
Vol. 177: 133-146, 1999 1 MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser 

l Published February 11 

Annual pattern of calanoid copepod abundance, 
prosome length and minor role in pelagic 

carbon flux in the Solent, UK 

A. G. Hirst*, M. Sheader, J. A. Williams 

School of  Ocean and Earth Science, University of Southampton. Southampton Oceanography Centre, Empress Dock, 
Southampton S014 3ZH, United Kingdom 

ABSTRACT: Investigation of the calanoid copepods at  a coastal station in the Solent, UK, over a 14 mo 
period revealed a numerical dominance by species of the genus Acartja (comprising A. bifilosa, A .  
c laus~,  A .  discaudata and A.  margalefij, and the specles Temora longicornisand Centropages hamatus, 
wlth sporadic appearances of Paracalanus parvus and Pseudocalanus elongatus. There was clear sea- 
sonality in the abundance of calanoids, with total numbers being highest from May onwards, and low 
after October Stage-specific prosome lengths vaned with season, and  in most cases were negatively 
correlated with temperature. Individual weights and abundance of the copepods, together with mea- 
sures of temperature, were  used to predict weight-spec~fic growth and production rates using a pub- 
lished emplrlcal relationship. Comparisons of annual copepod production with prevlous measures of 
annual primary production and production of bacteria and clliates at this same site were  made,  and  a 
carbon flow dlagram was constructed. Calanoid copepod annual production was 32.2 mgC m-3 yr.' 
This represents only 0.5 O/i of the total annual primary production, and 0 6 % of the annual primary pro- 
duction of algae >3 pm. Ciliate annual production was almost 2 orders of magnitude higher, and con- 
stituted 33 % of the total annual primary production. In other nentic studies (with water column depths 
c 2 0 0  m)  annual production by copepods has vaned between 21 and  177% of annual ciliate production, 
whereas at this Solent site the value was only 1 5%.  It is suggested that the low biomass (and produc- 
tion) achieved by calanold copepods was the consequence of population loss through high local flush- 
ing rates, unfavourable feedlng conditions resulting from high suspended particulate matter, and high 
levels of hydrocarbon contaminants in the area.  
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INTRODUCTION 

The Solent is a marine body of water situated at 
the opening of Southanlpton Water, on the south 
coast of the UK. The area is heavily industrialised, 
with major petroleum refinery installations on the 
west side of Southanlpton Water, and,  to the north, 
the large city of Southampton. Although surveys of 
the mesozooplankton of Southampton Water have 
been undertaken by several workers over many 

years, comprehensive species-specific examinations 
of the zooplankton in this body of water have not 
been undertaken since those by Raymont & Carrie 
(1964). The Solent is situated to the north of the Isle 
of Wight, and is linked to the English Channel on 
either side of this island. Tidal features of the Solent 
are complex and characterised by a long stand of 
high water consisting of a double high tide, during 
which there is little water movement over a period of 
2 to 3 h (Webber 1980). The Solent and Southampton 
Water are e u t r o ~ h i c ,  and the water column is par- 
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cod-end net (mouth opening diameter 
50 cm, net length 125 cm). The mesh size 
chosen ensured coverage of most of the 
copepodite stages, whilst minimising 
the reduction in filtering efficiencies dur- 
ing the periodic phytoplankton blooms 

- which occur here. The net was towed 
horizontally at a speed of 2 knots for less 
than 5 min. A calibrated T.S Flowmeter 
(Tsurumi-Seiki Co. Ltd) was flxed in the 
mouth of the net to determine the water 
volume filtered. After towing the net was 
washed thoroughly, and the catch pre- 
served in 4 % formaldehyde-sea water. 
On 2 occasions (12 March 93 and 26 
March 93) the usual net could not be 
used and a 200 pm mesh net was used as 
a replacement. 

- Temperature and salinity measure- 
ments were taken at 5 and 10 m depth, 
using a field T-S probe at each of the 
stations concurrently with the collec- 
tion of zooplankton samples. Samples 
of water for pigment analysis were col- 
lected from 5 and 10 m, using a 5 1 

I 
l"20' Niskin water bottle; samples were fil- 

tered through Whatman (GF/C) filters, 
Fig. 1. Location of the Calshot site (the Solent, UK) investigated in the present and analysed fluorometrically for chloro- 

study phyll a and phaeo-pigments after 90% 
acetone extraction (protocol described 
in Kifle 1992). 

located on the eastern limit of the dredged shipping After storage of the zooplankton material in excess of 
channel. 6 mo, samples were concentrated to a fixed volume, 

