.92 2.92 1.83 1.31

5) Egested "non-food" N ?

6) Gross incorporation 4) +5) 3.52+ 2.92+ 2.92+ 1.83+ 1

7) Excretion 3)- 6) 1.62- 1.53- 1.46- 0.93- 0.71-

8) Reproduction measured 0 0 0 0 0



slight differences in length of the four experiments, all values have

been corrected to a grazing period of 24 hours.

The respired carbon/copepod values (calculated as differences

between assimilation and gross incorporated) were plotted in Figure 12

against carbon ingestion. The gross respiration efficiency was 31. 8

(± 4)% of ingestion. This efficiency refers only to respired carbon

derived from freshly assimilated materials, so that the intercept

value of -0. 5 ±0. 83 g C/copepod (which is not significantly different

from zero) does not imply that starved copepods do not respire.

Respiration in starved animals simply utilizes previously incorporated

material as a substrate.

The excreted nitrogen! copepod values (also calculated by

difference) were plotted against nitrogen ingestion (Figure 13). The

gross excretion efficiency was determined as 27, 7(+7. 5)% of ingestion

and, as with respiration, the intercept value of 0. 13 ±0. 36 g N!cope-

pod refers only to nitrogen excretion derived from freshly assimilated

material.

Discus sion

Respiration of copepods has been studied extensively. Values

have been shown to be related to temperature (Marshall and Orr,

1958), to food concentration (Conover, 1956, 1962; Corner, Cowey,

and Marshall, 1965), and to the weight of the animal (Marshall and

Orr, 1958; Mullin and Brooks, 1970a). Furthermore, in several
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Calanus species the weight-specific respiration rate (d 02/mg dry

weight) can vary up to three-fold as the animals adjust between summer

conditions of abundant food and winter conditions of starvation and bare

siirvival (Marshall and Orr, 1958; Conover, 1962; Cowey, and Corner,

l963b; Conover and Corner, 1968). Somewhat surprisingly, Vlymen

(1970) has shown that the energy consumption of active swimming in

copepods accounts for less than one percent of the basic metabolic

rate.

Comparison of my results with values in the literature are

complicated by all of the casual effects on respiration given above.

In addition, all estimates of respiration in the literature are measured

as 02 consumed, whereas my results are in carbon lost. In many-

references, an estimate of carbon loss is obtained assuming an R. Q.

of 0. 8 (i. e. , protein and lipid catabolism). In starved animals, the

R. Q. will be related to the fractions of lipid and proteifi catabolized,

the form of nitrogen excreted, and any subtle differences in the corn-

position of the proteins and lipi.ds In feeding animals, the picture

is further clouded by the composition of the food (especially the

carbohydrate fraction) and the possibility of interconversation of

carbohydrates to lipids.

In my study, the C/N ratio of the incorporated organic material

was 3. 47 (i. e. , about 85% protein), whereas the C/N ratio of the

food itself was 5. 06. Copepod respiration therefore must have
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consumed almost all of the carbohydrates a substantial portion of the

lipids, and some of the protein and other nitrogenous materials. (e. g.,

nucleic acids and chlorophyll) of assimilated Ditylum material. Not

knowing the composition of the food accurately, it was not possible

to calculate an accurate R. Q. to estimate oxygen consumption. How-

ever, using the literature estimate of 0, 8 as a reasonable approxima-

tion, values ranging from 6. 6 l 02/copepod/day in Experiment D

to 19. 8 l 02/copepod/day in Experiment A were obtained (Table X).

The most comparable data in the literature are from Mullin

and Brooks (l970a) who used the same species, sex, and size of

copepod collected during the same season under the same experi-

mental temperature, and under much of the same food concentrations

as I. Mullin and Brooks reported an average measured respiration

for adult females of 8. 3 l 02/copepod/day. Marshall and Orr

(1958) obtained a value of 11 l 02/copepod/day for C. helgolandi.cus

taken in coastal waters in late April and measured at 10°C.

My experiments indicated that a significant fraction of newly

assimilated material was immediately catabolized. It should be

recalled that no measurements were made in these experiments

of any additional respiratory losses of previously assimilated

material. However, because my estimates of respiration of newly

assimilated material exceeded many of the estimates of total

reppirtion in the literature, it seems likely that no appreciable



additional amounts were lost. The calculated grazing rates of the

copepods in each experiment showed that the volume swept clear

in Experiment D was three times that in Experiment A (Figure 7).

This increased activity was not reflected in the respiration estimates

in Table VIII, and appeared to lend confirmation to Vlymen's (1970)

report that swimming and feeding activity is an insignificant factor

in the total respiration of copepods.

Excretion estimates are subject to many of the factors

mentioned for respiration. Corner, Cowey, and Marshall (1965)

reported an increase in nitrogen excretion with an increased food

consumption rate. Conover and Corner (1968) indicated a seasonal

cycle in excretion as in respiration. It also appears from Conover

and Corner's (1968) data that weight-specific excretion is fairly

constant between species of Calanus.

