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Temperature and female size effects on egg production
of Calanus chilensis: Laboratory observations
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ABSTRACT

Three experitnents under laboratory condition were conducted to study the effect of temperature and female size, measured as
prosome length and dry weight. on egg production and egg viability of Calanus chilensis Brodsky captured from the Bay of
Mejillones. northern Chile. In the first experiment egg spawning was monitored every 2 hours in females kept in individual
vials at five constant temperatures. namely 9, 12, 15, 18 and 20° C. In a second experiment, temperature was constant, 15° C.
Finally. a third experiment was conducted at three constant temperatures. 12, 15 and 20° C under excess of food to determine
temperature effects on egg production for a more extended period of time. As food, a monoculture of Isochrysis galbana Parke
was used for the first experiment and phytoplankton collected from the same Bay cultured in F2 medium was used for the
second and third experiments. In the first experiment clutch size (CS), defined as the total number of eggs laid at once within a
2 h period, ranged between 5 and 84 eggs female’!. Tn most cases all the eggs were able to hatch and those that did not hatch
were assumed as nonviable. CS was positively correlated to temperature, but only 2 out of 12 females were able to lay eggs at
the lowest temperature (9° C), whereas at the highest temperature (20° C) CS tended to decline. There was a lack of synchrony
in egg laying and no temperature effect on the number of nonviable eggs was detected. However a significant positive
correfation between CS and the number of nonviable eggs was found (F, ,, = 4.67. P < 0.05). In the second experiment CS was
highly variable, 36.2 £° 18.67 (mean ° S.D.) and not associated with either female length (F . = 1.86, P > 0.05), or with
female dry weight (F, , = 0.026. P > 0.05). Finally from the third experiment, egg production on a daily basis, was drastically
reduced at 20° C, while differences between 12° C and 15° C were not detected. Our results agree with previous studies
indicating that egg production correlates positively with temperature. However, there appears to be an “optimal temperature
range”, within which maximal clutch sizes and daily egg production rates are attained. This temperature range coincides with
that observed at the upper 10 m layer in the study area. This suggests that maximal egg production rates of this species would
only take place at the upper layer. On the other hand, sharp population declines, such as that observed during “El Nifio” 1991-
92, may have been caused by abrupt changes in water temperature giving rise to a poor recruitment, because of depleted egg
production taking place at temperatures greater than 20° C.

Key words: Calanus, egg production, temperature. body size.

RESUMEN

Sc realizaron tres experimentos en condiciones de laboratorio para estudiar el efecto de la temperatura y tamafio de las
hembras, medido como longitud del prosoma y peso seco individual, sobre 1a produccién y viabilidad de huevos de Calanus
chilensis Brodsky capturados en la Bahia de Mejillones. norte de Chile. En el primer experimento el desove de huevos se inicié
con exceso de alimento y se registré cada 2 h por cerca de 30 h. a través de observaciones de las hembras mantenidas a 5
temperaturas nominales, 9, 12, J5, 18 ¥ 20° C. En el segundo experimento la temperatura se mantuvo constante en 15° C.
Finalimente. en un tercer experimento se utilizaron tres temperaturas, 12, 15 y 20° C para determinar el efecto de Ja temperatura
sobre la produccidn de huevos en un periodo de tiempo mis extendido. Como alimento se utilizé un monocultivo de Isochrysis
galbana Parke para el primer experimento y fitoplancton colectado desde la misma bahia y cultivado en medio /2 para el
segundo y tercer experimento. En el primer experimento, el tamafio de la puesta de huevos (CS), definido como el total de
huevos puestos a la vez, en un periodo de 2 h, fluctud entre 5 a 84 huevos hembra™!. En la mayoria de los casos todos los hue-
vos pudieron eclosionar y aquellos que no lo hicieron se definieron como no viables. CS estuvo positivamente correlacionado
a la temperatura, aunque sélo 2 de 12 hembras fueron capaces de poner huevos a baja temperatura (9° C), mientras que a alta
temperatura (20° C) CS mostré una tendencia a declinar. También existié una falta de sincronia en la puesta de huevos y
la temperatura no afectd en forma significativa el nimero de huevos no viables. Sin embargo, se obtuvo una correlacién
significativa entre CS y el nimero de huevos no viables (F ,. = 4.67, P < 0.05). En el segundo experimento, CS fue muy
variable, 36.2 + 18.67 (media * D.E.) y no estuvo asociado con la talla de la hembra (F 4, = 1.86, P > 0.05) ni con el peso
seco de las hembras (F, ., = 0.026. P > 0.05). Finalmente en el tercer experimento, la produccién de huevos en un ciclo diario,
se redujo drdsticamente’a 20° C, mientras que entre 12° C y 15° C no se detectaron diferencias (P > 0.05). Estos resultados
concuerdan con estudios previos que describen la correlacidn positiva entre la produccion de huevos y la temperatura. Sin
embargo, parece existir un “rango éptimo de temperatura”. dentro dei cual el tamaifio de la puesta de huevos y las producciones
diarias alcanzan sus valores mdximos. Tal rango de temperatura coincide con aquél observado en la capa de agua de 10 men el
drea de estudio. Esto sugiere que la produccién mdxima de huevos ocurriria solamente en la capa de agua superficial. Por otra
parte. una disminucién dréstica de las poblaciones de esta especie, tal como aquélla observada durante “El Nifio” 1991-92,
pudo haber sido causada por cambios abruptos en temperatura, dando origen a un pobre reclutamiento, debido a una bajaen la