This study forms part of an on-going investigation and 2% sub-samples taken using a Stempel pipette. 
into the mesozooplankton of the area. The site has pre- The sub-samples contained very large amounts of sed- 
viously been used in examinations of the seasonal iment, detritus and phytoplankton material, and zoo- 
cycle, i.e. abundance, biomass and production rates of plankton was therefore carefully separated out with 
ciliates (Leakey et al. 1992), bacteria (Antai 1989) and the aid of a S-shaped Bogorov tray and binocular 
size-fractionated primary production (Iriarte & Purdie microscope. All zooplankton were enumerated and 
1994). The present investigation was designed to add identified, although this study presents detailed results 
to the body of information on pelagic carbon flux at this for only the dominant calanoid copepod component 
particular site by measuring abundances of the (other components described in Hirst 1996). Cope- 
calanoid copepods and by estimating their contnbu- podites were identified to species level, although in ihe 
tion to pelagic carbon fluxes. case of Acartia the non-adult copepodites were only 

classified to genus, and separated into the groups: C l ,  
C2, C3, C4 (sexed when possible), C5 female and 

METHODS male, and C6 female and male. Naupliar stages were 
not identified to species level but were counted. Pro- 

Zooplankton were collected at 5 m from a 15 m deep some lengths were measured for all individuals using 
site in the Solent, marked by the Calshot fixed shipping a calibrated eye-piece graticule (where 1 division 
buoy (Fig. l), over a 14 mo period (December 1992 to equalled 8.91 pm), at a standard magnification of 100x. 
January 1994). Samples were taken at  the high tide No correction was made to these measurements as 
'stand' during daylight hours, as close to spring tide as shrinkage due to preservation is minimal (Durbin & 
boat facilities and weather would allow. Plankton sam- Durbin 1978). Prosome length measurements were 
ples were collected using a 118 pm mesh non-filtering made on a total of 3966 individuals, and although 
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(Laurence 1976) Carbon weights were calcu- I-I-- I- - --- r 4 -  

lated assuming these to be 40% of dry weight 
(Omori & Ikeda 1984, BiSmstedt 1986). Adult 
Acartia weights were determined using the 
appropriate speciesspecific equation, whilst 
for non-adult copepodites the length-weight 
equation for whichever Acartia species was 
numerically dominant in the adult stage was 
applied. As there was no equation available for 
A. discaudata and A.  n~argalefi, the equations 
for A. bifilosa and A. clausi respectively were 
applied (as body form is similar between these 
species). A. bifilosa weights were determined 
using the equation describing carbon weight 
(C, pgC) as a function of prosome length (PL, 
l ~ n ~ ) ,  where log, C = -2.285 + 0.003793PL (M. 
Koski pers, comm.). Unfortunately, given the 
variation in stage abundances resulting from 
the mixing in the area, and the resolution of 
sampling, we made no attempt to describe 
growth using cohort methods. As an  alterna- 
tive, growth of copepods was estimated using 
the globally predictive equation of Hii-st & 

Lampitt (1998): 

0 .3221(10g~~ BW) - 

D J F M A M J J A S O N D J F  
1993 1994 
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Fig. 2.  Seasonal patterns at  the Calshot slte. (a) Chlorophyll a and 
phaeo-pigment concentrations; (b) temperature and sal~nity,  and  (c) bio- 
mass of copepods. Physical-chemical measurements are  averages of 

values at 5 and 10 m depth 

where g (d-') is weight-specific growth, T ("C) is tern- 
perature, and BW (pgC ind.- ') is individual body 
weight, adult males were assumed not to grow. Indi- 
vidual weights rather than mean values, and the tem- 
perature at the time of sample collection were utilised. 
Production was determined by multiplying weight- 
specific growth (g) for each individual by its calculated 
in situ biomass (pgC m-3), given the sub-sample size 
and volume of water filtered. Annual production was 
derived for each species separately, except for Acartia 
spp. where all species were considered together, using 
trapezoidal integration between points. Total produc- 
tion was derived simply as the sum of production for 
each of the copepod species. 

