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Fecundity of marine planktonic copepods: global
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ABSTRACT: Global rates and patterns of fecundity in marine epipelagic copepods were studied as
a function of temperature, body weight of the female and concentration of chlorophyll a. We
divided data into 3 groups: broadcast spawners, sac spawners (including calanoids, cyclopoids and
harpacticoids) and poecilostomatoids; although the latter are sac spawners, they were treated sep-
arately, but data were too sparse to examine patterns. Fecundity was positively correlated with
temperature and body weight in both broadcast and sac spawners. Michaelis-Menten relationships
revealed that fecundity rates are significantly related to chlorophyll a (chl a) concentration for
broadcasters, but not so for sac spawners. Broadcasting copepods have a maximum fecundity (fyax)
of 47 eggs female ! d!, with a half-saturation coefficient (K,) of 2.4 ug chl a I, for a body weight
of 10 ugC individual™!, when all data are adjusted to 15°C. In contrast, fecundity rates in sac
spawners are ca. 5 eggs female™! d-!. Of the broadcaster genera examined, Centropages spp. has
the highest f,., at 71 eggs female™! d™! (data corrected to 15°C), and Paracalanus spp. the lowest
frax at 25 eggs female™! d7!. In the sac-spawning Pseudocalanus spp. we found a significant rela-
tionship between fecundity and chl a, with an f,., of only 7.8 eggs female™! d™!, while for Oithona
spp. no significant relationship was evident. By comparing in situ with laboratory food-saturated
rates we were able to assess the degree to which fecundity is food-limited in the natural environ-
ment. The degree of food limitation increases with increasing temperature in sac spawners; at low
temperatures (~5°C) in situ rates are similar to laboratory food-saturated rates, but at 25°C rates
are 23 % of laboratory food-saturation values. In nature, increasing food limitation with increasing
temperature may be the result of greater food requirements to balance respiration demands, i.e.
decreasing net growth efficiency in warmer situations. It may also be due to lower availability of
suitable food in terms of quality or quantity with increasing temperature, possibly as a result of
increased dominance of smaller phytoplankton size fractions (e.g. picoplankton) in warm waters.
Food limitation in the environment may be more severe than these comparisons suggest, as labora-
tory food-saturated fecundity rates in broadcasters may be as low as 36 % of the in situ maximum
rates (fmax rates).
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INTRODUCTION zone. Their dominance, ubiquity, and importance in

ocean food webs and biogeochemical cycles has prob-

Copepods are the most abundant metazooplankton ably led to them becoming one of the most studied
throughout the world's oceans (Longhurst 1985), and metazoan groups in the plankton. Copepod egg pro-
make up the majority of its biomass in the epipelagic duction is a regularly measured demographic term; it
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determines the potential rate of recruitment to a popu-
lation, and has often been used to assess growth and
secondary production in copepods (Runge & Roff 2000;
although for problems see Hirst & McKinnon 2001).
Recently Hirst & Bunker (2003) synthesised rates of
weight-specific growth of juveniles and weight-
specific fecundity of adult females. The latter do not
relate to fecundity rates and patterns in a simple and
straightforward way. This is because 2 species with the
same weight-specific fecundity rates may express this
equivalent growth in very different ways, while 1 may
produce a small number of large eggs, the other may
produce a large number of small eggs. It was therefore
necessary to repeat the methods and analysis of Hirst &
Bunker (2003) on a simple fecundity basis in order to
understand these rates. Whilst growth is a physiologi-
cal term, fecundity is not, but the latter is an important
population demographic term. We are in clear need of
a framework of fecundity rates, and how these may dif-
fer between copepods with different life-histories
(Kigrboe & Sabaini 1995, Hirst & Kierboe 2002, Hirst &
Bunker 2003). Even after several decades of study on
copepods, we estimate that much fewer than ~4 % of
marine planktonic calanoid species (~70 species) have
had their fecundity measured. We may need to make
predictions on the vast majority of species for which we
currently have no measurements (and no realistic
chance of making appropriate measurements soon).
The aims of the current paper were to examine the
rates and patterns of fecundity in copepods (as eggs
female™! d°!), and to explore aspects of what these
rates may indicate with respect to demography and
strategy. In this analysis we have chosen to examine
patterns in 3 ‘functional’ categories: broadcast spawn-
ers i.e. species that shed their eggs freely, sac spawn-
ers i.e. species that keep their eggs attached until the
point of hatching (includes species from within the
orders Calanoida, Cyclopoida and Harpacticoida), and
poecilostomatoida (these are sac spawners, but have
distinct characteristics that separate them from the sac-
spawning group). The term ‘sac spawner’ as used by us
is not an indication of the production of a true mem-
braned sac, but simply the strategy of carrying the
eggs attached to the female until hatching. This classi-
fication system was chosen for several reasons. Sac-
spawning copepods have significantly longer egg-
hatch times than broadcast spawners (Hirst & Bunker
2003), this difference may in part arise from the much
lower vulnerability and mortality of sac-spawned eggs
versus free eggs (Hirst & Kierboe 2002). Many sac
spawners produce fewer numbers of larger eggs than
do broadcast spawners, but there appear to be impor-
tant differences in the ratio of the fecundity rates of
these 2 groups as a function of temperature and body
weight (Kierboe & Sabatini 1995, Hirst & Kierboe

2002). Although poecilostomatoids are sac spawners,
these were placed in another category. Virtually all
poecilostomatoids are parasites or associates of other
animals, and this is perhaps the most diverse order of
copepods in terms of gross body morphology (Huys &
Boxshall 1991). Within the poecilostomatoids, 4 fami-
lies are planktonic and can be abundant in marine sys-
tems; of these the Corycaeidae and Sapphirinidae are
visual predators, while the Oncaeidae are surface-
feeders and tend to be found in association with
mucoid aggregates, abandoned larvacean houses and
other organisms (Huys & Boxshall 1991). The order
Poecilostomatoida have radically different egg sizes
from the other sac spawners (Fig. 1, Table 1). Although
we include data for the poecilostomatoida for compar-
ative purposes, these are too limited to describe pat-
terns in this group.

In single species, fecundity has been related to body
size (Landry 1978, Durbin et al. 1983, Runge 1984), age
(Kimoto et al. 1986), temperature (Kimoto et al. 1986),
salinity (Ambler 1985) and food (Durbin et al. 1983).
Multi-species syntheses of fecundity have focused
upon the relations to temperature and body size under
both food-saturated (Kigrboe & Sabatini 1995) and in
situ (Hirst & Kierboe 2002) conditions; unfortunately
neither of these studies examined relationships to food
availability. We know that fecundity rates are typically
food-limited in nature (Durbin et al. 1983, Frost 1985,
Runge 1985, Beckman & Peterson 1986, Kigrboe &
Nielsen 1994, Liang et al. 1994), but have little or no
idea as to how this limitation varies. Although we
know that copepods can switch prey, and feed selec-
tively, strong significant relationships between fecun-
dity and food proxies such as chl a, POC, PON and
microplankton counts have been found (Table 2).
Determining broad relationships between fecundity
and food proxies, especially those that can be mea-
sured rapidly and easily, has clear advantages. We
designed this study in order to examine how fecundity
of marine copepods in the field relates to chl a, tem-
perature and body weight, and to increase our ability
to predict copepod in situ fecundity rates using the chl
a term (where appropriate). Additionally we wanted to
compare fecundity rates in situ to those under food sat-
uration, and to explore food-limitation patterns for the
different groups. Finally, we wished to see how fecun-
dity differed between broadcast, sac spawners, and
different genera.

MATERIALS AND METHODS

In situ fecundity: data compilation. We carefully
screened data from the literature to obtain values
likely to closely represent those in situ. A full descrip-
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Fig. 1. Egg weights plotted against adult weights for marine
epipelagic copepods. The 3 main groups for which we in-
cluded data were broadcast spawners, sac spawners (cala-
noids, cyclopoids and harpacticoids) and poecilostomatoids.
Data predominantly from Kierboe & Sabatini (19995), includes
the data of Sazhina (1985) with wet weights (WW) converted
to carbon weight (CW) assuming CW = 6.4 % WW from (table
on p 212 of Vinogradov & Sushkina 1987). We add data from
Hopcroft & Roff (1998) converting ash-free dry weight to car-
bon, assuming AFDW = 89% DW (Bamstedt 1986) and C =
40% DW (Bamstedt 1986). Equations from this figure given
in Table 1

tion of this screening process is given in Hirst &
Bunker (2003). We used adult weights from the origi-
nal source when these were given; when they were
not we took these from Huntley & Lopez (1992), Kior-
boe & Sabatini (19995) or from other individual sources
of measurements (all data sets and details of conver-
sions available upon request). When weights were
given in terms of dry weight or ash-free dry weight
they were converted to carbon, assuming this to be
40% of the dry weight (Bamstedt 1986); ash-free dry
weight was assumed to be 89% of dry weight (Bam-
stedt 1986). In cases where authors gave fecundity
rates for females in weight-specific terms, we con-
verted back to fecundity as eggs
female! d! using egg and adult
weights. To be included in our analysis
each fecundity rate required a 'food
proxy' measurement in order to char-
acterise the food environment in which

1000

body size (see Tables 4 & 5, Figs. 2 & 3). However,
when we then explored the role of food, we only con-
sidered a subset of data that included total chl a mea-
surements. Unfortunately there were too few data to
investigate patterns with the other proxies of food
concentration.

The methods used to ascribe a chl a value to the
fecundity rate measurement varied. From some stud-
ies we used chl a measurements made on the water
used to fill the incubation vessel (e.g. Huntley &
Escritor 1991, Uye & Shibuno 1992). However, the
majority of values were taken from chl a profiles at
the depth where incubation water was collected (e.g.
Peterson & Kimmerer 1994, Jénasdoéttir et al. 1995,
Goémez-Gutiérrez & Peterson 1999). If no chl a mea-
surement was available from the exact depth where
the incubation water was collected, then values from
within ~5 m of this were accepted (e.g. Hay 1995).
This analysis did not include food proxies that had
been averaged over depth or integrated (e.g. Runge
1985, Shreeve et al. 2002), or where the fluorescence
maximum value was cited but this was not close to the
depth of water collection (e.g. Nielsen & Sabatini
1996). We chose volumetric values rather than depth-
integrated measurements because the latter can be
more poorly related to copepod rates (Calbet & Agusti
1999). We included GF/F, GF/C, 0.8 pm Millipore and
Millipore AA filtration as measures of ‘'total chl a',
although GF/F overwhelmingly dominated the data
set numerically. GF/C (pore size ~1.2 pm), in addition
to 0.8 pm Millipore and Millipore AA pore sizes both
~0.8 nym should underestimate chl a in comparison to
GE/F (pore size ~0.7 pm). Under the vast majority of
situations however this error will be relatively small,
but it is variable and we have made no corrections
here.

