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ABSTRACT: Faced with environmental stress, the females of many marine invertebrate species can
isolate their brood chambers from the external environment for prolonged periods. Although brood
chambers have therefore typically been assumed to protect the brooded embryos, the effects of
continued isolation on conditions within brood chambers have not been examined. In the present
research, we investigated the effects of external stress on conditions in the brood chambers for 2
sympatric species, the gastropod Crepipatella dilatata and the bivalve Ostrea chilensis. Both species
incubate their embryos in the pallial cavity for at least 4 wk before the young emerge as larvae
(oyster) or juveniles (gastropod). Brooding and non-brooding females were stimulated to isolate the
pallial cavity from the external environment by exposing them to water of reduced salinity (<22 to
24 psu). We then recorded subsequent changes in salinity, dissolved oxygen, pH, and ammonium ion
concentration within the pallial fluid. Although salinity within the pallial cavity remained high for
both species, oxygen availability for brooding females of C. dilatata and O. chilensis dropped to
hypoxic levels (<1.5 mg O, I"!) within 12 h and 20 min, respectively. In addition, pH of the intrapal-
lial fluid dropped substantially with prolonged maternal isolation, suggesting a possible impact on
shell formation for brooded veligers. Indeed, in the case of C. dilatata, the pH of pallial fluid initially
fell to 6.4, but then tended to become more basic after 6 h of maternal isolation, a possible conse-
quence of shell dissolution. On the other hand, ammonium ion concentration increased progressively
with prolonged maternal isolation. Our data show that, whereas initially the isolation mechanism
protected incubated embryos from exposure to low salinity stress, continued isolation from the
exterior transformed the brood cavity from a protective environment to an oppressive one, i.e. from a
protective nursery to more of a prison.
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INTRODUCTION

Protection of embryos can range in complexity from
simply covering the embryos with a thin membrane or
mucous in some species to incubation in sophisticated
and specialized cavities in others (Thorson 1946,
Mackie et al. 1974, Gallardo 1987). Such incubation by
the female is generally considered to be protective
(Gillespie & McClintock 2007). Such physical maternal
protection of the spawned egg mass is apparently an
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evolved, complex, and expensive mechanism (Chap-
arro & Thompson 1998, Brante et al. 2003, Raymond et
al. 2004). Retaining embryos and larvae in such enclo-
sures reduces the predation risks to which they would
be exposed during a pelagic larval phase (Pechenik
1978, Rumrill 1990) and can also isolate the offspring
from physical stresses, as might be caused, for exam-
ple, by substantial changes in humidity, pH, dissolved
oxygen, osmotic concentration, or salinity (see reviews
by Clutton-Brock 1991, Morritt & Spicer 1996, Surbida
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& Wright 2001). In the particular case of estuaries,
which are characterized by especially large fluctua-
tions in salinity, incubation of embryos may be an
essential mechanism for promoting embryonic survival
in the face of fluctuating salinities produced during
tidal cycles and periods of intense rain (Chaparro et
al. 2008a). In such estuarine environments, changes
in osmotic pressure could represent one of the major
stressors for developmental stages (Kinne 1971). Mater-
nal protection of embryos has been identified in such
estuarine species as the oyster Ostrea chilensis (Chap-
arro et al. 1993), the clam Kingiella chilenica (Gallardo
1993), and the gastropod Crepipatella dilatata (Collin
et al. 2007).

In the absence of maternal protection, encapsulated
embryos can be subjected to both dehydration
(Pechenik 1978, Rawlings 1999) and osmotic stress
(Pechenik 1982, 1983) when the capsules are exposed
to air or to pronounced salinity fluctuation, respec-
tively. In contrast, females that brood their embryos
should be able to isolate them from detrimental exter-
nal conditions, enhancing embryonic survival during
environmentally stressful periods: if females isolate
their brood chambers just as environmental conditions
begin to deteriorate, then the water retained in the
pallial cavity or in the brood chamber of the incubating
mothers should, at least initially, have appropriate
characteristics to support embryonic development. In
this sense, brood chambers can thus function as a sort
of benign ‘kindergarten’ for the incubated offspring.
Once environmental conditions improve (e.g. when
external salinity increases during the flooding tide),
females should sense that change and re-open the
brood chamber to the external environment (Chaparro
et al. 2008b).