RESULTS 

Temperature, salinity, chlorophyll a and phaeo-pig- 
ment measurements over the 14 mo investigation are 
presented in Fig. 2. Temperature shows a cyclical annual 
pattern with the highest temperatures recorded in mid- 
August at 18.4'C, and the minimum at the beginning of 
December at 6.0°C. Chlorophyll a peaked at 11.9 1-19 1-I 
in May, and on only 3 occasions fell below 2 pg 1- l ,  in De- 
cember, January and April. Phaeo-pigments concentra- 
tions peaked in March at >8  pg I-', and also later in the 
year during August at > 8  pg 1-l .  October 1993 was a 
period of particularly heavy rainfall, and this explains the 
unusual low salinity (29.5%0) observed at the Calshot 
site. Salinity on all the other occasions it was measured 
was fairly stable, varying between 32.6 and 34.3%0. 
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Fig. 3. Abundance of Temora longicornis (C1 to C6) over the 14 mo 
investigation (note scale change) 

Abundance patterns 

Abundances of copepodite stages over the 14 mo 
investigation at Calshot are presented in Figs. 3 to 6. 
Although other calanoid copepod species not pre- 
sented in detail here were occasionally present, these 
were always very rare, and then appearance spo- 
radic. Ternora longicornis was most abundant from 
April through to August, and typically absent during 
the winter months October to February (Fig. 3). Max- 
imum concentrations of males and females were 
found in July when together they totalled 39 ind. m-3, 
C5 abundances also peaked at this point, while the 
densities of all the earlier copepodite stages peaked 
in May. Centropages hamatus copepodites were 
abundant from April until November, and rare or 
absent during the late winter and spring (Fig. 4). 

Adult concentrations peaked in July at 
53 ind. m-3. Abundances of stages generally 
fell rapidly after August, although abun- 
dance of C3s and C4s showed small sec- 
ondary peaks in November. Acartia spp. 
were dominant throughout much of the 
year, with peaks in numbers during both 
April-May and July-August (Fig. 5).  The 
peak in Acartia adult numbers occurred 
during April, this peak being predominantly 
A. bifilosa (Fig. 6). A. bifilosa was numen- 
cally the dominant Acartia adult during the 
first 5 mo of the year, with A. discaudata 
and A. clausi dominating from July until 
November-December. A. bifilosa adults 
reached abundances of almost 600 ind. m-3. 
A. clausi adults reached a maximum of 
140 ind. m-3 in July, while A. discaudata 
adults reached a maximum density of 
166 ind. m-3 in August. A.  margalefi were 
rare or absent throughout most of the year; 
the maximum abundance of adults occurred 
in May and August-September, although 
density never exceeded 18 ind. m-3. Para- 
calanus parvus adults were most abundant 
during November, when they reached 
34 md. m-3. Pseudocalanus elongatus adults 
were much rarer than P. parvus, and were 
recorded in November to January and in 
April. Maximum adult abundance of P. 
elongatus was just 10 ind. m-3 in January. 

Seasonal variations in size 

Mean prosome lengths for copepodites 
stages (C1 to C6) of Temora longicornis de- 
creased in all stages from a March to May 

maximum to a minimu.m. in August to October (Fig. 7 ) .  
There was a general absence of T longicornis after 
September The pattern of change in length of Cen- 
tropages harnatus was very similar to that for T. longi- 
cornis, with a decrease in size from spring (most values 
being highest in March to May) to summer and early 
autumn (the smallest individuals found in August to 
October). There was a general increase in size of C. 
harnatus after September, although not for C1 or C2. 
Copepodite stages C1 to C5 of Acartia spp. showed 
clear changes in mean prosome length, with increas- 
ing size from their first appearance in January- 
February until a minimum in March. After this peak, 
prosome lengths for all stages of this genera progres- 
sively decreased until September, when the minimum 
prosome length was recorded for all stages. Subse- 
quently, mean prosome lengths generally increased 
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September until December size increased in 100 -1 
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single large female of 1.0 mm prosome length 1 W , L;-,- 
was found in May 1993. The sporadic appear- D J F M A M J J A S O N D J F  

ance and scarcity of A.  margalefi adults made 1993 1994 
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it impossible to describe the seasonal trend. 
prosome lengths never exceeded 0.60 mm in Fig. 4 .  Abundance of Centropages hamatus (C1 to C6) over the 14 mo 

investigation (note scale change) 
this species, and means were as low as 0.52 
mm (k0.042) in females and 0.54 mm (k0.034) 
in males during September. Biomass and production 

