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ABSTRACT: Chlorophyll destruction by Calanus spp. grazing on phytoplankton (diatoms and Phaeo- 
cystis) was assessed at stations in the Labrador Sea and off Labrador and Newfoundland (Canada). 
Copepods were fed at natural or diluted food concentrations over several (4 to 8) sequential 12 h feed- 
ing periods. Initial chlorophyll concentrations were between 0.2 and 19 pg I - ' ,  and degrees of chloro- 
phyll destruction were between 20 and 100%. For replicate incubations, degrees of chlorophyll 
destruction were similar. Over all experiments degrees of destruction were generally high and variable 
at low ingestion rates (<50 ng chl mg-' h-'), decreasing to a limit of about 4 5 %  at higher ingestion 
rates. The relationship between ingestion rate and degree of chlorophyll destruction was not obviously 
affected by differences in in situ conditions (e.g. stage of the spring bloom). Filtration rates, by contrast, 
did vary, decreasing in the presence of an apparently noxious food (Phaeocystis) and sometimes 
increasing during experiments, perhaps in response to increasing hunger. Faecal pellets, collected 
from copepods fed at natural food concentrations, did not leak pigment over a 4 d period, and neither 
chlorophyll nor phaeopigment was lost as copepods with food in their guts were alloived to defecate for 
3 h in filtered seawater. These results suggest that most chlorophyll destruction occurs at an early stage 
of feeding, and that phaeopigments are not intermediates. When we assumed in a simple model that 
the 'bleaching' reaction was enzymatically mediated, we found that enzyme activity varied linearly 
with initial ingestion rate, with a positive y-intercept. One interpretation of this is that there are 2 pools 
of enzyme activity: one associated with the copepods and the other with the phytoplankton. The algal 
enzymes are normally latent, but are activated by the physical break-up of cells during ingestion. At 
low ingestion rates the copepod enzyme can destroy all, or most, of the ingested chlorophyll, whereas 
at higher ingestion rates more of the destruction is due to the algal enzymes. The high variability in 
degrees of chlorophyll destruction reported here and elsewhere can be explained partly by differences 
between algal foods (e.g. differences in levels of the bleaching enzyme), partly by differences in cope- 
pod behaviour (e.g. effects on filtration rates), and partly by differences in experimental conditions, 
which affect the range of ingestion rates exhibited during an incubation (e.g. density of copepods, 
duration of incubation). 
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INTRODUCTION 

Over the past decade the gut fluorescence method 
has frequently been used to investigate herbivorous 
feeding by copepods in situ (e.g. Baars & Oosterhuis 
1984, Head & Harris 1987, Saiz & Alcaraz 1990, Dam & 
Peterson 1991, Morales et al. 1993). The method makes 
use of the fact that copepods convert chlorophyll a into 
a-tvpe - -  - phaeopigments during digestion, so that con- 

centrations of phaeopigments in copepods' guts are 
taken to be indices of levels of feeding activity. 
[Throughout the text the term chlorophyll a (chl a)  is 
used when referring to chl a specifically, e.g. when 
measurements of chl a have been made by high-per- 
formance liquid chromatography (HPLC). The term 
chlorophyll is used more ambiguously, e.g. when 
some, or all, measurements have been made using 
Turner fluorometry. The equivalent terms are also 
used for phaeopigment designations.] Ingestion rates 
for chlorophyll have then been estimated from mea- 
surements of gut pigment levels and gut turnover 
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times. The advantages of the gut fluorescence method 
are firstly, that a relat~vely large number of samples 
can be analysed in a relatively short period of time, and 
secondly, that ~t mlnlmises experimental handlrng and 
thus, hopefully, ~ t s  potentially stressful effects on the 
animals. 

Criticisms of the gut fluorescence method have been 
made based on observations that chlorophyll inges- 
ted by copepods is not always converted into phaeo- 
pigments with 100°A efficiency (e.g. Conover et  al. 
1986, Lopez et  al. 1988, Penry & Frost 1991, Head 
1992). Instead, sometimes unidentified fluorescent 
products are found in copepod faeces (Head K Harris 
1992, 1994), while in other instances the portlon of 
chl a not transformed into a-type phaeopigments is 
clearly not converted into any other coloured or fluo- 
rescent products (Head & Harris 1992), and IS thus said 
to have been 'destroyed' during feeding. Jn the many 
studies in which chlorophyll destruction has been 
examined, the degree to which it occurs has been 
found to vary between close to 0 and up to 100?<) (e.g. 
Conover et  al. 1986, Lopez et al. 1988, Penry & Frost 
1991, Head & Harris 1992, 1994) 

It has been suggested that chlorophyll destruction is 
affected by feeding history, such that copepods which 
have been acclimated to high food levels in the labora- 
tory, or which have fed at high levels of food in situ, 
may have a greater potential ability to destroy ingested 
chl a (Penry & Frost 1991. Head 1992, Head & Harns 
1992). In addition, it has also been suggested that the 
extent to which destruction occurs in a given incuba- 
tion varies inversely with ingestion rate (Penry & Frost 
1991) The results on which these suggestions were 
based were quite variable, however, and predictions as 
to degrees of chlorophyll destruction likely to occur in 
situ were thus quest~onable.  

In the studies mentioned above, chlorophyll de- 
struction was examined for the entire feeding process, 
i.e. chlorophyll levels in the phytoplankton food were 
compared with phaeopigment levels in faecal pellets. 
This was done either by looking a t  pigment concen- 
trations in the water before and after grazing by cope- 
pods (Head & Harris 1992), or by comparing the ratios 
of chlorophyll and phaeopigments to a conservative 
tracer (e.g.  biogenic sillca) in phytoplankton food and 
faecal pellets (Penry & Frost 1991, Head 1992). In 
these studies chlorophyll destruction, or dlsappear- 
ance,  might have occurred at one of a number of 
stages: during ingestion (e.g because of 'sloppy' feed- 
ing); during digestion, as material passed through the 
gut and was acted on by digestive enzymes; or during 
defecation (e.g. because of 'sloppy' defecation), or by 
subsequent leakage from faecal pellets, which might, 
or might not, have been re-ingested. Roy et al. (1989) 
found that pigmented particles which were < l  pm, 

but retained by Whatman GF/F filters, were formed 
during 'sloppy' feeding by C'alanus helgolandicus and 
Temora longicornls on the large diatom Coscinodiscus 
wailesii, but that some pigment was missing from the 
overall budget. In their study no faecal pellets were 
produced, because short incu.bation periods were 
used, and they thought that the missing pigment 
might have been in even smaller particles, but had no 
evidence to support this idea. Lopez et  al. (1988) also 
found that chlorophyll destruction occurred prior to 
defecation, when Calanus pacificus with empty guts 
were fed with dinoflagellate cultures. Pasternak & 