In situ fecundity: analyses and statistical treatment.
Species were divided on the basis of whether they rep-
resented sac-spawning species, broadcast-spawning
species or poecilostomatoids. There were only 2 values
of in situ fecundity for poecilostomatoids and these
were presented graphically alongside the sac spawner

Table 1. Relationships between egg weight (ug C egg™') and adult weight
(ug C ind.”!) in broadcast- and sac-spawning (calanoids, cyclopoids and
harpacticoids) and in poecilostomatoida copepods. n: number of data points;

ns: not significant

the copepods were being incubated. Group n logyp egg weight = a + b r? p
Initially we included data where [log;p adult weight]
any food measure had been made, Intercept (a) Slope (b)
e.g. POC, PON, microplankton prey

. . Broadcasters 44 -1.736 0.550 0.717 <0.001
counts, size-fractioned and total chl a Sac spawners 24 _1.638 0.846 0947 <0.0011
(see Table 3). This entire set was used Poecilostomotoida 13 ~2.130 0.046 0.005 >0.50 ns

to explore the role of temperature and
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Table 2. Published relationships describing fecundity (f, eggs female™' d™') as a function of concentration of food proxies for
marine planktonic copepods. In some instances temperature (T, °C) and/or body weight (ug ind.”!; DW: dry weight; CW: carbon
weight; AFDW: ash-free dry weight) are included. Copepods were collected from the environment and immediately incubated in
natural seawater, except those in bold face, which were fed natural seawater which had been stored or had its concentration
altered by dilution, and those italicised, for which measurements are under artificial laboratory conditions. Letters in equations
are resource descriptors (see resource descriptor annotations at end of legend); In signifies log,, log signifies logyo. In many cases
authors did not give equations when relationships were not significant and hence these cannot be included here. A: chl a (ug 1');
B: chl a >1 pm (ug 1'!) averaged over water-column depth; C: chl a >5 pm (ug 1) averaged over water-column depth; D: chl a
>20 pm (ng I'!) averaged over water-column depth; E: chl a 5-20 um (g ') averaged over water-column depth; F: chl a 1-5 um
(ng I"') averaged over water-column depth; G: chl a <200 um (g 1"!), environment concentration for water from 10 m depth but
growth determined in 0.6 pm-filtered seawater; H: Diatom carbon concentration (pg I"!), environment concentration for water

Species Relationship Temp r? P
fecundity (eggs female ™ d ) range (T,°C)
Acartia clausi (hudsonica?) -0.25m + 0.64A - - 0.10
Acartia omori (0.000331[ T + 12.0]>%* x A x CW)/(0.470 + A) 15 - -
Acartia steueri (0.0680[ T-0.5]172x A x CW)/(0.912 + A) 20 - -
Acartia tonsa 3.9V-1.74 15-19 0.74 -
Acartia tonsa 39.16 (1-e 0-1461(X-1.58)) 20 - =
Acartia tonsa 37.46 (1-e 00253(Y-44)) 20 - -
Acartia tonsa 40.31 (1—e000206(2-377)) 20 - -
Acartia tonsa 2.98Q + 19.71 15-19 0.21 -
Acartia tonsa 43.0 (1-e0-757(Q-063) 15-19 0.26 -
Acartia tonsa 47.4 (1—e 1:512(0-0.01) 15-19 0.54 -
Acartia tonsa 47.2 (1-e3309(P-039) 15-19 0.62 -
Acartia tonsa 54.01 (1-e 0-29(Q+0.17) 12-21 0.78 <0.05
Acartia tonsa 52.94 (1-e 050(F+0.35) 12-21 0.85 <0.05
Acartia tonsa 52.34 (1-e 0-64(0+033) 12-21 0.80 <0.05
Calanoides acutus 432 M+ 14.7)/75.7+ M + 14.7) 0.5 - -
Calanoides acutus 16.3 (1—e 062 xb) 1.2-3.3 0.12 <0.05
Calanoides carinatus 73.698 (1—e 01174) 10.5-20 0.27 -
Calanus agulhensis 69.371 (1—-e 01354 9.5-22.5 0.38 -
Calanus chilensis 25.8 (1—e~0-216(0+0.10)) 14 0.61
Calanus chilensis 0.08Q + 0.87 14 0.46
Calanus finmarchicus 10069 + 0-414(log a) ~-1-98 0.26 <0.0001
Calanus finmarchicus 2.00S-6.00 (for S <50), 49.4 (for S >50) 5.5 0.93 -
Calanus finmarchicus & 27.8 (e702Y) 0-2.0 0.31 <0.05
Calanus glacialis
Calanus glacialis 3.3488 + 1.5459R -0.5 0.779 <0.0001
Calanus glacialis -5.7438 + 1.1467R -0.5 0.882 -
Calanus finmarchicus 2.06A + 0.6T + 12.24 ~4.5-14 - -
Calanus finmarchicus el0:521nA + 0.26 InT + 1.8) ~4.5 - 14 - -
Calanus helgolandicus 2.83G +13.8 8.5-17.6 0.144 0.05
Calanus helgolandicus 0.14H + 15.3 8.5-17.6 0.151 0.05
Calanus helgolandicus 0.21J + 13.5 8.5-17.6 0.235 0.01
Calanus helgolandicus 0.26K + 13.7 8.5-17.6 0.123 0.05
Calanus helgolandicus 2.86A - 0.66T + 17.8 ~7-20.5 - -
Calanus helgolandicus l0:851nA = 0.62InT +3.3) ~7-20.5 - -
Calanus marshallae (14.94 + 0.0608¢)/8 {for c < 3500} 10 0.774 -
Calanus marshallae (198.5- 0.0012c)/8 {for c > 3500} 10 0.0007 -
Calanus pacificus 0.154N + 1.47 - - -
Calanus sinicus —1.85 + 5925 (1—e~0-00388) 11.5-15.1 0.27 -
Calanus sinicus 3.03 + 66.4 (1-e7%84C) 11.5-15.1 0.61 -
Calanus sinicus 4.17 +42.5 (1-e743%D) 11.5-15.1 0.52 -
Calanus sinicus —2.22 + 50.5 (1-e 438E) 11.5-15.1 0.23 -
Calanus sinicus 62.9-46.6F 11.5-15.1 0.52 -
Calanus sinicus —-0.87 +24.4 (1-e7050B) 16.8-21.5 0.26 -
Calanus sinicus -1.79 + 23.4 (1-e 163¢) 16.8-21.5 0.40 -
Calanus sinicus —-3.45 +22.7 (1-e>%D) 16.8-21.5 0.37 -
Calanus sinicus 0.83 + 21.1 (1-e 201E) 16.8-21.5 0.37 -
Centropages abdominalis CW (0.330 InT + 0.125 InA-0.678)/0.027 8.9-19.7 - -
Centropages brachiatus 105.133 (1-e 04014y 11-21.3 0.10 -
Nannocalanus minor 42.335 (1-e706304) 11-21.3 0.30 -
Pseudocalanus sp. 0.005N + 1.11 - - -
Rhincalanus gigas 18.9 (1-e 046 xb) 1.2-3.3 0.23 <0.005
Temora longicornis 1.49Q + 18.06 15-19 0.16
Temora longicornis 42.4 (1-e 0:506(0+0.28) 15-19 0.38
Temora longicornis 53.5 (1-e0:341(P+0.07) 15-19 0.57
Temora longicornis 37.8 (e 29V) 9-13 0.83 <0.0005
Undinula vulgaris 13.9 (1-e 00097(L-10)y 26.3 0.96 -
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from 10 m depth; J: Colourless dinoflagellate carbon concentration (g 1°!), environment concentration for water from 10 m depth;
K: Ciliate carbon concentration (pg 1"!), environment concentration for water from 10 m depth; L: particulate carbon (ug 1'),
environment concentration for water from ~1 m depth, copepods incubated not in this water, but in water from within 3 km;
M: chl a (mg m~?) integrated over 0—150 m; N: chl a (mg m™2) integrated over 0—30 m; O: chl a >20 pm (ug 1!), values average of
those collected at 1, 3 and 5m depth; P: chl @ >10 pm (ug 1!), values are average of samples from at 1, 3 and 5 m depth; Q: chl a (ug
1I!), values average of those collected at 1, 3 and 5m depth; R: chl a (mg m™?) integrated over 0-100 m; S: chl a (mg m™?) integrated
over 0-20 m; U: chl a>11 um (ug 1"!) in surface water; V: total chl a (ug 1"!) averaged over 0-10 m, regression only calculated over
chl a range 1.0-6.0 ng 1I'*; W: chl a (ug I'?), values integrated over 0-50 m; X: chl a (ng 1I!), surface water; Y: nitrogen (ng '),
surface water; Z: carbon (ng I'!), surface water; a: chl a (mg m™®), values integrated over 0-50 m; b: chl a (mg m™?), values
integrated over 0-60 m; c: Thalassiosira weissflogii (cells m1™'), only this monospecific culture supplied as food

Location Period Source
Jackle's Lagoon, USA - Landry (1978)
Onagawa Bay, Japan Sep 1977 Uye (1981)!
Onagawa Bay, Japan Sep 1977 Uye (1981)!

Long Island Sound, USA
Narragansett Bay, USA
Narragansett Bay, USA
Narragansett Bay, USA
Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Gerlache Strait, Antarctica
South Georgia
Benguela, South Africa
Benguela, South Africa
off Central Chile

off Central Chile
western North Atlantic
St. Lawrence, Canada
West coast of Greenland

NE Greenland

NE Greenland
compilation of data
compilation of data
Coastal waters, Plymouth
Coastal waters, Plymouth
Coastal waters, Plymouth
Coastal waters, Plymouth
compilation of data
compilation of data
laboratory data
laboratory data

Dabob Bay, USA

Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Inland Sea of Japan
Fukuyama Harbor, Japan
Benguela, South Africa
Benguela, South Africa
Dabob Bay, USA

South Georgia

Long Island Sound, USA
Long Island Sound, USA
Long Island Sound, USA
Northern North Sea

near Kaneohe Bay, Hawaii

Sept-Oct 1984
Jul-Sep 1979
Jul-Sep 1979
Jul-Sep 1979
Mar-Nov 1985
Mar-Nov 1985
Mar-Nov 1985
Mar-Nov 1985
Jul-Nov 1986
Jul-Nov 1986
Jul-Nov 1986
Nov 1989
Dec-Jan 1995/96 + 1998/99
Sep—Mar 1993/94 + 1994/95
Sep—Mar 1993/94 + 1994/95
Jan 1986
Jan 1986
Jun + Nov 1996, Apr 1997
Jun 1991
Jun—Jul 1992

early Jun 1991
early Jun 1991

Jan-Sep 94
Jan-Sep 94
Jan-Sep 1994
Jan—Sep 1994

Jan-Dec 1979 + 1982
April 1994
April 1994
April 1994
April 1994
April 1994
Jun 1994 + 1995
Jun 1994 + 1995
Jun 1994 + 1995
Jun 1994 + 1995
Nov 86-Nov 87
Sep—Mar 1993/94 + 1994/95
Sep—Mar 1993/94 + 1994/95
Jan-Dec 1979 + 1982
Dec-Jan 1995/96 to 1998/99
Mar-Nov 1985
Mar-Nov 1985
Mar-Nov 1985
Sep 1984
Jun-Dec 1991

Beckman & Peterson (1986)
Durbin et al. (1983)
Durbin et al. (1983)
Durbin et al. (1983)

Peterson & Bellantoni (1987)

Peterson & Bellantoni (1987)

Peterson & Bellantoni (1987)

Peterson & Bellantoni (1987)

Dam et al. (1994)
Dam et al. (1994)
Dam et al. (1994)
Lopez et al. (1993)
Shreeve et al. (2002)”
Richardson & Verheye (1998)
Richardson & Verheye (1998)
Peterson & Bellantoni (1987)
Peterson & Bellantoni (1987)
Campbell & Head 2000)°
Plourde & Runge (1993)
Nielsen & Hansen (1995)

Hirche & Kwasniewski (1997)°
Hirche et al. (1994)
Harris et al. (2000)
Harris et al. (2000)

Pond et al. (19962
Pond et al. (19962
Pond et al. (19962
Pond et al. (1996)2
Harris et al. (2000)
Harris et al. (2000)
Peterson (1988)®
Peterson (1988)®
Frost (1985)°
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Uye & Murase (1997)
Liang et al. (1994)*
Richardson & Verheye (1998)
Richardson & Verheye (1998)
Frost (19859
Shreeve et al. (2002)”

Peterson & Bellantoni (1987)

Peterson & Bellantoni (1987)

Peterson & Bellantoni (1987)

Kiegrboe & Johansen (1986)
Park & Landry (1993)

!Only reproductively active
females used

2Adult females taken from
environment and incuba-
ted for 24 h in 0.6 pm-fil-
tered seawater

’Egg production rates stan-
dardised to the average
annual female body size

4Adult females with dark
oocytes in ovary and ovi-
ducts used

*Date from Hirche et al.