Comparisons of prosome lengths with temperature 
were made using correlation analysis on data collected Acartia spp,  was the single most dom~nan t  group in 
on the same date. As lengths and weights of the older terms of biomass throughout much of the year (Fig Zc), 
stages of copepods depend on their temperature his- typically having greater biomass than all the other 
tory, analysis was also carried out regressing prosome calanoids together. The Para-Pseudocalanus group 
length against temperature measured on the previous and Centropages harnatus had higher biomass than 
sampling date (i.e. typically 2 or 4 wk before). Correla- Acartia spp,  in winter, and the biomass of C. hamatus, 
tions between concurrent temperature and prosome and also Ternora longicornis, was higher in May and 
length data were not significant (p  > 0.05) in all cases June.  Acartja biomass was at its highest in early May 
for all stages and sexes (Table l ) ,  although in many when it reached 1508 ygC m-" and in August when it 
cases there were significant relationships. In all cases reached 1144 pgC m-3. C. hamatus biomass increased 
where the relationship was significant the slope was from February, when no individuals were found, to 
negative, i.e. mean prosome length decreased with in- the end of July when its biomass reached its maximum 
creasing temperature. Often the relationship between at  541 pgC m-3. There were 3 discrete peaks of T 
prosome length and temperature on the prevlous sam- longicornis biomass, in April (273 ygC m-3), in May 
pling occasion was more highly significant than the (1021 pgC m-3) and in July (365 pgC m-3). Para- 
relationship with the concurrent temperature. Pseudocalanus biomass was highest in October, at 
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DISCUSSION 

Abundance patterns 

In the present investigation calanoid num- 
bers and biomass at the Calshot site were 
dominated by just 7 species; Acartia clausi, 
A. bifilosa, A. tonsa, Centropages hamatus, 
Temora longicornis, Paracalanus parvus and 
Pseudocalanus elongatus. Although there has 
been some confusion over the morphology 
and classification of A. bifilosa and its vari- 
eties, the description of the individuals from 
this area has been documented by Hirst & 
Castro-Longoria (1998) as part of a detailed 
examination of its classification. 

Acartia tonsa accounted for up to 4 % of the 
total Acartia population abundance at a sin- 
gle point in time at Calshot in a previous 
study (Conover 1957). It was not found during 
the present study, but it is still found in 
reduced salinity areas of the river Test (Cas- 
tro-Longoria 1998). Its sporadic appearance 
may be the result of inter-annual changes in 
physical parameters such as temperature and 
salinity, or the degree of estuarine flushing. 
As A. margalef~ IS morphologically similar to 
A. clausi, and was only described recently by 
Alcaraz (1976), it is not surprising that it 
was not reported in this area until the 1990s 
(Castro-Longoria & Williams 1996). When 
both of these species occurred together here, 
A. marqalefi always had a mean prosome - 

Fig. 3. Abundance of Acartia spp. (C1 to C6) over the 14 m0 investi- length between 66% and 72% that of A, 
gation clausi, this was one of the most obvious differ- 

ences between the 2 species. 
215 pgC Total calanoid copepod biomass was Of the Acartia species, A. bifilosa was numerically 
lowest in January at < l  pgC m-3, then increased until dominant during January to May; A. discaudata and A. 
May when it reached 1772 pgC m-3. There was a sub- clausi were CO-dominant from July to September, and 
sequent fall, with a mid-year low in June, after which it then A. clausi was dominant until December (with A. 
rose once again reaching 1818 pgC m-3 in July, discaudata still the second most abundant). After 
Although biomass fell after this point values were December A. discaudata became dominant (Fig. 6). 
above 400 pgC until after early December 1993. The successional pattern described by Conover (1957) 

The contribution of each of the calanoid copepods to during October 1954 to June 1955, for a site at the 
the total annual production varied dramatically (Fig. 9, entrance to Southampton Water, was similar to that 
Table 3), and was predominantly a reflection of their found in the present investigation. Conover (1957) 
total biomass dominance. Acartia spp, had the highest found A. clausi and A. discaudata were the co-domi- 
annual production of 17.62 mgC m-3 yr-l, Centropages nant Acartia species over the winter months of No- 
hamatus had an annual production of 8.16 mgC m-3 vember to January, after which A. bifilosa became 
yr-', while Temora longicornis had an annual rate of dominant. From May, A. clausi was again the most 
4.77 mgC m-3 yr-' The Paracalanus parvus and abundant Acartia species. It is of interest to compare 
Pseudocalanus elongatus group had the smallest con- our results with those of Raymont & Carrie (1964) col- 
tribution at  1.67 mgC m-3 yr-'. The sum of these com- lected in the 1950s, at a site not more than 2.5 km from 
ponents gave a total annual production by the calanoid the current site, using a pump and hose system with 
copepods of 32.2 mgC m-3 ~ r - ' .  screening onto a No. 10 nylon net (i.e. -135 pm mesh; 
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and 1959, but 5000 ind. m-3 in 1956 and 1958. 