The dry weight of the copepods used in each of my experiments

was roughly 150 p.g, and the excretion values ranged from 0. 71 to

1. 62 N/copepod/day (Table X), Converting these values to

weight-specific excretion yielded values from 4. 7 to 10. 9 g N/mg

dry weight/day. Using Calanus finmarchicus (dry weight about

150 p.g) and C, helgolandicus (dry weight about 300 rig), Corner,

Cowey, and Marshall (1965) reported a range of 6.4 to 10. 7 1g

N/mg dry weight/day over a range of Skeletonema costatum food

concentrations from 16 to 160 g N/l (range in my study was 2L-85



pg N/i). Measurements were made at 10°C by Corner, Cowey, and

Marshall. They also reported that the excretion rate rose to 11. 5

1ig N/mg dry weight/day at 15°C (at 18 g N/i food concentration)

in short term experiments. Corner, Cowey, and Marshall (1967)

measured excretion of adult female C. helgolandicus after a brief

period of starvation and obtained values of 0. 84 1jg N/copepod/day.

It would appear that the excretion estimates in Table X are in fairly

close agreement with the reported values in the literature.

If we assume that the estimates of respiration and nitrogen

excretion are accurate, it is of interest to examine whether they

could have been measured directly by conventional wet chemistry

methods. The usual experimental procedure for measuring both

oxygen consumption and ammonia evolution involves placing a large

number of copepods (100-1000/liter) in sealed bottles which are

filled with water of known oxygen and ammonia concentration, and

then measuring the change of concentration after a time interval.

The difference obtained is usually large so that the accuracy of the

estimate is improved. Unfortunately, the animals are in a changing

environment where the oxygen is being depleted and the ammonia

concentration is increasing much faster than would occur in natural

conditions. Had my system been sealed to prevent gaseous exchange

with the atmosphere, the calculated change of oxygen due to copepod

respiration in Experiment D would be:



(6. 6 p.1 02/copepod/day)X(38 copepods)X(28/24 day)
79 p.10 1..,3. 7 liters 2

which is not too far removed from the limits of resolution of the

method for oxygen analysis in sea water as outlined by Strickland

and Parsons (1965).

Another important consideration in attempting to measure

oxygen consumption in mixed copepod-phytoplankton systems is the

respiration of the phytopla.rikton in the dark. If I assume that all of

the loss of per Ditylum cell was respired and was proportional

to the total respiratory loss of the cells, I can calculate, from

Figure Sc, 51. 9-42.8=9. 1 fCi./cell, a 17.6% loss of carbon from the

cells during the grazing period. I then can calculate that in Experi-

rnent A the total respiration Cl the cells was about 175 p.1 02/1 (based

on a R. Q. of 0. 8). The calculated food-derived respiration of the

copepods was only ZOO p.1 02/1 in Experiment A. Obviously, a

complex correction factor would have been necessary to arrive at

an estimate of copepod respiration from direct 02 measurements,

and there still would have been a standard deviation of ±10% due to

the inherent limitations of the dissolved 02 analysis.

Direct measurement of ammonia excretion would present

similar problems. The estimate of nitrogen excretion in Experiment

D was 0.70 p.g N/copepod/day (Table X), which cçnverts to a daily

increase in the water of 7. 2 p.g N/i. or 0.51 p.g-at N/l. The range



for the ammonia analysis reported by Strickland and Parsons (1965)

is 0. 1 to 10 1tg-at NH3/l, so if all N excretion was in the form of

ammonia, the amount produced after a whole day of grazing would

still be at the low end of the analytical range.

Table U indicated that there was a heterotrophic increase of

cellular nitrogen in Ditylum during the grazing period. If this

nitrogen was taken up by the plants as ammonia (ammonia is the most

easily used form of inorganic nitrogen), the phytoplankton would be

removing some fraction of the copepod-excreted ammonia from the

water, thus reducing estimates of copepod excretion obtained by

direct measurement, In fact, under the experimental conditions

used in my study, the Ditylum uptake would have exceeded the amount

released by the copepods in two of the experiments (range, 185% of

food-derived nitrogen excretion in Experiment A to 52% in Experi-

ment D). Obviously, direct ammonia measurements, although more

precise than respiration measurements, would gros sly underestimate

total grazer excretion in grazer-phytoplankton systems.



POSSIBLE ECOLOGICAL AND EVOLUTIONARY IMPLICATIONS

As was mentioned earlier, various species of the genus Calanus

are able to survive long periods of starvation. The results obtained

in my study indicate that when starved animals encounter conditions

simulating moderate to high natural phytoplankton food concentrations,

they are able to assimilate extremely high percentages of the carbon

and nitrogen of the food in the first 24 hours of grazing. In addition,

the animals apparently are able to selectively incorporate most of

the protein and part of the lipid of the food, utilizing the remaining

carbohydrates and lipids to meet their metabolic demands. Such

a selectivity would seem consistent with the evolutionary pressures

on herbivorous copepods that are known to 1) accomplish most of

their growth during a short period of the year when phytoplankton

food is abundant, and 2) migrate vertically each night from relatively

impoverished, dark, cold, deep waters into the phytoplankton-rich

surface waters.