produccién de huevos en condiciones de temperatura superior a 20° C.
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INTRODUCTION

The copepod Calanus chilensis Brodsky
appears to be a key component of the Chile-
Peru coastal upwelling ecosystem. This
typical herbivorous copepod (Boyd et al.
1980) is very abundant (Heinrich 1973), and
likely a major source of food for fish popula-
tions in the area.

Recent work has shown that this species
may reproduce continuously in coastal waters
of northern Chile throughout the year (Escri-
bano & Rodriguez 1994) and may also show
an exponential-type growth in natural condi-
tion (Escribano & Rodriguez 1995). These
authors pointed out that continuous produc-
tion of new cohorts of this species may be an
indication of non-limiting food condition for
population growth throughout seasons.
Indeed this coastal zone appears to be highly
productive at most times of the year, as
shown by some measurements of phyto-
plankton biomass in the area, with levels that
may exceed 40 ug I'! Chlorophyll-a (Rodri-
guez et al. 1991, Boyd & Smith 1980). Under
such conditions reproduction may occur
throughout the year. Thus egg production
rates may primarily limit population growth
of this species. In this context, information
on the role played by environmental factors
in regulating the production and hatching
success of eggs seems very relevant to as-
certain the productive potential of this spe-
cies.

Egg production in marine and freshwater
copepods may depend on various factors,
such as food concentration and food quality
(Arnott et al. 1986, Ianora & Poulet 1993),
body size (Durbin et al. 1992), reproductive
condition (lanora et al. 1989) and tempera-
ture (Sekiguchi et al. 1980). Additionally the
contribution of egg production to copepod
recruitment may be limited by production
of nonviable eggs (lanora & Poulet 1993).
Such eggs are either unfertilized, or simply
fail to develop to hatching. Very little is
known about the factors that may cause
production of nonviable eggs. Even although
Ianora and Poulet (1993) have recently
shown that diatoms may strongly influence
production of viable eggs, presence of non-
viable eggs has often been viewed as anoma-
lous (e.g. Parrish & Wilson 1978).

From the literature it is evident that much
attention has been paid to the role of food
quantity and quality on copepod egg produc-
tion, but the effect of temperature on produc-
tion of viable and nonviable eggs has not
been deeply investigated. Sekiguchi et al.
(1980) found a positive relationship between
egg production and temperature, which
presumably applies in nature above threshold
food levels. Furthermore, some authors
(Sekiguchi et al. 1980, McLaren & Leonard
1995) have sustained the hypothesis that egg
production rates are equivalent to the growth
rate of developmental stages, under condi-
tion of exponential, temperature-dependent
growth rates. This suggests that egg pro-
duction may be associated with temperature
within a range that occurs in the water layer
where egg laying takes place. Indeed phyto-
plankton levels do not explain the variation
in egg production of Calanus finmarchicus
Gunnerus in the Gulf of St. Lawrence
{Ohman & Runge 1994) and food quality
may be more related to the number of viable
eggs rather than to the total number of eggs
(Ianora & Poulet 1993).