? In 1993 the calanoid peak in spring was 
1065 ind. m-3, with maximum annual num- 

I 

bers in August of 2155 ind. m-3. Raymont 
& Carrie (1964) found mean densities of 

200 -. calanoids between September and Decem- 
ber to vary between 433 and 1263 ind, m-3; in 

I the present investigation average calanoid 
copepodite numbers during the same period 
fell between this range at  900 ind. m-3. 

W 
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z 
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Seasonal variations in size 

Seasonal variations in size and weight 
have often been recorded in marine inverte- 
brates including copepods. Copepod body 
sizes, as in the current investigation, are usu- 
ally inversely related to temperature in 
nature (Uye et al. 1982, Liang & Uye 1996). 
Regressions of prosome lengths, for each 
separate stage and sex, against temperature 

0 0 - were carried out for each of the species at 
D J  F M A M J  J A S O N D J  F  D J  F M A M J  J A S O N D J  F  

1994 Calshot. Previously, such relationships have 
lgg3 MONTH lgg3 MONTH been reported to be more marked in older 

Fig. 6 .  Abundance of the adult Acartia species found at the Calshot site Stages (See Uye et al. 1982, Jerling & 
(note scale change) Wooldndge 1991, Liang & Uye 1996, Liang 

et al. 1996), and seasonal changes in pro- 
Heinle 1966). They reported that Centropages hama- some length in the current investigation were also 
tus was the most dominant calanoid after the Acartia greater in many of the older stages, although for 
group. This species was reported as rare before Acartia bifilosa and A ,  clausi, neither adult females nor 
March-April, but moderately common from May and males showed a significant relationship between pro- 
throughout the summer. It was described as generally some length and temperature. Changes in body size 
persisting through the autumn, and disappearing in of copepods may also be positively related to food 
late December. This pattern is similar to that found in concentration (Moraltou-Apostolopoulou 1975, Landry 
the present investigation; the species was the most 1978, Evans 1981, Durbin et al. 1983, Berggreen et al. 
abundant after Acartia spp. Temora longicornis was 1988, Christou & Verriopoulos 1993). In Southampton 
found by Raymont & Carrie (1964) to be less common Water, as chlorophyll a concentrations change dra- 
than C. hamatus at Calshot, and to be more restricted matically on a very short time scale (Kifle 1992), the 
in timing, not appearing until April and then being changes of prosome length with chlorophyll concen- 
plentiful until August. It was also much less common tration were not examined here, as these were be- 
than C. harnatus in the autumn. Again this situation is lieved not to accurately reflect any real relationships 
similar to that found in the current study, with T. longi- given our sampling frequency. 
cornis appearing in April; it was more abundant than 
C. hamatus in May, but after this the latter became 
more abundant. They also found Paracalanus parvus Pelagic carbon flux 
and Pseudocalanus elongatus to be sporadic in appear- 
ance at Calshot, the former species being more abun- The values for calanoid copepod production 
dant than the latter. P. parvus was also found in greater (32.2 mgC m-3 yr-l) are included together with previ- 
densities than P, elonyatusin the present investigation, ous estimates of bacterial, ciliate, and size-fractioned 
and their appearance was certainly variable. Raymont primary production for the Calshot site in a carbon flow 
& Carne (1964) observed greater peak densities of diagram (Fig. 9). Primary production was measured at 
calanoids over the 6 yr of their study than those the Calshot site from April to October 1990 using a Cl4 
found in the present investigation. They report spring incubation technique (Iriarte & Purdie 1994), and a 
maxima of around 2000 to 2500 ind. m-3 in 1954, 1957 total annual rate of 6667 mgC m-3 yr-' was derived. 
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Fig. 7. Mean prosome lengths of Temora longicornis (Cl to 
C6). Centropages hamatus (C1 to C6) and Acartia spp. (Cl to 
C5) over the 14 mo investigation. Error bars give standard 
deviation of measurements, lines joining symbols are only 
given when individuals were found in consecutive samples 

Annual bacterial production was measured at Calshot 
from January 1987 to January 1988, and is given as 
8300 mgC m-3 yr-' (Antai 1989). The bacterial produc- 
tion, which exceeds primary production, may be met 
by additional allochthonous inputs, with a potential 
supply from terrestrial inputs as well as from lateral 
movements of material of marine or estuarine origins. 
Matenal may also recycle through the bacterial com- 
partment so as to inflate the bacterial production value 
with respect to primary production. Estimates of the 
mean annual production of heterotrophic c~liates at 