Over prolonged periods of isolation, however, char-
acteristics of the water retained in the pallial cavity or
brood chamber may gradually change, a possibility
that has previously been rarely considered. In parti-
cular, we hypothesized that 'protected’ embryos will
eventually experience reduced oxygen availability,
increasing acidity of the surrounding fluid, and accu-
mulation of metabolic wastes, each of which could
harm development. The magnitude and rate of such
deterioration have not been assessed previously.

The estuary of the Quempillén River, Chile, exhibits
strong alterations in salinity due to tidal cycles and/or
intense rains (Chaparro et al. 2008c). Salinities can
drop to as low as 6 to 9 psu (Toro & Winter 1983,
Chaparro et al. 2008c). Sometimes salinity remained
below 20 psu for 12 to 24 h, and, on 1 occasion, for
>48 h (O. R. Chaparro pers. obs.). Such rapid, large,
and prolonged salinity changes can occur during the
reproductive periods of the 2 most abundant mollusk
species in the estuary, the gastropod Crepipatella

dilatata and the oyster Ostrea chilensis. Both species
brood their embryos in the pallial cavity. The gastro-
pod deposits developing embryos and nurse eggs in
capsules, with numerous eggs per capsule. The cap-
sules are firmly glued to hard substrate at the ends of
their ‘stalks,” and females retain the capsules under
their shells for at least 4 wk until juveniles emerge
(Gallardo 1979). In contrast, O. chilensis incubates its
embryos directly in the pallial cavity for about 8 wk,
releasing veligers that can settle on appropriate sub-
strate and begin metamorphosing almost immediately
after their release (Toro & Chaparro 1990, Chaparro
et al. 1993, Videla et al. 1998).

Considering that incubation of embryos has always
been considered to be beneficial to the incubated
embryos, in the present research we documented the
changes that take place in the microenvironment of
the brood cavity when mothers isolate that chamber
from the environment, monitoring changes in salin-
ity, dissolved oxygen, pH, and ammonium. How
rapidly will the isolated brood chamber change from
being a supportive 'nursery’ to being more of a
‘juvenile jail'?

MATERIALS AND METHODS

Adults of the gastropod Crepipatella dilatata and
the bivalve Ostrea chilensis were collected from the
subtidal area of the Quempillén estuary (41°52'S,
73°46' W), south of Chile and brought to the labo-
ratory.

Specimens of Crepipatella dilatata (2.5 to 3.5 cm
shell length) were carefully removed from the original
substrates to which they had been attached. In the
laboratory, they were then individually placed on
transparent acrylic plates (200 x 300 and 2 mm thick),
allowing us to later determine which individuals were
brooding and the stage of development that the
brooded embryos were at, and maintained in aquaria
with circulating water taken directly from the estuary.
The mollusks were maintained in the laboratory for
several days, until they had adhered firmly to the
acrylic plates. Approximately 1 wk later, the acrylic
plates and their associated snails were returned to the
original collection site in the estuary, where they
remained for the next 2 to 3 mo. Many of them pro-
duced egg masses during that time, allowing us to
conduct experiments using both brooding and non-
brooding specimens. Females included in our experi-
ments were generally brooding embryos at approxi-
mately the same stage of development and size (about
500 to 700 pm shell length).

Adult specimens of the oyster Ostrea chilensis (4 to
6 cm in shell length) were collected 2 to 3 mo before
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the beginning of reproduction (brooding). Individuals
with shells in this size range are likely to reproduce
as females (Wilson et al. 1996). A small hole of
approximately 2 to 3 mm diameter was made in the
lateral right sector of the superior shell valve of each
individual. Later, the specimens were returned to the
estuary and maintained suspended in a floating net
system for 3 to 4 mo, during which time the perfora-
tion in the shell became covered by new shell mater-
ial and many of the females began the incubation
process.

A few days before the experiments, specimens of
Crepipatella dilatata attached to the acrylic plates
were taken to the laboratory and kept in aquaria
with circulating water taken directly from the estu-
ary. Small holes (2 to 3 mm diameter) were drilled
into the plates just above the brood chamber of each
specimen. A stem was then inserted through each
hole, allowing us to directly access the water in the
brood cavity during experiments. During experi-
ments, the plates were maintained in aquaria, with
the drilled surface facing upwards and with the distal
end of the stem projecting upwards into the air. This
was done to facilitate access to water samples from
the pallial cavities and to prevent aquarium water
from entering brood chambers during the isolation
period.