Drits (19881, on the other hand, reported no loss of 
pigment when conlparing the levels of pigments in 
copepods' guts with those in the faecal pellets they 
produced, dunng incubation in filtered seawater, and 
Roy & Poulet (1990) found very low leakage rates of 
pigments from faecal pellets. These observations 
together suggest that most chlorophyll destruction 
occurs during ingestion, but none of the studies actu- 
ally looked at destruction a t  each of the different 
stages for 1 set of animals. 

In this paper we report results of experiments in 
which pigment destruction was examined at several 
stages of feeding. The experiments were carried out 
during May and June 1994, using copepods and nat- 
ural, seawater, which were collected at 3 stations In 
the Canadian sub-Arctic: one on the northern New- 
foundland Shelf (NNS); one in the eastern region of 
the central Labrador Sea (ECLS); and one, near the 
ice-edge, at  the edge of the Labrador Shelf, off Hamil- 
ton Bank (LS). At the time of sampling the 3 stations 
were characterised by having: mid-spring bloom 
(NNS; low surface nutrients, high chlorophyll); pre- 
bloom (ECLS; high surface nutrients, low chlorophyll); 
and early bloom (LS; detectable surface nutrients, 
high chl.orophyl1) conditions (J Cabal, L. R .  Harris & 
E.  J .  H .  Head unpubl.) .  At each station we examined 
pigment budgets for groups of copepods feeding over 
4 sequential 12 h feeding periods. In addition, we 
measured pigment destruction (or disappearance) 
during gut passage and defecation at  all 3 stations, 
and at  the mid-bloom station (NNS) we also measured 
1eaka.ge rates of pigments from isolated faecal pellets. 
For these experiments all pigment analyses were car- 
ried out using HPLC. We will show, however, that 
these results were similar to those obtained in feeding 
experim.ents carried out in May and June 1992 on, or 
just off, the southern Newfoundland Shelf, in which 
standard fluorometric determinati.ons of chlorophyll 
and phaeopigments were made (Turner fluorometer). 
In these earlier experiments we examined pigment 
budgets over 7 or 8 sequential 12 h incubations, and 
also over the first 3 h of each (i.e. during ingestion and 
gut passage) 
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MATERIALS AND METHODS 

Collection of samples. In both 1994 and 1992 cope- 
pods were collected by vertical net tow between 100 m 
and the surface, using a ring net of 0.75 m diameter fit- 
ted with a 200 pm mesh. The sampling stations in 1994 
correspond to Stns 1, 2 and 9 shown in Cabal et al. 
(unpubl.), and were at 50" 52' N, 51" 27' W on 27 May 
(NNS); 60" 23' N. 48" 36' W (ECLS) on 30 May; and 
54" 52' N, 53" 5 2 ' W  (LS) on 5 June,  respectively. In 
1992, the copepods collected were on, or just off, the 
southern Newfoundland Shelf at 49' 44' N, 49" 38' W 
(25 May) and 51" 19' N,  51" 42' W (29 May). 

At each station the copepods were rinsed, to remove 
adherent algae, by transferring them to a 5 1 plastic 
bucket, the bottom of which had been replaced with a 
l000 pm mesh, suspended in a 20 1 bucket of surface 
seawater. Serial transfer through several buckets of 
surface seawater completed the rinsing process. The 
copepods were then either put into two 8 1 carboys of 
filtered seawater (Type A Expts), or an 80 l plastic tank 
filled with water from the chlorophyll maximum depth 
(Type C Expts). The 8 l carboys and 80 1 tank were 
immersed in a covered deck Incubator through which 
surface seawater was running. 

In 1994, seawater to feed to the copepods was col- 
lected at  the depth of the chlorophyll maximum at each 
of the sampling stations (10, 10 and 1 m at the NNS, 
ECLS and LS stations, respectively), using a biological 
pump fitted with a Seabird CTD probe and a sub- 
mersible fluorometer. In 1992, fresh seawater 'food' 
was collected each day from the surface, by bucket. In 
both years the seawater 'food' was stored until use in 
plastic carboys in the deck incubator. 

Type A Expts. Chlorophyll destruction by copepods 
in 12 h feeding incubations. Expts in 1994 - Expb A1 
(NNS), A2 (ECLS) and A3 (LS): Copepods. which had 
been collected at between 08:OO and 10:OO h on each 
occasion, were allowed to empty their guts in filtered 
seawater (FSW) for 3 h (see above), prior to being fed. 
The faecal pellets produced during this part of the 
experiment were collected and will be referred to later 
as 'wild type' faecal pellets. 

Prior to feeding, six 8 l carboys were filled to within 
600 ml of capacity. 3 with chlorophyll maximum 
(chl max) seawater 'food' which had been screened 
(100 pm mesh), mixed and sub-sampled for the deter- 
mination of biogenic silica (1 pm Nuclepore filters, 
frozen and stored at -20°C), particulate organic carbon 
(POC) and particulate organic nitrogen (PON) (GF/C 
filters, frozen and stored at -20°C); 3 with chl max 
water which had been screened (100 pm mesh), di- 
luted 5 tlmes with filtered seawater (0.2 pm mesh),  
mixed, and sub-sampled for silica, POC and PON. The 
first 3 carboys were the high (HI) food treatments, and 

the second 3 ,  the low (LO) food treatm.ents, in each 
series of incubations. 