D J  F M A M J J  A S O N D J  F 
1993 1994 

MONTH 

Fig. 8. Mean prosome length measurements for adult males 
and females of each Acartia species during the 14 mo investi- 
gation. Error bars represent standard deviation of measure- 
ments, lines linking symbols are only given when individuals 

were found in consecutive samples 

this location were derived by Leakey et al. (1992) for 
the penod June 1986 to January 1987, using an equa- 
tion that predicts ciliate growth from individual size 
and temperature (i.e. Montagnes et al. 1988). We have 
estimated the ingestion demand of ciliates from their 
production by assuming a gross growth efficiency 
(GGE) of 30% (Straile 1997). Similarly, annual inges- 
tion demand by the copepods was derived assuming 
for this group a GGE of 26% (Straile 1997). This effi- 
ciency may be too high given the conditions in the 
estuary, where sediment and detritus concentrations 
are elevated. 

Combining production estimates for various compo- 
nents collected over several years has the disadvan- 
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Table 1. Regression analysis of mean prosome length versus concurrent temperature and versus temperature on the previous 
sampling occasion. Equations are only given where the relationship is significant (p < 0.05). n is the number of observations. PL 

is the prosome length (mm). T is temperature ("C). ns: not significant 

Species/stage Concurrent temperature ("C) 
n r2 P Equation 

Previous temperature ("C) 
r2 P Equat~on 

- -  
Acartia spp. 
C 1 15 
C2 15 
C3 15 
C4F 12 
C4M 13 
C5F 13 
C5M 14 
Acartia bifilosa 
C6F 10 
C6M 6 
AcarLia discaudata 
C6F 7 
C6M 8 

Acartia cla usi 
C6F 7 
C6M 6 
Centropages hamatus 
C 1 8 
C2 9 
C3 9 
C4 12 
C5F 6 
C5M 10 
C6F 9 
C6M 5 
Temora longicornis 
C1 9 
C2 9 
C3 7 
C4 7 
C5F 6 
C5M 4 
C6F 5 
C6M 7 

tage that there may be inter-annual variability in the 
production of individual components, but this method 
provides a first step towards assessing the possible 
general importance of each of the compartments. The 
likely ingestion food sources for the copepods are 
algae >3 pm, detrital material, allochthonous inputs 
and ciliates. The ingestion demand of the copepods 
was 2.2 '% of the production by the >3 pm algae, while 
the ingestion demand of ciliates was almost 60 times 
greater, at 110% of total primary production. This sug- 
gests ciliates may have met their demands by ingesting 
material which was allochthonous to the site, although 
production and ingestion demands for ciliates were 
probably too high, because the equation of Montagnes 
et al. (1988) used to estimate growth was derived 
under conditions where food was not limiting This 

may not always accurately reflect the situation in the 
natural environment. 

Annual size fractioned primary production esti- 
mates, together with ciliate, tintinnid, bacterial and 
copepod production values for other shallow near- 
shore locations with water column depths <200 m are 
compiled in Table 2. These previous investigations 
have shown copepod annual production to be typically 
lower than that of ciliates (but not Uye & Shimazu 
1997), although the 2 values are usually within an 
order of magnitude of one another, i.e. in the Gulf of 
Maine, USA (Montagnes et al. 1988), Lime Cay, 
Jamaica (Roff et al. 1990), and the Southern Kattegat 
(Ki~rboe & Nielsen 1994, Nielsen & Ki~rboe  1994). The 
present study is unusual in that copepod annual pro- 
duction and ingestion demand are very much lower 
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significant fraction of total copepod numbers. 
CALANOID COPEPODS , Its abundance in the net samples was similar to 

that of the total calanoid abundance, the 
, adults of this species have a comparable 

, - -  

I 
I 

weight to that of the calanoids, -1 pgC (Con- 
way et al. 1993), then their total biomass would 
have also been similar. Given the abundance 
of the other meroplankton and holoplankton 
groups (Table 3) and that they have similar 
body sizes, and assuming similar weight-spe- 
cific growth and ingestion rates, then it is still 

2200 unlikely that the role of the total mesozoo- 
3, plankton, either as producers or consumers, 

HETEROTROPHIC 

would have been more than 3.5 times greater 
than that of the calanoids whose mean annual 
abundance was 29 % of the total. 

