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SYNOPSIS. Functional challenges can differ among life-history stages, yet performance at one stage may be
linked to the outcome of performance at others. For example, adult performance, in terms of the location
or timing of reproduction in response to environmental signals, can set conditions that affect the performance
of developmental stages. In marine invertebrates, however, early performance has been studied primarily
in the laboratory. I outline an integrative approach to the study of field reproductive performance in a
marine gastropod that undergoes development in intertidal habitats. Embryos within gelatinous masses
experience high variability in development temperature and frequent exposure to thermal stress. In labo-
ratory experiments, developmental performance was measured as a function of maximum temperature (Tmax)
experienced during fluctuations that mimicked field tidal profiles. Performance curves showed declines that
coincided with temperature thresholds for heat shock protein (Hsp) expression, a signal of cellular stress.
Application of laboratory results to field records of Tmax predicted large variation in the survival of embryos
deposited on different days. Timing of field reproduction was non-random with respect to Tmax, suggesting
that adults could help to buffer embryos from environmental stress. Embryo survival, however, was not
predicted to benefit from the non-random pattern of adult reproduction. Adults may be constrained to
respond to information that only weakly predicts conditions that embryos will experience. Studies that
incorporate linkages between life cycle stages in the field may better reveal how performance capacities and
constraints at one stage can influence performance and selection at others.

INTRODUCTION

Life cycles are composed of stages that face differ-
ent functional challenges (Werner, 1988). Success at a
given stage can depend on particular aspects of per-
formance, but stages can also be functionally linked if
processes at one stage influence performance at others
(Pechenik et al., 1996; Phillips, 2001; Marshall et al.,
2002). For marine invertebrates, much of what is un-
derstood about performance at early stages and link-
ages among stages comes from studies in the labora-
tory, where small individuals can be handled and cul-
tured in large numbers, subjected to controlled treat-
ments, and measured with technical equipment
(Boidron-Metairon, 1988; Pechenik et al., 1993;
Hoegh-Guldberg and Manahan, 1995; Mead and Den-
ny, 1995; Hart, 1996; Emlet and Hoegh-Guldberg,
1997; Hilbish et al., 1999; Pechenik and Rice, 2001;
Podolsky, 2001; Marshall et al., 2002; Strathmann et
al., 2002). In contrast, relatively little is known about
performance capacities or selection on functional traits
for these stages under natural conditions (Pechenik,
1987; Young, 1990). Unlike for terrestrial taxa, early
stages are usually microscopic and dispersing (Strath-
mann, 1990) and therefore impractical for in situ tests
of performance. Field-based tests of performance are
typically limited to stages that are brief, sedentary, or
unusually large (Bingham and Young, 1991; Stoner,
1994; Levitan, 1996; Meidel and Yund, 2001; Moran
and Emlet, 2001; Phillips, 2002). Such examples, how-
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ever, are far outnumbered by laboratory studies, which
are often used to infer consequences in the field.

Laboratory studies can reveal how performance
varies under controlled conditions, but cannot establish
the relevance of those conditions to selection. In na-
ture, early stages typically encounter conditions rele-
vant to performance that vary on multiple spatial or
temporal scales (Pechenik, 1987; Olson and Olson,
1989; Rodriguez et al., 1993; Levitan and Petersen,
1995; Walters and Wethey, 1996; Helmuth and Hof-
mann, 2001). Understanding selection and the evolu-
tion of performance in variable environments has been
a long-standing challenge to evolutionary theory (Lev-
ins, 1968; Hedrick et al., 1976; Slatkin and Lande,
1976; Gilchrist, 1995), and environmental variability
poses special challenges to the empirical study of se-
lection on performance (Bennett and Huey, 1990;
Kingsolver, 2000, see also Kingsolver and Gomul-
kiewicz, 2003). For example, the frequency, duration,
and order of exposure to conditions can be difficult to
measure or characterize, making it difficult to integrate
the effects of performance over space or time. The
persistent challenge (Arnold, 1983) is to find ways to
integrate controlled performance measures in the lab-
oratory with information about conditions experienced
in the field.

