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ABSTRACT

The quantification of the costs associated with parental care of marine invertebrates requires a first and necessary step,
which is the identification of the different forms of care exhibited by this group. Among marine invertebrates, provision
of oxygen to the aggregation of embryos may be critical, although most evidence on the link between oxygen limitation
and parental care is indirect. Species which show active behavior directed at providing oxygen to the brood offer a good
model to establish the direct link between behavioural patterns and oxygen provision to the embryos, and to estimate
the costs associated with this form of care. In this manuscript, we conducted a review of the current knowledge about
oxygen limitation in embryos aggregations of marine invertebrates in general and Brachyuran crabs in particular. Most
of the emphasis focuses on recent results on Brachyuran crabs and new information on Ovalipes trimaculatus. The
consequences of oxygen limitation on investment in reproduction and clutch size determination are analyzed. Temporal
patterns of oxygen availability in the center of embryo masses of Brachyuran crabs are different from other brooding
species of marine invertebrates. A cyclic pattern in oxygen partial pressure (PO,) was detected in masses of early stage
embryos, and constant, high PO, in females carrying late stage embryos, for all crab species studied so far. As changes
in PO, in the embryo mass occurred, an increase in oxygen demand by the embryos and an increase in abdominal
flapping frequency were detected in all species. Moreover, the rate of increase in the frequency of abdominal flapping
between females carrying early and late stage embryos varied among species, depending on oxygen consumption rate
of the embryos. In spite of this, embryos of all species experience similar oxygen conditions throughout development.
Abdominal flapping seems to be the main behavior used to provide oxygen to the embryos, regardless of the habitat
types inhabited by brooding females. Recent studies have shown that ovigerous female crabs consume a substantially
higher amount of oxygen than non-brooding females, and suggested that there may be a trade-off between investment
in eggs and in ventilation of the embryos. This information supports the need for including the cost of oxygen provision
in the estimation of maternal effort. A broad range of possible areas of research are proposed to advance in this direction,
concentrating either on marine invertebrates in general, or Brachyuran crabs in particular.
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RESUMEN

La cuantificacién de los costos asociados con cuidado parental en invertebrados marinos requiere de un primer paso,
muy necesario, cual es la identificacién de los diferentes tipos de cuidado parental presentes en este grupo. Entre los
invertebrados marinos, la provision de oxigeno a las agregaciones de embriones es critica, pero hasta ahora las
evidencias que ligan el cuidado maternal con la provisién de oxigeno son indirectas. Las especies que muestran
comportamientos activos dirigidos a la provision de oxigeno a los embriones ofrecen un buen modelo de estudio para
establecer la relacion entre cuidado maternal y provision de oxigeno, permitiendo ademds estimar los costos asociados.
En este manuscrito, presentamos una revision de la informacion existente sobre limitacion de oxigeno en agregaciones
de embriones de invertebrados marinos en general, y de braquiuros en particular. El principal énfasis es en resultados
recientes sobre Braquiuros y nueva informacion sobre Ovalipes trimaculatus. Las consecuencias de la limitacién de
oxigeno sobre inversién en reproduccién y determinacién del tamafio de la camada son analizadas. Los patrones
temporales de disponibilidad de oxigeno en el centro de masas de embriones de Braquiuros difiere de otras especies
de invertebrados marinos. Un patrén ciclico de presion parcial de oxigeno (PO,) se observa en masas de embriones
tempranos, mientras que niveles altos y constantes de PO, se han encontrado en hembras con embriones en estadios
tardios de desarrollo. A medida que ocurren estos cambios en PO, en la masa de embriones, se detecté un aumento en
el consumo de oxigeno de los embriones y en la frecuencia del batido abdominal de las hembras. Este patron también
se pudo observar al comparar la frecuencia del batido abdominal entre especies que muestran diferentes tasas de
consumo de sus embriones. A pesar de estas diferencias, los embriones de todas las especies experimentan bajos niveles



mailto:abrante@genes.bio.puc.cl

158

FERNANDEZ & BRANTE

de PO, durante fases tempranas del desarrollo y altos niveles de PO, en estadios tardios. En todas las especies el batido
abdominal parece ser el principal comportamiento utilizado para proveer oxigeno a los embriones, independientemente
del tipo de habitat utilizado por los adultos. Estudios recientes han mostrado que hembras ovigeras de braquiuros
consumen significativamente més oxigeno que las hembras no ovigeras, y sugieren que hay un compromiso entre
inversion en huevos e inversion en ventilar esos embriones. Estas evidencias muestran la necesidad de incluir el costo
de provision de oxigeno en la estimacion del esfuerzo maternal. Se presenta un amplio rango de posibles lineas de interés
para investigar este problema y avanzar en nuestro conocimiento, utilizando como modelos invertebrados marinos en

general, y los braquiuros en particular.

Palabras clave: reproduccion, cuidado maternal, cangrejos, oxigeno, invertebrados marinos.

