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ABSTRACT The effects of fluctuating food concentration and the influence of temperature and starva- 
tion time on egg production rates of the calanoid copepod Acartia grani were exper~rnentally deter- 
mined. Spawning rates oscillated according the frequencies of food fluctuations. For high frequencies 
of food variability (12 h), the light conditions at which food was available had a quantitative effect, with 
higher production rates for copepods feeding at high food concentration by night. Alternating 24 h high 
food - low food concentrations had no effects on the average fecundity. However, lower frequency food 
fluctuations (>48 h high food-low food) reduced egg production. Temperature seemed to control rnax- 
imum egg production rates, and the length of the starvation period determined the time required to 
reach normal (control) egg productions after restarting feeding. The tight coupling between food abun- 
dance and egg production in A. grani (i.e. the incapacity to buffer oscillations in food abundance) is dis- 
cussed in relation to its dominance In marine areas where the scales of temporal and spatial variability 
of food abundance allow the species to outcompete other representatives of the same genus. 
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INTRODUCTION 

The discontinuous nature of marine phyto- and zoo- 
plankton distributions and their temporal variability 
cover a wide spectrum of scales, which are  closely 
related to similar scales of physical variability (Stom- 
me1 1963, Haury et al. 1978, Mackas et  al. 1985, Strass 
1992). Structure and dynamics of planktonic ecosys- 
tems are, in turn, strongly dependent on the coupling 
between the different trophic components of the sys- 
tem with regard to these spatial and temporal scales of 
variability (Cushing 1974, Le Fevre & Frontier 1988). 

For herbivorous zooplankton, food availability de- 
pends mainly on the relationships between spatial 
dimensions of the patchiness field of phyto- and zoo- 
plankton, and the organism's mobility. The trophody- 
namic interactions for plankton take place at fine scale 
(meters to hundreds of meters, minutes to days; Haury 
et  al. 1978). The fate of zooplankton populations is thus 

strongly dependent on the modifications induced on 
growth and production parameters by the time scales 
(frequency) of alternate periods of feeding and starva- 
tion conditions. 

Studies on survival during starvation conditions of 
calanoid copepods indicate specific differences in tol- 
erance of starvation which are inversely related to egg 
production rates (Dagg 1977), and similar studies deal- 
ing with the functional response to fluctuating food 
conditions (Borchers & Hutchings 1986, Nival et al. 
1990, D a v ~ s  & Alatalo 1992) suggest, for some copepod 
species, the existence of a certain capacity to 'buffer' 
food variability. 

In this work w e  have tried to evaluate the effects of 
fluctuating food conditions on calanoid copepods' pro- 
duction at time scales comparable to the 'fine scale' 
variability in natural systems (Haury et al. 1978). 

The species chosen, Acartia grani, is a copepod typi- 
cal of coastal, semi-confined ecosystems, conditioned 
by a high degree of instability of physical (temperature 
and salinity) and biological (food) conditions. 
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The 2 goals of the study were: (1) to test the effect on 
egg production rates and on egg production periodic- 
ity of equivalent average food concentrations, either 
continuously supplied, or fluctuating at  different fre- 
quencies (12, 24, and 48 h); and (2) to evaluate the 
effect of the duration of longer starvation periods on 
the decline and further recovery of egg production 
rates, and to estimate how these variables are affected 
by temperature. 

MATER!AL AND METHODS 

Experimental organisms. Male and female (926 k 24 
and 1003 k 28 pm length, respectively) Acartia grani 
were reared at the laboratory in a temperature- 
controlled room at 18 t 1°C, and fed ad libitum a sus- 
pension (5 pprn by volume) of the diatom Thalassiosira 
weissflogii (13 to 14 pm diameter, 1420.3 ? 3.46 pm" 
cell-'). This diatom was cultured in f/10 medium (Guil- 
lard 1975) at the same temperature as the copepods. 
The algae were maintained in exponential growth rate 
in batch cultures in order to avoid changes in their 
nutritional quality which can affect the production and 
hatching success of the eggs (Kierrboe 1989, Jonasdottir 
1994). All experiments were conducted in a 12:12 h 
dark/light natural cycle (intensity of light = 50 to 60 PE 
m-2 S-'). 