The copepods were then concentrated (1000 pm 
mesh), rinsed (FSW) and  divided into 6 batches con- 
taining roughly equal numbers (about 350, 600 and 
230 per batch for Expts A l ,  A2 and A3,  respectively). A 
batch was added to each of the 6 carboys and an initial 
sample (1.5 1)  was taken from each carboy after invert- 
ing it several times. This was screened through a 
780 pm mesh (rinsing and returning the copepods to 
the carboy) and sub-sampled for determinations of bio- 
genic silica and pigments (GF/C filters, frozen and 
stored in liquid nitrogen for HPLC analysis). After 12 h ,  
the carboys were sampled (1.5 l] as they had been ini- 
tially. The copepods were screened off from the ca 5 1 
remaining in each carboy, rinsed and transferred to 
6 fresh carboys of screened seawater, prepared as 
before. For this, the second feeding period, copepods 
which had fed previously at HI food were transterred 
to carboys containing HI food, and copepods fed prevl- 
ously at  L 0  food were returned to L 0  food. Initial sam- 
ples were taken from the carboys as for the first feed- 
ing period. Subsequently, the seawater remaining 
from the 3 HI treatments of the first feeding period was 
combined, and the faecal pellets were collected 
(200 pm mesh), after removing most of the water by 
reverse filtration (100 pm mesh). The pellets were 
rinsed, re-suspended in FSW and sub-sampled for 
POC, PON, biogenic silica and pigmen.ts. This proce- 
dure was repeated for the pellets produced in the 3 L 0  
treatments. 

At the end of the second 12 h feeding period, the 
experimental procedures were repeated except that 
this time the copepods from the HI treatments were 
transferred to carboys containing L 0  food, and the 
copepods from the L 0  treatments were tra.nsferred to 
carboys containing H1 food. At the end of the third 
feeding period the experimental procedures were 
repeated, the copepods from the HI treatments being 
returned to HI food, and those from L 0  treatments to 
L 0  food. The experiment was ended after the fourth 
12 h feeding period when the copepods were pre- 
served in formalin (2 %) for subsequent enumeration, 
species identification and  the determination of pre- 
served dry weights. In each case copepod mortality 
was negligible d u r ~ n g  the course of the experiment. 

Experiments in 1992 - Expts A4 (25 May) and A5 
(29 May): In 1992, the experimental procedures were 
the same as those used in the HI treatments of the 
experiments carried out in 1994, except that: (1) the 
seawater 'food' was collected from the surface each 
day, so that its phytoplankton concentration and com- 
position was variable; (2) pigment destruction was 
followed over 7 or 8 sequential 12 h feeding periods; 
(3) only duplicate bottles were set up  for each experi- 
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ment (containing between 370 and 540 copepods per 
8 1 incubation bottle), (4) sub-samples were taken for 
pigment analysis after 3 h of ~ncubation, as well as at 
time T = 0 and T = 12 h, and (5) concentrations of 
chlorophyll and phaeopigments were measured using 
a Turner fluorometer 

Type B Expt. Leakage of material from faecal pel- 
lets. Expt B1 ( N N S ) :  The suspensions of each batch of 
faecal pellets in FSW collected In Expt A1 were 
divided in 2,  and only half was used immed~ately to fil- 
ter sub-samples for the determination of POC, PON, 
biogenic sll~ca and pigments The second half of each 
batch was left in FSW in a polycarbonate bottle in a 
laboratory fridge at  1°C (close to the in situ water tem- 

perature) and these were sampled after 24, 48, 64 or 
96 h of incubation. 

Type C Expts. Pigment destruction during gut pas- 
sage and defecation. Expts C1 (NNS) ,  C2 (ECLS)  and 
C3 (LS): Copepods which had been collected at the 
NNS, ECLS and LS stations in the morning were left in 
80 1 plastic tanks filled with chl max seawater (see 
above) until 19:00 h. Copepods were collected from the 
tanks by means of a 5 1 plastic bucket, the bottom of 
which had been replaced by a 1000 pm mesh. A total of 
about 750 copepods were used in Expt C l ,  about 1500 
in Expt C2, and about 600 in Expt C3. The copepods 
were rapidly divided into 15 batches of approximately 
equal number, which were put into 15 X 1 1 polycar- 

Table 1. Average copepod densities, initial chlorophyll (chl) concentrations and average filtration rates in Type A Expts. HI: high 
food treatments; LO: low food treatments. 'Incubations in which Phaeocystis sp. was visually abundant 

Exp t Copcpod Copepod Initial chl concen- Filtration rate (3 h)  Filtration rate (12 h) 
(Feeding period) density (ind. 1- l )  dry weight (mg I-') tration (pg 1.') (m1 mg"' h- ')  (m1 mg-' h- ' )  

A1 HI ( 1 )  42.8 23.5 7.41 5.22 
HI (2) 8.85 6.29 
L 0  (3) 1.33 7.74 
L 0  (4) 1.46 7.13 

A1 L 0  (1) 1.64 6.13 
L 0  (2) 1.89 6.51 
HI (3) 7.64 7.90 
HI (4) 7.44 7.23 

4 2  HI (1) 1.31 3.40 
HI (2) 1.25 2.19 
L 0  (3) 0.33 2.07 
L 0  (4) 0.31 1.60 

A2 L 0  (1) 0.20 1.37 
L 0  (2) 0.21 0.68 
HI (3) 1.84 2.20 
HI (4) 1.30 2.02 

A3 H1 (1 )  7.98 1.52 
HI (2) 9.56 2.57 
L 0  (3) 1.90 5.63 
L 0  (4) 1.89 5.46 

A3 LO(1)  1.47 3.81 
L 0  (2) 1.68 4.08 
HI (3) 10.84 4.24 
HI (4) 7.30 5.23 

A4 (1) 15.74 9.81 9.35 
(2)  18.63 10.77 9.27 
(3) 7.70 9.39 10.26 
(4 1 3.59 12.08 11.16 
(5) 3.17 10.42 9.73 
(6) 7.67 13.12 11.53 
(7) 9.44 10.29 8.74 

A5 (1) 7.63 4 58 5.70 
(2) 6.72 15.40 8 48 
(3) 4.97 - 3 06' 

(4) 5.07 2.83 ' 2 72' 
(5) 5.37 9.77 9 62 
(6) 4.64 13.91 8.89 
(7) 1.74 10.76 7.09 
(8) 1.58 11.13 6.96 
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bonate bottles filled with filtered seawater. Immedi- 
ately, the contents of 3 bottles were filtered (T= 0) on to 
GF/C filters (47 mm). The number of copepods on each 
filter was counted, and the filters were put into cryo- 
vials, frozen and stored in liquid nitrogen for HPLC 
analysis. The remaining bottles were put in the deck 
incubator and 3 bottles were sampled (as at T = 0) at 
30, 60, 120 and 180 min. 