In this paper I briefly outline an approach I am de-
veloping to assess the relationship between perfor-
mance measures at two life cycle stages of a marine
gastropod: developmental performance of embryos in
response to temperature variability, and performance
of adults in timing their reproduction to reduce embryo
risks. The situation is a departure from the more typ-
ical marine life cycle, and involves internal fertiliza-
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FIG. 1. Variation in tide height and tide pool water temperature over two months of the 1999 M. diomedea reproductive season at False Bay,
WA. Lower tracing shows tide height relative to annual mean low-low water as predicted by X-tide (Flater, 1996). Upper tracing shows
temperatures recorded by Tidbit data loggers (Onset Corp., MA) in tidal channels at the height of egg masses. The dotted line shows the
temperature (268C) at which stress protein expression is induced in embryos. Neap and spring tide series are indicated as periods of positive
and negative low-low tides, respectively.

tion, embryonic development within a benthic gelati-
nous mass, and planktonic larval dispersal (Mileikov-
sky, 1971). The focal stage for this analysis is the early
period of embryo encapsulation, a mode of develop-
ment that has evolved several times among gastropods,
polychaetes, nemerteans and flatworms (Pechenik,
1979). One benefit of encapsulation may be reduced
predation risk, because mortality, in large part from
predation (Morgan, 1995), is estimated to be lower for
benthic broods than for independent equivalent stages
in the plankton (Rumrill, 1990). Placement of broods
in intertidal areas can provide refuge from diverse sub-
tidal predators (De Martini, 1978), but the extreme
variability of physical conditions in such habitats pos-
es other developmental risks for embryos (Pechenik,
1987) as well as considerable challenges for biologists
to measuring performance in the field.

Temperature variability during intertidal
development

Melanochlamys diomedea (Bergh) is a small
(approx. 1 cm) cephalaspidean opisthobranch mollusc
found on tidal flats from central California to southern
Alaska (Behrens, 1991). Adults produce balloon-
shaped gelatinous masses (1–2 cm) that hold tens of
thousands of encapsulated embryos. Masses are de-
posited in tidal channels or shallow pools that retain
water at low tide, and are secured in place by a long
sand-mucus tether buried firmly in the substrate. At
low tide, adults behaviorally regulate their exposure
by burrowing into sediment, but embryos within mas-
ses are exposed to surface conditions for their first
week of development. After hatching, they then spend
an undetermined period feeding in the plankton before
settlement. Reproduction at study sites on San Juan
Island, WA occurs during late spring and summer,
when low tides typically expose tidal flats to mid-day
conditions.

Temperature fluctuations at False Bay, measured by
data loggers placed near masses in tide pools, range
from mild during neap tides to extreme during spring

tides (Fig. 1). Temperatures can exceed 338C and fluc-
tuate more than 228C during a single exchange. Pat-
terns of fluctuation result from both predictable tidal
cycles and less predictable variation in climatic con-
ditions (e.g., cloud cover, precipitation, and winds).
Because both immersed egg masses and data loggers
equilibrate rapidly with surrounding water tempera-
tures, logger records provide a reliable estimate of de-
velopmental temperatures experienced by embryos. In
addition, because tidal flats are topographically simple
and spatially homogeneous, field temperatures can be
characterized for large portions of the population.

As a result of intertidal development, embryos of
M. diomedea are exposed to temperatures that are not
only highly variable but also frequently stressful. In-
duction of heat-shock protein (Hsp70 and Hsp90 fam-
ily) expression, an indicator of cellular stress (Anathan
et al., 1986; Hofmann and Somero, 1995; Kregel,
2002), begins around 268C for embryos after brief
(15–30 min) exposures in the laboratory (R. Podolsky
and G. Hofmann, unpublished data). Temperatures
during the reproductive season reach or exceed this
stress threshold on many days and on the majority of
spring tides (Fig. 1). Protein expression profiles for
masses collected from the field confirm that induction
of stress protein induction begins within one hour of
pools reaching 268C (Podolsky, unpublished data), in-
dicating that laboratory signatures of stress are rele-
vant to field conditions.