INTRODUCTION

In spite of the difficulties in determining the costs
and benefits of parental care, there is no doubt
that parental care has a cost and produces large
benefits, and that both factors have important
implications in shaping life history patterns of
terrestrial invertebrates (e.g., Wilson 1971, Zeh
& Smith 1985), reptiles (e.g., Shine 1988), birds
(e.g., Lack 1968, Brown 1987), and mammals
(e.g., Clutton-Brock et al.1981). Studies on
parental care of marine invertebrates are rare and
the few available have focused more on the
benefits to the offspring than on the cost to the
parents (see Diesel 1989, 1992a, 1992b, Thiel
1999a, 1999b). The quantification of the costs
associated with parental care of marine
invertebrates requires a first and necessary step,
which is the identification of the forms of care
exhibited by this group. Although some forms of
parental care may be common to both marine and
terrestrial systems (e.g., protection from predators,
provision of food), others may differ, considering
the differences between both environments. The
identification of the factors that affect the degree
of parental care and effort is critical to advance
our understanding of life history patterns at sea.

In a broad sense, parental care includes the
generation of environmental conditions for egg
and offspring development. Among marine inver-
tebrates, provision of oxygen to the aggregation
of embryos may be critical to generate the proper
environmental conditions for development, since
several studies have shown that oxygen is a lim-
iting factor during embryo development (Chaffee
& Strathmann 1984, Booth 1995, Cohen &
Strathmann 1996, Lardies & Fernandez 2002). It
is interesting to point out that different taxa of
marine invertebrates share the same diversity of
modes of development, so a single and common
factor, such as oxygen limitation in embryo ag-
gregations, could affect the capacity of most
groups to brood. In fact, it has been proposed that
broadcasting of eggs, a strategy observed in most
taxa of marine invertebrates, may be an easy and
inexpensive way to provide oxygen to a large
numbers of embryos (Strathmann & Chaffee

1984). However, the solutions to the problem of
oxygen provision in brooding species do not seem
to be uniform across taxa. For instance, some
brooding species seem to provide extra-embry-
onic material to the embryo aggregations to help
passive oxygen diffusion (Strathmann &
Strathmann 1995, Lee & Strathmann 1998) while
other species show active behavior directed at
providing oxygen to the brood (Fernandez et al.
2000, Baeza & Fernandez 2002). Most evidence
on the link between oxygen limitation and mater-
nal care among marine invertebrates is indirect,
as they come from taxa which aggregate embryos
in gelatinous masses or encapsulate embryos
(Strathmann & Strathmann 1995, Lee &
Strathmann 1998). However, brooding species
which exhibit active behavior directed at provid-
ing oxygen to the brood offer a good model to
establish the direct link between behavioural pat-
terns and oxygen provision to the embryos, and to
estimate the costs associated with this form of
parental care. Since in most cases brood care is
provided by females, we will refer to oxygen
provision as maternal care from now on.

A comprehensive analysis of the few pieces of
evidence linking oxygen provision to the em-
bryos and maternal care to further understand the
apparently consistent problem of oxygen limita-
tion during early development across taxa of
marine invertebrates, and its effect on investment
in reproduction and clutch size determination,
has not yet been conducted. However, this simple
physiological constraint on brood care may have
important ecological and evolutionary conse-
quences (Strathmann & Chaffee 1984). In this
manuscript, an overview of the current knowl-
edge about oxygen limitation in embryo aggrega-
tions of marine invertebrates is presented and the
consequences on investment in reproduction and
clutch size determination are analyzed. New in-
formation on oxygen provision and maternal care
in a crab species which does no bury while brood-
ing is also presented, since existing information
is based exclusively on species which do not bury
during the brooding period. The main emphasis is
on Brachyuran crabs because: (1) several species
of Brachyuran crabs are among the largest brood-
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ers in nature, (2) investment in eggs is well stud-
ied, (3) behaviors associated to brooding are ob-
vious and recently the link between those behav-
iors and oxygen provision has been shown, and
(4) the costs associated with oxygen provision
have recently been estimated for several species
and temperatures. The manuscript highlights a
key aspect shaping life history strategies, such as
cost of parental care, well studied in many animal
taxa but virtually ignored in marine invertebrates.

METHODOLOGICAL APPROACHES

Two types of information were used to meet the
goals proposed. First, existing information on
oxygen limitation during early development in
marine invertebrates in general, and Brachyuran
crabs in particular, was compiled. This information
was used to draw general conclusions on oxygen
limitation in embryo mass aggregations and to
analyze its consequences on investment in
reproduction. Second, new information on Ovalipes
trimaculatus is presented and compared with
published information on other crab species. The
results for O. trimaculatus are important because it
is unclear if the main behavior linked to oxygen
provisionin other crab species (abdominal flapping;
Fernandez et al. 2000, Baeza & Fernandez 2002,
Ruiz-Tagle et al. 2002) can be performed if
ovigerous females bury themselves. Thus, the
identification of alternative methods of oxygen
provision, and the associated costs, is important.

Patterns of female behavior during the brood-
ing period, patterns of oxygen provision to the
embryos, and the costs of oxygen provision were
studied in females of O. trimaculatus carrying
early and late stage embryos. Embryo stage in
experimental females was determined by remov-
ing few embryos from the periphery of the em-
bryo mass, and staging the embryos under the
stereomicroscope (early stage: gastrulation, some
cell without vitellium of the animal pole; late
stage: heart pumping, ocular pigment and chro-
matophores present). All experiments were con-
ducted at constant temperature (14 °C) and cali-
bration of the instruments for oxygen measure-
ments were done using a solution saturated with
(Na),SO, (0 % air saturation) and aerated water
(100 % air saturation). The same methodological
approach described by Baeza & Fernandez (2002)
was used.