Zooplankton may not in fact be the main 
consumers of suspended particulate carbon 
(including phytoplankton) in shallow coastal 
areas where benthic organisms can play an  
important role (Williams & Collins 1986). Hirst 
(1996) made some estimates of macro-fauna1 

Fig. 9. Pelagic carbon flux through the biological community at the Cal- production using data collected near Calshot 
shot site; all values are integrated over the entire water column depth. 
Values in boxes are production estimates, those in ellipses are ingestion duI-ing 1979 Oyenekan 
demands (units: mgC m-3 yr-l). Solid arrows represent ingestion of results suggested that macro-benthic produc- 
carbon; dashed arrows represent movement to a non-living organic tion is lower than that of the calanoid copepods 

carbon 'pool' on an area basis. The benthic community has, 
however, seen a massive shift from biomass 

than those of the ciliates. In the other shallow water dominance by the bivalve Mercenaria mercenaria in 
neritic studies, annual production by copepods was 1979, to the virtual absence of this species during this 
between 21 and 177 % that of the ciliates, w N e  at Cal- zooplankton investigation (M. Sheader pers. obs.). 
shot the proportion was only 1.5%. Copepod sec- Unfortunately no values are available for meiofaunal 
ondary production as a percentage of total primary or microbenthos production in this area. 
production is also relatively low at the Calshot site, 
0.5 %. 1n the other studies compiled this 

Table 3. Geometric mean abundance (trapezoidal integration) 
was between 1.5 and 18.2%. A great many investiga- and ranae of the dominant zooplankton at Calshot durinq the 
tions of neritic and coastal water copepod production 14 rnonih investigation (calcilated from the data of ~ i r s t  

have demonstrated rates in excess of 100 to 1000 mgC 1996) 

m-3 yr-' when integrated over total water column 
depth (e.g. Landry 1978, Uye 1982, Gmmerer & McK- 
innon 1987, Uye et al. 1987, Roff et al. 1988, McLaren 
et  al. 1989, Chisholm & Roff 1990, Jerling & 
Wooldridge 1991, Kiarboe & Nielsen 1994, Escaravage 
& Soetaert 1995, Uye & Liang 1998); given the value 
was only 32.2 mgC m-3 yr-' at the Solent site, it must be 
regarded as having unusually low copepod produc- 
tion. 

Group Geometric mean Range min-max 
abundance (ind. (ind. m-3) 

Holoplankton 
Calanoid copepodites 642,2 8.6 - 2255.2 
Cyclopoid copepodites 3.1 0.0 - 19.2 
Ostracods 1.2 0.0 - 6.5 
Oikopleura spp. 109.5 0.0 - 1172.1 
Eu terpjna acutifrons 650.5 0.0 - 2524.3 

Although production by nauplii is not included in the 
present study, this does not typically exceed 25% of 
copepod total production (Mullin 1988, Laing et al. 

pacticoid copepod Euterpina acutifrons made up a 

Meroplankton 
Cirripede larvae 432.4 52.6 - 1242.1 
Polychaete larvae 40.6 4.4 - 188.7 
Bivalve larvae 70.7 0.0 - 313.0 

1996, Liang & Uye 1996). The inclusion of estimates of 
production for meroplanktonic larvae and other holo- 
plankton at the Calshot site would increase the meso- 
zooplankton production value. In addition, the har- 

Bryozoan larvae 60.9 0.0 - 175.5 
larvae 4.6 0.0 - 30.4 

Gastropod larvae 128.3 0.0 - 421.2 
Harpacticoid copepodites 59.5 4.4 - 466.5 
(excluding Euterpina acutifrons) 
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Although the estimate of ciliate production for Cal- 
shot is at the higher end of values for studies elsewhere 
(Table 2),  their relative dominance over copepods is 
more extreme at the Calshot site because of the very 
low production by the calanoid copepods. Growth 
rates for copepods were determined from an empirical 
relationship which provides 'typical growth rates', and 
the low production rates are therefore a consequence 
of low biomass, with the maximum biomass reaching 
only 1818 pgC m-3. This is in contrast to other temper- 
ate estuarine and shelf waters maximum annual cope- 
pod or metazoan zooplankton biomass levels which 
often exceed 10 or even 100 mgC m-3 (Curl 1962, 
Durbin & Durbin 1981, Tremblay & Roff 1983, Kierboe 
& Nielsen 1994, Uye & Liang 1998). Williams & Collins' 
(1986) 12 mo investigation of the Bristol Channel (UK) 
did, however, give comparable maximum biomass 
levels, with the inner channel holoplankton biomass 
reaching a n  annual maximum of -1800 pgC m-3, and 
when including meroplankton the total biomass did 
not exceed 2800 pgC m-3. 