Determining threshold salinity for brood chamber
isolation. Brooding and non-brooding specimens of
Crepipatella dilatata and Ostrea chilensis were main-
tained in aquaria with an initial salinity of 30 psu,
equivalent to estuarine salinity at high tide. For each
species, salinity in aquaria was gradually reduced by
adding distilled water at a rate designed to match what
occurs naturally during tidal cycles in the Quempillén
estuary. The water in each aquarium was agitated
periodically to avoid local areas of reduced salinity.
Final salinity in all aquaria was 5 psu.

Salinity in the pallial cavity of brooding and non-
brooding specimens was determined when ambient
salinities in the surrounding water were 30, 25, 20, 15,
10, and 5 psu. Salinity within brood chambers in the
space surrounding the egg capsules (Crepipatella
dilatata) or embryos (Ostrea chilensis) was sampled
using 2 mm diameter electrodes (Microelectrodes). For
C. dilatata, measurements were made repeatedly on
the same group of individuals. For O. chilensis, a dif-
ferent group of 10 individuals was sampled at each
time point, because samples could be taken only by
breaking through the newly secreted shell material in
order to access the original drill hole and insert the
sensor into the pallial cavity; it was not possible to re-
use the same individuals because the open hole would
allow seawater to enter from the exterior into the
pallial cavity.

By determining the threshold salinity causing females
to isolate their brooded embryos from the environ-
ment, we could provoke the isolation of brood cham-
bers in subsequent experiments at will.

Effect of isolation by low salinity on intrapallial
chamber salinity. For a group of specimens of Crepi-
patella dilatata, prepared as described above, the
salinity in the aquarium was gradually reduced to
10 psu to induce females to isolate the brood chamber
from the exterior. From that moment and hourly for the
next 12 h, the salinity of the water retained in the pal-
lial cavity of brooding and non-brooding specimens
was monitored to see how well isolation maintained
the original salinity over time. Controls were estab-
lished as previously described.

Comparable studies were conducted in the labora-
tory for a group of oysters, gradually reducing external
salinity to 10 psu to force valve closure. Salinity in the
pallial cavity was recorded at intervals over the next
12 h, using a different group of 10 individuals for each
time point sampled.

Effect of isolation on oxygen concentration. Adults
of Crepipatella dilatata attached to transparent acrylic
plates were returned to the laboratory. Before conduct-
ing the experiments, holes of approximately 2 mm
diameter were drilled into the reverse side of the
acrylic plates, just behind the brood chamber of each
brooding or non-brooding female. Oxygen determina-
tions were made using a precision sensing Microx
TX3 oxygen meter (PreSens). Oxygen sensors were
installed inside blunt needles, which allowed us to
access the pallial cavity of experimental animals
through the small holes made in the acrylic plates.
Sensors occupied the same general space —the area
surrounding the egg capsules—for each individual,
and did not penetrate the capsules themselves. To pre-
vent water entering from the exterior, we attached a
non-toxic silicone pad to the base of the needle con-
taining the oxygen sensor. The edges of the needle
were sealed to the acrylic plates using a plug of non-
toxic silicone. The oxygen meter was calibrated at
12°C with a saturated solution of Na,SOj3 (0% oxygen
saturation) and with thoroughly aerated distilled water
(100 % saturation).

Before inserting the sensor inside the pallial cavity,
the experimental specimens were maintained in
aquaria in full-strength seawater (30 psu) for several
hours, at constant temperature (12°C) and with vigor-
ous aeration, allowing them to open up to the exterior
and begin normal water circulation activities. After
inserting the electrodes, we waited until individuals
resumed their filtering activity before making our first
oxygen determination. The salinity of water in the
aquaria was then rapidly reduced to as low as 10 psu,
provoking valve closure and brood chamber isolation.
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Thereafter, oxygen concentration inside the brood
cavity was monitored continuously until conditions be-
came hypoxic (<1.5 mg O, I'!) or anoxic (<0.08 mg O,
I'Y) (sensu Baker & Mann 1992, Tankersley & Wieber
2000).

Once conditions in the pallial cavity of Crepipatella
dilatata became anoxic, the salinity in aquaria was
gradually increased by 2.5 psu every 30 min, to deter-
mine the salinity at which the mothers would resume
exchanging water with the exterior.