(1994), but with only the
last stations visited (201 to
263) used in equation deri-
vation

5Adult females taken from
environment and incuba-
ted for 24 h in 0.2 pm-
filtered seawater

?Adult females taken from
environment and incuba-
ted for 24 h in 0.2 pm-fil-
tered seawater; adjusted 2
values; equations in origi-
nal paper were in error-
correct versions presented
here (R. Shreeve, pers.
comm.)

8Equations derived for eggs

produced over an 8 d
period; we therefore divide
result by 8 to convert to
eggs d!
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data (see Figs. 2, 3 & 4), but not treated statistically.
Regressions between log, fecundity and temperature
were used to derive Qg values (see Fig. 2 & Table 4).
To standardise and remove the influence of tempera-
ture, rates of fecundity were then corrected to 15°C
using each group-specific Qo value; 1.12 and 1.54 for
broadcast and sac spawners respectively. To examine
the role of body mass these temperature-corrected
rates were logjo-transformed and regressed against
logyp body weight (see Fig. 3 and Table 5). When cor-
rection was necessary for the poecilostomatoida data
we always used the sac spawner-specific scaling (tem-
perature and body weight) factors to make these cor-
rections.

Michaelis-Menten relationships were determined
between fecundity and chl a concentration for broad-
cast and sac spawners. All rates were first corrected to
a temperature of 15°C and a body weight of 10 pg C
ind.”! using the appropriate group-specific slopes.
Zero values were included in this analysis, and there
was no log-transformation (although Fig. 4 shows the
results on a log scale). As the genera Calanus and
Oithona dominated the broadcast and sac spawner
data sets respectively, these were removed and the
relationships derived once again. We did this to test
whether results were heavily biased by these 2 genera
(results are presented in Table 6).

Although individual species within a single genera
may saturate their egg production at different concen-
trations of food, (e.g. the differences between Pseudo-
calanus newmani and P. moultoni as observed by
Joénasdottir 1989), examining broad, single-genera-
specific patterns are valuable. We may for example be
able to describe the distribution, abundance and bio-
mass of a genera with much less effort than those of a
species—and in some cases issues of species distinc-
tions are still being resolved. Data corrected to 15°C
but with no correction for body weight were used to
derive Michaelis-Menten relationships for individual
genera. A relationship was only derived when there
was greater than 95 measurements, this was the case
for the genera Acartia, Calanus, Centropages, Para-
calanus, Pseudocalanus and Oithona (see Fig. 5 &
Table 6).

To examine any effect that temperature may have
upon the Michaelis-Menten parameters we divided
data that had been first corrected to a body weight of
10 pg C ind.! into smaller temperature ranges
(-2.3-5,>5-15,>15-25 and >25-35°C) and examined
relationships within each of these. Similarly, to exam-
ine the effect of body weight, the data were first cor-
rected to 15°C, using their group-specific Qo values,
and divided into body weight ranges; 0.1-1, 1-10,
10-100 and 100-1000 pg C ind.”! (results of both
analyses are presented in Table 7).

We used backwards stepwise regression to further
examine the relationships, where the dependent vari-
able was log;, fecundity (f, eggs female™! d!) and the
independent variables were temperature (T, °C), log;o
body weight (BW, pg C individual™), and log;, chl a
concentration (C,, ng chl a I'!). F-to-enter was set at
4.0, and F-to-remove at 3.9. Where no independent
variables were removed, a multiple linear regression
relating log;, fecundity to all the independent vari-
ables was completed (SigmaStat Package, SPSS) with
the form logyo f = a[T] + b[log;o BW] + c[logyy C,] + d.
If an independent variable did not add significantly
to the prediction it was excluded, and the regression
completed using the remaining variables. We chose
to logyy transform the C, term as this approximately
linearises the data. It is a mathematical impossibility
to perfectly linearise a Michaelis-Menten function
when the dependent term (fecundity) is logged, as is
necessary when relating this term to both body weight
and temperature (results are given in Table 8 together
with R? values and significance levels). A single
regression was not derived combining sac- and
broadcast-spawning fecundity rates; the 2 are so
clearly different.

Food-saturated fecundity: data compilation. As a
comparison for the in situ data we also compiled
fecundity rates under laboratory conditions where
food was supplied in what was believed to be excess.
The food-saturated laboratory data were used to
examine the degree to which in situ rates were food-
limited at different temperatures and body sizes (see
Figs. 6 & 7, and Tables 4 & 5). We began by re-
examining the original data sources compiled by Kior-
boe & Sabatini (1995) over the range 10 to 20°C; we
however included a greater number of measurements
across a wider range of temperatures. Additional data
from other published sources were also added. We
compiled mean maxima rates rather than absolute
individual maximum. We have not included data for
wild copepods that were collected, given excess food,
and whose fecundity rates were measured shortly
afterwards (e.g. Park & Landry 1993, Saiz et al. 1999),
because copepods can take time to acclimate to
changes in food and using these estimates may under-
estimate the food-saturated rates. ANCOVA analysis
(SPSS package) was used to compare food-saturated
with in situ fecundity rates by comparing log, fecun-
dity rates versus temperature, and log,o fecundity ver-
sus log;o body weight (see Figs. 6 & 7). Slopes were
first examined for parallelism and, if they were, inter-
cepts were then tested for significant difference (see
Table 9).

Egg weight as proportion of adult weight: data
compilation. The present study describes fecundity
rates as a function of temperature and body weight of
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adults. In the paper of Hirst & Bunker (2003), relation-
ships are presented between weight-specific fecundity
and temperature and body weight, using the same set
of data. It is possible to predict from the difference
between these 2 relationships (fecundity and weight-
specific fecundity) egg weight as a proportion of adult
weight in respect to temperature and adult body mass
in broadcast and sac spawners. Because such predic-
tions are based upon experimental work that has been
screened for suitability for describing fecundity rates,
rather than body and egg weight, we chose to derive
an independent set of data on these measurements in
order to compare with our predictions. We compiled
data on egg and adult size and temperature at which
these animals were collected, including values given
in Sazhina (1985), Huntley & Lopez (1992) and Hopcroft
& Roff (1998). (For comparisons between predicted and
measured values see Fig. 8 & Table 10).

RESULTS
In situ fecundity

The entire data set contains 3864 fecundity measure-
ments from ~80 copepod species, with body sizes rang-
ing from 0.199 to 3260 pg C ind.”!. The data set
includes measurements made in environments from
the tropics to the poles, with temperature ranging from
—2.3 to 30.1°C. Estuarine, coastal upwelling through to
oligotrophic open-ocean data were included, and total
chl a concentrations varied by more than 4 orders of

Table 3. Summary of copepod fecundity (f, eggs female™!
d™') under in situ and food saturated laboratory conditions.
All data (i.e. all food descriptors) used in the analyses pre-
sented in Figs. 2 & 3 and Tables 4 & 5 (for which food is not
investigated). For subsequent analysis of chl a the total
chlorophyll a data set is used. n (zero): number of non-zero
data points used, and (number of zero values); N: number

of species
Data type Adult group n (zero) N
In situ fecundity
All food descriptors
Broadcasters 3081 (298) 59
Sac spawners 450 (33) 17
Poecilostomatoida 2 (0) 2
Total chlorophyll a
Broadcasters 1639 (212) 50
Sac spawners 318 (33) 17
Poecilostomatoida 2 (0) 2
Food-saturated fecundity
Broadcasters 121 (2) 28
Sac spawners 23 (0) 12

magnitude from 0.016 to 321.6 pg chl a 1!, Table 3
summarises the data set and food proxy types with
‘total chl @' dominating the data entire data set, repre-
senting 2204 of the total 3864 measurements.

In situ fecundity increases significantly with temper-
ature for both broadcast- and sac-spawning copepods
(p < 0.001) (see Fig. 2 & Table 4), although the r? values
are just 0.002 and 0.120 respectively, and hence in
broadcasters the variability explained by temperature
alone is very small indeed. The relationships between
fecundity and temperature demonstrate sac spawners
to have a higher slope and Q, value than broadcast-
ers, with Qo of 1.54 compared to only 1.12. The results
in Fig. 3 & Table 5 show that the fecundity of broadcast
and sac spawners scales positively and significantly
with body weight (p < 0.001); again r? values are low at
just 0.004 and 0.112 respectively. Scaling appears to be
much weaker in broadcasters than sac spawners (both
in terms of the slope and the variability that can be
explained by body weight). While broadcasters have a
fecundity rate that is on average 3.4 times that of sac

100 -
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Fig. 2. Fecundity of copepods as a function of temperature.

(A) Adult broadcasters; (B) adult sac spawners. Poecilostom-

atoida values included (+) for comparative purposes, but

not included in regression analysis. Lines describe signifi-

cant regression. Analysis results in Table 4, using log, in
calculations
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Table 4. Relationships between log, fecundity (f, eggs female™! d™!) versus temperature (T, °C) (see Figs. 2 & 6). Q,, correction fac-
tor derived from slope as Qjq = e (10 *Sl°P®)_ n (zero): number of data points on which regressions were performed (number of zero
values excluded prior to regression analysis)

Adult group n (zero) Temp. range log, f=a+ b[T] r? p Q1o
(T, °C) Intercept (@) Slope (b)
In situ fecundity
Broadcasters 3081 (298) -2.3-29.4 2.099 0.0111 0.002 <0.001 1.12
Sac spawners 450 (33) 3.0-30.1 0.271 0.0431 0.120 <0.001 1.54
Food-saturated fecundity
Broadcasters 121 (2) -1.5-30.0 2.532 0.0467 0.152 <0.001 1.60
Sac spawners 23 (0) 1.3-29.0 -0.056 0.1149 0.461 <0.001 3.15

spawners for individuals with a body weight of ~1 ng C
ind.”}, this falls to 1.8 times as body weight approaches
100 pg C ind.™! (as predicted from regressions through
data sets). This has implications to demographic differ-
ences between the 2 groups (we will return to this
point in the ‘Discussion’).