Temperature is currently viewed as a key
variable in controlling copepod growth and
production (e.g. Davis 1987, McLaren et al.
1989; and Huntley & Lopez 1992 for re-
view). As mentioned above, temperature
may increase egg production, but this rela-
tionship is not well-known for Calanus spe-
cies. Moreover the estimates of egg produc-
tion in Calanus have often used short-term
incubation of groups of animals, such that
the individual responses due to size dif-
ferences, or genetic variation within pop-
ulation (e.g. Marcus & Alatalo 1989) have
not been evaluated. Individual variation
might explain some of the variability in
egg production rates during the annual
cycle.

In this work we study the influence of
temperature and female size on egg produc-
tion and hatching success of individual
females. We will not attempt to analyze any
food effects on egg production, provided that
animals are exposed to sufficiently high food
levels to induce production of eggs and they
experience similar conditions, such that their
individual responses are comparable. Never-
theless, a description of field conditions will
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be given as an attempt to explain observed
responses in the laboratory.

METHODS

In a first experiment (Experiment I), females
Calanus chilensis were sorted from zoo-
plankton samples obtained during September
1994 from three points located at the Bay of
Mejillones, Chile (Fig. 1). Zooplankton was
captured using a 250 pm Nansen-type net,
vertically hauled from nearly 60 m to
surface. Samples were immediately diluted
on deck in a 68 1 cooler and transported to
the laboratory within 2 h. At the sampling
locations vertical profiles of temperature,
salinity and dissolved oxygen were obtained
from near bottom (70 m) to surface using a
Seabird-19 CTD. Water samples at 5 depths,
near bottom, 18, 12, 10, 5 and 0 m, were also
obtained to estimate chlorophyll-a concentra-

tion and to identify and count phytoplankton
cells. Chlorophyll-a was estimated through
spectrophotometry (Strickland & Parsons
1972), while phytoplankton cells were

- identified and counted under an inverted

microscope.

At the laboratory, inside a 9° C coldroom,
about 60 adult females were sorted from the
zooplankton samples. In order to allow
recovering from sampling and handling
these females were kept overnight in a 21 jar
containing filtered seawater.

Five nominal temperatures were used for
Experiment I: 9, 12, 15, 18 and 20° C. Tem-
perature was set by using 15 1 circulating
baths equipped with thermostats and placed
inside the 9° C coldroom. In each bath, 30 ml
plastic vials were partly immersed to obtain
the desired temperature. There were small
differences of temperature between the baths
and the vials, thus we only considered the
values from the vials. The medium was
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Fig. 1: Map showing the location of Bay of Mejillones and the three points from which females
Calanus chilensis were captured along with oceanographic data to perform laboratory experiments on

egg production.

Mapa mostrando la localizacién de la Bahia de Mejillones y los tres puntos desde los cuales se capturaron hembras de Calanus
chilensis junto a informacién oceanogréfica para realizar experimentos de laboratorio sobre produccion de huevos.
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prepared by using overnight aerated seawater,
previously filtered with Millipore (0.45 pum)
membranes. A unique medium was prepared
for the five temperatures using Isochrysis
galbana cultured in /2 medium. The food
concentration in the medium was estimated
as 1.3 x 10° cells mI'!. This is a mean value
from two aliquotes obtained at the beginning
of the experiment. Twelve females for each
nominal temperature were individually
placed into the vials. From the start of the
experiment and every 2 h thereafter each
female was observed and the eggs counted.
Observations were made under a dissecting
microscope inside the coldroom using a cold
and low intensity illumination. An observa-
tion for a single female did not take longer
than 2 minutes and no detectable changes in
vial temperature were registered. Production
of fecal pellets was observed, but not
quantified to verify if feeding had taken
place. Temperatures in the vials and in the
glass container were also checked every 2 h.
Once a female had laid eggs, she was remo-
ved from the vial and the eggs counted.
Thus, the total number of eggs, laid at once
by a female (i.e. within 2 hours), was here
defined as clutch size. We assumed that
frequency of observations prevented sig-
nificant loss of eggs through potential can-
nibalism. Only a single clutch for female was
allowed. Prosome lengths of females were
then measured to the nearest 6.01 mm using
a calibrated micrometer-eyepiece. They were
rinsed for fractions of seconds with distilled
water, placed in very small pre-weighed
aluminum pans and dried at 70° C in an
oven. Constant weight was obtained within a
few hours, but in order to standardize drying
time, they were all dried for 12 h. Females
were weighed for at least 3 readings using a
Denver 250D microbalance to the nearest
0.01 mg.