For the oyster Ostrea chilensis, brooding and non-
brooding specimens were taken from the estuary to
the laboratory and established in aquaria at 30 psu.
The new shell material that had been deposited over
the hole in the shell of each specimen was removed
and a short piece of 2 mm diameter tubing was in-
serted. The specimens were maintained in the aquaria
completely submerged except for the tip of the tubing,
which was exposed to the air above the level of the
water, thus preventing seawater from entering the oys-
ter's pallial cavity. An optic sensor connected to an
oxygen meter was inserted through the tubing. Once
individuals resumed their pumping activity, we began
measuring the oxygen content inside the pallial cavity.
After that, oysters were forced to isolate their brood
chambers from the exterior seawater, and were then
maintained in that condition until the brood chamber
became hypoxic (<1.5 mg O, I"!) or anoxic (<0.08 mg
0, 1") as previously described.

The oxygen sensors were connected to a computer
system that allowed the continuous documentation of
oxygen content. The oxygen sensor covered by a blunt
needle was introduced by the stem reaching directly to
the interdemibranchial region of brooding and non-
brooding specimens. Specimens were always main-
tained at a constant temperature of 12°C during exper-
iments to avoid fluctuations of oxygen that would be
caused by temperature-related changes in solubility.

Eifect of isolation on pH. A set of specimens of
Crepipatella dilatata attached to transparent acrylic
plates (as described previously) were installed in
aquaria filled with circulating estuarine water
(30 psu). After the females were circulating water nor-
mally, the first pH measurements were made by
simultaneously sampling water from the aquaria and
from the pallial cavity. The flow of water into the
aquaria was then stopped, and the salinity of the
remaining water was reduced rapidly to 10 psu,
forcing the gastropods to isolate themselves from the
surrounding seawater. Measurements of pH were
then made every hour for 12 h. These measurements
were made by inserting a pH sensor (Microelectrodes)
of 1.6 mm diameter through tubing that allowed
access to the pallial cavity fluid of brooding and non-
brooding individuals. Again, the sensors were placed

in approximately the same position for all individuals
sampled.

Brooding and non-brooding specimens of Ostrea
chilensis were transferred to the laboratory from the
estuary and kept in aquaria at 30 psu salinity. After the
oysters opened their shells and resumed circulating
water through their mantle cavities, pH was deter-
mined in the surrounding water and then internally for
a group of 10 oysters. Immediately, the aquarium
salinity was reduced to 10 psu, forcing the oysters to
close their shell valves and isolate themselves from the
surrounding water. Each hour for the following 12 h,
the pH in the pallial cavity of the oysters was recorded.
As explained previously, a new group of 10 individuals
was sampled at each time point.

Effect of isolation on ammonium concentration.
Ammonium was determined in specimens of Crepi-
patella dilatata and Ostrea chilensis obtained from
the Quempillén estuary, using the Solorzano method
(Solorzano 1969). At the beginning of the experiments,
ammonium-nitrogen values were quantified in both
the water of the aquaria (obtained from the estuary at
high tide) and in the pallial cavity of both mollusk spe-
cies. Water flow was then stopped and aquarium salin-
ity was reduced to 10 psu, forcing the specimens to
close their shell valves and isolate themselves from the
surrounding environment. Each hour for the following
12 h, ammonium content in the pallial cavity water was
determined for both brooding and non-brooding spec-
imens. A different group of individuals was sampled at
each time point (n = 4 brooding females, n = 5 non-
brooding females) due to the small volume of water
available in the pallial cavity of the animals.

Immediately after the extraction of the intrapallial
water from the gastropod and the oyster, samples were
centrifuged for 10 min at 1000 rpm to pellet out the
mucous coming from the pallial cavity and then were
treated according to Solorzano (Solorzano 1969) to
determine ammonium content.

