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ABSTRACT: Most taxa of aquatic invertebrates exhibit (1) strong variation in number and size of offspring, and (2) an association between adult size and mode of development, and also between mode
of development and size of the clutch. These patterns suggest that a similar set of constraints affects
both critical life-history traits and physiology of most taxa. Evidence suggests that oxygen is limiting
during early development in aggregated egg masses of marine invertebrates. We studied whether
oxygen availability during early development could be a determinant of clutch size in the gastropod
Acanthina monodon. We estimated intra- and extracapsular oxygen availability throughout embryo
development using optic fibers and incubated capsules at different oxygen partial pressures
(hypoxia, normoxia and hyperoxia) throughout development. We also compared the ratio between
nurse eggs and embryos in capsules collected in situ as well as in experimental capsules. We found
that intracapsular oxygen availability decreased as embryos developed (80% air saturation in early
stages to 40% air saturation in late stages). The mean number of embryos increased as oxygen availability increased from hypoxia to hyperoxia, while the total number of eggs remained constant. The
mean number of embryos that developed under normoxia was similar to that recorded in fieldcollected capsules. We suggest that oxygen availability determines clutch size in this species, probably as a result of oxygen competition among siblings. This may also occur in other taxa of marine
invertebrates, since oxygen is limiting in egg masses in general.
KEY WORDS: Clutch size · Gastropods · Intracapsular development · Life history · Oxygen
competition · Acanthina monodon
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INTRODUCTION
The life-history theory predicts that variation in
number and size of offspring is determined by developmental, physiological and behavioral patterns fixed
within lineages (Roff 1992, Stearns 1992). Both marine
and terrestrial animals show a tremendous variation in
number and size of offspring (Roff 1992, Stearns 1992).
Among marine invertebrates this variation is related to
modes of development; broadcasting species tend to
show high fecundity and small egg size, while brooding species produce smaller clutches of larger eggs
(e.g. Perron 1981, 1986, Kohn & Perron 1994). Most
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taxa of marine invertebrates span the range between
both extreme developmental modes, and also exhibit
an association between small adult size and brooding
(Strathmann & Strathmann 1982). These patterns suggest that a similar set of constraints affects both critical
life-history traits and the physiology of most marine
invertebrate taxa. To date, our understanding of the
critical factors that shape life-history traits of marine
invertebrates is poor, compared to that of marine
vertebrates and terrestrial animal taxa (e.g. CluttonBrock 1991, Roff 1992, Stearns 1992).
The life-history theory is strongly influenced by
work on marine vertebrates and terrestrial animal taxa
(vertebrates and invertebrates) especially in relation to
the evolution of major traits such as the number and
size of offspring. However, the constraints imposed on
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aquatic and terrestrial clutches and on brooding are
expected to differ. One constraint that may have
important effects in aquatic systems is the capacity to
provide oxygen to the brood (Strathmann & Strathmann 1982, Chaffee & Strathmann 1984, Strathmann &
Chaffee 1984). Oxygen has a lower diffusion coefficient and lower solubility in water than in air, and is
usually a limiting factor in embryo masses of aquatic
animals (Booth 1995, Strathmann & Strathmann 1995,
Cohen & Strathmann 1996, Lee & Strathmann 1998,
Fernández et al. 2000). Oxygen limitation due to constraints in oxygen diffusion in packed embryos of
marine invertebrates has been suggested by several
authors (e.g. Crisp 1959, Perron & Corpuz 1982, Chaffee & Strathmann 1984, Pechenik 1986, Strathmann &
Strathmann 1995). Constraints on gas exchange have
been implied in prosobranch capsules (Perron & Corpuz 1982) and have recently been shown in the muricid Chorus giganteus (Cancino et al. 2000). Oxygen
limitation has also been demonstrated in gelatinous
egg masses of gastropods and polychaetes (Booth
1995, Strathmann & Strathmann 1995, Cohen & Strathmann 1996), as well as in embryo aggregations of crustaceans (Fernández et al. 2000, Baeza & Fernández
2002). Several ecological and evolutionary consequences may be linked to this simple biophysical constraint on brood care (e.g. abundance, dispersal, speciation and extinction rates, e.g. Strathmann & Chaffee
1984 and Valentine & Jablonsky 1983).