In order to avoid excessive manipulation
of the vials, altering temperature and disturb-
ing the eggs or animals, there was no change
of medium, or adding of food, and no in-
formation on food quality or quantity was
obtained after the start of the experiment.
However, once the females had been remov-
ed, about half of the remaining media was
carefully pipetted out from the bottom of
the vials and replaced with fresh filtered

seawater, which was maintained in each bath
at the corresponding temperature. From this
point the eggs were counted and observed
every 2 h until hatching. At hatching much
care was taken to count the remaining eggs,
discarding any empty capsules. The observa-
tions continued until any remaining eggs
started to disintegrate indicating that they
were nonviable. No attempts were made to
count swimming nauplii, but their behavior
and motility were considered as an indication
of quality of the medium. Light condition in
the coldroom was at low intensity using a
12:12 h dark: light period.

The second experiment (Experiment II)
was carried out in October 1994. For this,
females were sorted at the same manner as
in Experiment I from zooplankton samples
captured at the same sampling sites at Bay of
Mejillones (Fig. 1). About 50 females were
incubated individually in the 30 ml vials at a
constant temperature of 15° C in the cold-
room. In this case, as an attempt to better
simulate a natural situation, the females were
fed with phytoplankton assemblages obtain-
ed a week before the experiment started from
the same sampling site at Bay of Mejillones.
For this, phytoplankton was collected using a
64 um net vertically hauled from 20 m to
surface. The sample was diluted at the field
and brought to the laboratory in a 10 1 cooler.
At the laboratory the sample was sieved
through a 153 um mesh to remove zoo-
plankton and cultured in f/2 medium (Sunda
& Guillard 1976). This culture after a few
days reached a stable composition dominated
by the diatoms Navicula cryptocephala Kiitz,
Rhizosolenia fragilissima Bergon, Skeleto-
nema spp. and at least three unidentified
species of phytoflagellates at a total concen-
tration of about 6 x 10° cells ml"!. For the
experiment the animals were fed with this
culture by adding 5 ml to each vial, resulting
a phytoplankton concentration of 1.7 x 10*
cells mI! in the vials.

The females were observed every 2 h until
they laid eggs, after which they were remov-
ed from the vials, measured and weighed, as
described above. The eggs were counted for
each vial and not further monitored, since
the interest was focused on the effect of
female size on clutch size, but not on hatch-
ing success.



EGG PRODUCTION OF CALANUS CHILENSIS 369

A third experiment (Experiment III) was
performed in April 1995. This experience
was designed to verify temperature effects
on egg production for a more extended
period of time. Because in the experiments |
and II only one burst of eggs per female was
allowed (defined above as clutch size), egg
production, in this case, was defined as the
total daily production of eggs per female,
giving the possibility that more than one
burst of eggs may have occurred during the
24 hours period. For this, 3 temperatures
were used: 12.1, 15.5 and 20.0° C. In this
experiment five 500 ml glass jars were used
~ for each temperature, containing 5-6 females
each. As in Experiment II, phytoplankton
from Bay of Mejillones was used as food. In
this case, a culture of freshly-caught phyto-
plankton collected in March 1995 was
initiated in f/2 medium. This culture was
kept for several weeks in f/2 medium and
12:12 h under continuous light. The phyto-
plankton composition during the experiment
was predominated by Navicula crypto-
cephala, Nitzschia spp. and unknown species
of phytoflagellates. The concentration of
phytoplankton cells in this culture ranged
between 3 x 10 and 1 x 10° cells mlI*! during
the experiment. This culture was thus used
to feed the animals every day. Once the ex-
periment started the jars were observed two
times a day. At each observation, the
medium was partly replaced (60%) by fresh
one made out of filtered seawater (0.45 um)
containing the phytoplankton culture at final
concentrations that were not measured, but
in amounts sufficiently high to obtain a
brown-wish color of the media. The eggs
were counted and removed twice a day by
pippeting from the bottom of jars.