In order to determine patterns of female behav-
ior during the brooding period, female crabs were
placed individually in a 16-1 transparent plastic
tank filled with a 10—~cm layer of sand and aerated
sea water. The behavior of each female was vid-
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eotaped continuously over a 12-h period (night)
using a Sony (time-lapse) video recorder and a
Pelco vigilance camera, starting two hours after
the crab was introduced to the tank. After identi-
fying the behaviors exhibited by brooding fe-
males, the following behaviors were recorded:
abdominal flapping, maxilliped beating, and
pereiopod probing. These behaviors were also
identified in other crab species (Baeza &
Fernandez 2002). A total of four non-brooding
females and four brooding females for each em-
bryo stage were measured. Oxygen partial pres-
sure in the center of the embryo mass was re-
corded simultaneously, using optic fibers
(microoptode). In this case, only brooding fe-
males were used. The microoptode was placed in
the center of the embryo mass by drilling a small
hole through the sixth abdominal segment of each
brooding female. The tip of the microoptode was
placed in the center of the brood mass after pass-
ing it through the tube, and then the optode was
glued in place (see Baeza & Fernandez 2002).
Oxygen partial pressure (percentage of air satura-
tion) was recorded on a computer every 5 seconds
during the 12-h experiment. The microoptode
doesnothave any effect on female behavior (Baeza
& Fernandez 2002, Ruiz-Tagle et al. 2002).

Correlations between the duration of specific
behaviors and the difference in oxygen availabil-
ity (percentage of air saturation) in the brood
mass, recorded immediately before and right af-
ter each specific behavior was performed, were
examined. A positive correlation suggests that
the behavior may be used to provide oxygen to the
embryo mass (Baeza & Fernandez 2002). The
behavior of non-brooding females was included
only when performed at least once by these fe-
males. Given that no abdominal flapping and
pereiopod probing were observed in non-brood-
ing crabs (see below), the proportion of time that
both behaviors were performed during the re-
cording time were compared between brooding
females carrying early and late stage embryos
using a Student t-test. An ANOVA test was used
to compare maxilliped beating of non-brooding
and brooding females (carrying embryos at dif-
ferent developmental stages). A SNK test was
performed for a posteriori comparisons. Finally,
the percentage of time that low oxygen partial
pressure (< 10 % air saturation) was recorded
during the experimental period in the center of
the embryo mass was compared between females
carrying early and late stage embryos, using a t-
test. This analysis allowed us to determine the
effect of changes in female behavior on oxygen
conditions in the embryo mass throughout the
brooding season.
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In order to test whether female behaviour asso-
ciated with oxygen provision (brood care) repre-
sented a cost for the brooding females, oxygen
consumption of non-brooding (embryos removed)
and brooding females carrying early and late stage
embryos was measured (12 non-brooding females
and six brooding females for each embryo stage).
In order to estimate oxygen consumption of brood-
ing females, we subtracted the consumption of the
embryo mass. Then, the difference in the meta-
bolic rate between brooding and non-brooding fe-
males was assumed to be the cost of oxygen provi-
sion (part of the cost of brooding). Closed respira-
tion chambers (11-1) were used, and oxygen deple-
tion (between 100 and 70 % air saturation) was
monitored continuously with oxygen electrodes
(see Baeza & Fernandez 2002 for further details).
Oxygen consumption of the embryo mass was
obtained as the product of the weight of the embryo
mass and the rate of oxygen consumption of em-
bryos per gram at the same developmental stage.
To estimate oxygen consumption of the embryos,
a small numbers of embryos (30-40) were removed
from brooding females and were immediately
placed on a fine grid in a double wall, closed
microchamber, filled with 2 mL of stirred, filtered
(0.2 pm) sea water and added antibiotic (20 pL
with 5 mg mL" of Penicillin and 5 mg mL"! of
Amoxicillin). After calibration (see above), the
rate of oxygen depletion was recorded. During
measurements, a stir bar under the grid was used to
mix water and homogenize oxygen partial pressure
inside the chamber. The grid avoids direct contact
between the stir bar and the embryos, which could
produce some disturbance (Naylor et al. 1999).
Oxygen consumption of the embryos was mea-
sured at PO, between 70 and 100 %. These levels
of PO, are higher than those experienced by early
stage embryos, but are the normal conditions in the
embryo masses of females carrying late stage em-
bryos. Thus, oxygen consumption of brooding fe-
males carrying early stage embryos will be under-
estimated and our conclusions will be conserva-
tive. Oxygen consumption per unit of time and wet
weight of non-brooding and brooding females was
compared using a one—-way ANOVA.