The results of the Michaelis-Menten plots for the
copepod data corrected to 15°C and 10 pg C ind.™! are
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Fig. 3. Fecundity of copepods as a function of body weight. (A)
adult broadcasters; (B) adult sac spawners. Poecilostomatoida
values included (+) for comparative purposes, but not in-
cluded in regression analysis. All fecundity rates corrected
to 15°C using group-specific Qo values in Table 4. Lines
describe significant regression. Analysis results in Table 5

shown in Fig. 4 & Table 6. The fecundity of broadcast-
spawning copepods is significantly related to chl a con-
centration (p < 0.0001), achieving an f,,x value of
47.0 eggs female™! d! with a chl a concentration for
half-saturation coefficient (K;,) of 2.4 png chl a I'!. The

o
00 ° A
1 Oo o
COOHBO‘ S——— S— —
O@ fe)
8o 5 fee) o
E [®) 0]
10 g’ 5
o
o o o
0]
(o]
v—:-\ 1
o
‘o
2
g 0.1
&
20 0 10 20 30 40
= B
>
=1
e
=
=5
s 146
L‘[_‘ A
A . b S
A B B Py

0 10 20 30 40 50 60 70
Total chl a (ug 1'")

Fig. 4. Michaelis-Menten relationships between in situ fecun-
dity (f, eggs female™! d"!) and chlorophyll a concentration (C,,
ng chl a 1), (A) Adult broadcasters; (B) adult sac spawners.
Poecilostomatoida values included (+) for comparative pur-
poses, but not included in regression analysis. All fecun-
dity rates first corrected to 15°C and then to body weight of
10 pg C ind.”! using group-specific values. Analysis results
in Table 6



Bunker & Hirst: Fecundity of marine planktonic copepods 169

Table 5. Relationships between log;, fecundity (f, eggs female™ d-!) under both in situ and food-saturated laboratory conditions to
logyo body weight (BW, nug C ind.”!). All data corrected to 15°C using Qy, values given in Table 4 prior to analysis. n (zero):
number of data points on which regressions were performed (number of zero values excluded prior to regression analysis)

Adult group n (zero) BW logyp f=a+ b[log;y BW] r? P
(ug Cind. ) Intercept (@) Slope (b)
In situ fecundity
Broadcasters 3081 (298) 0.380-3620 0.900 0.065 0.004 <0.001
Sac spawners 450 (33) 0.199-119.2 0.369 0.198 0.112 <0.001
Food-saturated fecundity
Broadcasters 121 (2) 1.5-356.0 1.207 0.201 0.192 <0.001
Sac spawners 22 (0) 0.924-722.0 0.974 -0.296 0.271 <0.02

relationship remains highly significant (p < 0.0001)
after removing Calanus spp., which made up almost
50 % of the data, and the resulting values are remark-
ably similar (fp., = 50.8 eggs female™! d™!, K, = 2.2 ng
chl a 1Y), It is noteworthy that while body weight and
temperature singly each explain <0.5 % of the variabil-
ity in the fecundity of broadcasters (but significantly
more in the sac spawners), for chl a the variability
explained in broadcasters is almost 2 orders of magni-
tude greater at 26 %. For sac spawners the relationship
to chl a is not significant (p = 0.288), and after remov-
ing the genus Oithona it remains non-significant, but
only marginally so (p = 0.076).

The Michaelis-Menten relationships for egg produc-
tion are highly significant for each of the broadcaster
genera (p < 0.0001) and for the sac spawners Pseudo-
calanus spp. (p = 0.028) (Fig. 5 & Table 6). The values
of f.x for significant relationships vary from 24.8 to
71.5 eggs female™' d! for the broadcasters Paracalanus

and Centropages respectively, with only 7.8 eggs
female ! d! for the sac spawners Pseudocalanus spp.
Although Centropages spp. is not the heaviest genus
analysed (mean body weight 20 pg C ind.™}), its £, is
the greatest. The K, values for broadcasting copepods
are all very similar, ranging from 1.4 to 2.2 pg chl a I'};
however, the K, for Pseudocalanus spp. is lower and
outside this range at just 0.86 pg chl al™.
Michaelis-Menten relationships were examined as a
function of temperature and body weight over re-
stricted data ranges (Table 7). Sac spawners revealed
no significant relationships within all ranges studied
(p > 0.05); in contrast the broadcasters have significant
relationships in all temperature and body weight
ranges (Figs. 6 & 7). These results are consistent with
the findings for the entire set of data. In broadcasters,
foax increases with increasing temperature from
17.5 eggs female! d! at —2.3 to 5°C to 101.4 eggs
female ! d™! at 25 to 35°C. Across this range, K, also

Table 6. Michaelis-Menten relationships between fecundity (f, eggs female ! d™') and chlorophyll a concentration (C,, ng chl a

1) for all groups, and genera-specific relationships where n > 95. Fecundity rates corrected to 15°C using appropriate Q;, values

in Table 4, and * values corrected to body weight (BW) of 10 pg C ind.”! using slopes in Table 5. Zero values were included in all
these derivations. n: number of data points; N: number of species

Group n N Mean BW Temp. range Chl arange f=Cy [fnaxl/(Cy + Kpy) r? P

(ng Cind.™") (T, °C) (Cang 1) fnax (SE) K., (SE)
Broadcasters 1851 50 10* 0.0-29.0 0.016-38.62  46.99 (2.05) 2.40 (0.27) 0.259 <0.0001
Sac spawners 351 17 10* 3.0-30.1 0.069-321.6 5.13(0.32) 0.07 (0.06) 0.003 0.2877ns
Broadcasters
(without Calanus) 944 42 10* 0.0-29.0 0.061-38.62 50.78 (3.09) 2.21 (0.38) 0.201 <0.0001
Sac spawners
(without Oithona) 211 10 10* 3.0-28.2 0.128-146.0 5.36 (0.55) 0.22(0.18) 0.015 0.0758ns
Broadcaster genera
Acartia spp. 366 12 4.99 3.0-29.0 0.140-33.75  46.17 (4.96) 2.18 (0.71) 0.190 <0.0001
Calanus spp. 907 9 121.43 0.0-25.0 0.016-33.79 39.90 (2.03) 2.02(0.25) 0.333 <0.0001
Centropages spp. 192 5 20.19 3.0-28.0 0.140-33.24 71.48 (7.55) 1.82(0.67) 0.206 <0.0001
Paracalanus spp. 101 3 2.80 8.0-28.2 0.161-38.62 24.77 (4.73) 1.36 (0.85) 0.190 <0.0001
Sac spawner genera
Pseudocalanus spp. 98 3 7.99 3.0-18.1 0.140-12.60 7.837 (1.35)  0.864 (0.78) 0.050  0.0277
Oithona spp. 140 7 0.32 8.9-30.1 0.069-321.6 2.508 (0.17) -0.030 (0.02) 0.011  0.2179ns
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We included 146 measurements from
40 species, ranging in temperature
from -1.5 to 30.0°C (Tables 3 & 4) for
laboratory food-saturated fecundity rates
(Table 9). These are significantly related
to temperature in both broadcast and sac
spawners (p < 0.001), with Qqo values of
1.60 and 3.15 respectively (Table 4).
Food-saturated rates scaled significantly
F and positively with body size in broad-
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Fig. 5. Michaelis-Menten relationships between in situ fecundity (f, eggs
female™! d°!) and chlorophyll a concentration (C,, ng chl a 1) for 6 cope-
pod genera. (A) Acartia spp.; (B) Calanus spp.; (C) Centropages spp.;
(D) Paracalanus spp.; (E) Pseudocalanus spp.; (F) Oithona spp. All individ-
ual fecundity rates corrected to 15°C using group-specific Qo values, no
body weight corrections made. Mean laboratory food-saturated rates
(corrected to 15°C) given for comparison; (®) mean rate; error bars: +SD.

Analysis results in Table 6

tends to increase, from 0.54 png chl a I''at-2.3to 5°C to
5.66 pg chl a I'! at 15 to 25°C. Therefore in warmer
waters their maximum potential egg production rates
are higher; however the chl a levels to reach half-satu-
ration also tend to be higher. Broadcasters in the
weight range >10 to <100 ug C ind.”! have the highest
fmax and K values of 56.2 eggs female! d! and
3.02 ug chl a I'!. Although generally large broadcast-
ing copepods are able to produce more eggs when sat-
urated than smaller copepods (Fig. 7), they do not have
higher weight-specific fecundity rates, which actually

60

80 cast adults (p < 0.001), but negatively in
sac spawners (p < 0.02). The laboratory
food-saturated rates were compared with
in situ rates as a function of temperature
(Fig. 6), and as a function of body weight
(Fig. 7). Differences between food-satu-
rated laboratory data and in situ data
should give us an indication as to the
degree of food limitation in the natural
environment and also allow us to deter-
mine if the degree of food limitation
alters with temperature or body weight.
ANCOVA analyses revealed that the slopes for labo-
ratory food-saturated and in situ rates of fecundity
against temperature are significantly different for sac
spawners (p = 0.021), with the degree of food limita-
tion changing as a functin of temperature. The slopes
for laboratory food-saturated and in sifu rates of
fecundity against temperature were not significantly
different for the broadcasters (p = 0.076), while the
intercepts were significantly different (p < 0.0001),
indicating that in situ rates are food-limited but that
the degree of food limitation does not change with
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Table 7. Michaelis-Menten relationships between fecundity (f, eggs female ! d™!) and chlorophyll a concentration (C,, ug chl al™!)

for temperature and body weight groupings. *Fecundity rates corrected to 15°C using appropriate Qy, values in Table 4, *values

corrected to body weight (BW) of 10 ng C ind.”! using group-specific slopes in Table 5. Zero values were included in all these
derivations. n: number of data points; N: number of species; ns: not significant

Adult group Temp. n N BW Chl arange f=C, [fnax)/(Ca + Ky r? P
range (T, °C) (hg Cind.™") (G, pgl?) fnax (SE) K (SE)
Broadcasters -2.3-5 145 10 10* 0.030-20.40 17.54 (1.54) 0.54 (0.23) 0.147 <0.0001
5-15 863 26 10* 0.030-37.70 38.89 (2.37) 2.17 (0.37) 0.237 <0.0001
15-25 759 30 10* 0.016-23.91 88.51 (8.91) 5.66 (1.07) 0.387 <0.0001
25-35 84 15 10* 0.061-38.62 101.35 (17.45) 2.30 (0.88) 0.428 <0.0001
Sac spawners -2.3-5 2 1 10* 0.800-0.80 - - - -
5-15 150 6 10* 0.140-12.80 4.82 (0.75) 0.60 (0.62) 0.013 0.165ns
15-25 121 8 10* 0.230-321.6 6.80 (0.59) 0.16 (0.13) 0.020 0.120ns
25-35 78 14 10* 0.069-71.50 9.18 (0.93) -0.002 (0.03) 0.0001 0.977ns
Broadcasters15® 463 25 >1-<10 0.138-38.62 47.57 (4.31) 2.19 (0.59) 0.268 <0.0001
15% 1220 25 >10-<100 0.016-33.79 56.23 (3.25) 3.02 (0.42) 0.286 <0.0001
15% 159 8 >100-<1000 0.090-18.50 27.55 (2.16) 0.46 (0.19) 0.155 <0.0001
Sac spawners15® 138 7 >0.1-<1 0.069-321.6 2.545 (0.17) -0.031 (0.02) 0.013 0.180ns
15% 202 7 >1-<10 0.128-146.0 5.088 (0.56)  0.290 (0.24) 0.017 0.062ns
15% 10 5 >10-<100 0.128-12.6 2.452 (1.68) -0.065 (0.07) 0.054 0.519ns
temperature. Comparing laboratory food-saturated Genera specific food-saturated rates were derived

and in situ rate data against body weight revealed
that the slopes are parallel in broadcasters (p =
0.133), and the intercepts are significantly different
(p < 0.0001). Again broadcasters are food-limited in
situ, but the degree of limitation does not alter with
body weight. In comparison, slopes for sac spawners
are not parallel (p < 0.0001) (we will return to this
issue in the 'Discussion’).
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Fig. 6. Food-saturated fecundity (f, eggs female ! d!) of
broadcast and sac spawners versus temperature (7, °C). In
situ relationships given for comparison; f,,x and SE values
plotted from Michaelis-Menten relationships of in situ data
separated into temperature categories (see Table 7)

from the laboratory data for comparison against the
Michaelis-Menten relationships from the in situ data.
The laboratory saturated rates corrected to 15°C were:
Acartia spp., 23.2 eggs female! d ! (£13.6 SD); Cen-
tropages spp., 37.4 (£18.4 SD); Calanus spp., 55.0
(£23.3 SD); Paracalanus spp., 26.5 (+13.4 SD); Pseudo-
calanus spp., 4.6 (£1.57 SD) and Oithona spp. 3.4
(=1.60 SD).
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Fig. 7. Food saturated fecundity (f, eggs female™' d') of

broadcast and sac spawners versus body weight (BW, ng C

ind. ). All fecundity rates corrected to 15°C using appropriate

Qs in Table 4. In situ relationships given for comparison.