In order to test temperature effects on
clutch size, on the time required for egg
spawning and on the number of nonviable
eggs the data were first tested for homo-
geneity of variance among temperatures
using Barlett test (Wilkinson 1990), signifi-
cant heterogeneity of variance was overcome
by log-transforming the data. After data
transformation a one-way Anova was ap-
plied. Since individual responses were sub-
ject to different temperature treatments, no
attempts were made to test normality of the
data, assuming that they became nearly nor-

mal by log-transformation. The multiple
comparisons Tukey test was also applied to
compare clutch sizes among temperatures
and the non-parametric Friedman test to
compare daily egg production at different
temperatures. Finally, linear regressions were
used to establish any functional relationships
between body length, dry weight and clutch
size, or daily production of eggs.

RESULTS
Field conditions

Vertical profiles of temperature, water den-
sity, dissolved oxygen and chlorophyll-a
concentration for the three sampling dates,
September 1994, October 1994 and April
1995, are shown in Fig. 2.

In September 1994 the temperature in the
water column ranged between 17° C and 13°
C from surface to bottom. The high strati-
fication of the water column is evident from
Fig. 2b, possibly causing accumulation of
phytoplankton biomass within the first 10 m.
The oxygenation of water is also limited to
the 20 m layer (Fig. 2c). The phytoplankton
species at densities of 150 cells ml'! near the
surface were composed by a very rich variety
of the diatoms Leptocylindrus danicus Cleve,
Eucampia cornuta (Cleve) Grunow, Thalas-
siosira aestivalis Gran et Angst, Chaetoceros
laciniosus Schiitt and Chaetoceros constric-
tius Gran, among other species, while the
chlorophyll concentration reached values of
nearly 10 pg 1I'' near the surface (Fig. 2d).
Analysis of one of the sample replicates
suggested that the C. chilensis population at
that time was having an intense productive
period. All developmental stages from cope-
podite CI to adult were present, although
most were in the older stages CV and adult
males and females. In October the water
column was colder (15° C at surface and 13°
C near the bottom) and with less stratifica-
tion (Fig. 2b). The density profile indicated a
more mixed column than that of September
(Fig. 2b) and the very low oxygen levels near
surface (Fig. 2¢) suggest that an upwelling
process was taking place. Phytoplankton
levels reached values of about 300 cells mt!
near the surface and it was dominated by
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Fig. 2: Vertical profiles of temperature (a), water density (b)(Sigma-T), dissolved
oxygen (c) and chlorophyll concentration (d) at three different times of the year (1994-

95) in Bay of Mejillones.

Perfiles verticales de temperatura (a), densidad del agua (b)(Sigma-T), oxigeno disuelto (c) y concentracién
de clorofila (d) en tres diferentes épocas del afio (1994-95) en la Bahia de Mejillones.

large diatoms of the genera Coscinodiscus,
Asterionella and Thalassiosira. The phyto-
plankton biomass was 12 yig Chla I'! near the
surface. The C. chilensis population at that
time was dominated by early stages CII and
CIII, although there were also adult females
and males. In April 1995 the water tempera-
ture ranged between 16 and 14° C from
surface to bottom (Fig. 2a). Water column
stratification was similar to that of Sep-

tember 1994 and the phytoplankton species
reached levels of 65 cells ml! near the
surface and they were dominated by Chae-
toceros spp., E. cornuta and Rhyzosolenia
fragilisima. Chlorophyll concentration
reached maximal levels of 8 g I'! in surface
waters. Analysis of zooplankton samples
indicated that C. chilensis population at this
time of the year was mostly represented by
late stages CV and adult males and females,
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suggesting that intense reproduction was
taking place.

Temperature and clutch size

Table 1 summarizes the results for Experi-
ment 1. This experiment, designed to test
temperature effects on clutch size, on the
number of nonviable eggs and on the time
required to initiate egg laying (Te), lasted
for about three days. It was initially expected
that egg laying would occur at the first day.
However, after 24 hours of observation some
females did not produce eggs and were not
apparently feeding, because no fecal pellets
could be seen in the vials. Such females
were discarded after 3 days. For instance,
at the lowest temperature (12° C) only 2
females produced eggs. At the other tempera-
tures, egg production began soon after
feeding and the number of egg-producing
females was variable, not showing any trend
with temperature.

The one-way ANOVA applied to log-
transformed data revealed significant effects
of temperature on clutch size, but not on Te
and on the number of nonviable eggs (Table
2). However a significant correlation between
clutch size and the number of nonviable eggs
was found (FL25 =4.67, P <0.05).