The effect of oxygen on the evolution of clutch size
or parental investment per offspring of marine invertebrates has not yet been addressed (e.g. Lack 1968,
Clutton-Brock 1991, Roff 1992, Stearns 1992), inspite
of the fact that parental investment is strongly related
to the need to provide oxygen to the brood (see Lee &
Strathmann 1998, Fernández et al. 2000, Baeza & Fernández 2002) and that some species are ideal subjects for studying the effect of oxygen availability on
clutch size. For instance, prosobranch snails have
multiple embryos which develop, physically enclosed,
within the same structure (capsules), where oxygen
partial pressure tends to be lower than ambient
oxygen (Cancino et al. 2000). Females of several species of prosobranchs seem to deposit a fixed ratio of
embryos and nurse eggs in benthic capsules (Spight
1976, West 1981, Gallardo & Garrido 1987), but the
mechanisms involved in nurse-egg determination and
formation are not clear. We analyzed the possibility
that nurse eggs of Acanthina monodon are the product of oxygen limitation during early development by
comparing the ratio between the number of embryos
and nurse eggs in capsules incubated at different
oxygen partial pressures and in situ. In A. monodon,
nurse egg-determination occurs in the zygote stage
and over 90% of the eggs deposited in each capsule

stop development at the zygote stage, becoming
nurse eggs (Gallardo & Garrido 1987). In order to
assess whether nurse eggs are determined by oxygen
availability, we (1) analyzed the relationship between
capsule size and number of nurse eggs (and embryos), (2) estimated intra- and extracapsular oxygen
availability throughout embryo development, and in
capsules incubated at different oxygen partial pressures throughout development (hypoxia, normoxia
and hyperoxia), and (3) estimated the ratio between
nurse eggs and embryos in capsules collected from
the field and in experimental capsules incubated
under hypoxia, normoxia and hyperoxia. (We use
‘oxygen availability’ and ‘oxygen concentration’ as
synonymous terms throughout the paper.) The implications of oxygen limitation in egg aggregations in
determining clutch size in marine invertebrates are
discussed.

MATERIALS AND METHODS
Experimental organism. Acanthina monodon inhabits
rocky substrates in the low intertidal zone between 20
and 40° S in the southeastern Pacific (Chile). In central
Chile, females larger than 30 mm are sexually mature
and lay benthic capsules between February and July
(Soto 2001). The capsules are laid close together in
clusters attached to rocky platforms and boulders in
areas of high wave exposure (Gallardo 1979). The capsules are flat ellipses containing both eggs and a
mucus-like fluid (Gallardo 1979). The capsule wall is
fairly transparent and yellowish, turning grey as the
larvae develop (Gallardo 1979). Intracapsular development of A. monodon embryos is direct and embryos
depend on nurse eggs to develop (Gallardo 1979). Egg
development lasts between 70 and 80 d at about 10°C
and between 55 and 65 d at temperatures ranging
between 11 and 14°C (Gallardo 1979). In southern
Chile, between 6.6 and 7.9% of the embryos develop,
and in this species embryos with arrested development
become nurse eggs, which are later consumed by the
embryos. The number of eggs and embryos per capsule is correlated with capsule length (Gallardo 1979).
In May 2000, capsules containing eggs at different
developmental stages were collected from the intertidal zone of Las Cruces, central Chile (33° 29’ S,
71° 38’ W). Capsule coloration was used as a preliminary, external indicator of incubation time (developmental stage), and the actual developmental stage of
the embryos was assessed in the laboratory under the
microscope. We collected and analyzed 239 capsules;
these capsules were used to estimate the number of
eggs and embryos in the field, and also embryo size. In
addition, newly deposited capsules (n = 54) were col-
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lected with the aim of incubating them in the laboratory (see next subsection). Laboratory and experimental work was conducted at the Estación Costera de
Investigaciones Marinas, Las Cruces, Chile. We conducted the following sampling and laboratory experiments:
Analysis of capsules. Capsules containing embryos
at different stages of development were collected to
estimate the relationship between capsule length (mm)
and (1) number of eggs, and (2) number of embryos.