Embryo developmental performance in the
laboratory

Temperature variability and stress on tidal flats are
likely to have complex effects on development, de-
pending on the particular temperature range and per-
formance measure. For example, increases in fixed de-
velopmental temperature generally increase develop-
ment rate (Clarke, 1982; Hoegh-Guldberg and Pearse,
1995) but can have the opposite effect on growth (Ber-
rigan and Charnov, 1994). Performance can improve
under mild temperature increases but decline at higher
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FIG. 2. Tide pool temperatures on three successive days at False
Bay (solid lines), reaching Tmax 5 26.7, 30.2, and 33.18C, with high
temperatures roughly aligned. The dotted line shows the 9-hour tem-
perature profile created by the tidal gradient block to match the
upper field profile.

FIG. 3. Embryo survival to hatching during laboratory experiments. Typically 300–500 embryos embedded in gel were used for each
treatment. Each value is the mean 6 1 SE for six sibships. Boxes show linear regression equations used in the model for different ranges of
Tmax (see text). (A) Survival after daily (beginning day 2) exposure to temperature fluctuations varying in Tmax. (B) Survival following a single
tidal exposure on day 1 relative to the average survival for single exposures on days 2, 3 or 4 (averaged within replicates) for exposures
varying in Tmax.

ranges, as temperatures become physiologically sub-
optimal or stressful (Huey and Kingsolver, 1989;
Kingsolver and Woods, 1997). Furthermore, fluctuat-
ing temperatures can influence performance measures
in ways that can not be predicted from average, fixed
temperatures (McDonald, 1990; Stamp, 1994; Manel
and Debouzie, 1995; Brakefield and Kesbeke, 1997).
Given the high temperature variability and frequent
stress encountered by embryos of M. diomedea, there
exist considerable challenges to characterizing the re-
lationship between performance and fitness under field
conditions (Bennett and Huey, 1990).

Can controlled measurements of performance in the
laboratory provide insight into selection in the field?
Although field conditions are extremely variable, daily
fluctuations in temperature follow a common pattern,
such that the rise and fall occur over similar time
scales each day but with varying amplitudes (Fig. 2).
In order to estimate the effect of field exposures, I
measured three aspects of developmental performance
(development rate, growth, and survival) under tem-
perature profiles in the laboratory that approximated
natural conditions. Laboratory profiles were generated
by cycling a programmable water bath in a sequence

to match the shape and duration of typical field profiles
(Fig. 2).

To generate performance curves, egg masses were
collected during their first low tide before stress con-
ditions and within 12 hours of deposition, as gauged
by embryo staging. Each of six masses (sibships) was
divided and distributed among nine culture tubes that
were individually aerated and received daily water
changes. To create a graded series of profiles with dif-
ferent temperature maxima (Tmax), I placed culture
tubes in a thermal gradient block with a fixed (128C)
cold end and a fluctuating warm end. Eight different
positions along the block gave a series of profiles that
differed in Tmax ranging from 20 to 348C, in 28C in-
crements, with a common Tmin (128C). A ninth tube for
each replicate was held at a nearly constant 128C. Ex-
perimental temperature regimes were repeated daily
starting on the day after collection.

Results from this experiment showed that embryo
survival (Fig. 3A), size at hatching, and development
rate all varied as a function of Tmax. Survival peaked
at Tmax 5 248C and declined regularly at 268C and
above, a temperature threshold that coincides with the
onset of physiological stress as indicated by stress pro-
tein expression. Similar patterns resulted for hatching
size and development rate, with performance maxima
at 248C and 288C, respectively. The survival data
showed a decline of about 30% (3.8% per 8C) with
variation in Tmax from 24 to 348C; this decline repre-
sents a cumulative effect of repeated daily exposures.
Because embryo survival showed the greatest treat-
ment differences and likely had the strongest fitness
consequences, I focus on this one aspect of perfor-
mance to estimate consequences of field exposures.