The relationship between temperature and
clutch size is positive and well described by
a linear regression on log-transformed data
(F1,25 = 7.93, P < 0.01). This relationship is
illustrated in Fig. 3. However, it should be
kept in mind that at the fowest temperature
only two females were able to lay eggs. At

the highest temperature (20° C), on the other
hand clutch size shows a tendency to decline
(Fig. 3), suggesting a potential inhibition of
egg production at high temperature. Indeed a
Tukey test for multiple comparisons indicat-
ed that the mean clutch size at 20° C was
significantly smaller than the mean value
obtained at 18° C (qq , = 3.20, p < 0.05).

Female size and clutch size

Among copepod species egg production, as
number eggs female’' day!, increases with
female size (Kigrbe & Sabatini 1994). This
relationship has not been examined within
species. Our Experiment I revealed no corre-
lation between clutch size and female size,
measured either as prosome length (F, ,5 =
1.58, P > 0.05), or as body dry weight (F| ,;
= 1.34, P > 0.05). However, temperature
might have obscured a size effect on clutch
size. To avoid such interference in Experi-
ment II temperature was kept constant.
Therefore here we only consider results from
Experiment H.

Experiment II was run for about 30 h and
no measure of food quantity, or quality was
made after the experiment started. A high
production of fecal pellets, however indicat-
ed that feeding was intense. A total number
of 28 females laid eggs within the 30 h
period. For all these animals dry weight and
prosome length were obtained.

As expected, dry weight was much more
variable than length, 199.4 + 33.67 pg and
2.51 £ 0.085 mm (mean £ S.D. for weight
and length respectively). Size ranges were

Clutch size of Calanus chilensis under laboratory condition (see Methods)

TABLE 1

from Bay of Mejillones. northern Chile. Time was assumed as the time taken for each female
to lay eggs, while a nonviable egg was defined as one unable to reach hatching after 3 days

Tamafo de la puesta de huevos de Calanus chilensis en condiciones de laboratorio (ver Métodos)

desde Bahia Mejitlones, Norte de Chile. Time corresponde al tiempo que requiere cada hembra para poner huevos.,

mientras que un huevo no viable se definié como aquél incapaz de eclosionar después de 3 dias

Temperature N° of Clutch Size Time (h) N° of
°C) Females Mean + S.D. Mean + S.D. Nonviable
9.6 2 23+ 7.8 19+184 25+ 3.56
12.5 5 17+ 6.8 12+ 93 1.8+ 1.13
15.1 9 47+12.3 9+ 7.0 12.0+16.26
17.8 4 57£193 8§+ 2.3 1.7+ 2.23
20.2 7 42+ 18.7 5+ 19 14.9 + 24,59
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TABLE 2

One-way ANOVA to test temperature effects
on clutch size (eggs female™!), on the time
required to initiate egg laying (Te), and on the
number of nonviable eggs of Calanus chilensis
from Bay of Mejillones, northern Chile.
df is degrees of freedom
ANOVA de una via para probar los efectos de la
temperatura sobre el tamaiio de la puesta de huevos (huevos
hembra-!), sobre el tiempo requerido para iniciar la puesta
de huevos (Te) y sobre el nimero de huevos no viables en

Calanus chilensis de 1a Bahia Mejillones, Norte de Chile.
df son los grados de libertad

Variable Barlett Test  df SS F P
)

Clutch size 1.53 n.s. 4 4.76 7.90 0.009

Te 455n.s. 4 293 1.16 0.354

Nonviable 8.26 n.s. 4 6.17 0.89 0.485

eggs

2.28-2.70 mm and 110.0-266.0 pg for
prosome length and dry weight respectively.
The length-weight regression on log trans-
formed variables was,

InL=209+347InW

ESCRIBANO ET AL.

where L. = prosome length (mm) and W =
individual dry weight (ug). The slope 3.47 is
not significantly different from 3 (t-test, P >
0.05).

The number of eggs per females, i.e. clutch
size, was highly variable, 36.2 = 18.67 (mean
+ S.D.) and not associated with either female
length (Fx,zs = 1.86, P > 0.05), or female
weight (Fl,26 =0.026, P > 0.05). Such lack of
correlation is evident from Fig. 4.