Analysis of samples. HPLC ~dent~fications and quan- 
tiflcations of pigments, using known standards, were 
as described in Head & Harris (1992) Concentrations 
of biogenic silica, and of chlorophyll and phaeopig- 
ments using a Turner fluorometer, were measured as 
in Head (1992). POC and PON concentrations were 
determined using a Perkin Elmer 2400 CHN Analyser. 

RESULTS 

Type A Expts. Destruction of chlorophyll during 
12 h feeding incubations 

Feeding experiments in 1994: Expts A l ,  A2 and A3 

Copepod densities in the carboys varied in terms of 
numbers by a factor of >2 between experiments, but in 
terms of preserved dry weight, the range was only 
between 20 and 30 mg 1-' (Table 1). Calanus fin- 
n~archicus was always the most abundant species. C. 
glacialis was the second most abundant on the NNS 
and C. hyperboreus was the second most abundant at 
the other 2 stations (Table 2 ) .  

The pigment compostion of the algal food was very 
sim~lar in all 3 experiments (Table 3). Chl a (+ allomer) 
and fucoxanthin were the most abundant pigments: 
both are  characteristic of diatoms. At the NNS and LS 
stations, diatoms were visually extremely abundant in 
the water, but at  the ECLS station no large phytoplank- 
ton were seen. At the ECLS station, the presence of chl 
c3, and the relatively high ratio of pigment (chl a + a-  
type phaeopigment):biogenic silica suggest that the 
prymnesiophyte Phaeocystis sp. might have been pre- 
sent, as it had been further south in water in 1992 (see 
Expt A5) .  

Two methods were used to calculate the degree of 
chl a destruction. In the first, we compared the amount 
of chl a (+ allomer + chlorophyllide a )  cons.umed with 
the amount of a-type phaeopigment (pyrophaeophor- 
bide a + pyrophaeophytin a + phaeophytin a) pro- 
duced, by measuring their concentrations in the sea- 
water before and after grazing (Fig. l ) .  In the second, 
we compared the ratios of total a-type chlorin (chls + 
pi~dtlubj iv biogenic siiica in particuiate materlal before 
grazing with those in faecal pellets collected after 
grazing (Table 4). For the latter calculation it was 

Table 2. Calanus spp. Percentage species and stage composi- 
tions of copepods in Typc A Expts 

C. 
h yperboreus 

A l 
":) all copepods 
" L ,  species at stage 

VIF 
v 
1v 
111 

A2 
"L all copepods 
"L specles at stage 

VIF 
v 
1v 
I11 

A3 
":( all copepods 3 1 
"!# specles at stage 

VlF 3 2 
V 60 
1 V 6 
111 2 

A4 
' :A all copepods 
"L specles at stage 

VIF 
v 
IV 
111 

A5 
% all copepods 
'I,, specles at stage 

VIF 
v 
1v 
111 
11 

glacialis finmarchicus 

Table 3. Pigment composition and concentration, and pig- 
ment:silica ratios of food used in the first HI food treatment in 
Expts A l .  A2 and A3. Pigments accounting for < 2 %  of the 

total dre not included in the compositional analysis 

Plgments ( ~ n  order of 
retc3ntlon times) (%) 
p-- - 

Chl c3 
Chlorophyllide a 
Chl cl + c2 
Fucoxanthin 
19-Hexanoyloxyfucoxanthin 
Pyrophaeophorbide a 
Diadinoxanthin 
Chl a (+ allomer) 

Initial a-type chl + a-type 
phaeopinmnnt rnnr ! ! I ~ J  I-'! 

Initial (a-type chl + phaeopig- 
rnent) silica ratio (pg:pg-at.) 

Expt 
A1 A2 A3 
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important that biogenic silica concentrations remained 
constant throughout the incubations, i.e. that the bio- 
genic silica was conserved during feeding. We found 
that this was the case. In Expt A2, feeding rates were 
so low in both HI and L 0  treaments that silica concen- 
trations could not be measured accurately in the faecal 
pellets. Thus, the silica ratio method was only used for 
Expts A1 and A3. 

For both methods, it was assumed that the 3 a-type 
phaeopigments were the only important end-products 
of chl a degradation. This assumption was confirmed 
by assessing the pigment composition of faecal pellets 
(Fig. 2). There was only 1 unidentified peak (retention 
time ca 12.5 min) that ever made a significant contri- 
bution to the total fluorescent pigment pool. Although 
it might have been derived from chl a ,  it was probably 
not a simple a-type phaeopigment because it did not 
have the characteristic ratio between its fluorescence 
and absorption peak areas. It was, in any case, only 
important in pellets produced in incubations at the 
NNS station, and then only when the copepods were 
fed at L 0  food concentrations. The chromatograms 
(Fig. 2) do not show the region w h c r ~  the cholesterol 
esters of the phaeophorbides would have eluted 

Fig. 1. Initial chlorophyll a (chl a)  
concentrations (m) and degrees of 
chl a destruction (0) dunng se- 
quenti.al. 12 h feeding periods in 
Expts A l ,  A2, and A3. HI: high food 
treatments; LO: low food treat- 

ments 

( r 2 5  min), but in runs wh~.ch were extended for up  to 
35 min there were no more fluorescent peaks. 'Wild 
type' faecal pellets contained the same pigments as did 
those produced during the experiments, but with 
higher proportions of the intact algal chlorophylls, per- 
haps because of contamination with adherent algae. 

For Expts A1 and A3, both methods of assessing pig- 
ment destruction gave similar results (Fig. 1, Table 4 ) .  
Both showed that degrees of chl a destruction were 
higher in the L 0  than in the HI treatments, and that 
degrees of destruction were generally higher in Expt 
A 1  than in equivalent incubations in Expt A3, even 
though initial chlorophyll concentrations were similar. 
For Expt A2, in which only budget calculations were 
possible, the degree of chl a destruction was always 
close to 100%. In fact, in thls case, there was some a- 
type phaeopigment present in the water before graz- 
ing which usually decreased in concentration during 
incubation, so that calculated degrees of chl a destruc- 
tion were apparently > 100 %. In Fig 1 and in our later 
discussion, however, 100'21, was used as maximum. 