Statistical analysis. Normality and homogeneity of
variance of the data were first determined. Then,
repeated-measures analysis of variance (ANOVA)
was used to identify differences in salinity, pH, and
oxygen in the pallial cavity of Crepipatella dilatata
and oxygen in Ostrea chilensis over time and between
brooding and non-brooding specimens. Two-way
ANOVA was used to identify possible differences of
ammonium in C. dilatata and salinity, pH, and ammo-
nium in O. chilensis over time and between brooding
and non-brooding specimens; an a posteriori Tukey
test was used when significant differences were
found. When the data were heterogeneous, they were
normalized by square-root transformation or using
the reciprocal of the value (Underwood 1997) before
further analysis.
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RESULTS
Effect of isolation on salinity

For Crepipatella dilatata at salinities of 30 and
25 psu, salinity in the pallial cavity of the gastropods
did not differ significantly from that of the surround-
ing seawater (Fig. 1A). As external salinity continued
to decline, however, mean salinity in the pallial cavity
never fell below about 24 psu (Fig. 1A), implying that
females had sealed themselves against the substrate
and ceased circulating water through the brood
chamber. The environmental salinity inducing such
isolation did not differ significantly between brooding
and non-brooding specimens (repeated-measures
ANOVA, F, g = 0.5, p = 0.508). The salinity of the
fluid retained in the pallial cavity remained nearly
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Fig. 1. Crepipatella dilatata and Ostrea chilensis. Effects of
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Fig. 2. Crepipatella dilatata and Ostrea chilensis. Mean salin-
ity in the pallial cavity over time for brooding and non-brood-
ing specimens after females isolated their brood chambers in
response to reduced ambient salinity. O: salinity surrounding
the mollusks in the aquaria. Each point represents the mean
and SD (total n = 98 measurements for limpets; total n = 91
measurements for oysters), with 6 to 7 replicates for each
time point

constant (approximately 22 to 25 psu) over the next
2 to 12 h following isolation (Fig. 2A) for both brood-
ing and non-brooding females (repeated-measures
ANOVA, F; 93 = 0.4, p = 0.878) even when external
salinity was only 10 psu.

For the oyster Ostrea chilensis, individuals closed
their valves when external salinity dropped to about
24 psu, at which time internal and external salinities
were identical. The salinity of the water retained in the
pallial cavity did not differ significantly between
brooding and non-brooding oysters (Fig. 1B) (2-way
ANOVA, Fj 150 = 0.4, p = 0.55). The salinity of water
retained in the pallial cavity remained at approxi-
mately 24 psu over the subsequent 12 h of isolation for
both brooding and non-brooding specimens (Fig. 2B)
(2-way ANOVA, Fg 91 = 0.52, p =0.79).
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Effect of isolation on oxygen within the brood
chamber

For Crepipatella dilatata, dissolved oxygen in the
pallial cavity before isolation from the exterior showed
maximum average values of 8.2 mg 1!, close to the
saturation level of seawater in the aquaria. Oxygen
concentration in the pallial cavity decreased sig-
nificantly with time (repeated-measures ANOVA,
F3 465 = 2.9, p = 0.0001) in both brooding and non-
brooding females (Fig. 3A). The degree to which
oxygen declined differed, however, between brooding
and non-brooding specimens within 9 h of isolation
(repeated-measures ANOVA, F 445 = 12.9, p = 0.002)
(Fig. 3A): although both brooding and non-brooding
females exhibited continuous oxygen consumption,
the mantle cavity fluid of brooding specimens reached
hypoxic levels (mean concentration <1.5 mg O, I}
within 12 h of isolation, while non-brooding females
still showed normoxic conditions at that time, with
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Fig. 3. Crepipatella dilatata and Ostrea chilensis. Dissolved

oxygen content in the water retained in the pallial cavity

during isolation by brooding and non-brooding females. Each

point represents the mean and SD (total n = 465 measure-

ments for limpets; total n = 1098 measurements for oysters),

with 7 to 17 replicates for each time point. Note the different
time scales

mean values of approximately 4.7 mg O, I"!. Even after
30 h of isolation from the exterior, while brooding
females showed extreme hypoxia (0.2 mg O, I"1), non-
brooding females still maintained only suboxic condi-
tions (2.9 mg O, I"!) in the brood chamber (Fig. 3A).

For the oyster Ostrea chilensis, the oxygen concen-
tration detected in actively pumping oysters was
approximately 8.2 mg O, 1"!, similar to values detected
in the surrounding aquarium water. Remarkably, the
oxygen concentration inside the brood chambers
began to decline significantly (repeated-measures
ANOVA, F 1098 = 86.6, p = 0.0001) only 4 min after the
valves closed in both brooding and non-brooding
females. Oxygen in the pallial cavity continued to
decline rapidly over the next 30 min for both sets of
females (Fig. 3B). Brooding females were only incubat-
ing early (morula-blastula stage) embryos during our
study, with low rates of embryonic oxygen consump-
tion. The oxygen content in the pallial cavity of
brooding and non-brooding individuals showed no
significant differences (repeated-measures ANOVA,
Fi 1008 = 1.1, p =0.3).