PATTERNS OF OXYGEN AVAILABILITY IN EMBRYO
AGGREGATIONS OF MARINE INVERTEBRATES

Oxygen availability in the center of the embryo
mass of several marine invertebrate species,
belonging to different taxa, is clearly lower than in
the periphery, or than in the surrounding seawater
(intertidal gastropods: Booth 1995, Cohen &
Strathmann 1996, Lardies & Ferndndez 2002;
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polychaetes: Cohen & Strathmann 1996; artificial
gelatinous embryo masses: Strathmann &
Strathmann 1995, Lee & Strathmann 1998; crabs:
Naylor et al. 1999, Fernandez et al. 2000, 2003).
Oxygen limitation has also been suggested by other
authors (Crisp 1959, Perron & Corpuz 1982). The
characteristics of the aggregations where oxygen
availability has been determined vary from packed
embryos masses (crabs) to masses with embryos
interspaced by the presence of gel (gastropods,
polychaetes). Two contrasting temporal patterns
of oxygen availability in the center of embryo
masses of marine invertebrates emerged from the
studies on these two types of aggregations, the first
occurring over a very short temporal scales (minutes
to hours) and the second occurring throughout the
whole developmental period: (1) Small temporal
scale variations: although the information on short-
term fluctuations in oxygen availability is limited,
contrasting temporal patterns of oxygen availability
have been found between Brachyuran crabs and
gelatinous embryo masses. Oxygen availability in
the center of aggregations of early stage embryos
varies dramatically (from anoxia to normoxia)
within minutes in Brachyuran crabs (Fernandez et
al. 2000, Baeza & Fernandez 2002) while in
gelatinous embryo masses oxygen fluctuates
between day and night (Cohen & Strathmann 1996).
(2) Variations occurring throughout embryo
development: gelatinous embryo masses and
embryo cases showed a strong gradient in oxygen
availability between the periphery and the center,
and this gradient becomes stronger as embryo
development progresses (Chaffee & Strathmann
1984, Booth 1995, Cohen & Strathmann 1996,
Lardies & Fernandez 2002). In contrast, the gradient
in oxygen availability between the periphery and
the center of the embryo mass of Brachyuran crabs
decreases throughout development, in spite of the
increase in oxygen demand of the embryos (Naylor
et al. 1999, Baeza & Fernandez 2002).

In gelatinous embryo masses, limited oxygen
diffusion, embryo oxygen consumption, oxygen
consumption and production by algae associated
with the embryo mass, and spacing among em-
bryos seem to determine the temporal patterns
found. Oxygen consumption and production by
algae associated with the embryo mass seem to
explain the daily patterns of variation within ge-
latinous embryo mass (Cohen & Strathmann 1996).
Spacing among embryos, determined by embryo
size and the presence of gel, affects both short-
term and developmental patterns of oxygen gradi-
ents. Stronger oxygen gradients between the pe-
riphery and the center in gelatinous embryo masses
throughout development can be explained simply
by the increase in oxygen consumption of the
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embryos and limited oxygen diffusion. The same
explanation does not hold for Brachyuran crabs,
since oxygen availability in the center of the em-
bryo mass increases as oxygen consumption of the
embryos increases during embryo development
(Booth 1995, Baeza & Fernandez 2002). This, in
spite the fact that Brachyuran crabs present the
worst case for passive oxygen diffusion. Oxygen
diffusion seems to be facilitated by increasing the
interstitial pores between embryos, which allow
the flow of oxygenated water to the embryos, or by,
the presence of gel which increases the spacing
among embryos, enhancing the delivery of oxygen
(Lee & Strathmann 1998). Brachyuran crabs ex-
hibit highly packed embryo masses, no gel, and in
some species relatively small embryos. Thus, the
main cause of the differences in temporal varia-
tions in oxygen availability between gelatinous
and crab embryo masses seems to be maternal
ventilation of the embryo mass. In Brachyuran
crabs, females change their behavior during the
brooding period, increasing the frequency of ab-
dominal flapping throughout embryo development
(Baeza & Fernandez 2002). Recent studies have
shown that abdominal flapping is the main behav-
ior that helps to provide oxygen to the embryos
(Baeza & Fernandez 2002, Ruiz-Tagle et al. 2002),
and suggested that female crabs accommodate oxy-
gen provision according to the embryos needs.
Moreover, the short-term fluctuation in oxygen
availability in the center of the embryo mass of
Brachyuran crabs during early development seems
to be the result of the combination between female
behavior and embryo oxygen consumption
(Fernandez et al. 2000). Basically, the contrasting
patterns observed in embryo aggregations seem to
be related to the type of solution used by the
different groups to generate the environmental
conditions appropriate for embryo development.
The differences in oxygen availability between
the center and the periphery of embryo masses of
passive oxygen providers seem to affect embryo
development, since a delay in inner embryo devel-
opment has been found in gelatinous embryo masses
(Chaffee & Strathmann 1984, Strathmann &
Strathmann 1995). Moreover, the delay becomes
greater as embryos develop. This delay in develop-
ment can be explained by lower oxygen consump-
tion rates of embryos at low oxygen partial pres-
sures, which affect developmental rate (Patel &
Crisp 1960, Weathly 1981, Booth 1995, Naylor et
al. 1997, Fernandez et al. 2000). Embryos of
Brachyuran crabs do not seem to suffer low oxygen
levels during late development (Naylor et al. 1999,
Fernandezetal. 2000), probably because the change
in female patterns of oxygen supply throughout
development compensates the higher oxygen de-
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mand of late stage embryos (Fernandez et al. 2003).
However, during early development dramatic dif-
ferences in oxygen availability between the center
and the periphery of the embryo masses have been
found in several crab species (Naylor et al. 1999,
Fernandez et al. 2000). This limitation in oxygen
during early development may cause the small
delay in development found in Brachyuran crabs
(Fernandez et al. 2003). It is important to note that
while a 20 % difference in embryo size between
embryos from the periphery and the center has
been reported for the polychaete Nereis vexillosa
(Chaffee & Strathmann 1984), only a 2 % differ-
ence was found in two species of Brachyuran crabs
(Cancer setosus and Homalaspis plana, Fernandez
et al. 2003). Since embryo size of marine inverte-
brates increases throughout development, differ-
ences in embryo size can be related to differences
indevelopment. Similar results have been reported
for other indicators of development (e.g., stage,
yolk, oxygen consumption of the embryos). For
instance, a delay of three stages of development
has been reported in globose, gelatinous embryo
masses, while only a 10 % difference in yolk
consumption between inner and outer embryos
was found in Brachyuran crabs (Chaffee &
Strathmann 1984, Fernandez et al. 2003). It is
interesting to note that inner embryos of Brachyuran
crabs consume oxygen at a lower rate than outer
embryos at any given PO, level, which could be
another sign of delayed development of inner em-
bryos (Fernandez et al. 2003). Severely retarded
development was also found in embryos incubated
in artificial embryo masses and this has been at-
tributed to oxygen limitation (Strathmann &
Strathmann 1995).