By comparing the P0C:bloyenic silica and P0N:bio- 
genic silica ratios in food and faecal pellets in Expts A1 
and A3, assimilation efficiencies for the carbon and 
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Table 4. Estimates of pigment destruction and assimilation efficiencies for rdrbon and nitrogen in Expts A 1  and A3, using the sil- 
ica ratio method. 'Pigment'. sum of chl a (+ allomer + chlorophyllide a )  plus a-type phaeopigment (pyrophdcophorbide a + 

pyrophaeophytin a + phaeophytin a).  POC: particulate organic carbon; PON: particulate organic nitrogen 

Expt Pigment:Si P1grnent:Si Pigment P0C:Si POC.SI POC PON:SI PON-Si PON 
(Fetsdlng in food in faecal destruction in food in faecal assimilation in food in faecal assimilation 
per~od)  pellets pellets pellets 

(pg:pg-at.)  (pg:pg-at.) ( l  (pg:pg-at.) (pg.pg-at.)  ) (pg:pg-at ) (pg:pg-at.)  ('!;,) 

A 1  1-II (1) 1.35 0.58 57 104.8 38.2 64 16.0 5.3 67 
HI (2) 1 ..l3 0.78 4 9 104.8 26.7 74 16.1 4.3 73 
L 0  (3) 1.06 0.18 83 102.8 65.5 36 18.2 9.9 45 
L 0  (4) 1.39 0.30 7 9 75.7 31.2 59 15.4 7.7 50 

A 1  L 0  (1) 0.94 0.11 U!, 136.6 51.9 62 18.4 9.3 4 9 
L 0  (2) 1.33 0.20 8 s  136.6 65.6 52 20.7 13.1 37 
H1 ( 3 )  1.40 0.44 69 99.6 18.7 81 15.4 2.8 82 
Hf (4) 1.41 0 62 5 6 86.4 18.3 7 9 14.6 3.2 7 8 

A3 H1 (1) 1.06 0 74 3 0 82.0 23.2 72 10.2 3 7 64 
HI (2) 1.11 0 92 17 79.5 14.1 82 9.9 1.9 8 1 
L 0  (31 1.17 0 37 68 49.9 30.8 3 8 9.9 4.7 5 2 
L 0  (4) 1.11 0 40 64 66.9 52.9 2 1 10.2 5 7 44 

A3 L 0  (1) 0.86 0.32 63 86.8 12.3 86 10.6 2 1 80 
L 0  (2) 0.91 0.50 45 71.9 16.3 77 10.0 3.0 7 0 
H1 (3) 1.34 1.06 2 1 70.5 13.3 8 1 11.2 2.0 82 
HI (4)  1.23 0.85 3 1 68.2 18.4 73 12.3 2.3 81 

WILD TYPE PRODUCED AT HI FOOD PRODUCED AT L 0  FOOD 

Fig. 2. Fluorescence chromatograms of samples of faecal pellets collected from copepods which had fed in situ (column 1) or in 
feeding incubations (columns 2 and 3). Identified peaks: ( l )  chl c3; (2) chlorophyllide a; (3) chl C (cl + c2) ;  (4) pyrophaeophorbide 
a, (5) phaeoporphyrin c-like; (6) phaeoporphynn c-like; (7) chl h; (8) chl a allomer; (9) chl a; (10) phaeophytin a; (11) pyrophaeo- 

phytin a 
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nitrogen could be determined (Table 4) .  These tended 
to be higher in HI treatments than in L 0  treatments. 

15 SO 

Phaeocystis sp, were clearly visible. HPLC analysis 
showed low levels (ca 2%) of chl c3 and 19-hexanoy- 
loxyfucoxanthin, both of which are characteristic of 
Phaeocystis sp. (Jeffrey & Wright 1994). 

The pigment composition of faecal pellets collected 
following each incubation period was assessed by 
HPLC analysis. The pellets contained the same fluo- 
rescent pigments as did those from the 1994 experi- 
ments. The unidentified peak at ca 12.5 min was some- 
times seen, and was most prevalent in pellets 
produced during the fourth and fifth feeding periods of 
Expt A4, i.e. when copepods which had been feeding 
at high food concentrations were transferred to lower 
food concentrations (Fig. 3).  

In Expts A4 and A5 degrees of chlorophyll destruc- 
tion were calculated from the concentrations of chlo- 
rophyll and phaeopigments, determined by Turner 
fluorometry, in the water before and after grazing 
(Fig. 3).  Initial samples often had apparently nega- 
tive concentrations of phaeopigment, because of 
interference by chl c. In these cases initial phaeopig- 
ment concentrations were set to zero in the calcula- 
tions. The results were similar to those obtained in the 
1994 experiments, although the results from the third 
and fourth feeding periods of Expt A5 were somewhat 
anomalous. Filtration rates in these incubations were 
also anomalously low (Table l ) ,  and this may have 
been because Phaeocystis sp. was present. For these 
feeding periods, the levels of pigment destruction in 
the 2 incubation bottles were rather different, in con- 
trast to the results for all other feeding periods (Fig. 3). 
Here, however, the bottles were not true replicates. 
For 1 carboy the Phaeocystis sp, food had been 

Feeding experiments in 1992: Expts A4 and A5 - - - 
5 The water fed to the copepods during the first two 
C 

12 h feeding periods was collected at the same time as .- 0 5 
d 

the copepods had been, so that the first 2 feeding E 
d 

periods of Expts A4 and A5 were analogous to the first C 

Fig. 3. Initial chlorophyll concentrations (m) and degrees of 
chlorophyll destruction (0) during sequential feeding periods 

in Expts A4 and A5 

' P\ 
, , \o I W  - .  . 

f - 8 -. - 
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screened at 100 pm mesh, as in all other incubations, 
but for the second, it was not screened. HPLC analysis 
of screened and unscreened water showed that 
screening did not change the concentration of any of 
the pigments very much, but it probably broke up the 
large Phaeocystis sp. colonies. Also, although we aver- 
aged the filtration rates between the 2 carboys in 
Table 1, rates in the screened carboys were actually 
1 1  m1 mg-' h-', whereas those in the unscreened bot- 
tles were between 2 and 4 m1 mg-' h-'. The highest 
degrees of chlorophyll destruction (Fig. 3) occurred in 
each of the screened bottles, in which filtration and 
ingestion rates were much lower than, those in the 
unscreened carboys. 