Harvey (1950) suggested that growth of zooplankton might be

governed by a limiting nutrient in the food, much as phytoplankton

can be limited by the depletion of some inorganic nutrient in short

supply. He concluded that excesses of some organic materials

might have to be ingested and even assimilated in order to obtain

the required amount of the limiting nutrient or element. By this

definition, the more limiting element to a grazer would be that which



the grazer used with the highest incorporation efficiency. In my study

it would appear that food nitrogen (most likely in the form of amino

acids) is a more limiting resource than food carbon. Butler, Corner,

and Marshall (1969) studied nitrogen and phosphorus budgets for

Calanus and found also that nitrogen was the more limiting nutrient.

It is generally believed that nitrogen is the limiting nutrient for

most oceanic phytoplankton populations (Redfie].d, Ketchum, and

Richards, 1962). This has also been shown to be the case in Oregon

coastal waters in which my experimental animals were collected

(Glooschenko and Curl, 1971). It is quite possible that nitrogen is

the limiting nutrient in the growth of copepods and other herbivorous

zooplankt on.

Harris (1959) showed that the nitrogen excretion of grazing

zooplankton in Long Island Sound was the major source of nutrient

nitrogen for continued phytoplankton productivity once the initial

stock of inorganic nutrients had been depleted in the surface waters.

My calculations of copepod nitrogen excretion and simultaneous

heterotrophic growth of the Dity-lum cells provides circumstantial

evidence that this type of feedback mechanism can function rapidly

and efficiently. Recent work by Butler, Corner, and Marshall

(1969, 1970) shows that the rate of inorganic phosphate excretion

by feeding copepods will also provide a feedback source of this

nutrient. Thus, it would appear that a system has evolved in which
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copepods are adapted to excrete excess metabolites in the chemical

form which is most easily utilized by their food, thereby prolonging

high primary production and the resulting high quality and quantity

of available food.

Based on data showing relatively low assimilation efficiency

by copepods, it has been generally believed that sinking fecal pellets

would provide a rich food source for mesopelagic and benthic

organisms. My data shows that when starved copepods feed at food

concentrations found in nature, assimilation can be extremely high

and feces nutritive value quite low, Qualitatively, the high C/N

ratio of the feces would make it a poor food source for growth unless

either altered by bacterial action to increase the nitrogen fraction,

or utilized by an organism with specially evolved assimilatory

functions to utilize this material. Once again it should be noted

that non-starved copepods might produce feces of significantly

higher nutritive value.

The classic concept of copepoci egesti.on has been that the

fecal mass consists of virtually unaltered food that is neatly' bundled

up and voided. It seems difficult to comprehend the evolution of

such an elaborate process if indeed the feces consists mainly of

high-quality food stuff. However, if the normal quality of egested

material is that shown in my study, containing a large fraction

of "non-food waste" material, it would be an evolutionary advantage
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to acquire an egestive process which compacts the low-nitrogen-

content wastes and causes them to sink rapidly out of the area in

which the animal is filter-feeding. Conover (1966 a) observed that

when a fecal pellet was t'captured" by Calanus hyperboreous, the

pellet would be brought to the mouth, !Itastedu, and then vigorously

discarded. Apparently some factor warns the animal that this is

not high-quality food material.
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CONCLUDING REMARKS

In my study, the elemental point of view (in contrast to

gravimetric, calorimetric, etc. ) has been shown to be most useful

in studying food utilization. Complete food utilization budgets can

be calculated when changes in the carbon, 14C, and nitrogen corn-

position of the food, feces, and grazers are determined simultaneously.

The calculational power of the specific activity and the C/N ratio has

been used to present qualitative as well as quantitative estimates of

assimilation and incorporation of the food material. It has also been

shown that to obtain accurate estimates of ingestion, it is necessary

to measure any elemental changes in the food organism as well as

changes in the cell concentration during grazing experiments.

Most important however, this study presents evidence that an

analytic procedure has been developed which has sufficient resolution

and sensitivity to provide direct, simultaneous estimates of carbon,

and nitrogen content of a single sample containing approximately

100 g of organic material. This is at least three orders of magnitude

greater sensitivity than calorimetric estimates and provides much

more comprehensive information than does gravimetric and even

calorimetric analysis.

Using the full capabilities of this type of instrument (i. e.

hydrogen and oxygen estimates in addition to carbon and nitrogen)

and sensitive micro-quantitative methods for phosphorus and sulfur,
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one should be able to determine simultaneous budgets f or all of the

major organic constituents of the feeding system. Coupling this

information with use of the available radioisotopes 3H, 32P and

and the non-radioactive tracer isotopes and l8 one

should also be able to determine gross and net rates such as shown

with 14C and total carbon in this study.
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