As external salinity was gradually restored to that of
full-strength seawater (30 psu), the oxygen concentra-
tion of fluid in the pallial cavity of the gastropod Crepi-
patella dilatata also increased. However, brooding and
non-brooding females showed different behaviors (2-
way ANOVA, F; g3 = 7.5, p = 0.0001), with brooding
individuals beginning to replace water in the mantle
cavity when salinity reached approximately 20 psu.
Non-brooding females did not evidence any water-
testing behavior or circulation activity until salinities
rose to approximately 25 psu (Fig. 4).
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and SD (n = 98 measurements in total; 7 replicates per
sampling point)
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Effect of isolation on pH

In the gastropod Crepipatella dilatata, pH of the
pallial fluid decreased significantly while the pallial
cavity was isolated from the surrounding environment
(Fig. 5A) (repeated-measures ANOVA, Fip140=2.1,p=
0.0247). In brooding specimens the initial average pH
was 7.5. By the fourth hour of isolation, however, pH
had declined to 6.5 (SD = 0.05), and average pH
remained more or less constant over the next 8 h, with
a final value of 6.7 (SD = 0.11) at the end of 12 h. In
non-brooding specimens the initial average pH was
7.7. By the fifth hour of isolation the average pH of the
pallial cavity fluid had fallen to 6.4 (SD = 0.08), and it
remained at approximately that level during the next
7 h of isolation. As with brooding individuals, the final
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Fig. 5. Crepipatella dilatata and Ostrea chilensis. pH values of

water in aquaria and in the pallial cavity during periods of

isolation in brooding and non-brooding females. Each point

represents the mean and SD (total n = 140 measurements for

limpets; total n = 91 measurements for oysters), with 5 to 7
replicates for each time point

pH was 6.7 (SD = 0.05) at 12 h (Fig. 5A). The pattern of
pH in the pallial fluid was not significantly different for
brooding and non-brooding individuals (repeated-
measures ANOVA, Fj 140=3.0, p=0.131).

The pH of water in aquaria did not vary significantly
over time during these experiments (Fg 39 = 0.9, p =
0.586).

For the oyster Ostrea chilensis, internal pH also
diminished significantly over time while the pallial
cavity was isolated from the external environment
(Fig. 5B) (2-way ANOVA, F; 91 = 42, p = 0.0001). In
both brooding and non-brooding specimens, the
average initial pH of 7.6 (SD = 0.06) and 7.7 (SD = 0.1),
respectively, declined to final average values of 6.9
(SD = 0.03) and 6.9 (SD = 0.1), respectively (Fig. 5B).

As before, the pH of the surrounding water in the
aquaria did not change (F; o1 = 1.2, p = 0.384) during
this time.

Effect of isolation on ammonium concentration

For both Crepipatella dilatata and Ostrea chilensis,
conditions of reduced ambient salinity generated a
significant increase (2-way ANOVA: Fj, 117 = 28.145,
p = 0.0001; Fj9104 = 7.36, p = 0.0001, respectively) in
internal ammonium nitrogen levels during the 12 h of
pallial cavity isolation. For the limpets, ammonia levels
increased >100 % for both brooding and non-brooding
individuals (Fig. 6A). For oysters, ammonium in-
creased approximately 20 % in both brooding and non-
brooding individuals, with no significant effect of
brooding on final levels at the end of 12 h (Fig. 6B).

DISCUSSION

Incubation has traditionally been thought of as
beneficial for the incubated embryos (e.g. Grant 1983,
Ferndndez et al. 2000, Taborsky & Foerster 2004,
Monteiro et al. 2005); indeed, it is generally referred to
as 'brood protection’ (e.g. Thorson 1950). Maternal
protection should reduce developmental mortality by
isolating embryos from temporary external stresses
(Clutton-Brock 1991). Among invertebrates, incuba-
tion takes many forms (e.g. inside the pallial cavity
either anchored to branchial filaments as in Kingiella
chilenica [Gallardo 1993] or free-swimming as in
Ostrea chilensis [Chaparro et al. 1993]; in the water
tubes of the outer demibranchs as in Anodonta cata-
racta [Tankersley & Dimock 1992]; in capsules attached
to the substrate and kept under the maternal shell
Calyptreidae [Collin 2003]; in a gelatinous egg string
retained underneath the outer mantle as in Protancy-
lus [Albrecht & Glaubrecht 2006]; retained in a pouch
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Fig. 6. Crepipatella dilatata and Ostrea chilensis. Changes in
ammonium-nitrogen content in the water retained in the pal-
lial cavity during brood chamber isolation by brooding and
non-brooding females. Each point represents the mean and
SD (total n = 117 measurements for limpets; total n = 104 mea-
surements for oysters), with 4 to 5 replicates per time point