Effects of fluctuating food availability. The experi- 
ments on the effects of different frequencies of fluc- 
tuating food concentration were designed in order 
to provide the copepods with equivalent average 
amounts of food under 2 conditions: continuous supply 
at constant concentrations, which were considered the 
controls, and fluctuating, high food - low food concen- 
trations, simulating the food varlability experienced in 
natural fluctuating systems. The concentrations were 
chosen in the range in which egg production rates are 
proportional to the food concentration (Saiz et al. 
1992a). The maximum food concentration was always 
maintamed below ingestion rate saturating food con- 
centration for the species (Saiz et al. 1992a). 

Recently molted adult Acartia grani were acclima- 
tized to a suspension of 0.9 pprn (by volume) Thalas- 
siosira weissflogii at 18'C and 12:12 h dark/Iight 
natural cycle for 2 d.  Six females and. 3 males were 
gently sorted with a wide-mouth pipette and placed in 
egg-laying chambers. These chambers consisted of 2 
concentric perspex cylinders: the inner (15 cm long, 
9 cm diameter) was covered on the bottom with 200 pm 
nitex mesh, so that copepods were retained and eggs 
could sink and pass through the bottom mesh to avoid 
predation. Eggs laid were retained by the outer cylin- 
der (15 cm long, 10 cm diameter), which was covered 
on the bottom with 40 pm nitex mesh. 

Egg-laying chambers were suspended in 15 1 plastic 
containers (6 chambers per container) with filtered sea 
water and algae at the chosen concentration. In order 
to avoid algal sedimentation and to secure water flow 
through the egg-laying chambers, water was circu- 
lated with a peristaltic pump at a rate of 0.2 1 h-' in 
each chamber, equivalent to an exchange rate of more 
than 6 times a day. Food concentration was monitored 
by means of a Coulter Multisizer every 6 h, and cor- 
rected if necessary. Each day water was changed by a 
new suspension of Thalassiosira weissflogii at expo- 
nential growth rate. 

Fluctuations in food concentration were simulated 
by gently changing the egg-laying chambers from the 
high food to low food containers and vice versa at the 
required frequencies, and the eggs laid were collected 
twice a day (at the end of the 12 h light and dark peri- 
ods) and counted under a dissecting microscope. All 
the experiments were run in triplicale. 

For high frequency (12 h fluctuation), 2 controls, with 
food supplied continuously at 2 constant concen- 
trations and at 12: 12 h dark/light natural period, 
simulated the average (0.9 ppm, averaged food) and 
maximum (1.6 ppm, maximum food) experimental food 
concentrations. Fluctuating food conditions consisted 
on 12 h high food (1.6 ppm) and 12 h low food 
(0.2 ppm) supply, combining 2 light situations: high 
food supplied at night (high food-dark) and high food 
supplied in daylight (high food-light). 

For lower frequency fluctuations, the effects of 2 
frequencies of food pulses: 24F (1 d high food, 1 d low 
food), and 48F (2 d high food, 2 d low food) were 
tested. The experimental design was the same as for 
12 h fluctuation, with the same food concentrations for 
high food and low food conditions, and a control of 
0.9 pprn (average food), equivalent to the average 
hlgh food - low food concentrations. The light condi- 
tions were 12:12 h dark/light natural period. Eggs laid 
were collected daily at the end of the dark period and 
counted under a dissecting microscope. 

Effects of starvation on the decline and recovery of 
egg production rates. Adult females were acclima- 
tized for 3 d at la°C, 12:12 h dark/light natural cycle 
and saturating (5 ppm) food concentration. Five 
females were placed in 620 m1 Pyrex bottles filled with 
filtered sea water and maintained under starvation 
conditions for 3, 4 and 5 d respectively (S3, S4 and S5). 
After the starvation periods, females were fed again 
with a suspension of 3.5 pprn Thalassiosira weissflogii. 
Non-starved females, fed continuously 3.5 pprn of the 
same algae, were used as control. Every day the con- 
tents of the control and experimental bottles were 
filtered through a 20 pm mesh submerged sieve to col- 
lect eggs. Healthy copepods were placed again in the 
same bottles with either filtered sea water or food, 
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Fig. 1 Egg production corre- 
spondlng to the short pe r~od  (12 h) 
of food fluctuating treatments. ( A )  
Continuous food supply at maxi- 
mum food concentratlon. (B)  Con- 
tinuous food supply at average food 
concentratlon (C) 12 h oscillation 
treatment, h ~ g h  food supplied at 
night. ( D )  12 h osc~l la t~on treat- 
ment, high food supplied during 
the day. Dark zones in abscissae 
represent time spent in the pres- 
ence of high food concentration. 
Vertical shaded areas indicate 
dark periods. Vertical bars corre- 