fmax and SE values plotted from Michaelis-Menten relation-

ships of in situ data separated into body weight categories
(see Table 7)
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Table 8. Results from regressions relating dependent variable log;, fecundity (f, eggs female ! d™!) to independent variables
temperature (T, °C), log;, body weight (BW, pg C ind."!) and logy, total chlorophyll a concentration (C,, pg chl a 1I"!). Those
independent variables not significantly adding to predictions were removed prior to completion of multiple linear regression

analysis

logyof = a[T] + b[log1(BW] + c[logcC,] + d (n)

Adult group  Ind. variables a b c d R? P
included (T; log10BW; log0C,)
Broadcasters  All included 0.017 0.191 0.706 0.323 0.311 <0.001; <0.001; <0.001 1639
logy f=a[T] + b[log,(BW] + ¢ (n)
Adult group a b c R? P
(T: log1oBW)

Sac spawners C, removed 0.026 0.208 -0.038 0.203 <0.001; <0.001 (318)

Table 9. Results of ANCOVA analysis comparing laboratory food-saturated of fecundity rates (f, eggs female™! d"!) against in situ
rates. B: Broadcast spawners; S: sac spawners; BW: body weight

ANCOVA groups Relationship  Fig. Significance (p) Conclusion
1 2 ref. Parallelism ANCOVA
of lines

B in situ B laboratory food-saturated loge fvs T 6 0.076 <0.0001 Slopes parallel,

intercepts significantly different
S in situ S laboratory food-saturated loge fvs T 6 0.021 - Slopes not parallel
B in situ B laboratory food-saturated logio fvslog;o BW 7 0.133 <0.0001 Slopes parallel,

intercepts significantly different
S in situ S laboratory food-saturated logj, fvslog;o BW 7 0.001 - Slopes not parallel

Table 10. Comparison of predicted relationships between egg weight/adult

weight (EW/AW) versus adult body weight and temperature and values

measured using compilations of data from literature. Predictions derived

from the difference between equations for weight-specific fecundity given

by Hirst & Bunker (2003) and those for fecundity given here. n: number of
data points; ns: not significant

Measured n Intercept (a) Slope (b) r? P
Predicted
log,o EW/AW = a + b[log;, adult weight]
Broadcasters
Measured 44 -1.736 -0.450 0.629 <0.001
Predicted - -1.903 -0.316 - -
Sac spawners
Measured 24 -1.638 -0.154 0.370 <0.002
Predicted - -1.623 -0.030 - -
log. EW/AW = a + b[temperature]
Broadcasters
Measured 174 -6.043 0.0495 0.155 <0.001
Predicted - -5.850 0.0352 - -
Sac spawners
Measured 74 -3.958 -0.0114 0.0197 >0.20ns
Predicted - -3.638 -0.0072 - -

Egg weight as a proportion of adult
weight: data compilation

A simple comparison of the relationships
for fecundity against temperature and
body weight with the relationships found
for weight-specific growth (Hirst & Bunker
2003) allowed us to solve for egg weight
as a proportion of adult weight against
temperature and body weight (Fig. 8,
Table 10). Broadcast and sac-spawned eggs
both comprise a progressively smaller
proportion of the adult weight as adult
weight increases. At an adult weight of
1 pg C ind.™!, both groups have eggs that
are ~2% of adult body weight on average;
but the negative slope is much steeper
for broadcasters, and at 100 pg C ind.™!
sac spawners have eggs ~1.1% of adult
weight, while for broadcasters this aver-
ages only 0.2%. Broadcasters show an
increase in the proportional size of eggs
with increasing temperature, while sac
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spawners show no evidence of change with tem-
perature. As the predictions are close to measure-
ments taken from independent sources of egg and
adult weight data, this confirms that the differences
in the relationships between fecundity and weight-
specific fecundity (Hirst & Bunker 2003) are not
only a consequence of changes in the size of eggs in
relation to adult weight as a function of temperature
and body weight in the data set, but these differ-
ences are reflected in relative egg to adult size in
nature too.

DISCUSSION

In situ rates of fecundity in epipelagic copepods
are significantly and positively correlated with tem-
perature, and have Qos of 1.12 and 1.54 for broad-
cast and sac spawners respectively, which are much
lower than the food-saturated rates of 1.60 and 3.15.
Using the same data set, the Qs for in situ weight-
specific fecundity are 1.59 and 1.43. We were able
to demonstrate herein that differences in these val-
ues (slopes) between fecundity and weight-specific
fecundity are driven by the changes in egg to adult
weight that occur with changes in temperature (see
last subsection of '‘Results’, Fig. 8 & Table 10). The
Qo values of in situ rates of fecundity and weight-
specific fecundity are well below the food-saturated
and food-unlimited rates of weight-specific fecundity;
this is an indication of increasing food limitation with
increasing temperature, and is discussed in more
detail later.

Kiorboe & Sabatini (1995) found no body mass scal-
ing in the fecundity rates of either broadcast or sac-
spawning copepods under laboratory food-saturated
conditions. However, in contrast, using a larger set of
laboratory data, we found significant positive scaling
in broadcasters. This group also demonstrated positive
scaling for the in situ data. We found significant posi-
tive scaling in sac-spawner fecundity in situ, but sig-
nificant negative scaling under food-saturated labora-
tory conditions (Fig. 7). Clearly there is contradiction
between these 2 observations, as in some instances the
in situ data exceeds the food-saturated data. This may
be because our in situ data for sac spawners comprised
few measurements with body weights >10 pg C ind. ™},
while the food-saturated data was very limited for
body weights <2.3 pg C ind.™%.

Oithonidae do not produce feeding currents, and in
general have much lower daily rations (Price 1988),
this may in part explain their generally lower weight-
specific fecundity and fecundity rates. The genus
Oithona has relatively low fecundity rates compared
with suspension-feeding calanoid sac spawners of
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Fig. 8. Egg weight as a proportion of adult weight versus
(A) temperature and (B) adult body weight in broadcast and
sac spawners

medium body weight such as Pseudocalanus, Clauso-
calanus and Eurytemora, while the fecundity of very
large carnivorous taxa such as Euchaeta can be very
low. We therefore propose that sac-spawner fecundity
may not scale with body weight in a simple linear form,
but a dome-shaped relationship may be appropriate.
This is the form for the relationship suggested for
weight-specific fecundity also (Hirst & Bunker 2003).
Unlike broadcasters, egg size for sac spawners is a rel-
atively constant proportion of adult weight, and hence
the pattern of weight-specific fecundity versus body
weight is similar to that for fecundity. Because of insuf-
ficient data on food-saturated fecundity in sac spawn-
ers, we were unable to examine the degree of food
limitation in this group.

Most broadcast spawners examined herein were
calanoids, and these are omnivorous but often strongly
herbivorous, especially when phytoplankton concen-
trations are high (Kleppel 1993, Halvorsen et al. 2001).
Many sac spawners examined were cyclopoids, and for
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Fig. 9. Percentage contribution of picoplankton (<2 pm) to to-

tal chl a concentration in natural waters as a function of total

chl a concentration. Data compiled by Agawin et al. (2000)

and supplemented by additional sources, i.e. E. Maranén

pers. comm. (data from central Atlantic) and A. Clarke (data
from Signy coastal waters, Antarctica)

many cyclopoids such as Oithona spp. omnivory can be
heavily skewed towards predation on microzooplank-
ton such as ciliates and heterotrophic flagellates (e.g.
Nakamura & Turner 1997, Lonsdale et al. 2000). These
factors could explain why the Michaelis-Menten rela-
tionship between fecundity and chl a was strongly sig-
nificant for broadcasters (p < 0.0001), but not for sac
spawners (p = 0.288), and why chl a was removed prior
to backwards step-wise regression for this latter group.
When Oithona spp. were removed from the sac
spawner data set, the Michaelis Menten relationship
was marginally insignificant (p = 0.076), while the rela-
tionship for Oithona spp. alone continued to be very
poor (p = 0.218). The feeding preferences and switch-
ing strategies of Oithona may explain why they can
continue to have relatively high rates of fecundity and
growth even in lower chl a environments, and why
these rates are less variable in space and time than
those of broadcasters. It is interesting that we found
equally (and strongly) significant relationships be-
tween chl a levels and fecundity rates for large lipid-
storing broadcasting genera as for smaller genera that
are not renowned for high lipid content (Table 6). This
was not expected, because many large copepods such
as Calanus spp. can produce eggs when food is scare
(for example, during the pre-spring bloom period), and
hence egg production can be more decoupled from
food supply in such genera.

Although total chl a is not an ideal proxy of potential
food, it dominates the global data set that we have at
present, and hence our reliance upon it herein. Particle
abundance, size fractionated and biochemical mea-

surements of the food environment may prove better
descriptors of food available, especially for sac spawn-
ers. However, these measurements are scant, provide
little global coverage (Table 3), and have often been
made in ways that would not allow direct comparison
between studies because of differences in protocols
(Table 1). Copepods are generally regarded as being
unable to prey upon the smallest phytoplankton, and
yet picoplankton (<2 pm in size) make up a very vari-
able, and at times very high proportion of the total chl
a in waters with less than ~5 pg chl a I"! (Fig. 9). Size-
fractionated chl a that excludes such small fractions
may therefore be a better proxy of available food, and
hence be better related to fecundity and growth.
Indeed, many individual studies have demonstrated
better relationships between fecundity and size-frac-
tionate chl a than with total chl a (Table 1). Increased
variability in fecundity and weight-specific growth of
broadcasters at low chl a concentrations may also be
due to a steep slope in the relationship over a small
range, but also to possible prey-switching and the use
of non-chl a bearing particles (Hirst & Bunker 2003).
Also, as already mentioned, at high chl a levels (=5 ng
chl all), the proportion of larger cells is relatively con-
stant, while in low chl a environments the contribution
that larger cells make towards total chl a is much more
variable (Fig. 9).