These analyses allowed us to compare the number of
embryos that develop per unit capsule size between
experimental capsules and those in situ.
The total length of each capsule was measured, and
the embryos and eggs were counted. The capsules
analyzed ranged in length between 8.0 and 11.7 mm.
The total number of eggs and nurse egg/embryos
could be estimated only during early development; 37
and 36 capsules were used in each case, respectively.
For all the other developmental stages, 93 capsules
were analyzed and the number of developing embryos
were counted. Embryonic development was determined following the methodology of Gallardo (1979).
Five stages were identified: egg, embryo with nurse
eggs (early trochophore), trochophore, veliger, and
juvenile. Linear regression models were fitted to the
data.
The sizes of the different developmental stages were
estimated (15 eggs or embryos per capsule) using a
NIKON binocular. Mean size (the largest axis was used
for the eggs) of the 15 embryos from each capsule (n =
73) was used as a single datum. We used a 1-way
ANOVA (Model I) to determine differences in mean
size among embryo stages.
Oxygen availability in capsules. Laboratory experiments were conducted to determine (1) oxygen availability inside and outside the capsules of Acanthina
monodon, and (2) patterns of intracapsular oxygen
availability throughout embryo development.
Capsules from different females were collected in
the study area, transported to the laboratory, and
maintained at constant temperature (18°C) and salinity (32 ppm), in well-aerated seawater (using air
pumps), for at least 1 d before oxygen measurements
were conducted. The experimental temperature used
has been frequently observed throughout the distributional range of the species during the reproductive season. Capsule size ranged between 9.3 and
11.6 mm length. Oxygen availability was determined
using an optic fiber (Microx I, PRESENS) with a tip
diameter of between 20 and 50 µm. The optic fiber
was calibrated in a solution saturated with Na2O3S
(0% air saturation) and in aerated water (100% air
saturation). The calibration and experiments were
conducted at a constant temperature (18°C) using
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a water bath. After calibration, oxygen availability
(% air saturation) was measured outside and then
inside the capsules for 15 min. The optic fiber was
inserted in the center of the capsule and the capsule
was immersed in water saturated with oxygen during
the measurements. Due to the agitation produced by
the air pumped into the experimental container, the
embryos inside the capsule were homogeneously distributed in the capsule (during early development
embryos seem to be more aggregated in the mucuslike fluid than in later stages). During the 15 min
measurements, oxygen availability was recorded
every 5 s. We ran the measurements for 15 min to
obtain several estimates and avoid measurement
errors. The first and the last 2.5 min were discarded
to allow for possible disturbances when the fiber was
inserted or removed. Thus, oxygen availability estimations are the average of the remaining 10 min of
measurements. At least 4 replicates per developmental stage were conducted. A 1-way ANOVA (Model
I) was used to compare mean oxygen availability
inside the capsule throughout embryo development
among different developmental stages. Five levels
(stages) were used in the embryo development treatment. No transformations of the data were necessary
since the assumptions of the ANOVA model were
met. A posteriori Tukey’s test (HSD) was conducted
to determine differences among levels (Sokal & Rohlf
1995).
Development of embryos in capsules under different, experimental oxygen partial pressures. Laboratory experiments were conducted to determine if the
number of nurse eggs per embryo and per unit
capsule size was fixed or was the result of the environmental conditions to which eggs are exposed
during early development. Newly deposited capsules
(randomly selected) were incubated at different
oxygen partial pressures until embryo development
was completed. Oxygen treatments were (1) hypoxia
(70% air saturation: 10% O2, 0.3% CO2 and 89.7%
N2), (2) normoxia (100% air saturation: 21% O2,
0.3% CO2 and 78.7% N2), and (3) hyperoxia (165%
air saturation: 31% O2, 0.3% CO2 and 68.7% N2).