A consistent pattern of retarded development of
inner embryos, regardless of the mechanism used
to supply oxygen into the embryo aggregation has
been observed. However, patterns of inner and
outer embryo development suggest that active
oxygen provision performed by female crabs may
be more efficient in supplying oxygen to the
embryos than other passive ways of helping oxy-
gen diffusion to the center of the embryo mass,
such as gel.

ACTIVE OXYGEN PROVISION TO THE EMBRYOS: THE
CASE OF BRACHYURAN CRABS

Patterns of oxygen availability and female be-
havior in Ovalipes trimaculatus

Oxygen availability (oxygen partial pressure) in
the center of the embryo mass of O. trimaculatus
showed a cyclic pattern during the early develop-
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ment of the embryos (Fig. 1). Early stage embryos
spent significantly more time at low PO, than
embryos at late stage (Student t-test, t=-10.06, df
=6, P <0.001). Females carrying late stage em-
bryos showed high oxygen partial pressure in the
center of the embryo mass (Fig. 1).
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The peaks of oxygen availability in the center
of embryo masses of O. frimaculatus were associ-
ated with abdominal flapping, which were per-
formed after females adopted the standing posi-
tion. Abdominal flapping was the only behavior
positively correlated with increases in oxygen

Cancer setosus Ovalipes trimaculatus
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Fig. 1: Oxygen availability (% air saturation) measured in the centre of the brood mass (left side of each
graph) and timing of behaviours recorded simultaneously for a single brooding female (right side of each
graph) over a period of 20 min in the laboratory. Each graph shows oxygen availability and behaviour of
one female carrying embryos at early (top) and late (bottom) developmental stages. Behaviors are: Mx =
maxilliped beating; St = standing; Flp = abdominal flapping; Prp = pereiopod probing; Ch = chela
probing. Graphs on the left side are for Cancer setosus, and on the right side for Ovalipes trimaculatus.
Arrows represent behavioral events that lasted less than 1 min and bars illustrate behaviors of relatively
long duration (more than 1 min). Each arrow indicates one behavioral event. The bars show the time
interval of each long-duration behavior. The results shown here are for one female of each species and
embryo developmental stage, but the patterns reported were consistent across replicates. The summary of
the information for all females analyzed is shown in Table 1.

Disponibilidad de oxigeno (% saturacién) en el centro de la masa de embriones (lado izquierdo de cada cuadro) y registro
simultaneo de los comportamientos observados en una hembra ovigera (lado derecho de cada cuadro), medidos en laborato-
rio en un periodo de 20 min. Cada cuadro muestra la disponibilidad de oxigeno y comportamiento de una hembra incubando
embriones tempranos (cuadros superiores de la figura) y tardios (cuadros inferiores). Los comportamientos registrados
fueron: Mx = batido de los maxilipedos, St = levantamiento del cuerpo por pereiépodos, Flp = batido del abdomen, Prp =
introduccién de pereiépodos en la masa de embriones Ch = introduccién de la quela en la masa de embriones. Los cuadros
del lado izquierdo corresponden a Cancer setosus y los del lado derecho a Ovalipes trimaculatus. Las flechas representan
comportamientos de corta duracion (menos de 1 min) mientras que las barras ilustran comportamientos de larga duracién
(mas de 1 min). Cada flecha indica la realizacién de un evento conductual. Las barras muestran el tiempo asignado a cada
comportamiento de larga duracién. Los resultados que se muestran en esta figura son para una sola hembra de cada especie
y estadio de desarrollo, pero los patrones son consistentes entre hembras. Resultados que incluyen todas las réplicas se
muestran en Tabla 1.
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availability in the embryo mass (Kendall rank
correlation, ¢ = 0.6, n = 30, P < 0.001). No
significant correlations were found between
changes in oxygen availability and maxilliped
beating (Kendall rank correlation, ¢ = 0.005, n =
30, P > 0.1), nor bewteen changes in oxygen
availability and pereiopod probing (Kendall rank
correlation, ¢ = 0.17, n = 30, P > 0.1). The
frequency of abdominal flapping was significantly
higher in females carrying late stage embryos
than in females carrying early stage embryos
(Student t-test, t = -4.6, df = 6, P < 0.01). The
percentage of time at which pereiopod probing
was performed did not show differences between
females incubating early and late stage embryos
(periopod probing: Student t-test=0.69, df =6, P
>0.1). Maxilliped beating was the only behaviour
observed in non-brooding females, but it was
exhibited at a lower frequency than in ovigerous
females (one-way analysis of variance, F, ;= 4.84,
P>0.05; Student-Newman-Keuls test: non-brood-
ing < early stage = late stage).
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Oxygen consumption of late stage embryos
(0.085 £ 0.009 umol O, min' g') was signifi-
cantly higher than oxygen consumption of early
stage embryos (0.067 £ 0.001 pmol O, min™' g;
Mann-Whitney U test, Z=-2.6,n=5, P <0.01),
showing a 27 % increase throughout develop-
ment. Oxygen consumption of brooding and non-
brooding females increased significantly between
non-brooding females and females carrying early
stage embryos (50 % increase), and between fe-
males carrying early and late stage embryos (43
% increase, Table 1, one-way analysis of vari-
ance, Fzy21 =37.1,P<0.001; a-posteriori compari-
sons: P values were always < 0.05).