located in the anterodorsal region of the head-foot as
in Melanoides tuberculata [Ben-Ami & Hodgson 2005];
or incubated within a specialized marsupium as in
Orchestia gammarellus [Morritt & Spicer 1996]). Com-
mon to all of these situations is that the mother has a
degree of control over the local environment to pro-
mote successful embryonic development (Morritt &
Spicer 1996, Surbida & Wright 2001). In other cases,
incubation may allow the mother to transfer nutritious
material or inorganic elements to her offspring (e.g.
Purchon 1968, Wood 1974, Morton 1977, Bartlett 1979,
Tankersley & Dimock 1992), and may also protect
developmental stages from predation (Thorson 1950,
Pechenik 1979).

Under certain conditions, brooding may also protect
embryos from exposure to the sorts of temporary
environmental changes that characterize estuaries.
Salinity, in particular, has been called an ‘ecological
master factor’ in estuaries (Kinne 1966), something that

can regulate physiological processes and the behavior
of the organisms that develop there (Navarro 1988,
Hutchinson & Hawkins 1992, Navarro & Gonzalez
1998, Kim et al. 2001, Spicer & Stromberg 2003, Mars-
den 2004). In the case of mollusks, isolating the pallial
cavity from the exterior by valve closure (e.g. bivalve:
Choromytilus chorus, Navarro 1988; Crassostrea vir-
ginica, Hand & Stickle 1977; Mytilus edulis, Crasso-
strea gigas, Scrobicularia plana, Cardium edule, Mer-
cenaria mercenaria, Modiolus modiolus, Shumway
1977; Anadara senilis, Djangmah et al. 1979) or, as in
the case of gastropods, by adhering tightly to the sub-
strate with the foot and simultaneously pressing the
mantle against that substrate, is the most common
response to low salinity stress (e.g. Fretter 1984, Crepi-
patella: Chaparro et al. 2008b). In our studies with C.
dilatata and Ostrea chilensis, salinities of <22 to 25 psu
and of <24 psu, respectively, caused adults to isolate
themselves from the surrounding environment. Such
salinity levels —and lower—are common at our study
site in the Quempillén estuary during low tide in
winter or during strong rains in other periods of the
year, and, as mentioned earlier, can last for >48 h (O. R.
Chaparro pers. obs.).

For both the gastropod and the oyster included in the
present study, salinity in the brood chambers remained
quite high even during long periods of female isolation
when external salinities were as low as 10 psu. Thus,
as long as the mothers can isolate themselves from the
exterior before external salinity falls to detrimental
levels, and re-open as soon as external salinities return
to safe levels, brooding does indeed protect the incu-
bated embryos from osmotic stress (Chaparro et al.
2008a). However, our work shows that what would
seem to be a protective 'kindergarten’ environment for
embryos under such conditions can quickly become a
stressful environment for embryos, exposing them to
substantial declines in both oxygen and pH, and to
increases in ammonium concentration.

When brooding females of Crepipatella dilatata
were isolated from the external environment, the
dissolved oxygen level in the intrapallial water fell
dramatically, declining about 50 % within about 3 h
and reaching hypoxic levels within 12 h. Non-brooding
females maintained comparatively better oxygen con-
ditions in the brood chamber, suggesting that the more
rapid decline in oxygen for brooding females was due
to embryonic activities: movement of embryos inside
capsules and nurse egg consumption by the brooded
embryos (Chaparro & Paschke 1990). Brooding fe-
males might also actively move egg capsules about
to facilitate diffusion of oxygen to embryos, or might
actively clean the walls of egg capsules using the
radula. At present, it is therefore uncertain as to how
much of the more rapid oxygen decline seen in the



Chaparro et al.: Maternal isolation and changes in the fluid conditions of the brood cavity 153

pallial cavity of brooding females is caused by parental
behavior and how much is caused by metabolic activ-
ity of the embryos themselves.