Capsules (n = 54) were randomly assigned to the 3
experimental treatments; 18 capsules were used per
treatment but, since the capsules were incubated in
groups of 6 in 300 ml containers, they were considered pseudoreplicates. Thus, a single datum was
obtained by averaging all the capsules analyzed from
each container for both variables (oxygen availability
and developing embryos) and only 3 replicates were
considered for each treatment. The size of the capsules used in the experiment ranged between 10 and
11.5 mm, and there were not significant differences
in mean capsule size among treatments (1-way
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Fig. 1. Acanthina monodon. (a) Relationship between capsule
length and total number of nurse eggs in the capsule, and
(b) number of embryos that develop. Lines indicate predicted
relationship after adjusting a linear regression

ANOVA, F2, 51 = 5.62, p = 0.152). The containers were
placed in a water bath maintained at 18°C. Extraand intracapsular oxygen availability was measured
at the beginning (9 d after the start of incubation)
and at the end (35 d of development) of the
experimental period, using an optic fiber, and following the same protocol described above. Three of the
6 capsules from each container were used in each
occasion, and under no circumstances were capsules
re-used, ensuring independence of the oxygen measurements. Mean intra- and extracapsular oxygen
availability was estimated for each container (average of oxygen availability of the 3 capsules). As
described in the preceding subsection, oxygen measurements were conducted for 15 min, but mean
oxygen availability was estimated using only the
measurements of the middle 10 min.
Experimental treatments were effective throughout
development (measurements were also made 9 and
35 d after development started); the oxygen partial
pressure in the incubation tanks (extracapsular oxygen
partial pressure) was significantly different among
treatments (2-way ANOVA, F2,12 = 156.3, p < 0.0001;
see Fig. 2b) and between early and late development

(ANOVA, F1,12 = 7.9, p = 0.015). The interaction was
not significant (ANOVA, F2,12 = 2.52, p = 0.12). Oxygen
availability was lowest in the hypoxia treatment (x =
63.96% air saturation, SD = 9.2, n = 6), intermediate in
the normoxia treatment (x = 96.56% air saturation;
SD = 1.52), and highest in the hyperoxia treatment (x =
160.49% air saturation; SD = 19.4). Intracapsular oxygen availability was also compared among oxygen
treaments and between early and late development
using a 2-way ANOVA (fixed factors); data were
square-root transformed to meet the assumptions of
the ANOVA model. A 2-way ANOVA was also used to
compare the gradient between extra- and intracapsular oxygen availability. In this case, no transformation was necessary. A posteriori Tukey tests (HSD)
were conducted to determine differences among levels
(Sokal & Rohlf 1995).
At the end of incubation and after intracapsular oxygen availability was measured, some of the experimental capsules (n = 37) were examined under the
microscope and the number of developing embryos
was counted. In spite of the lack of significant differences in capsule size among oxygen partial pressure
treatments, the number of embryos per capsule was
standardized per mm of capsule, to compare them with
other capsules (capsules collected in the field; see earlier subsection ‘analysis of capsules’). The mean number of embryos that developed per mm capsule at the
end of the experiment was compared among experimental treatments using a 1-way ANOVA (Model I;
length was used based on the relationships presented
in Fig. 1). A similar analysis (no transformation was
necessary in this case) was conducted including counts
from natural and experimental embryos. Data were not
transformed because the assumptions of the ANOVA
model were met. An a posteriori Tukey’s test (HSD)
was used to determine differences among treatments
(Sokal & Rohlf 1995).

RESULTS
The total number of eggs per capsule varied
between 390 and 1175, and increased linearly with
increasing capsule length (no. of eggs = [164.9 · CL] –
819.1; r 2 = 0.78; F1, 35 = 123.1, p < 0.0001; Fig. 1a). The
number of embryos per capsule varied between 33 and
116 embryos and also increased linearly with capsule
length (no. of embryos = [6.2 · CL] + 6.2; r 2 = 0.78; F1, 91 =
351.9, p < 0.0001; Fig. 1b).
Mean egg size varied with developmental stage.
Mean egg length in newly deposited capsules was
226.28 µm and in juveniles 931.19 µm (Fig. 2a), representing an increase in size of 311% during embryonic
development.