spond to SE 
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depending on the treatment. Crumpled empty eggs 
were also included in the counting. 

Effects of temperature on the recovery of egg pro- 
duction. In order to study the relationships between 
temperature and the recovery of egg production rates 
after a period of starvation, adult males and females 
were maintained for 2 d at low food (0.3 ppln Thalas- 
sioslra weissflogij) and 12:12 h dark/light natural cycle 
at 3 temperatures (13, 18 and 23°C; 4 replicates per 
temperature). Five females and 2 males were then 
picked out and introduced into 650 m1 Pyrex bottles and 
fed again with saturating (3.5 ppm) food, and the egg 
production was monitored daily for 4 d. 
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In the 12 h fluctuation experiments, egg production 
resulted in a clearly rhythmical pattern for both contin- 
uous (controls) or fluctuating (12 h period) food condi- 
tions (Fig. l ) ,  and was significantly higher during the 
dark hours (p < 0.001; l-way ANOVA). This rhythmical 
pattern in egg production (EP) was maintained even 
when high food concentration was supplied during 
daylight hours (high food-light; Fig. ID).  The light con- 
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ditions at which high food conditions occurred also 
affected egg production (Table 1). The higher values 
were observed in high food-dark individuals (113 + 
4 eggs female-', compared to 84 i 1 eggs female-' high 
food-light, 4 d cumulative EP; p < 0.06, Tukey's test; 
Fig 1C) 

3o - 

25 - 
2o - 

Table I .  Cumulative egg production (per female during n days) 
+ SE for the different food treatments (see text) 
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Treatment Eggs produced Days 
(cumulative) 

12 h oscillat~on 
Average food 100 r 9 4 
Maximum food 171 i 9 4 
High food-dark 113 * 4 4 
Hlgh food-light 84 * 1 4 

24 to 48  h oscillation 
Average food 130 * 3 8 
24F 131 * 4 8 
48F 105 * 1 8 

Starvation treatment 
Saturated 291 t 25 5 
S3 167 * 20 5 
S4 134 i 15 5 
S5 119 i 14 5 

Temperature treatment 
13°C 39 * 5 I 

18°C 108 * 5 I 

23°C 198 i 17 5 
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Fig. 2. Temporal pattern of egg production rates as a function 
of food supply fluctuations. (A) 1 d (24F) fluctuation; (B)  2 d 
(48F) fluctuation. Horizontal line represents the average egg 
production for a continuous, average food supply. Honzontal 
dashed Lines are the limits of SE. Dark zones In abscissae rep- 
resent time spent In hlgh food concentration. Vertical bars 

correspond to SE 

In controls, cumulative egg production was also de- 
pendent on food concentration (Fig. 1A. B), with 100 * 
9 eggs female-' at average food conditions, and 171 + 
9 eggs female-' at maximum food conditions (1.6 ppm). 
Significant differences were found (p 0.01; l-way 
ANOVA) between maximum food and the 12 h fluctu- 
ating treatments. All calculations were done excluding 
the first day due to a possible effect of previous condl- 
tions. 

Fluctuations of 1 and 2 d in food concentration 
(24F and 48F) significantly affected egg production 
(Fig. 2A, B) ,  especially at 2 d frequency (48F). The 
number of eggs laid fluctuated according to the alter- 
nating of high food and low food concentration. 

No significant differences were observed in the 
cumulative egg production in 24F (131 + 4 eggs, 8 d 
cumulative egg production) as compared with the con- 
trol (average food, 130 k 3 eggs; Table 1). However, 
egg production in 48F was significantly lower (105 + 
1 eggs, p < 0.006, Tukey's test) than in 24F or average 
food (Table 1). 