Review of existing information

The patterns of oxygen provision to the embryos
and female behavior are very consistent among
species, suggesting that there is a common solu-
tion to the common problem of supplying oxygen

TABLE 1

Different variables related to egg production and embryo ventilation are shown for seven crab
species. For each species, reproductive output (RO, ratio between dry weight of the embryo
mass and female dry weight), oxygen consumption of late stage embryos, oxygen consumption
of non-brooding females and brooding females carrying late stage embryos, percentage of
time spent flapping the abdomen in females carrying late stage embryos, and oxygen condition
in the embryo mass are reported. The increase in oxygen consumption between non-brooding
and brooding females is also shown. Oxygen consumption is reported in mol O, min™' g
Oxygen condition in the embryo mass is shown as the percentage of time at oxygen partial
pressures lower than 10 %. Data are not available are indicated as NA. Numbers between
parentheses indicate standard error. Sources are Baeza & Fernandez (2002) and Ferndndez &
Portner (unpublished results)

Variables relacionadas a la produccion de huevos y ventilacién de los embriones en siete especies de jaibas. Para
cada especie se reporta la inversién en huevos (RO, proporcidn entre peso seco de la masa de huevos y peso seco de
la hembra), consumo de oxigeno de embriones en estado de desarrollo tardio, consumo de oxigeno de hembras no
ovigeras y hembras ovigeras incubando embriones en estadios tardios de desarrollo, porcentaje de tiempo invertido
en el batido del abdomen por hembras con huevos en estadios tardios, y condicién de oxigeno en la masa de
embriones. Esta tltima fue calculada como el porcentaje de tiempo en el cual la presién parcial de oxigeno
disminuy6 a menos del 10 %. El aumento en el consumo de oxigeno entre hembras no ovigeras y hembras portando
huevos tardios también se reporta. La unidad de consumo de oxigeno en todos los casos es pmol O, min" g*'. Los
datos no disponibles se indican como NA. Nimeros entre paréntesis indican el error estindar. Las fuentes son Baeza
& Fernandez (2002) y Fernandez & Portner (resultados no publicados)

Species RO Oxygen Oxygen Oxygen Increase Percentage Oxygen condition in
consumption  consumption  consumption  in oxygen of time spent in the embryo mass
of the of non-brooding  of brooding consumption  flapping the (% time at low PO,)
embryos females females  of females (%)  abdomen Early Late
Cancer pagurus (170 mm) 0.098 (0.007)  0.67 (0.008)  0.05 (0.009) NA NA NA 55(3.9) 0
Cancer setosus (130 mm) 0.18 (0.005)  0.38 (0.5) 0.02 (0.002)  0.038 (0.002) 90 313 (133) 69.1(89) 0.7(03)
Maja squinado (120 mm) 0.12 0.17 (0.02) 0.12 (0.02) 0.15 (0.01) 25 NA 20(3.2) 0
Hyas araneus (80 mm) 0.0987 0.12 (0.009)  0.105(0.01)  0.13(0.02) 23 NA 25 (4.1) 4(2)
Homalaspis plana (130 mm) 0.11 (0.004) 018 (0.04)  0.021 (0.002)  0.031 (0.003) 47 13.25 (1.75) 63(32) 102(15)
Ovalipes trimaculatus (90 mm) 0.16 (0.01) ~ 0.085 (0.004)  0.035(0.01)  0.076 (0.006) 117 8.94 (1.13) 506 (5.5) 1.1(0.87)
Carcinus maenas (80 mm) 0.056 0.09 (0.01) 0.32(0.02) 0.46 (0.05) 8 NA 3082  6(LY)
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to the brood among Brachyuran crabs. Evidence
for the patterns of oxygen provision to the em-
bryos and the role played by brooding females are
quite solid, since they are based on more than
seven species.

The patterns of oxygen availability are remark-
ably similar across species, even considering spe-
cies that remain buried while brooding, such as O.
trimaculatus. Clearly, all species show cycles of
oxygen provision to the embryos during early
development in the center of the embryo mass
(Fig. 1) and constant and high oxygen concentra-
tion during late development (Fernandez et al.
2000, 2002, 2003, Baeza & Fernandez 2002,
Fernandez & Portner unpublished results, this
study). Oxygen availability at the periphery of
the embryo mass remained high throughout de-
velopment in all species (Fig.1).