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Fig. 2. Acanthina monodon. (a) Mean (±1 SE) egg and embryo
size throughout development; number of embryos measured
from different capsules is indicated. (b) Mean (±1 SE) intracapsular oxygen availability (percent of air saturation) for the
different developmental stages; (d) extracapsular oxygen
availability, which was maintained atsaturation levels during
the measurements

Oxygen availability in capsules
The mean intracapsular oxygen availability (% air
saturation) varied with embryo developmental stage
(ANOVA, F4,18 = 23.16, p < 0.0001; Fig. 2b). Intracapsular oxygen availability decreased as embryos
developed; significant differences were found among
early (egg to early trocophore), intermediate (trocophore-veliger) and late developmental stages (p <
0.05). No significant differences were found between
egg and early trocophore, nor between trocophore and
veliger (p > 0.05). Extracapsular oxygen availability
was 100% air saturation in all cases. As a consequence
of the patterns of extra- and intracapsular oxygen
among stages, the difference between extra- and intracapsular oxygen availability increased throughout
development. This difference was smallest during
early development (difference in % air saturation in
capsules containing eggs was 20.9%, and for early
trocophore 24.85%), and largest for late developmental stages (56.89% in capsules containing veliger,
and 66.03% in capsules with juveniles).
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Fig. 3. Acanthina monodon. Mean intra- and extracapsular
oxygen availability during early eggs (a) and late juveniles
(b) development in experimental capsules maintained under
different oxygen concentrations (hypoxia, normoxia and hyperoxia). (c) Mean (±1 SE) number of embryos that developed
under the 3 oxygen availability treatments standardized per
millimeter of capsule. The continuous horizontal line is the
mean number of embryos per millimeter of capsule in situ
(broken lines: ±1 SD). Number of capsules analyzed in each
case are shown (48 field-collected capsules were analyzed)

Development of embryos in capsules under different
experimental oxygen partial pressures
Oxygen availability inside the capsules was significantly different among oxygen treatments (ANOVA,
F2,12 = 73.07, p < 0.0001) and between early and late
stages of development (ANOVA, F1,12 = 16.61, p =
0.0015). The interaction was not significant (F2,12 = 8.86,
p = 0.448). Intracapsular oxygen availability was significantly lower in the hypoxia treatment (x = 37.79%
air saturation, SD = 5.1), intermediate under normoxia
(x = 70.75 % air saturation, SD = 5.1), and higher in the
hyperoxia treatment (x = 124.08% air saturation, SD =
5.1, p [always] < 0.05; Fig. 3a,b). Intracapsular oxygen
availability was lower during late development (x =
65.56% air saturation, SD = 4.16) than during early
development (x = 89.53% air saturation, SD = 4.16, p <
0.05; Fig. 3a,b). In all treatments there was a gradient
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between extra and intracapsular oxygen availability;
the gradient was also significantly different among
treatments (ANOVA, F2,12 = 7.88, p = 0.0065) and
between early and late development (ANOVA, F1,12 =
21.74, p = 0.0005). The interaction term was not significant (F2,12 = 1.16, p = 0.35). Larger differences between
intra- and extracapsular oxygen availability were
found under hyperoxia (x = 36.41% air saturation, SD =
1.98, p < 0.05) than under hypoxia and normoxia (p >
0.05; Fig. 3a,b). The difference between intra- and
extracapsular oxygen availability was larger during
late development (x = 35.07% air saturation, SD = 1.61)
than during early stages of development (x = 23.85%
air saturation, SD = 1.61, p < 0.05; Fig. 3a,b).
The mean number of eggs (sum of nurse eggs and
embryos) per unit capsule size (mm) was not significantly different among oxygen treatments (F2, 34 = 1.59,
p < 0.217), but the mean number of embryos that
developed per unit of capsule size did vary among
treatments (ANOVA, F2, 5 = 47.17, p < 0.0006). More
embryos developed under hyperoxia than under the
other 2 treatments (p < 0.05; Fig. 3c). No difference was
detected between hypoxia and normoxia (p > 0.05).