Brooding females began circulating water through
the mantle cavity again when the external salinity rose
to around 20 psu. In contrast, non-brooding females
did not begin filtering water again until the salinity
reached values near 25 psu, suggesting a behavioral
adjustment by brooding females favoring embryonic
development. In both cases, oxygen levels in the pallial
water recovered quickly once water circulation was
reinstituted by females. This cycle of oxygen availabil-
ity in the pallial cavity is corroborated by Chaparro et
al. (2008a), verifying that females can detect a salinity
of around 22 psu and then open or close the shell
valves (and resume or cease filtering water) in re-
sponse to a rising or falling tide, respectively.

In Ostrea chilensis, dissolved oxygen in the pallial
cavity declined even more rapidly with valve closure.
Brooding and non-brooding females showed no differ-
ences in rates of oxygen consumption when they were
brooding early stages (morula-blastula stage), con-
firming results of an earlier study by Chaparro &
Thompson (1998). Presumably, higher rates of oxygen
consumption will be recorded for females brooding
embryos at more advanced stages of development than
those tested in the present experiments, due to their
greater per-embryo biomass and levels of activity.

Assuming that embryos survive prolonged periods of
isolation from the exterior, something that requires
checking in the future, our results suggest that
brooded embryos may be able to activate anaerobic
metabolic pathways under such a condition. Addi-
tional studies are needed to document the extent of
survival and to understand the mechanisms used by
each species to withstand periods of oxygen deficit
while brooding.

Even if embryos can survive hypoxic conditions
using anaerobic metabolic pathways, shell develop-
ment may still be compromised: oxygen deficit has
been shown to impede shell calcification in encapsu-
lated veligers of the gastropod Chorus giganteus
(Cancino et al. 2000). The impact of hypoxic conditions
on embryonic shell calcification has not yet been
examined for Ostrea chilensis or Crepipatella dilatata.

Equally problematic for embryos is the tendency for
the pallial fluid to become substantially acidic during
prolonged periods of isolation. Such acidification prob-
ably results from respiratory CO, production along
with the generation of terminal products of anaerobic
metabolic pathways by the females and by the
brooded embryos (Maeda-Martinez 1987). In Crepi-
patella dilatata, pH of the pallial fluid declined only
during the first 4 to 5 h of isolation, suggesting the
existence of a neutralization mechanism, probably

related to the dissolution of calcareous shell material
(Akberali 1980, Chapman et al. 1982, Maeda-Martinez
1987, Pennington & Hadfield 1989, Cancino et al.
2003); both the shell valves of the females and the
shells of the brooded veligers could be affected. The
effects of reduced pH on embryonic shell structure and
mineral composition and on embryonic shell growth is
considered in a companion paper (Montory et al. 2009,
this volume). In the case of Ostrea chilensis, pH of the
pallial fluid declined constantly, but did not quite fall
below neutral conditions even after 12 h of isolation
(Fig. 5B). However, even this degree of pH decline
could impact development of the veliger protoconch,
since the relatively slow decrease of pH could reflect
a simultaneous neutralization effect of calcium dis-
solving from protoconchs, something that could be
examined in future studies.

Mollusks generate ammonium nitrogen as the main
end product of protein metabolism (Bayne & Newell
1983); ammonia nitrogen is highly soluble and very
toxic (Harris et al. 1998). The production of this
metabolite is not detrimental under normal conditions,
as it is quickly diluted by surrounding seawater. How-
ever, the forced confinement of embryos inside an
isolated brood chamber will lead to the accumulation
of toxic elements, and so could have enormous re-
percussions on the fitness of incubated embryos.

In summary, the isolation of brood chambers brought
about by low salinity successfully protected incubated
embryos from exposure to those salinities for both the
limpet Crepipatella dilatata and the oyster Ostrea
chilensis. However, we have shown here that declining
oxygen and pH, and increasing levels of ammonium,
gradually transform the brood chamber from a protec-
tive 'kindergarten’ environment to more of a ‘jail," with
as yet largely unknown consequences for the incu-
bated embryos. Future work will determine the impact
of such conditions on embryonic development and also
consider the delayed impact that such exposure might
have on juveniles and adults (i.e. the degree to which
there are 'latent effects’ resulting from such exposure,
as reviewed by Pechenik 2006).
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