The oscillations of daily egg production closely fol- 
lowed the fluctuations of food abundance. The average 
ratio of increase and diminution of daily egg produc- 

Table 2. Relative variation of egg production rates (after high 
food, 1.6 ppm and low food, 0.2 ppm conditions) as compared 
with constant supply of average food concentration, accord- 
ing to the time scales of food fluctuation (12, 24, 48 and 72 h )  

Time scale (h) High food Low food 

12 +0.077 -0.098 
24 t0.125 -0.226 
4 8 ~ 0 . 3 9 7  -0.754 
72 +0.72 -l.Oa 

'Individuals in filtered sea water 

tion for the different frequencies of high and low food, 
respectively, are indicated in Table 2. 

Effects of starvation on egg laying decline 
and recovery 

The egg production rate decreased considerably 
after 24 h starvation and was close to zero after 4 8  h. 
Although females resumed spawning after 24 h from 
the restart of feeding, the time needed to recover their 
normal egg production was directly related to the 
duration of the starvation period (Fig. 3). The duration 
of the starvation period had a negative effect in cumu- 
lative egg production, the number of eggs laid during 
5 d in relation to the days under starvation following a 
negative exponential function in the range of starva- 
tion time considered (Fig. 4). 

Temperature had a significant effect on both the 
maximum egg production rate and the recovery time 
to achieve maximum egg production rate (Fig. 5). Max- 
imum egg production rates (EPR, eggs female-' d-l) 

0 1 2  3 4  5 6 7 8 9 1 0 1 1 1 2  
0 o T~me (days) 

A 

Fig. 3. T ~ m e  evolution of daily egg production rates under sat- 
urating food concentrations after starvation penods of 3 d 
(S3). 4 d (S4) and 5 d (S5). Control corresponds to the egg pro- 
ductlon rates for a saturating, continuous food supply (sat.). 
Honzontal dark bars represent the starvation time for each 

treatment Vertical bars correspond to SE 
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0 1 2 3 4 5 6  
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Fig. 4 .  Exponential relationship between starvation time and 
cumulative e g g  production per female after restarting sa- 
turating feeding conditions. Vertical bars correspond to SE 
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Fig. 5. Time evolut~on of egg production rates under saturating 
food conditions at 13, 18 and 23°C after 2 d starvation. Abs- 
cissae: days after restarting feeding. Vertical bars correspond 

to SE 

were 51 * 5 at 23"C, 28 + 1 at 18°C and 10 * 1 at 13"C, 
which corresponded to a Q,,, value of 3.2. 

Recovery time (time to achieve maximum EPR after 
the onset of food saturating conditions) ranged from 
2 d at  23°C to 3 d at  18°C (Fig. 5). At 13"C, the time 
needed to reach maximum egg  production is more 
than 4 d (maximum egg  production rates at  this tem- 
perature come from authors' unpubl. data). The esti- 
mated Qlo corresponding to the recovery of egg pro- 
duction is about 2.3. 

DISCUSSION 

For the food concentrations at which experiments 
were run, egg production rates were linearly related to 
food concentrations (Saiz et al. 1992a). As a conse- 
quence, food fluctuations should have effects on egg 

production similar to a constant supply of food at aver- 
age  concentration, at least at  time scales comparable to 
the diel activity rhythms of copepods. The diel spawn- 
ing rhythm, also observed for other copepod species 
(Marcus 1988), seems to be independent of the feeding 
conditions. However, when comparing our results with 
the continuous, non-cycling spawning pattern in Acar- 
tia hudsonica under continuous light (Parrish & Wilson 
1978), the light regime could be functionally related to 
egg-laying cycles. The light conditions in the period at 
which the algae are available also affect the rates of 
egg  production. Copepods feeding on high food during 
the night produce more eggs than copepods fed on 
high food during the day. The differences in egg  pro- 
duction in relation to food and light conditions are  a 
consequence of the control exerted by feeding rates on 
copepod egg production (Ki~rboe  et al. 1985, Saiz et al. 
1992a), and confirm not only the higher nocturnal 
feeding activity of A .  grani (Bautista et al. 1988), but 
the short time (hours) at  which female Acartia sp.  
transform the food ingested into eggs (Tester & Tester 
1990). 