Modeling the relationship between hatching success
and Tmax is not straightforward. Performance curve
data are typically skewed and not well-represented by
simple functions (e.g., quadratic or Gaussian; DeWitt
and Friedman, 1979; Huey and Kingsolver, 1989). The
cubic spline, a function with a less restrictive shape,
assumes a smooth underlying functional relationship
(Schluter, 1988) and therefore does not represent well
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a function with mechanistic stress thresholds (in this
case, at the onset of hsp expression near 268C and at
the disruption of total protein synthesis above 328C).
More complex functions that have been used to model
temperature dependence of performance (e.g., Logan
et al., 1976) are also not appropriate because they use
information drawn from traditional performance
curves (measurements at a series of constant T rather
than under fluctuating profiles that vary in Tmax). De-
velopment in M. diomedea is arrested at constant tem-
peratures above the stress threshold of 268C, so it was
not possible to generate standard performance curves
for integrating effects of variable temperature expo-
sures (see Kingsolver and Gomulciewicz, 2003). For
this preliminary analysis I chose to fit simple linear
regressions that break at the two biologically relevant
critical values for the onset of stress. Assuming other
shapes for functions did not alter any of the qualiti-
tative conclusions of the analysis.

One additional aspect of the embryo stress response
is important to interpreting developmental perfor-
mance. Protein labeling experiments indicate that Hsp
expression is not inducible within the first 20 to 30
hours of development, making early embryos partic-
ularly vulnerable to heat stress (Podolsky and Hof-
mann, unpublished data). As a result, the effect on
development of temperatures that exceed stress thresh-
olds is qualitatively different on an embryo’s first day
as compared with later days.

I used a second experiment to distinguish the im-
portance of day 1 tide exposures for embryo survival.
Six masses were collected from the field at the very
start of their first tide, partitioned in the laboratory,
and subjected to treatments in a factorial design, with
two factors: (1) the day when embryos were exposed
to a single tidal temperature profile (day 1, 2, 3 or 4,
where day 1 is the day of collection), and (2) Tmax of
the single profile (6 levels: Tmax 5 24, 26, 28, 30, 32,
348C). Apart from the single tide profile, development
was completed in mesh bottom trays in flowing sea-
water at relatively constant temperature (11–138C).
Because each treatment consisted of one exposure
against a background of relatively cold and suboptimal
temperatures, absolute survival rates from this exper-
iment could not be combined directly with those from
the first experiment. Instead, I compute ‘‘relative sur-
vival’’ as the ratio of survival for day 1 exposures
relative to survival for single exposures on later days.
Note that, because fitness for a given laying date in
the model is ultimately scaled relative to the best day
of the season (see below), the absolute scale for this
index has no bearing on conclusions drawn from the
model. Percentage data were arcsin-square root trans-
formed before statistical analysis.

Results of this second experiment show an effect of
early high temperature exposure on the relative prob-
ability of survival. Exposure day had a significant ef-
fect on survival probability (mixed-model ANOVA,
F3,15 5 5.09, P , 0.02); multiple comparison tests
showed a significant difference between day 1 and

each of days 2 through 4, but no significant differences
among days 2 through 4 (Tukey’s HSD, P , 0.05;
Neter et al., 1985). To simplify the model, values for
exposure days 2 through 4, when stress protein ex-
pression is inducible and a qualitative difference was
therefore expected, were averaged within each repli-
cate for comparison with day 1. Relative survival was
similar for day 1 versus later single exposures at non-
stress temperatures (Tmax 5 248C) but declined regu-
larly as Tmax exceeded the stress threshold (Fig. 3B).
Relative survival showed a decline of about 28%
(3.6% per 8C) with variation in Tmax from 24 to 328C.
As in experiment 1, relative survival declined abruptly
when Tmax 5 348C, coinciding with the threshold at
which protein synthesis is disrupted. Again, I model
this relationship as a set of linear functions that break
at the critical stress thresholds (Fig. 3B).

Predicting developmental performance in the field

I now integrate results of the two laboratory exper-
iments (Fig. 3) with records of temperature variation
in the field (Fig. 1) to predict relative embryo survival
for masses deposited on each date during the 1999
reproductive season. Given the simplified structure of
the laboratory data, I make the following assumptions
in applying the model to field conditions. (1) Embryo
development is completed over 6 tidal fluctuations
(days) in the field, which is the average median (50%
hatch) development time among treatments in experi-
ment 1 (range: 5.3 days for Tmax 5 288C to 6.6 days
for Tmax 5 348C). Marked masses in the field typically
hatch out between their sixth and seventh tides (unpub.
data), but sometimes later. (2) Effects of exposures on
days 2 through 6 are independent: exposure to a given
Tmax has the same effect on survival (calculated from
results of experiment 1) regardless of when it occurs
or what exposures precede or follow it. Survival prob-
ability was calculated as the cumulative probability of
independent effect of Tmax on each of days 2–6 as es-
timated from laboratory data (Fig. 3A). (3) Day 1 ex-
posure reduces survival by the same percentage re-
gardless of later exposures, and Tmax below the stress
threshold (248C) on day 1 has no effect on relative
survival (Fig. 3). (4) Overall fitness (embryo survival)
is the product of probabilities described in #2 and #3.
This probability was then scaled relative to a maxi-
mum fitness of 1 on the best date for egg mass de-
position over the 1999 reproductive season.