In 25 out of 28 incubations degrees of pigment 
destruction over the first 3 h of incubation (data not 
shown) were apparently equal to, or higher than, 
degrees of destruction over the whole 12 h feed~ng 
period. Degrees of destruction might have been over- 
estimated during the first 3 h, however, because 
changes in phaeopigment concentrations were proba- 
bly not determined very accurately during this period. 
This is because initial samples often appeared to have 
negative phaeopigment concentrations, because of 
interference by chl c, which were set to zero in calcu- 
lations. After 3 h ,  phaeopigment concentrations were 
apparently only slightly above zero, but these values 

8 o 10 2 
2 of the HI/LO treatments in the 1994 experiments. o C 1 2 3 4 5 6 7  v, 

0 
U 

The densities of copepods, in terins of both numbers - txpr .  ~ 5  - - U 
and dry weight, were similar to those used in 1994 A 20 

L 
a 

(Table l ) ,  and the same 3 Calanus spp, accounted for 2 
100 % of the copepods (Table 2). 0 

2 l 5  
0 The pigment composition of some of the seawater - 
m 

'food' samples was assessed using HPLC, and its com- . - 
d ., 10 

position was consistent with visual observations that I 

diatoms were dominant, except for the seawater 'food' 
5 - -  

used during the third and fourth feeding periods of 
Expt A5. The seawater used in these feeding periods 

-, X 

--  

c ~~~~ -- 5d14 
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60 

---K 40 <;:<l 20 

was collected at the same time and large colonies of 0 0 
1 2 3 4 5 6 7 8  
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were probably artificially low, again because of inter- 
ference by chl c. After 12 h of grazing the effect of chl c 
became less important, however, because its concen- 
tration was much lower. 

Feeding rates and chlorophyll destruction in 
1994 and 1992 

In the 1992 experiments, filtration rates (12 or 3 h) 
were relatively high and relatively constant through- 
out the experiments, except when Phaeocystis sp. was 
present (Table 1). Thus, chlorophyll ingestion rates 
increased linearly with increasing initial food concen- 
tration, except when Phaeocystis sp, was present 
(Fig. 4). In 1994, by contrast, filtration rates were vari- 
able: they were lowest at the ECLS (pre-bloom) sta- 
tion, and highest at the NNS (mid-bloom) station. At 
the LS (early bloom) station, they increased markedly 
during the experiments, and there was a similar trend 
at the NNS station. Because of this variability, the rela- 
tionship between ingestion rate and initial food con- 
centration was not as obviously linear. 

In 1992 and 1994, the degree of chlorophyll destruc- 
tion showed considerable variability with ingestion 
rate, but overall it was generally between 60 and 100% 
at initial ingestion rates of c20 ng mg-' h-', somewhere 
betweev about 30 and 70% at initial ingestion rates of 
between 25 and 60 ng mg-' h-', and between 40 and 
50% at initial ingestion rates of >75 ng mg-' h-' 
(Fig. 4). 

Type B Expts. Leakage of pigment, POC, PON and 
biogenic silica from faecal pellets produced by 

copepods in Expt A1 

Isolated faecal pellets produced in the HI treatments 
of Expt A 1  did not leak pigment, biogenic silica, POC 
or PON over periods of up to 4 d (Fig. 5 ) .  In the L 0  
treatments, however, biogenic silica and POC levels 
remained the same for pellets incubated for 1, 2 or 3 d,  
while pigment and PON levels were apparently 20 to 
30 % lower after 2 d. The sample of faecal pellets which 
had been incubated for 4 d showed lower levels for 
every component. This might have been because the 
initial suspension of faecal pellets was not split exactly 
evenly. 

Type C Expts. Destruction of phaeopigment during 
gut passage and defecation 

Copepod concentrations varied between 44 and 
70 ind. 1-' in incubation bottles in Expt C l ,  between 

5 1 0 15 20 

Inirwl chlorophyll conc. (p; I l )  

o 1992 d i m  o 1994 dxra a 1992 Pl~oooc.,s.vli.c. sp. presenr 

Fig. 4. Relationships between (A) initial ingestion rate and ~ n i -  
tial chl a (1994 data,  Expts A1 to A3) or initial chlorophyll 
(1992 data,  Expts A4 and A5) concentration and between (B) 
ingestion rate and the observed degree  of chl a (1994 data) or 
chlorophyll destruction (1992 data).  The line in the lower 
panel was derived from the linear regression shown in Fig. 7 

83 and 170 ind. 1-' in Expt C2 and between 29 and 
60 ind. I-' in Expt C3.  In these experiments, phaeopig- 
ment would have been in the copepods' guts at the 
begining of each incubation, and in faecal pellets in 
suspension at the end. We did not attempt to separate 
the 2 pools: we were only concerned with examining 
the overall pigment budget. Chl a was also present in 
the samples. It might have been in copepods' guts at  
the start of each experiment, but it might also have 
been in algae which we had not managed to rinse off 
the copepods. Chl a was included in the pigment bud- 
gets, although concentrations did not change system- 
atically during incubation. The concentrations of a- 
type rh l s  + ph5eclr per cepepcd =.aric=l rcnsider~lsly 
between experiments (Fig. 6), with chlorophyll ac- 
counting for between 16 and 56% of the total in Expt 
C l ,  between 9 and 100% in Expt C2 and between 2 
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Hour5 of incubation 

Fig. 5. Leakage of material from faecal pellets collected dur- 
ing Expt 41. Samples of faecal pellets from (A) Hl and ( R )  L 0  
treaments were sp l~ t  in half and one half was sub-sampled 
immediately, while the other was incubated in filtered seawa- 
ter. Concentrations of pigments (a-type chls + phaeos), silica, 
particulate organic carbon (POC) and particulate organic 
nitrogen (PON) in the suspensions after incubation are 
expressed as a percentage of the concentrat~ons in the sus- 

pensions sampled immediately after collection 

and 4 % in Expt C3. The sum of the concentrations or 
a-type chls and phaeos would not have exceeded 0.5, 
0.05 and 2 pg 1-' in Expts C l ,  C2 and C3, respectively, 
even if all pigment had been in algae and faeces in 
the water. There was some variability in the concen- 
trations of pigment per copepod, but progressive pig- 
ment destruction, or loss, did not occur during any of 
th.e experim.ents. 