The difference in oxygen availability in the
center of the embryo mass between early and late
developmental stages has an important effect on
the total time that the embryos are exposed to
different oxygen conditions throughout develop-
ment (Fernandez et al. 2000, 2002, 2003, Baeza &
Fernandez 2002). Crab embryos are exposed be-
tween 20 and 70 % of the time at low oxygen
partial pressures in early stages of development,
and less than 15 % during late development (Table
1). The low levels of oxygen availability in the
center of the embryo mass of females carrying
early stage embryos seem to affect embryo devel-
opmental rate (Fernandez et al. 2000, 2003).

Among the behaviors that were studied in brood-
ing females, only one was positively correlated
with increases in oxygen availability in the em-
bryo mass: abdominal flapping. The standing
position probably improves the effect of flap-
ping, since the abdomen is gently lifted from the
substrate each time females exhibited this behav-
ior. In contrast to abdominal flapping, maxilliped
beating, and pereiopod and chela probing were
rarely observed to increase the oxygen availabil-
ity in the center of the brood masses. We think
that they may be used to assess oxygen conditions
in the embryo mass. The high concentration of
chemosensory setae in these appendages are prob-
ably involved in the detection of compounds pro-
duced by the embryos when subjected to low
oxygen availability, producing female response
(Ache 1982, Altner et al. 1982, Schmidt & Gnatzy
1984).

The direct link between oxygen availability and
the presence of one or more abdominal flapping
was analysed in three species (Baeza & Fernandez
2002, Brante et al. in press, Fernandez et al.
2003), although the effect of abdominal flapping
on oxygen supply was indirectly assessed in sev-
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eral other crab species (Fernandez et al. 2000).
The increase in the frequency of abdominal flap-
ping with embryo development seems to be re-
lated to the oxygen consumption rate of the em-
bryos (Fernandez et al. 2002). The effect of the
oxygen consumption of the embryos on the fre-
quency of abdominal flapping was also observed
in experiments conducted at different tempera-
tures (Brante et al. 2003). We think that abdomi-
nal flapping is triggered by (1) low oxygen partial
pressure and (2) a waterborne substance pro-
duced by the embryos (Fernandez et al. 2002),
which concentrations vary throughout develop-
ment.

It is important to note that most evidence points
to the role of abdominal flapping as the key
behavior used to provide oxygen to the embryos,
regardless of the habitat. The relationship be-
tween abdominal flapping frequency and oxygen
availability in the embryo mass was found in crab
species that shelter in rocky areas (Fernandez et
al. 2000, 2002, Baeza & Fernandez 2002), inhabit
sandy habitats or live buried inmud (e.g., Ovalipes
trimaculatus). However, among-species compari-
son showed that different frequencies of abdomi-
nal flapping generate similar oxygen conditions
in the center of the embryo mass of the species
studied so far. The two-fold increase in the fre-
quency of abdominal flapping between females
of O. trimaculatus carrying early and late stage
embryos is lower than that found in other crab
species (almost a 10-fold increase in Cancer
setosus,Baeza & Fernandez 2002, and Homalaspis
plana, Fernandez et al. 2002). We think that the
rate of increase in the frequency of abdominal
flapping between females carrying early and late
stage embryos is related to the increase in oxygen
consumption of the embryos throughout develop-
ment. Ovalipes trimaculatus and other swimming
crab species show a low rate of increase in oxygen
consumption of the embryos (27 %) compared to
other Brachyuran crabs (> 200 % in Cancridae,
Xanthidae, and Majidae; Fernandez & Poértner
unpublished results). Interestingly, the mean to-
tal time that the embryos of O. trimaculatus were
exposed to low (and high) oxygen partial pressure
in the center of the embryo mass during early
development did not differ from estimates re-
ported for other crab species (Table 1).

It is also important to mention that the fre-
quency of abdominal flapping does not vary be-
tween day and night (nor, during early or late
development; Ruiz-Tagle et al. 2002) in spite of
that other crab behaviors do follow a clear daily
pattern (Brown et al. 1954, Arudpragasam &
Naylor 1964, Palmer 1973, 1995, Naylor et al.
1997). This suggests that oxygen supply must be
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such a critical factor for embryo development
that female crabs can not abandon this activity
even when other activities are not performed. The
rate of food intake of brooding females decreases
as embryo develop, suggesting also that females
concentrate more time and effort on supplying
oxygen to the embryos.

THE CONSEQUENCES OF ACTIVE OXYGEN PROVI-
SION: COST OF REPRODUCTION AND THE EFFECT ON
EGG PRODUCTION

The involvement of female crabs in embryo ven-
tilation is obvious, and clearly indicates that oxy-
gen provision to the brood is a form of maternal
care in Brachyuran crabs. It also suggests that
such an involvement may have some costs associ-
ated. In fact, recent studies on Brachyuran crabs
have shown that ovigerous female crabs consume
a substantially higher amount of oxygen than
non-brooding females (Fernandez et al. 2000,
Baeza & Fernandez 2002, Brante et al. 2003).
Actually, brooding female crabs double their oxy-
gen consumption rates, regardless of whether they
bury in mud, or inhabit sandy or rocky substrates.
The oxygen consumption rate of brooding fe-
males increases with temperature with respect to
non-brooding females, probably due to the in-
crease in the frequency of abdominal flapping,
which in turn seems to be related to oxygen con-
sumption of the embryos (Brante et al. 2003).
This higher rate of oxygen consumption is not
compensated by a higher rate of food intake, since
food consumption of female crab decreases dur-
ing the brooding period (Ruiz-Tagle et al. 2002).
There is some evidence that maternal effort (e.g.,
addition of gel as extraembryonic material) in
other species of marine invertebrates may also be
driven by oxygen limitations in the embryo mass
(Lee & Strathmann 1998). Investment in extraem-
bryonic material may reach up to 50% of the total
energy investment in reproductive structures, in-
cluding eggs (Lee & Strathmann 1998). More-
over, gel addition per embryo seems to increase
with the size of the embryo mass (Lee &
Strathmann 1998), which correlates with female
size. This information on gelatinous embryo mass
suggests that female size may affect investment
in oxygen supply (either active or passive) to the
embryos. This evidence is not trivial, since body
size seems to be a major factor determining modes
of development (Strathmann & Strathmann 1982).