According to the model, predicted embryo loss
ranged as high as 39.3% and averaged around 10.8%
relative to the best day of the season (Fig. 4). Losses
were predicted to be greater within each of the four
spring tide series, averaging 18%, 6%, 18%, and 14%,
respectively. Predicted losses were correlated between
adjacent days over the entire season (r 5 0.43, N 5
54, P , 0.002), but not within spring tide series (r 5
0.29, N 5 29, P , 0.13). Thus, given the jagged form
of variation in Tmax (Fig. 1), risks to embryos were not
always predictable across days.
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FIG. 4. Model prediction of percent embryo mortality for egg mas-
ses deposited on each day relative to mortality on the best day of
the 1999 reproductive season. Solid bars indicate spring tides.

FIG. 5. Average egg mass production per transect (open symbols) each day during four spring tide series in summer 1999 (N 5 652, 339,
258, 244) and corresponding values of Tmax(22), the maximum temperature on the low tide two days prior (closed symbols). Tmax is shifted two
days forward in this way, and mass production is standardized within each series (Z-scores) to remove variation across series, in order to show
more clearly how changes in mass production oppose changes in Tmax(22).

Adult reproductive performance in the field

Parental care is absent in M. diomedea, so adult con-
trol over developmental conditions is limited to the
location or timing of mass production. Because soft-
sediment habitats in which M. diomedea reproduces
provide no physical refuge for embryos (cf. Pechenik,
1978; Brawley and Johnson, 1991; Leonard, 1999),
tidepool locations show relatively little variation in
temperature. Model predictions based on laboratory
performance data and field temperature data, however,
suggest that reproductive timing has important fitness
consequences. If adults can detect conditions relevant
to development on preceding tides, and if such cues
predict conditions on following tides, then they would
be expected to temporally pattern their reproduction in
accord with future risks to embryos. In terms of adult
performance, the model results predict that reproduc-
tive patterns should be (i) non-random in time, (ii)
responsive to environmental information that predicts
conditions under which embryos will develop, and (iii)
beneficial to embryo survival.

Limited data are available to address these predic-
tions. During the 1999 reproductive season, I recorded
egg mass deposition along five strip transects (approx.
50 3 1.25 m) in tidal channels at False Bay. To avoid
disturbing animals, transect lines were attached to and

removed from permanent markers at each census.
Transects were visited daily when the bay was exposed
during spring tides, and egg masses were marked or
cleared to record new mass production. In total, 1,493
masses were deposited over 29 days of the four spring
tide series. Production was not recorded during inter-
vening neap tide series, but counting masses at the
start of each spring tide series gave a record of accu-
mulation on transects during neap tides. Because pro-
duction showed a seasonal decline among series, to aid
the presentation I standardized the number of masses
produced within each series to zero mean and unit var-
iance (shown as Z-scores). Analyses were done on
non-standardized data.

The transect data show patterns of egg mass pro-
duction that are non-random within each of the four
tide series (tests for equal production across days: x2

5 56.2, 41.8, 13.3, 26.5; df 5 6, 6, 6, 7; all P , 0.05)
and similar among tide series (Fig. 5). In striking fash-
ion, reproduction in the population crashed consis-
tently toward the middle of each series, dropping from
a high of 10 to 40 per transect to on average about 0.5
per transect. This general pattern supports the predic-
tion that reproduction would decline at times of higher
heat stress, typically toward the middle to late part of
each series when tides are low and overlap more of
the mid-day hours.