Maximum fecundity rate (f,.x) of broadcasting cope-
pods (standardised to 10 pg C ind.”!) increased with
increasing temperature from 17.5 eggs female™! d! in
the -2.3 to 5°C temperature range to 101.4 eggs
female! d! at 25 to 35°C (Table 8). In fact the f.x
values derived from the in situ data were higher than
the regression line through the laboratory ‘food-satu-
rated’ data, but increased as a function of temperature
and body weight similar to rates measured under food-
saturated laboratory conditions (see comparison in
Figs. 6 & 7). We may therefore conclude that fecundity
rates under food-saturated laboratory conditions un-
derestimate the true maximum rates in nature; thus,
for example, the fecundity of broadcasters at 20°C
under laboratory food-saturated conditions is predic-
ted from the regression as 32.0 eggs female™! d!,
whereas the comparable f,,; value is 88.5 eggs
female™! d7'. This is the greatest divergence of these
2 measures; at 0°C, laboratory food-saturated fecun-
dity is 12.6 eggs female™* d7!, and fy. is 17.5 eggs
female™! d!. Comparison between fecundity rates
under laboratory food-saturated conditions and in situ
fax Tates on a genera-specific basis (Fig. 5), reveals
that the laboratory rates substantially underestimate
maximum fecundity rates in Acartia spp. Centropages
spp. and Pseudocalanus spp. The 2 estimates are very
similar for Paracalanus spp. while for Calanus spp., the
laboratory rates are actually higher than the in situ
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fmax- It is not surprising that maximum fecundity (and
also growth) rates are often underestimated in labora-
tory studies, as very limited numbers of prey species
(often just 1) are typically used to feed the experimen-
tal animals. Monoculture and restricted diets may not
provide all the components necessary to allow maxi-
mum rates of growth and fecundity. Reassuringly,
however, the general similarity in the f,,; and maxi-
mum fecundity rates in the laboratory (although the
latter are somewhat lower) do confirm the approximate
pattern of food limitation in the natural environment
with respect to temperature and body size, if not the
absolute magnitude.

When Michaelis-Menten relationships were derived
over the 10°C temperature ranges, half-saturation con-
stants (Kj,) for broadcasters increased with increasing
temperature up to 20°C. Thus, copepods generally
need greater concentrations of chl a to half saturate
their fecundity in warmer waters compared to cold. In
order to assess potential food limitation of fecundity in
nature we compared our K, values with a compiled
database of chl a values (Fig. 10). Provisionally, it
appears that fecundity of broadcasters will often be
food-limited in natural waters with high temperatures,
as the chl alevels needed to half-saturate fecundity (K,
values) are typically higher than the chl a levels found
in both oceanic and coastal areas. In contrast, at tem-
peratures below ~10°C the chl a levels appear high
enough for fecundity rates to be often half saturated in
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Fig. 10. Chl a levels needed to achieve K, (half-saturation) of
fecundity (this study) and weight-specific growth and weight-
specific fecundity (from Hirst & Bunker 2003) for copepods as
a function of temperature. For comparative purposes, global
compilation of chl a measurements is included, taken from
oceanic (>300 m bottom depth) and coastal surface waters
(<300 m bottom depth) (data from US National Oceano-
graphic Data Center, Silver Spring, Maryland, USA). Data
were binned into 2°C intervals, and first and third quartile
within each were used as ranges for values shown (data
supplied by A. Lépez-Urrutia)

coastal areas, but still typically higher than those found
in oceanic areas. This also supports the finding that
rates of fecundity in situ are increasingly below the
maximum achievable rate as temperature increases (as
in Fig. 6). For comparative purposes we also include in
Fig. 10 rates for weight-specific growth of juvenile
copepods, and weight-specific fecundity of adults from
Hirst & Bunker (2003) corrected to 15°C and 10 pg C
ind.”!. The K,, value for weight-specific fecundity is
close to that of fecundity, as might be expected, while
the values for weight-specific growth of juvenile
broadcasters are much lower (i.e. more commonly and
easily half-saturated), and those for juvenile sac
spawners lower still (half-saturation of their weight-
specific growth achieved in waters with chl a levels of
just 0.02 pg 1Y).

The increasing divergence between the slopes for
fecundity of in situ and laboratory food-saturated sac
spawners with increasing temperature demonstrates
greater food limitation of in situ rates at higher tem-
peratures (Fig. 6, see Table 9 for ANCOVA analysis).
Thus while in situ rates are similar to laboratory
food-saturated rates at low temperatures of ~5°C,
they are on average only 23 % of those under labora-
tory food saturation at 25°C. For broadcasters the
slopes also appear to diverge with increasing tem-
perature; however ANCOVA analysis did not reveal
a significant difference between fecundity slopes for
in situ and laboratory food-saturated individuals,
although the intercepts were significantly different.
Making predictions from the regressions for broad-
casters we find that, at 0°C, in situ fecundity rates
are 64.9 % of laboratory food-saturated rates, while at
25°C they are just 26.6%. Hirst & Bunker (2003)
found these slopes to be significantly different and
to diverge when these adult broadcaster rates
were expressed in weight-specific terms. The slope
of weight-specific fecundity versus temperature is
0.0994 for broadcasters under food-saturated labora-
tory conditions (Hirst & Bunker 2003), but much shal-
lower (only 0.047) for food-saturated fecundity (eggs
female™! d!). While the slopes for weight-specific
fecundity versus temperature are 0.046 for broad-
casters under in situ conditions (from Hirst & Bunker
2003), they are only 0.011 for their fecundity rates in
situ, again much shallower. The differences between
slopes for weight-specific fecundity and fecundity are
driven by changes in the relative size of egg to adult
weight that occur in the natural environment as a
function of temperature (Fig. 8 & Table 10). In sac
spawners, while eggs comprise a similar proportion
of adult size in cold and warm waters, broadcasters
eggs comprise a smaller proportion of the adult
size in cold waters than in warm waters. Large sac
spawners have eggs which on average comprise a
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slightly smaller proportion of adult size than eggs of
small species, but for broadcasters these differences
are much more dramatic. Broadcasters with a body
weight of ~0.1 to 1 pg C ind.”! have eggs of a size
similar to those of sac spawners of the same adult
weight, whereas broadcasters with an adult weight
of between ~100 and 1000 pg C ind.”! have eggs that
are almost 1 order of magnitude smaller than those
of sac-spawned copepods of the same size.

It is generally considered that broadcasters pro-
duce a greater number of smaller eggs than sac
spawners because their freely broadcast eggs are
very much more vulnerable and have much greater
mortality rates (Hirst & Kierbe 2002). Broadcasters
produce much smaller eggs as a proportion of adult
weight than sac spawners in colder waters, while in
warm waters the differences between the 2 are much
less (Fig. 8). Sac spawners produce eggs that com-
prise a relatively constant proportion of the adult
female size, regardless of temperature or adult
weight. We are therefore led to ask the question
‘why'? We can determine how many more eggs
broadcasters will have to produce in comparison to
sac spawners if we assume these two have broadly
similar post-hatch mortality rates (see Fig. 6 of Hirst
& Kiegrboe 2002) and total egg to adult development
times and sex ratios (Hirst & Kierboe 2002). The net
reproductive rate, Ry, (i.e. the number of offspring
per female that survive until the next generation), is
given by the rate of mortality (B, d!), the develop-
ment time (D, d), [= time from being laid as an egg
to moulting into adulthood]), and the egg production
rate of sac spawners (m;, eggs female ! d™'). For sac
spawners there is no need to separate eggs and post-
hatch individuals, and the equation is:

Ry = (my/per? (1)

where mj is the fecundity rate of sac spawners. The
assumption that the mortality rate is age-independent
is unrealistic for broadcast-spawning copepods be-
cause free eggs suffer much higher mortality rates
than post-hatch stages. Instead, by using the ratio egg-
hatching time (1, d) to development time (D, d) in
broadcast spawners as compiled by Kierboe & Sabatini
(1994, 1995) of /D = 0.05, and further assuming that
free eggs have a mortality rate that is 10 times higher
than the mortality of post-hatch stages (Kierboe 1998),
i.e. B, = 10 By, then for broadcasters the equation
becomes:

Ry = (my/By)e145PnP (2)

where m, is the fecundity rate of broadcast spawn-
ers.

Next if we assume that development times and post-
hatch mortality rates are equal in the 2 groups, then

(my/Br)e PP = (my/Py)e 145D 3)

which, simplified, allows us to derive the ratio of fecun-
dity in broadcasters to fecundity in sac spawners
(mb/ ms):

(my/my) = 4P @

Using this equation we find that the ratio (my/my)
is 5.0 when temperature is 3°C (i.e. D = 67.4 d and
Bn ~ 0.053d™! [derived from Hirst & Kigrboe 2002]),
while at 29°C the ratio falls to 1.4 (D = 9.06 d and S,
~ 0.34d7Y). Thus, in cold water, broadcasters must
produce a dramatically greater number of eggs than
sac spawners. By comparison regressions through the
empirical data set presented herein (Fig. 2, Table 4)
give ratios of 5.7 and 2.5 at 3 and 29°C respectively.
The prediction and empirical data are therefore in
relatively good agreement. More simply, although
mortality of broadcast eggs (in units d!) is lower in
cold waters, the product of total mortality integrated
over the whole hatch period is greater than in
warmer waters. Broadcasters have very similar rates
of weight-specific fecundity to those of sac spawners
across the same temperature range (Hirst & Bunker
2003); hence broadcasters achieve the additional
fecundity not by producing more egg mass, but by
using this mass to produce smaller eggs. Our argu-
ments are relatively simplistic, and closer examina-
tion of these assumptions and other consequences of
making eggs that comprise a relatively smaller pro-
portion of the adult weight need investigation. We
lack a comprehensive understanding of the vulnera-
bility of free eggs in the natural environment. How
does egg mortality/vulnerability of free eggs alter
with egg size? Does the critical assumption that the
mortality rate of broadcast eggs is 10 times that of
post-hatch individuals hold across a wide range of
environments? Clearly much more work is needed
before we can fully appreciate factors in the global
ocean driving the observed patterns.

On a global scale, the percentage contribution of
smaller phytoplankton (e.g. picoplankton) decreases
dramatically as total phytoplankton biomass inreases
(Agawin et al. 2000 and our Fig. 9 which contains
new additional data), and it has been observed that
large phytoplankton cells dominate when total chl a
levels are high (Richardson & Verheye 1998). Smaller
phytoplankton are generally considered more acces-
sible to smaller copepods (Hansen et al. 1994), and
larger genera such as Calanus are considered to pre-
fer large phytoplankton cells (Peterson & Bellantoni
1987). Therefore it might be expected that when total
chl a levels are low (and hence a greater dominance
of smaller sizes of phytoplankton), more food on
average will be available to smaller herbivorous
copepods than to large ones. However, in contrast to
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these expectations there were no strong trends in K,
values for broadcasting genera differing greatly in
their size. Thus, for example, Calanus spp. has a very
similar K, to the much smaller Acartia spp (Table 6).
Futhermore, K, values do not show a consistent
increase with increasing body weight when the data
are divided into ranges (Table 7). Fig. 7 compares
the fecundity rates of food-saturated broadcasters
with in situ data with respect to body size. Although
the slopes of these lines appear to visually diverge,
the slopes are not significantly different (ANCOVA
results: Table 9), suggesting on average no apparent
increase in food limitation with increasing body
weight. Hirst & Bunker (2003) found the slopes for
weight-specific fecundity rates of in situ and labora-
tory food-saturated copepods to be parallel (i.e. the
degree of food limitation did not on average increase
with increasing size); in addition they found no clear
pattern for changes in K, values with increasing
body weight, which is consistent again with the situ-
ation found herein for fecundity. Although there are
individual examples of larger species/genera that
need higher chl a levels to half-saturate their weight-
specific growth and fecundity, no such pattern is
clear when the data are divided into body weight
groups and examined irrespective of taxa. Clearly
this very important topic, which we have been
unable to resolve (possibly due to our limited data),
needs more attention in the future.