The different consequences for egg  production 
derived from the light conditions at which rich-food 
patches are found by copepods reinforce the impor- 
tance of match-mlsmatch mechanisms (Cushing 1974) 
even at  short time scales (hours). Thus, the coupling 
between copepod diel activity rhythms (feeding, ver- 
tical migration), light regime (night-day), and the 
appropriate environmental trophic conditions (surface 
or deep phytoplankton rich layers) is of paramount 
importance from the polnt of view of plankton dynam- 
ics (Saiz & Alcaraz 1990, Saiz et al. 199213). 

The lack of differences in average egg  production 
between alternating, 24 h high food - low food supply 
(24F), and the control (constant supply of average food 
concentration), were in agreement with the results 
obtained in the 12 h fluctuation experiments. However, 
daily egg production rates fluctuated around the aver- 
age  values according to the alternation of hlgh food - 
low food conditions. At alternating, 2 d high food - low 
food concentration (48F). Acartia grani produced less 
eggs than in the control. This is in agreement with the 
results obtained by Dagg (1977) with A. tonsa, sug- 
gesting a low capacity for tolerance of relatively long 
starvation periods. 

Apart from the nlght-day rhythms in egg production, 
food fluctuations determine oscillations of egg produc- 
tion rates which are  a function of the frequencies at  
which high food and low food concentrations are  sup- 
plied. The relative decrease of egg  production after 
low food conditions, a s  compared to egg  production at 
average, constant food supply, is higher than the corre- 
sponding increase after high food conditions, the dif- 
ference being also a function of the time scale of food 
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fluctuations. The consequence is the lower total egg 
production rates determined by increasing time scale 
fluctuations of food supply. 

The sequence of changes derived from long star- 
vation periods in copepods Includes the mobilization 
of energy reserves (Conover & Corner 1968, Ikeda 
1974) and a decrease in metabolic rates (Conover & 
Corner 1968, Mayzaud 1973, 1976, Tsuda 1994), swim- 
ming activity (Tiselius 1992), and egg production (Par- 
rish & Wilson 1978, Checkley 1980, Ki~rboe  et al. 1985, 
Hlrche 1989). The time requlred to recover the re- 
serves used during the starvation period, and to 
resume the normal rate of egg production, seems to be 
species-specific (Attwood & Peterson 1989, for Calanus 
australis; Borchers & Hutchings 1986 for Calanoides 
carinatus). In our experiments, the time required to 
reach the normal (control) egg production in Acartia 
grani is proportional to the length of the starvation 
period. However, egg production always starts aftel 
24 h in the presence of food, although the recovery rate 
during the first day after the restart of feeding is 
inversely proportional to the starvation tune. This 
would explain the negative exponential relationship 
between starvation length and the number of eggs laid 
in 5 d.  

Maximum production rates are strongly dependent 
on temperature, the corresponding Q l o  (3.2) coinciding 
with that observed by Deacon (1980) for ingestion rates 
by Acartia clausi. However, the time needed to recover 
maximum egg production rates after starvation 
appears to be weakly controlled by environmental 
temperature. 

The egg production response of Acartia grani to 
varying frequencies of food availability, and its capac- 
ity to quickly recover from moderate starvation peri- 
ods, are indicative of a weak capacity to buffer, in 
terms of fecundity, the changes in food abundance. In 
the coastal, semi-enclosed habitats usually occupied 
by the species, high temporal variability and patchi- 
ness of phytoplankton, at scales comparable with the 
experimentally induced fluctuations, are the most 
characteristic features (Walsh 1976). These are proba- 
bly environmental conditions which a1.l.o~ A. grani to 
outcompete other congeneric species (A. clausi. A. dis- 
caudata), thus explaining the niche partitioning of 
estuarine congeneric associates (Alcaraz 1983, Rod- 
riguez & Jimenez 1990). The consequences are their 
segregation according the spatial gradient of environ- 
mental variability, or their temporal succession when 
the gradient in variability is not spatially but tempo- 
rally forced (Jeffries 1962). Nevertheless, a better 
understanding of the control exerted by food variabil- 
ity on the dynamics of copepod populations would 
requlre further studies about the significance of food 
fluctuation for the different developmental stages. 
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