The number of embryos that developed under normoxia and hypoxia per unit capsule size was similar to
the number that developed in situ, and smaller than in
the hyperoxia treatment (ANOVA, F3, 81 = 22.83, p <
0.0001; Fig. 3c).

DISCUSSION
The findings and implications of this study in relation
to the effects of oxygen availability on early development can be divided into 3 categories: (1) new
evidence of low oxygen availability in embryo aggregations in general (Booth 1995, Strathmann & Strathmann 1995, Cohen & Strathmann 1996, Lee &
Strathmann 1998, Fernández et al. 2000), and in
encapsulated embryos, in particular (Cancino et al.
2000); (2) first evidence that the ratio between nurse
eggs and embryos can be affected by oxygen availability, possibly through competition for oxygen among
siblings; and (3) importance of incorporating oxygen
availability during early development as a key factor
for identifying trade-offs in life-history traits of marine
invertebrates.
The effect of oxygen availability in egg aggregations
of marine invertebrates during early development has
been shown for several taxa (polychaetes, gastropods,
crustaceans) and for different types of egg masses
(gelatinous masses of different shapes, compact but
non-gelatinous masses; see Booth 1995, Strathmann &
Strathmann 1995, Cohen & Strathmann 1996, Lee &
Strathmann 1998, Fernández et al. 2000). Here we

have shown that encapsulated embryos also experience low oxygen levels during development. Intracapsular oxygen availability tends to decrease throughout
development in encapsulated eggs of gastropods (Perron & Corpuz 1982, Cancino et al. 2000), as in other
groups of marine invertebrates (Booth 1995, Cohen &
Strathmann 1996), presumably because of higher oxygen consumption of the embryos during late stages of
development (Pechenik 1980, Gerdes 1983, Sprung
1984, Chaparro & Paschke 1990). This supports previous findings indicating that, unless oxygen is actively
provided and provision increases with development
(Fernández et al. 2000, Baeza & Fernández 2002), low
oxygen concentrations in egg aggregations may occur
during the late stages.
It is known that low oxygen availability affects
(1) embryo oxygen consumption in marine invertebrate species, including gastropods (Booth 1995, Naylor et al. 1997, Fernández et al. 2000), and (2) developmental rate, producing an asynchrony in development
between inner and outer embryos in gelatinous egg
masses of gastropods and polychaetes (Chaffee &
Strathmann 1984, Strathmann & Strathmann 1995,
Cohen & Strathmann 1996). Intracapsular oxgyen
availability in Acanthina monodon may be low enough
to affect oxygen consumption of the embryos and their
development rate. In fact, the larger differences between extra- and intracapsular oxygen availability
under hyperoxia than under hypoxia or normoxia may
be related to a higher rate of oxygen consumption of
the embryos at the latter 2 levels of oxygen partial
pressure. This finding indirectly supports the idea
that (1) at low oxygen partial pressure oxygen consumption decreases, and (2) oxygen is a limiting factor.
Based on the evidence presented above, we suggest
that oxygen availability may limit embryo development in Acanthina monodon, affecting the number of
embryos that develop per capsule. This implies that
embryos may compete for a limiting resource such as
oxygen, and as a result of this competition development of some eggs ceases. Lower oxygen availability
and a lower number of embryos were found in protozoan-fouled capsules of Chorus giganteus compared to
clean capsules (Cancino et al. 2000). We do not know if
eggs cease development because they are inhibited by
embryos with higher development rates, or if they
arrest development due to low oxygen levels. Arrestment in embryo development has been shown for other
marine invertebrates (Chaffee & Strathmann 1984,
Strathmann & Strathmann 1995, Cohen & Strathmann
1996), so it is a plausible hypothesis. Products of
metabolism accumulating in egg aggregations do not
seem to affect embryonic development as does oxygen
limitation (Strathmann & Strathmann 1995). In any
case, inhibition or arrestment of development seems to
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be mediated by oxygen availability, since the ratio
between nurse eggs and embryos can be altered by
oxygen availability in encapsulated embryos (see also
Cancino et al. 2000, who reported similar results). It is
interesting that the number of embryos that developed
under hypoxia and normoxia (and in situ) were similar,
suggesting that development is not greatly affected
between 50 and 70% air saturation (intracapsular; at
least at 18°C). Since at high temperatures the ratio of
oxygen supply to demand decreases, a stronger effect
among treatments would be expected at higher temperatures (Woods 1999), and probably differences between hypoxia and normoxia would appear.