The Michaelis-Menten relationships partially ex-
plain the observation of increasing food limitation
with increasing temperature. K, values have a gen-
eral tendency to increase in warmer waters (Table 7
& Fig. 10); i.e. greater levels of chl a have to be
reached for saturation of fecundity to be achieved,
whilst levels of total chl a in the natural environment
are generally not any greater in warmer waters than
in cold waters. Increasing K, with increasing tem-
perature may be a consequence of the copepods
needing more food to sustain fecundity, i.e. a greater
amount and also proportion of the assimilated matter
is needed to meet respiration demands (Ikeda et al.
2001). There are other reasons, not necessarily mutu-
ally exclusive, that may also explain this pattern. The
quantity of total phytoplankton chl a attributable
to the small, presumably largely inaccessible pico-
plankton, also tends to increase in warmer waters,
although this relationship is not strong and only ap-
plicable at very high temperatures, i.e. 226°C (Agawin
et al. 2000).

For sac-spawning copepods, the Michaelis-Menten
relationships were not significant for the entire data
set (Table 6), or for the Michaelis-Menten relation-
ships divided into body weight or temperature groups
(Table 7). The average fecundity rates of sac spawn-

ers in low (<1 ug chl a I"'!) and in high (>5 pg chl a
1’1) food environments, are still very similar, at 8.1
(£9.6 SD) and 8.6 (+9.6 SD) eggs female™! d™! respec-
tively. In contrast, broadcasting copepods produce an
average of 7.2 eggs female ' d™! at low chl a concen-
trations and 37.7 eggs female™! d~! at high chl a con-
centrations. The ability of some sac spawners to con-
tinue to produce eggs in low chl a environments
needs more thorough investigation, especially as the
importance of small cyclopoids in low chl a environ-
ments can be great, and vast areas of the world's
oceans have low chl a levels. Many poecilostomatoids
have eggs that are much smaller than those of broad-
casters and other sac spawners of similar adult body
weight (Fig. 1), Sapphirina spp. for example can have
eggs that are <0.03% of adult weight. However,
Corycaeus amazonicus has egg weights that are
around 1% of the adult weight (Hopcroft & Roff
1998), a value very similar to that of broadcast and
sac spawners of the same adult size. We have insuffi-
cient data to accurately reflect the poecilostomatoids,
yet these are a very ubiquitous and important group;
small Oncaea species are amongst the most numer-
ous copepod taxa in oceanic regions. It is long over-
due that these species be systematically examined
with respect to life-history (egg-hatch times, rates of
fecundity and development, growth and mortality)
and physiological rate processes. This was pointed
out by Bottger-Schnack et al. in 1989, and is still
relevant today.

On a global scale, adult fecundity is much more
food-limited than juvenile weight-specific growth
(see Hirst & Bunker 2003). Fecundity of broadcasters
is more dependent upon food than temperature,
except possibly at low temperatures. Spatio-temporal
variability in the fecundity of adults should be
increasingly driven by food as temperature increases.
In temperate systems, greater variability has been
observed in the fecundity of broadcasters than in that
of sac spawners both temporally (e.g. Frost 1985,
Kiorboe & Nielsen 1994, Sabatini & Kierboe 1994),
and spatially (e.g. Nielsen & Sabatini 1996), and small
sac-spawning calanoids and cyclopoids have been
found to maintain high fecundity rates in low chl a
conditions (Frost 1985, Ohman 1985, Nielsen &
Sabatini 1996). Herein we have confirmed these
observations with a larger set of standardised and
inter-comparable data. Given the more ready satura-
tion of fecundity and growth in sac spawners (Hirst &
Bunker 2003), and also their less variable egg mor-
tality rates (Hirst & Kierboe 2002), we suggest that
the abundance and biomass of sac spawners will be
more spatio-temporally uniform than those of broad-
casters (Paffenhofer 1993). Interestingly, Pseudocala-
nus spp. was the only sac-spawning genus for which
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there was a significant Michaelis-Menten relation-
ship, and its K, of 0.86 pg chl a 1I"! was lower than
any of the broadcaster genera (whose K, values
ranged from 1.36 to 2.18 pg chl a I'!), while its mean
body weight was not the lowest (Table 6). Frost
(1985) also found egg production by the broadcaster
Calanus pacificus to saturate at higher food concen-
trations than that of the sac spawner Pseudocalanus
sp. In our extensive compilation we found the genus
Calanus to have a 2.3-fold greater half-saturation
constant (K,,) for fecundity than the genus Pseudo-
calanus. Although broadcasters may need higher
chl a levels to approach saturated rates of fecundity
than sac spawners, the maximum fecundity rates they
can achieve are greater too (Fig. 5). Where chl a is
very low for long periods (e.g. polar waters), and/or
when it is continually low (e.g. oligotrophic waters)
we therefore predict from our observations of fecun-
dity that the importance of sac spawners such as
Oithona spp. would increase, and that they would
continue to produce eggs in reasonable numbers
when other species cannot.

Our study would not be complete without a discus-
sion on the vertical structure of biota in the water
column. Copepods and their prey can be distributed
in discrete layers that vary temporally. There are cer-
tainly strong diel signatures in the gut fullness of
many copepod species collected from the environ-
ment (Head et al. 1999), that may reflect an inherent
diel pattern for the species, or be the result of migra-
tion associated with a changing food supply. This
heterogeneity will not be represented correctly in a
container in which a copepod is kept with a near-
constant food supply for 24 h. This also make the
application of the equations derived herein more dif-
ficult. Strictly, the vertical distribution of both cope-
pods and chl a need to be known. This is not an
issue confined to our study, but it is currently largely
overlooked in the application of almost all experi-
mental rates of this form to field data. Typically,
copepods are net collected at the surface or in a
depth-integrated sample, and then ‘picked’' prior to
incubation in natural seawater collected from a sin-
gle or mixed depths (often from the fluorescence
maximum). Other methods include incubating cope-
pods with water that has been collected from various
depths and then mixed to form the food medium.
However, neither approach considers that copepods
may experience heterogenous food concentrations
over short time intervals, or vertically migrate across
large temperature and food concentration gradients.
We continue to largely ignore these issues, presum-
ably because they are hard to deal with when mak-
ing such measurements. These issues need now to be
tackled more comprehensively.

Huntley & Lopez (1992) synthesised development
rates in copepods and converted these to juvenile
growth rates. Using development times to predict
juvenile growth rates does not accurately represent
the natural variability in and the degree of food limi-
tation affecting juvenile copepod growth rates (Hirst
& Bunker 2003). Predictions of in situ juvenile growth
rates are also very different from predictions of adult
fecundity with respect to the degree of food limitation
(adult fecundity is much more food-limited) and
natural variability (adult fecundity rates are much
more variable). The global temperature-dependency
of juvenile weight-specific growth is not representa-
tive of the patterns of weight-specific fecundity (Hirst
& Bunker 2003) or absolute fecundity (present study),
because adult fecundity is much more food-limited
than juvenile growth, and this food limitation in-
creases in progressively warmer waters. As a conse-
quence we cannot measure copepod fecundity alone
and assume that this (as weight-specific fecundity)
will represent juvenile growth rate, as has been
assumed previously.

The relationships presented here are the first
devised for copepod fecundity at this scale, and the
first synthesis of copepod fecundity rates to include a
proxy of food. We also give Michaelis-Meneten rela-
tionships for several key genera. If we compare each
measured value in the database with the predictions
using the multiple linear regressions, then predictions
fall within the measured values by a factor of 2 (i.e.
between 0.5 and 2 times the measured values) on 42
and 63 % occasions for broadcast and sac spawners
respectively. Thus our framework appears to allow
prediction of fecundity rates within broad but reason-
able limits. Our ability to predict fecundity using this
approach is similar to that for weight-specific fecun-
dity, but much weaker than that for juvenile weight-
specific growth. This synthesis highlights the fact that
we lack measurements for many ubiquitous genera
and species of sac spawners and broadcasters (e.g.
Temora, Clausocalanus, Euchaeta, Undinula, Metridia,
Microsetella, Microcalanus, Ctenocalanus) and the
poecilostomatoids in general. The latter are often mas-
sively undersampled with traditional plankton nets,
yet they occur worldwide and are very numerous
(Hopkins 1985, Bottger-Schnack et al. 2001). In order
to quantify their magnitude and contribution to the
biogeochemistry of the ocean we will need concerted
effort. Their incubation to derive natural rates may be
difficult, given their feeding preferences, and ap-
proaches such as the egg-ratio method may be more
suitable for studying their fecundity. Although chl a
may not be the most appropriate proxy for food avail-
ability, this study demonstrates it is of more use for
broadcasting copepods than for sac spawners, as
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shown by the significance of the various Michaelis-
Menten plots of fecundity versus total chl a concentra-
tion, and the multiple linear regression analysis. It is a
common practice to use chl a as a food proxy for cope-
pods, and this study highlights the limits (both
explanatory and predictable) to such approaches,
especially for sac spawners. It may be very illuminat-
ing to examine or measure other food proxies and
specific compounds (such as fatty acids) together with
adult fecundity/weight-specific fecundity on a global
basis to see if these may better explain the increasing
degree of food limitation in adults with increasingly
warmer water.

In the present paper we studied patterns of egg
production rates in relation to size, temperature and
chl a. Clearly within these patterns there are important
(sometimes subtle, sometimes not) differences be-
tween genera and between the species. These differ-
ences underpin important life-history differences
between species. Comparisons of life-history and
behaviour of individual species may eventually enable
us to understand the attributes that different species
have evolved, and why some species are so much more
numerous than others. Our study is broad (global)-
scale, grouping diverse forms and expressing degree
of similarity in rates; there is still much to learn from
the differences in the details.

Acknowledgements. We are indebted to many people who
kindly supplied their original data or clarified details of their
publications. We wish to express our gratitude to R. R.
Hopcroft, A. D. McKinnon, R. Shreeve and the anonymous
referees for making improving comments on earlier versions
of this paper. This work was funded by the Natural Environ-
ment Research Council through the thematic programme
‘Marine Productivity' (Grant NER/T/S/1999/00057) to A.G.H.
The British Antarctic Survey's DYNAMOE programme also
supported A.G.H.