Long-term effects of temperature

Experiment III lasted 10 days, time at which
egg production became very low, or ceased
completely. After 10 days the phytoplankton
culture became predominated by flagellates
species and this may have caused poor feed-
ing conditions for egg production. Egg
production reached maximal rates in the first
2 days at the three temperatures (Fig. 5),
while at 20° C egg production was much
lower. Daily maximal rate were obtained at
12° C (nearly 30 eggs female’! day'! in aver-
age). This temperature also showed the most
sustained daily production (Fig. 5). The non

r=0.65 parametric Friedman test indicated that at
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Fig. 3: Clutch size as a function of temperature in Calanus chilensis in laboratory

condition (see Methods). CS = clutch size.

El tamafio de la puesta de huevos en funcion de la temperatura en Calanus chilensis en condiciones de la-
boratorio (ver Métodos). CS = Tamaiio de la puesta de huevos.
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El tamafio de la puesta de huevos en funcién del tamafio de hembras en Calanus chiensis en condiciones
de laboratorio (ver Métodos). El tamaiio corporal se midié como longitud del prosoma y como peso seco

individual.

20° C daily egg production was significantly
reduced (Friedman statistic = 9.95, p <
0.001) respect to the other two temperatures.
Although egg production between 12° C and
15° C was not significantly different (Fried-
man statistic = 2.50, p > 0.05).

DISCUSSION

Among the factors that may influence the
rate of egg production in marine copepods,

much attention has been paid to food
quantity (e.g. Durbin et al. 1983, Amott et al.
1986, Jonasdottir 1989) and food quality
(e.g. Donaghay 1985, Ianora & Poulet 1993).
Both, field and laboratory studies have often
concluded that egg production rates are
highly dependent on food concentration
(e.g. Peterson & Kimmerer 1994, Kigrbe &
Nielsen 1994) and that food quality may
exert a significant influence on egg produc-
tion (e.g. Donaghay 1985) and on egg
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hatching success (e.g. Ianora & Poulet 1993,
Poulet et al. 1995). By contrast, the influence
of temperature on egg production rates has
received little attention (e.g. Sekiguchi et
al. 1980, Uye 1981), despite the recognition

that temperature is major factor controlling
physiological rates of copepods (e.g. Huntley
& Lépez 1992).

McLaren and Leonard (1995) argue that
daily rates of egg production are temperature
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dependent in well-fed females of Calanus
species. Thus, under potential food-saturated
levels, which might be the case for Calanus
chilensis (Escribano & Rodriguez 1994,
1995), clutch size (as defined above) and
daily production rates of eggs would corre-
late positively with ambient temperature.
However, the temperature range where such
correlation operates appears rather narrow
and it depends on the temperature to which
animals are exposed in field conditions. For
instance, in our Experiment I at low tempera-
ture (9.6° C) clutch size was not only
smaller, but also fewer females laid eggs
when compared to the other temperatures. At
the highest temperature (20° C) clutch size
again became smaller, suggesting that
between 15° C and 18° C there was an “op-
timal temperature range” for greater clutch
sizes. This range coincides with that of the
upper 10 m layer at Bay of Mejillones (Fig.
2a). In this layer egg production may also be
favoured by well-oxygenated waters and
high concentration of phytoplankton (Fig. 2c,
Fig. 2d). The highest temperature (20° C)
does not hold the positive correlation be-
tween clutch size and temperature. The
inhibition effect of high temperature is also
reflected in greatly depressed egg production
rates observed at 20° C in Experiment III
(Fig. 5). It is necessary to stress that clutch
size in our experiments does not represent
the total potential capacity of females to pro-
duce eggs on a daily basis. This is important,
because production of eggs may occur in
bursts of eggs laying, with lack of synchrony
among females (Plourde & Runge 1993),
giving raise to a large variance in egg laying.
Lack of synchrony in egg laying may depend
on the stage of the ovarian cycle of females
(Tester & Turner 1990), which in turn de-
pends upon prior environmental conditions.
In fact, as shown in Experiment I, there was
much unexplained variation in the time
required to initiate egg laying within and
between temperatures. Also it is possible
that food availability, at least in terms of
phytoplankton concentration and species
variety, was not limited in field conditions
at the time of capture, although in laboratory
condition the adjustment to achieve full
reproductive capacity may take longer than
24 h (McLaren & Leonard 1995). This

potential interference, however, did not ap-
pear to affect the response to experimental
temperature.