DISCUSSION 

Degrees of chl a destruction in replicate carboys in 
Type A Expts were very consistent (Figs. 1 & 3).  This is 
dn important point, because degrees of pigment 
destruction, reported in other studies have often been. 
very variable (e.g. Conover et al. 1986, Lopez et al. 
1988, Penry & Frost 1991, Head & Harris 1992) and 
results have thus been subject to questions concerning 

Time (mins) 

Fig. 6. Pigment kinetics during gut passage and defecation. 
Pigment concentrations (a-type chls + phaeos) were mea- 
sured for each bottle by filtering the entire contents, without 
separating copepods from their faeces. Concentrations are 
expressed per copepod, because the pigment content of each 
bottle was derived from pigment initially in copepods' guts, 
and there were different numbers of copepods in each bottle 

experimental and analytical techniques. Despite the 
low variability between replicates, however, there was 
a wide range of degrees of chlorophyll destruction (25 
to 10010). The most important factor affecting the 
degree to which it occurred was ingestion rate. This 
was also surmised by Penry & Frost (1991), but here we 
have shown how variations in filtration rate may con- 
found the expected effect of food concentration on 
ingestion rate (and hence on the degree of chlorophyll 
destruction). Thus, for a given population of copepods 
feeding at a given filtration rate, a decrease in food 
concentration will lead to a decrease in ingestion rate 
and to an increase in the degree of chlorophyll 
destruction, but if a change of food type induces a 
change in filtration rate (e.g. the introduction of Phaeo- 
cystis sp. in Expt A5), then even if the food concentra- 
tion remains constant, ingestion rate and degree of 
chlorophyll destruction will change. Changes in filtra- 
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tion rates can be caused by factors other than the intro- 
duction of a different type of food. For example, in 
Expts A1 and A3, filtration rates increased during the 
2 d of the experiment. This might have been because 
the copepods were initially suffering from capt.ure 
stress and were gradually becoming more active; or 
because they were becoming increasingly hungry, 
because they were depleting the food significantly 
during each 12 h feeding period (e.g. Hassett & Landry 
1988); or because we were sampling during the early 
or mid-spring bloom period, i.e. at a time when their 
filtration rates were increasing naturally to some phys- 
iological maximum (e.g. Runge 1980). In Expt A4, 
where copepod filtration rates were highest, they were 
relatively constant throughout the experiment. Per- 
haps these filtration rates were maximal values, which 
could not have been increased in response to hunger. 
In contrast, copepods from the ECLS station (Expt A2, 
pre-bloom) might have had low filtration rates because 
they had not yet started feeding actively. Another rea- 
son, however, might have been the presence of Phaeo- 
cystis sp., and the fact that the seawater was screened 
before being fed to copepods (cf. Expt A5). 

The combined results of the Type B and Type C Expts 
suggest that most chl a destruction by copepods does 
not occur during gut passage, nor because of loss 
during 'sloppy' defecation, nor because of leakage of 
pigment from faecal pellets, either in the presence or 
absence of copepods. Instead, it occurs at  a n  earlier 
stage. Some leakage might occur during 'sloppy' feed- 
ing (Roy et  al. 1989), but it seems unlikely that close to 
100% of ingested chlorophyll could ever be lost in this 
way. Another explanation might be  that copepods con- 
tain a n  enzyme (or a number of enzymes) which cata- 
lyse the formation of colourless rcsidues. Indeed the 
presence of such an  enzyme was postulated, over 
20 years ago, as a mechanism by which Daphnia de- 
stroyed chlorophyll when grazing on algal cultures (Da- 
ley 1973). If such an  enzyme, or enzyme system, does 
exist, then its action occurs early during ingestion and is 
relatively rapid. We make these assertions because lev- 
els of lntact chlorophyll are usually very low in cope- 
pods' guts, and because in experiments in which pre- 
starved Calanus spp. were fed with diatoms, only 
pyrophaeophytin a and pyrophaeophorbide a and no 
other fluorescent intermediates were found during the 
early stages (0 to 30 min) of gut filling (Head unpubl. 
data). It is unlikely the phaeopigments themselves 
are intermediates, since they are not degraded during 
gut passage. Thus, when chl a is ingested its degra- 
dation goes via one of 2 pathways: one leads to 
phaeopigment formation and the other to colourless 
residues. This conclusion is consistent with ideas con- 
cerning chl a degradation in both higher plants (Brown 
et al. 1991) and senescent algae (Spooner et  al. 1994), 

and with observations of chl a destruction in cell free 
extracts of diatoms (Owens & Falkowski 1982). The re- 
actions by which chl a is rendered colo.urless are largely 
unknown, although oxidation and ring cleavage are 
probably involved. In our discussion, for convenience, 
we will call the responsible enzyme (or enzymes) 
simply the 'chlorophyll bleaching enzyme' (CBE). 
According to this view, the degree of chl a destruction 
should be  regulated by the level of CBE. In order to 
examine the way in which CBE activity might vary with 
ingestion rate we used the following expression: 