LITERATURE CITED

Agawin NSR, Duarte CM, Agusti S (2000) Nutrient and tem-
perature control of the contribution of picoplankton to
phytoplankton biomass and production. Limnol Oceanogr
45:591-600

Ambler JW (1985) Seasonal factors affecting egg production
and viability of eggs of Acartia tonsa Dana from East
Lagoon, Galveston, Texas. Estuar Coast Shelf Sci 20:
743-760

Bamstedt U (1986) Chemical composition and energy con-
tent. In: Corner EDS, O'Hara SCM (eds) The biological
chemistry of marine copepods. Clarendon Press, Oxford,
p 1-58

Beckman BR, Peterson WT (1986) Egg production by Acartia
tonsa in Long Island Sound. J Plankton Res 8:917-925

Bottger-Schnack R, Schnack D, Weikert H (1989) Biological
observations on small cyclopoid copepods in the Red Sea.
J Plankton Res 11:1089-1101

Bottger-Schnack R, Hagen H, Schnack-Schiel SB (2001) The

microcopepod fauna in the Gulf of Agaba, northern Red
Sea: species diversity and distribution of Oncaeidae
(Poecilostomatoida). J Plankton Res 23:10219-1035

Calbet A, Agusti S (1999) Latitudinal changes of copepod egg
production rates in Atlantic waters: temperature and food
availability as the main driving factors. Mar Ecol Prog Ser
181:155-162

Campbell RW, Head EJH (2000) Egg production rates of
Calanus finmarchicus in the western North Atlantic:
effect of gonad maturity, female size, chlorophyll con-
centration, and temperature. Can J Fish Aquat Sci 57:
518-529

Dam HG, Peterson WT, Bellantoni DC (1994) Seasonal feed-
ing and fecundity of the calanoid copepod Acartia tonsa in
Long Island Sound: is omnivory important to egg produc-
tion? Hydrobiologia 292/293:191-199

Durbin EG, Durbin AG, Smayda TJ, Verity PG (1983)
Food limitation of production by adult Acartia tonsa in
Narragansett Bay, Rhode Island. Limnol Oceanogr 28:
1199-1213

Frost BW (1985) Food limitation of the planktonic marine
copepods Calanus pacificus and Pseudocalanus sp. in a
temperate fjord. Ergeb Limnol 21:1-13

Gomez-Gutiérrez J, Peterson WT (1999) Egg production rates
of eight calanoid copepod species during summer 1997
off Newport, Oregon, USA. J Plankton Res 21:637-657

Halvorsen E, Hirst AG, Batten SD, Tande KS, Lampitt RS
(2001) Diet and community grazing by copepods in an
upwelled filament off the NW coast of Spain. Prog
Oceanogr 51:399-421

Hansen B, Bjernsen PK, Hansen PJ (1994) The size ratio
between planktonic predators and their prey. Limnol
Oceanogr 39:395-403

Harris RP, Irigoien X, Head RN, Rey C and 5 others (2000)
Feeding, growth, and reproduction in the genus Calanus.
ICES J Mar Sci 57:1708-1726

Hay S (1995) Egg production and secondary production
of common North Sea copepods: field estimates with
regional and seasonal comparisons. ICES J Mar Sci 52:
315-327

Head RN, Harris RP, Bonner D, Irigoien X (1999) A compara-
tive study of size-fractioned mesozooplankton biomass
and grazing in the North East Atlantic. J Plankton Res 21:
2285-2308

Hirche HJ, Kwasniewski S (1997) Distribution, reproduction
and development of Calanus species in the Northeast
water in relation to environmental conditions. J Mar Syst
10:299-317

Hirche HJ, Hagen W, Mumm N, Richter C (1994) The North-
east water polynya, Greenland Sea. III. Meso- and macro-
zooplankton distribution and production of dominant
herbivorous copepods during spring. Polar Biol 14:
491-503

Hirst AG, Bunker AJ (2003) Growth in marine planktonic
copepods: global rates and patterns in relation to chloro-
phyll a, temperature, and body weight. Limnol Oceanogr
48:1988-2010

Hirst AG, Kiegrboe T (2002) Mortality in marine planktonic
copepods: global rates and patterns. Mar Ecol Prog Ser
230:195-209

Hirst AG, McKinnon AD (2001) Does egg production
represent adult female copepod growth? A call to ac-
count for body weight changes. Mar Ecol Prog Ser 223:
179-199

Hopcroft RR, Roff JC (1998) Zooplankton growth rates: the
influence of female size and resources on egg production
of tropical marine copepods. Mar Biol 132:79-86



180 Mar Ecol Prog Ser 279: 161-181, 2004

Hopkins TL (1985) The zooplankton community of Croker
Passage, Antarctic Peninsula. Polar Biol 4:161-170

Huntley M, Escritor F (1991) Dynamics of Calanoides acutus
(Copepoda: Calanoida) in Antarctic coastal waters. Deep-
Sea Res 38:1145-1167

Huntley ME, Lopez MDG (1992) Temperature-dependent
production of marine copepods: a global synthesis. Am
Nat 140:201-242

Huys R, Boxshall GA (1991) Copepod evolution. The Ray
Society, London

Ikeda T, Kanno Y, Ozaki K, Shinada A (2001) Metabolic rates
of epipelagic marine copepods as a function of body mass
and temperature. Mar Biol 139:587-596

Jonasdottir SH (1989) Effects of food concentration on egg-
production rates of two species of Pseudocalanus: labora-
tory observations. J Exp Mar Biol Ecol 130:33-43

Joénasdottir SH, Fields D, Pantoja S (1995) Copepod egg-
production in Long-Island Sound, USA, as a function of
the chemical composition of seston. Mar Ecol Prog Ser
119:87-98

Kimoto K, Uye SI, Onbé T (1986) Egg production of a brack-
ish-water calanoid copepod Sinocalanus tenellus in rela-
tion to food abundance and temperature. Bull Plankton
Soc Jpn 33:133-145

Kigrboe T (1998) Population regulation and role of mesozoo-
plankton in shaping marine pelagic food webs. In: Tam-
minen T, Kuoas H (eds) Eutrophication in planktonic
ecosystems: food web dynamics and elemental cycling.
Hydrobiologia 363:13-27

Kigrboe T, Johansen K (1986) Studies of a larval herring (Clu-
pea harengus L.) patch in the Buchan area. IV. Zooplank-
ton distribution and productivity in relation to hydro-
graphic features. Dana 6:37-51

Kigrboe T, Nielsen TG (1994) Regulation of zooplankton bio-
mass and production in a temperate, coastal ecosystem. 1.
Copepods. Limnol Oceanogr 39:493-507

Kigrboe T, Sabatini M (1994) Reproduction and life cycle
strategies in egg-carrying cyclopoids and free spawning
calanoid copepods. J Plankton Res 16:1353-1366

Kiegrboe T, Sabatini M (1995) Scaling of fecundity, growth and
development in marine planktonic copepods. Mar Ecol
Prog Ser 120:285-298

Kleppel GS (1993) On the diets of calanoid copepods. Mar
Ecol Prog Ser 99:183-195

Landry MR (1978) Population dynamics and production of
a planktonic marine copepod, Acartia clausii, in a small
temperate lagoon on San Juan Island, Washington. Int Rev
Ges Hydrobiol 63:77-119

Liang D, Uye SI, Onbe T (1994) Production and loss of eggs in
the calanoid copepod Centropages abdominalis Sato in
Fukuyama Harbor, the Inland Sea of Japan. Bull Plankton
Soc Jpn 41:131-142

Longhurst AR (1985) The structure and evolution of plankton
communities. Prog Oceanogr 15:1-35

Lonsdale DJ, Caron DA, Dennett MR, Schaffner R (2000)
Predation by Oithona spp. on protozooplankton in the
Ross Sea, Antarctica. Deep-Sea Res 47:3273-3283

Lopez MDG, Huntley ME, Lovette JT (1993) Calanoides acu-
tus in Gerlache Strait, Antarctica. I. Distribution of late
copepodite stages and reproduction during spring. Mar
Ecol Prog Ser 100:153-165

Nakamura Y, Turner JT (1997) Predation and respiration by
the small cyclopoid copepod Oithona similis: how impor-
tant is feeding on ciliates and heterotrophic flagellates?
J Plankton Res 19:1275-1288

Nielsen TG, Hansen B (1995) Plankton community structure
and carbon cycling on the western coast of Greenland dur-

ing and after the sedimentation of a diatom bloom. Mar
Ecol Prog Ser 125:239-257

Nielsen TG, Sabatini M (1996) Role of cyclopoid copepods
Oithona spp. in North Sea plankton communities. Mar
Ecol Prog Ser 139:79-93

Ohman MD (1985) Resource-satiated population growth of
the copepod Pseuodcalanus sp. Ergeb Limnol 21:15-32

Paffenhofer GA (1993) On the ecology of marine cyclopoid
copepods (Crustacea, Copepoda). J Plankton Res 15:
37-55

Park C, Landry MR (1993) Egg production by the subtropical
copepod Undinula vulgaris. Mar Biol 117:415-421

Peterson WT (1988) Rates of egg production by the copepod
Calanus marshallae in the laboratory and in the sea off
Oregon, USA. Mar Ecol Prog Ser 47:229-237

Peterson WT, Bellantoni DC (1987) Relationships between
water-column stratification, phytoplankton cell size and
copepod fecundity in Long Island Sound and off Central
Chile. S Afr J Mar Sci 5:411-421

Peterson WT, Kimmerer WJ (1994) Processes controlling
recruitment of the marine calanoid copepod Temora longi-
cornis in Long Island Sound: egg production, egg mor-
tality, and cohort survival rates. Limnol Oceanogr 39:
1594-1605

Plourde S, Runge JA (1993) Reproduction of the planktonic
copepod Calanus finmarchicus in the Lower St. Lawrence
estuary: relation to the cycle of phytoplankton production
and evidence for a Calanus pump. Mar Ecol Prog Ser 102:
217-227

Pond D, Harris R, Head R, Harbour D (1996) Environmental
and nutritional factors determining seasonal variability in
the fecundity and egqg viability of Calanus helgolandicus
in coastal waters off Plymouth, UK. Mar Ecol Prog Ser 143:
45-63

Price HJ (1988) Feeding mechanisms in marine and fresh-
water zooplankton. Bull Mar Sci 43:327-343

Richardson AJ, Verheye HM (1998) The relative importance
of food and temperature to copepod egg production and
somatic growth in the southern Benguela upwelling
system. J Plankton Res 20:2379-2399

Richardson AJ, Verheye HM (1999) Growth rates of copepods
in the southern Benguela upwelling system: the interplay
between body size and food. Limnol Oceanogr 44:
382-392

Runge JA (1984) Egg production of the marine, planktonic
copepod, Calanus pacificus Brodsky: laboratory observa-
tions. J Exp Mar Biol Ecol 74:53-66

Runge JA (1985) Relationship of egg production of Calanus
pacificus to seasonal changes in phytoplankton avail-
ability in Puget Sound, Washington. Limnol Oceanogr 30:
382-396

Runge JA, Roff JC (2000) The measurement of growth and
reproductive rates. In: Harris RP, Wiebe PH, Lenz J,
Skjoldal HR, Huntley M (eds) Zooplankton methodology
manual. Academic Press, San Diego, p 401-444

Sabatini M, Kierboe T (1994) Egg production, growth and
development of the cyclopoid copepod Oithona similis.
J Plankton Res 16:1329-1351

Saiz E, Calbet A, Irigoien X, Alcaraz M (1999) Copepod egg
production in the western Mediterranean: response to
food availability in oligotrophic environments. Mar Ecol
Prog Ser 187:179-189

Sazhina LI (1985) Fecundity and growth rate of copepods in
different dynamic zones of equatorial countercurrents of
the Indian Ocean. Pol Arch Hydrobiol 32:491-505

Shreeve RS, Ward P, Whitehouse MJ (2002) Copepod growth
and development around South Georgia: relationships



Bunker & Hirst: Fecundity of marine planktonic copepods 181

with temperature, food and krill. Mar Ecol Prog Ser 233:
169-183

Uye SI (1981) Fecundity studies of neritic calanoid copepods
Acartia clausi Giesbrecht and A. steueri Smirnov: a simple
empirical model of daily egg production. J Exp Mar Biol
Ecol 50:255-271

Uye SI, Murase A (1997) Relationship of egg production rates
of planktonic copepod Calanus sinicus to phytoplankton

Editorial responsibility: Otto Kinne (Editor),
Oldendorf/Luhe, Germany

availability in the Inland Sea of Japan. Plankton Biol Ecol
44:3-11

Uye SI, Shibuno N (1992) Reproductive biology of the plank-
tonic copepod Paracalanus sp. in the Inland Sea of Japan.
J Plankton Res 14:343-358

Vinogradov ME, Sushkina EA (1987) The functioning of
plankton communities of the Epipelagic. Nauka, Moscow,
(in Russian)

Submitted: October 24, 2003; Accepted: April 20, 2004
Proofs received from author(s): September 10, 2004