The influence of female size on clutch size
was studied in Pseudocalanus species by
Corkett and McLaren 1969, who suggested
that larger females would be able to produce
more eggs. Runge (1984) reached a similar
conclusion for Calanus pacificus Brodsky.
However, in our Experiment II, at constant
temperature, we found no size effect on clutch
size. According to McLaren and Leonard
(1995) the positive relationship between
female size and clutch size would only arise
when considering a sufficiently wide range
of sizes. Even although the females for our
Experiment II came from a single sample
obtained during the Spring, their size ranges,
in terms of length and weight, were as wide
as those described by Escribano and Rodri-
guez (1995) for the same species on a year-
round cycle near Bay of Mejillones. Perhaps
a size-related effect on clutch size is as-
sociated to genetic variation among different
generations. Genetic variation among genera-
tions has been reported for other copepod
species (Marcus & Alatalo 1989). Seasonal
size-related effects of females on clutch
size has been described in Daphnia species
(Berverovic et al. 1990), but such effects
require further studies in marine copepods.

The presence on nonviable eggs may be
more related to feeding conditions of females
(e.g., lanora & Poulet 1993). Hatching suc-
cess may be inhibited when females are fed
by diatoms, instead of alternate food, such as
microzooplankton (Poulet et al. 1995). In our
Experiment I the variation in the number of
nonviable eggs could not be explained by
temperature, or food quality, since they all
experience the same food type. In this
respect, it is interesting to note that the
number of nonviable eggs was positively
correlated to clutch size. Thus, even although
a large clutch size may be an advantage for
population growth, this may be accompanied
by poor survival of eggs. Nevertheless, we
cannot discard the possibility that egg surviv-
al could have been affected by egg density in
the small vials rather than by differences in
egg quality.

Even although we were only focused in
examining temperature effects on egg
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production and egg viability, there may be
questions about the kind of other conditions
our females were subject during the experi-
ments, and if such conditions may have
affected our results. In this respect, our three
experiments may not be comparable to each
other, not only because experimental condi-
tions were different, but also because the
females came from different cohorts. The
most critical condition might have been the
type and amount of food they experienced.
We do not know if under our food conditions
females reached their full reproductive
capacity. Clutch size in our experiments
varied widely between 5 and 84 eggs fe-
male’!. As an example, daily production
rates of eggs in C. finmarchicus show a
range of 11 to 45 eggs female™! d'! from the
Gulf of St. Lawrence (Ohman & Runge,
1994). The same species in other areas shows
a narrower range, 13 - 29 eggs female’! d-!
(Runge 1985) and 12-14 eggs female’! d-!
(Hirche 1990). Ohman & Runge (1994) also
reported a possible time lag for maximum
rates to take place, such that values up to 60
eggs female! d-! were later observed at the
same area. Clearly there is much variability
in clutch size and there is no previous
information of this type for C. chilensis, but
our data in C. chilensis fall within the range
reported for C. finmarchicus, suggesting that
experimental conditions were adequate for
full reproductive capacity.

Size of container might be another experi-
mental condition affecting production of
eggs. In using small (30 ml) vials in Experi-
ments 1 and II we were able to make more
frequent observations at the individual level,
without introducing much interference from
handling and sharp changes in temperature.
Small volume may however prevent ade-
quate oxygenation and animal motility.
Nevertheless females kept in small vials
produced more eggs per individual than
those in the larger 500 ml jars.

For a natural situation, our experimental
results predict that under conditions of low
temperature (< 12° C), or high temperature
(> 20° C), egg production would be reduced
and hence maximal rates are only attained
within the upper 10 m layer. For instance,
Escribano and Rodriguez (1994) described a
drastic reduction of the C. chilensis popula-

tion during the time when a warm water
mass was present due to El Nifio 1991-92. At
that time there was no explanation on what
type of role the rise of temperature could
have played on affecting the population
abundance. Water temperature was near 22°
C at the upper layer off Antofagasta, while
the usual surface temperature reaches its
maximal value up to 20° C in late summer.
The abnormal 22° C may have certainly
reduced egg production at the upper layer
causing a much lower copepod recruitment
for the next generations.
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