The consequences of investment in oxygen sup-
ply, either passively or actively, on subsequent
growth, survival, and future reproduction are still
unknown. However, some evidence suggest that
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investment in eggs, and clutch size determina-
tion, are not independent from the problem of
oxygen limitation during early development. Com-
parisons of maternal effort, separating invest-
ment in eggs and in embryo ventilation at three
temperatures along the coast of Chile showed that
investment in eggs increased as investment in
ventilation of the embryos decreased (Brante et
al. 2003). This does not indicate that female pro-
duce more eggs at high latitudes, but that invest-
ment in eggs is higher. Females may invest more
energy per egg, and still produce the same num-
ber of eggs. This result suggests that there may be
a trade-off between investment in eggs and in
ventilation of the embryos. Moreover, it suggests
that investment in eggs must be constrained by
the cost of ventilation rather than by limitation in
space available for yolk accumulation in the cara-
pace, as suggested by Hines (1982, 1986). The
hypothesis that oxygen availability limits egg
production, or determines clutch size, in brood-
ing species is also supported by data the gastro-
pod Acanthina monodon (Lardies & Fernandez
2002). It has been found that oxygen partial pres-
sure determines the ratio between nurse eggs and
embryos in this species: more embryos develop as
oxygen partial pressure increases (Lardies &
Fernandez 2002).

The decrease in the cost of oxygen provision as
temperature decreases in Brachyuran crabs can
be explained by (1) differences in oxygen solubil-
ity and (2) differences in oxygen consumption
rate of the embryos. Similar results are not avail-
able for other groups of marine invertebrates.
However, if this pattern holds for other groups of
marine invertebrates exhibiting contrasting modes
of development, and the benefits of aggregating
eggs are large (e.g., increased survival), higher
frequency of brooding species should be expected
in cold waters simply by differential costs of
brooding. An increase in the frequency of brood-
ing species has been reported for marine inverte-
brates (Thorson 1950, Gallardo and Penchazadeh
2001 for the coast of Chile, Poulin et al. 2002).

CONCLUSIONS AND FUTURE DIRECTIONS

The information presented above supports the
need for including the cost of oxygen provision in
the estimation of maternal effort. However, cur-
rently investment in reproduction in marine in-
vertebrates is estimated by the weight of the go-
nad, eggs, or embryos (Browne & Russell-Hunter
1978, Hughes & Roberts 1980, Hines 1982,
Havenhand & Todd 1989, Grant 1990, Todd 1990,
Willows 1990, Brey 1995, Coma et al 1995, Wil-



166 FERNANDEZ & BRANTE

son-Ormond et al. 1995). The limited approach to
the study of reproduction in marine organisms
may have affected our understanding of the criti-
cal factors affecting the evolution of patterns of
development in the ocean, especially considering
the enormous variety of modes of development
observed. The relationship between developmen-
tal mode and maternal effort remains poorly un-
derstood and new research in this area may lead to
new insights into patterns of life history evolu-
tion of marine invertebrates. Research on the role
of oxygen provision to the brood could play a
critical role in this context, and a broad range of
possible areas of research can be proposed to
advance in this direction concentrating either on
marine invertebrates in general, or Brachyuran
crabs in particular. Firstly, latitudinal gradients
in temperature, investment in eggs, and invest-
ment in oxygen provision. This could help to
determine if brooding is costly in all groups of
marine invertebrates, and if there are some envi-
ronmental conditions (temperature and solubility
of oxygen in seawater) under which the cost of
brooding may be lower, and brooding strategies
favored. Secondly, the effect of body size on
brooding, in different groups of marine inverte-
brates. This approximation will help to elucidate
the question of whether the capacity to brood is
driven by oxygen limitation in embryo aggrega-
tions and increases with body size. Thirdly, pat-
terns of oxygen availability, solutions to supply
oxygen, and the cost of brooding need to be
estimated in nature to assess if natural ventilation
is possible and thus the cost associated may be
diminished. Fourthly, other costs associated to
brooding need to be estimated (subsequent sur-
vival, growth, future reproduction). Fifthly, the
problem of oxygen limitation on the evolution of
clutch size may also produce a conflict between
parents and offspring over optimal clutch size
(Lee & Strathmann 1998, Lardies & Fernandez
2002); competition for oxygen among siblings
may occur and affect clutch size. As yet, oxygen
competition among sibling in marine invertebrates
has not been shown despite that some species
exhibit ideal conditions for such studies since the
embryos are enclosed physically in the same struc-
ture throughout development. Sixthly, it is of
particular interest among Brachyuran crabs to
evaluate what constrains egg production: space
available for yolk accumulation (Hines 1982,
1986) or the cost of embryo ventilation (Brante et
al. 2003).
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