The question must be posed as to why copepod bio- 
mass and abundance were so low at the Calshot site 
while chlorophyll levels were high, typically > 2  1-19 1- l .  

There are  several plausible reasons which may, acting 
in unison, bring about the untypical situation. Cer- 
tainly flushing rates from the Solent are high, and 
whereas microbial populations have high rates of 
growth and hence are better able to cope with popula- 
tion loss, the low biomass presented by the calanoid 
copepods may be a direct consequence of an  environ- 
ment with high flush out. Information on the physics of 
the Solent is generally sparse, but the net change in 
tidal volume (i.e. the change in water volume between 
high and low water) for the Solent has been estimated 
at 540 X 106 m3 and 270 X 106 m3 for typical spring and 
neap tides respectively (Blain 1980). The annual inflow 
of freshwater to the Solent has been computed to be of 
the order 10' m3, which is equivdleril to 1.4 x 106 m3 per 
tidal cycle but vanes considerably depending upon 
time of year. Tidal streams in the Solent to the west of 
Calshot are up to 4 knots, and to the east 2.5 knots 
(Webber 1980). There are no estimates of flushing time 
for the Solent although for Southampton Water esti- 
mates range from 3 to 5 d in winter and 20 d in summer 
(see Zinger 1989), this could result in major population 
losses. Species of the families Acartiidae, Temoridae 
and Centropagiidae all produce resting eggs which 
can survive deposition in the sediments (Uye 1985), 
and these eggs may be the major contributors to the 
new population following winter (Marcus 1984). Win- 
ter residual population levels have been implicated as 
having significant control over the potentially achiev- 
able abundances later in the year (Roff et al. 1988), and 
loss during winter may be particularly important. The 

tides are strong in the area, and ebb tides are stronger 
than flood tides so that re-suspension of sediments 
could result in major washout of over-wintering eggs. 

Measurements of suspended particulate matter 
within the mouth of the estuary were taken over the 
period May 1994 to May 1995 (Hirst 1996). Dry weight 
values of SPM were fairly constant at around 40 mg 1-l, 

while the ash weight of SPM was typically -10 mg 1-' 
It has previously been suggested that suspended ses- 
ton of low food value could disrupt feeding, or reduce 
the feeding or digestion efficiency in some manner 
(Burkill & Kendall 1982). High suspended sediment 
concentrations have been shown to reduce the total 
survival of Acartia tonsa nauplii, as well as inhibiting 
development rate and fecundity of survivors (Sellner et 
al. 1987), while Calanus helgolandicus has reduced 
growth, reduced survival, lower stage weights and 
reduced ovary development rates under conditions of 
high sediment concentrations (Paffenhofer 1972). 
Irigoien & Caste1 (1995) described important effects of 
suspended particulate on the feeding and growth suc- 
cess of A. bifilosa in a turbid estuarine environment, 
and although the values of chl a/SPM found by Hirst 
(1996) were generally higher (and therefore assumed 
not to be as inhibiting), they did fall to levels which can 
be considered to result in reduced growth rates. 

Southampton Water is highly industrialised, the city 
of Southampton is to the north, and major chemical 
and oil refineries are based on the western shore of 
Southampton Water. In the mid to late 1980s, levels of 
non-volatile petroleum hydrocarbons (PHC) in sea 
water from the main Southampton Water channel 
ranged between -40 and 500 pg I-', while in sediments 
they were between 80 and 1200 pg (g  sediment dry 
weight)-' (Bianchi 1993). The viability of copepod eggs 
deposited in marine sediments has been linked to the 
degree of hydrocarbon pollution in that sediment 
(Lindley et al. 1998), and waterborne concentrations of 
-100 114 1 ' total oil have been found to lead to dramatic 
reductions in viability of calanoid copepods in large 
enclosures (Davies et al. 1980). Oil concentrations 
below 1000 pg 1-' produce sub-lethal responses by zoo- 
plankton under labordtory conditions, and sub-lethal 
damage may occur when exposure is for days or weeks 
at oil concentrations between 50 and 300 pg 1-' (NRC 
1985). If hydrocarbon levels in the area at the time of 
our investigation were similar to those in the 1980s 
then they are certainly within the range which would 
have adversely affected the local zooplankton. 
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