%, pigment destruction = CBE X 100 /ingestion rate 

CBE activities were calculated from initial ingestion 
rates and measured degrees of chlorophyll destruction. 
This model is simplistic, because the values that were 
used for ingestion rates were the initial instantaneous 
values, and the degrees of destruction were the 1 2  h 
integrated values, but, nevertheless, the relationship 
between estimates of CBE activity and intial ingestion 
rate was strikingly linear (r2 = 0.94, N = 102), and the 
linear regression gave a positive y-intercept (Fig. 7) .  
The simplest explanation for such a relationship is as 
follows. There is a basal level of CBE activity (or low, 
constant rate of CBE synthesis) in copepods, which is 
represented by the intercept on the y-axis. There is 
also a second component of the total CBE activity 
whose concentration (i .e ,  activity) is directly propor- 
tional to the uptake of chlorophyll. There are 2 possible 
sources for this second component. The first is cope- 
pods themselves, if increased ingestion stimulates CBE 
synthesis. This is probably not the primary source, 
however, because if it were, then it is likely that at  high 
ingestion rates the rate of CBE synthesis itself would 
have become rate-limiting, and the relationship would 
have flattened off. The second possibility is that the 
variable component derives from the algae. This seems 
to be a more plausible option. Owens & Falkowski 

Ingestion rate (ng mg-I h") 

Fig. 7 Relationship between the est~rnated 'chlorophyll 
bleaching enzyme' (CBE) activity and initial ingestion rate for 

Type A Expts 
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(1982) found that cell free extracts of diatoms degrade 
chl a to colourless products in vitro, in the dark, and 
that for Skeletonema costatum, at  20°C, the degree of 
chl a destruction tended to a limlt of ca 45%.  Intact 
cells did not degrade chl a ,  so that CBE activity was 
normally latent, perhaps because it is stored in mem- 
brane-bound vesicles. Copepods, by grinding up the 
diatoms during ingestion, mix the algal enzymes with 
their substrates, thus causing chl a destruction. 

Another reason for suggesting that much of the CBE 
activity is derived from the algae is the fact that its 
activity (as manifested by thc degree of chlorophyll 
destruction) does not behave like the activities of other 
digestive enzymes (as manifested by the assimilation 
efficiencies for POC and PON). High assimilation 
efficiencies for POC and PON occurred at  high inges- 
tion rates, whereas degrees of chlorophyll destruction 
were high only at low ingestion rates [Table 4 ) .  In addi- 
tion, chlorophyll degraddlion apparently occurs very 
rapidly as food enters the gut, whereas the high assim- 
ilation efficiencies for carbon and nitrogen probably 
result from prolonged digestion of carbohydrate and 
protein and assimilation of end-products all along the 
gut. 

While the correlation between CBE activity and 
ingestion rate is strong, it does not exclude the possi- 
bility that algal or copepod CBE activity may vary 
with species composition or physiological state. For 
individual experiments, for example, correlations 
between CBE activity and initlal ingestion rate were 
always high, but the values for the slopes (algal CBE) 
varied between 0.29 and 0.51, and the values for the 
intercepts (copepod CBE), between 1.20 and 4.64 ng 
mg-' h-'. Differences in the slopes might have 
resulted from differences in algal composition, 
because algal species exhibit variable levels of chloro- 
phyll degrading ability in vitro, with some diatoms 
(e.g.  Skeletonema costatum) showing high levels of 
CBE, and others (e.g.  Thalassiosira pseudonana) rela- 
tively low levels (Owens & Falkowski 1982). Algae 
with low inherent CBE activity will give low slope val- 
ues, and  low degrees of chl a destruction at  high 
ingestion rates. Differences in vaIues of the y-inter- 
cept between expenments might have been due to 
physiological differences between copepod popula- 
t i o n ~ .  It is also possible, however, that the differences 
seen in both parameters might merely be  reflecting 
the oversimplicity of the analysis. The incubations 
were for 12 h,  and the degrees of chlorophyll destruc- 
tion were measured over that time. Ingestion rates, on 
the other hand, were represented by instantaneous 
values, i.e. initial ingestion rates, and CBE activities 
were also given single values. The values of the para- 
meters describing the linear regressions would have 
depended on experimental conditions because, con- 

trary to the assumptions of our simple model, both 
CBE activity and ingestion rate tvould have been 
changing during the course of an  incubation. Thus, 
although this analysis has provided a mechanistic 
interpretati.on of how chl a destruction occurs, which 
should be generally applicable, the values of the 
parameters may not be particularly significant. 

Our interpretation predicts the high level of vari- 
ability in perceived degrees of chlorophyll destruction 
at low intitial ingestion rates (Fig. 4 ) .  In these incuba- 
tions degrees of chlorophyll destruction tvould have 
been increasing with time as ingestion rates de- 
creased, but at  different rates in each incubation, 
because densities of copepods and their filtration rates 
were different. Additional vanability m.ight also occur 
if variable incubation times were to be used. One 
might suppose that short incubation times (ca 1 to 3 h) 
tvould be preferable so that food concentrations 
would change only minimally, but, in our experience, 
they are not recommended. Copepods do not always 
start feeding immediately when they are introduced 
into a carboy of food, and even the action of mixing 
the carboy can apparently cause a temporary 
decrease in grazing activity (Head 1988). Further- 
more, as discussed above, estimates of pigment 
degradation obtained using a Turner fluorometer may 
be more susceptible to error if short incubation peri- 
ods are  used. 

In summary, this study has shown that chl a destruc- 
tlon by copepods grazing on phytoplankton occurs 
rapidly at  a n  early stage of feeding and  that phaeopig- 
ments are  not intermediates in the process. The degree 
of destruction varied with ingestion rate, and the rela- 
tionship between the 2 could be explained by invoking 
the presence of 2 pools of enzymes capable of rend.er- 
ing chl a into colourless residues (so-called CBE): one 
derived from the copepods themselves, and one from 
the ingested algae. In this study, previous feeding his- 
tory had less of an  effect on the level of CBE activity in 
copepods than it dtd on filtration rate, which in turn 
affected both ingestion rate and the degree of chloro- 
phyll destruction. This interpretation can explain, and 
indeed predicts, the high degree of variability in per- 
ceived degrees of chl a destruction such as was 
observed here and has been seen elsewhere. These 
findings also suggest that measurements of gut pig- 
ment concentrations will reflect the degree of chl a 
destruction which is occurring, because destruction 
occurs very early during ingestion. On the basis of our 
findings we would caution that measurements of 
ingestion rates derived using the gut fluorescence 
method which ignore chlorophyll destruction are fun- 
damentally flawed, although our greater understand- 
i.ng of the process may lead us to some predictive 
capaclty in this area in the future. 
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