We believe that oxygen availability alters the ratio
between nurse eggs and embryos. This implies that
females do not assign a fixed number of embryos per
capsule. A parsimonious explanation could be that
females deposit eggs that have the full potential to
develop as embryos, and that the actual number that
will attain full development is the result of competition
for oxygen among siblings. This has already been suggested in the literature (Lee & Strathmann 1998), and
we believe that our results support this (see also the
results of Cancino et al. 2000 for Chorus giganteus).
Under this assumption, the number of embryos that
develop would depend on the environmental conditions that the embryos experience during development. Thus, in cold waters, where metabolic rates
decrease, oxygen consumption is low, and oxygen
solubility increases, oxygen competition may decrease
and more embryos may therefore develop. In fact,
Cancino (pers. comm.) showed that the number of
embryos that develop per capsule of C. giganteus
increases as temperature decreases. This implies that
conditions for the development of egg aggregations
may be favorable at high latitudes (Thorson 1950). In
summary, we suggest that the number of embryos that
develop is not the maximum that a female can produce, and is probably not the optimum for the embryos
either, but lies somewhere inbetween. This scenario is
similar to the well-known parent-offspring conflict of
terrestrial animals, although clutch size is determined
before hatching and by a different factor, oxygen
availability. Parent-offspring conflict over clutch size
exists in nature, is more intense in cases of multiple
paternity and small clutches, and should be favored
when the cost of egg production is low and environmental changes unpredictable (Stearns 1992). We are
not aware of single or multiple paternity in Acanthina
monodon, but the cost of per-unit egg production is relatively low among marine invertebrates, and the environmental variables that could affect embryo development (e.g. oxygen availability, temperature) may vary
greatly along the distributional range of the species,
and among years for the same locality.
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These results support the importance of incorporating oxygen availability during early development as a
key factor for identifying trade-offs in the life histories
of marine invertebrates. We think there is sufficient
evidence that oxygen availability poses a constraint to
brooding among different taxa of marine invertebrates. This constraint has an effect on total parental
investment in reproduction (Fernández et al. 2000), on
parental investment per offspring (Lee & Strathmann
1998) and on clutch size (this study). The effect on
clutch size may be the result of a compromise
between the capacity of adults to invest in eggs, given
the necessary additional investment in oxygen provision to the brood, and competition among siblings for
a limiting resource (oxygen) that reduces initial clutch
size (Lee & Strathmann 1998). The interaction among
siblings may range from negative effects on development rate (e.g. inner embryos in gelatinous masses,
Lee & Strathmann 1998) to changes in the ratio between nurse eggs and embryos (as in Acanthina
monodon: this study). Thus, oxygen availability during early development could be one of the critical factors that causes deviations from the clutch size which
optimizes individual fitness, at least in brooding species. The evaluation of the effect of oxygen availability during early development in determining the lifehistory traits of marine invertebrates (Strathmann &
Strathmann 1982) is also of interest when considering
the differences between marine and terrestrial animals, and how these different constraints may contribute to the life-history theory. Among the most
noticeable deviations from life-history assumptions
are: (1) parental investment per offspring in marine
invertebrates that suffer oxygen limitation is not independent of clutch size (Lee & Strathmann 1998);
(2) parental investment per offspring is influenced by
total investment in a clutch (investment in jelly that
helps oxygen diffusion: Lee & Strathmann 1998);
(3) competition among siblings occurs before hatching
(Lee & Strathmann 1998 and this study). Oxygen
limitation during early development is common in
most taxa of marine invertebrates, rather than being
lineage-related (Chaffee & Strathmann 1984, Strathmann & Chaffee 1984, Booth 1995, Strathmann &
Strathmann 1995, Cohen & Strathmann 1996, Cancino
et al. 2000, Fernández et al. 2000).
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