Even more striking is the detailed pattern of change
in reproduction by adults relative to their recent ther-
mal history. Except for a few days at the start of the
second spring tide series, the direction of change in
daily mass production exactly opposes the direction of
change in daily Tmax as recorded two tides prior (here-
after Tmax(22), where the subscript denotes the number
of tides prior to the daily census when masses were
recorded; Figure 5; x2 5 11.0, df 5 1, N 5 24, P ,
0.001). As a result, mass production was strongly neg-
atively associated with Tmax(22) (multiple regression
controlling for tide series; F1,23 5 11.30, N 5 29, P ,
0.003; Fig. 6) but, surprisingly, not with Tmax(21) (F1,23

5 0.25, P 5 0.62). During the 1999 reproductive sea-
son, the ability of Tmax to predict conditions on future
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FIG. 6. Relationship between mass production on transects (Z-
scores) and Tmax(22) for all spring tide census days. The regression
line is the reduced major axis (R2 5 0.34).

FIG. 7. Temporal autocorrelations in Tmax for different time inter-
vals over two months (early June to early August) during the repro-
ductive seasons of 1999 and 2000.tides dropped off rapidly as a function of time (Fig.

7). Thus, reproduction within spring tides (i) was non-
random and (ii) appeared to change in response to an
environmental signal, though not one more strongly
predictive of future conditions for developing off-
spring.

Despite the association between reproduction and
thermal history, and the consistent decline in mass pro-
duction toward the middle of tide series, population-
level patterns of reproduction do not appear to have
been beneficial to offspring. On a given day, egg mass
production was not positively associated with predict-
ed embryo survivorship (linear regression controlling
for tide series; t24 5 1.688, P 5 0.95). The same con-
clusion follows from comparing total embryo survival
within each tide series to survivorship of embryos in
simulations where masses were distributed at random
among days. In all four tide series, the actual distri-
bution of masses among days had no better survivor-
ship by chance than 1,000 such random distributions
(randomization tests, P $ 0.05; Efron and Tibshirani,
1993). Interestingly, survivorship in series 4 would
have been significantly better than chance if masses
had been deposited one day earlier, as if in response
to Tmax(21) rather than Tmax(22) (randomization test, P ,
0.034).

What constrains reproductive performance in natural
populations?

The data and model predictions present something
of a paradox concerning adult reproductive perfor-
mance in M. diomedea. On one hand, egg mass pro-
duction by adults is non-random and appears, from
patterns of reciprocal change with Tmax, to respond to
environmental information with daily temporal reso-
lution. On the other hand, adult reproduction responds
not to immediate signals but rather to more temporally
remote information, which only weakly predicts con-
ditions likely to be experienced by embryos. As a re-
sult, reproduction among this sample of field days oc-
curred at times when the model predicts no significant
enhancement of offspring survival.

Although this paradox cannot yet be resolved, ob-
servations presented here raise several hypotheses for

consideration and future work. First, perhaps repro-
duction occurs mainly during neap tides in the absence
of heat stress, and what I observe during spring tides
plays a minor role in selection on reproductive per-
formance. The regular decline in mass production to-
ward the middle of spring tide series suggests that
adult reproduction could be entrained to a lunar cycle,
and not actually responsive to temperature. In the ab-
sence of neap tide transect data this hypothesis cannot
be tested directly, but three pieces of indirect evidence
weigh against it as a complete explanation. (1) Tmax(22),
a variable with some unpredictability given variation
in weather conditions, accounted for 34% of variance
in mass production. In contrast, mass production was
less strongly predicted by tidal height (Ht; maximum
R2 5 0.18 for Ht(23)), a variable that is tied to lunar
cycles and is likely more predictable than Tmax. Coin-
cident reversals in Tmax(22) and mass production (Fig.
5) indicate an association between the two that goes
beyond a potential background effect of lunar phase.
(2) From the day they were brought into the labora-
tory, a captive population of adults maintained steady
egg mass output (unpub. data), showing no evidence
of lunar entrainment as seen in some organisms that
reproduce on lunar cycles (Saigusa, 1980; Battaglene
et al., 2002; Ferrero et al., 2002). (3) The accumula-
tion of masses on transects over neap tide series did
not consistently indicate higher production compared
with spring tides, even assuming measured rates of
daily loss from transects (unpublished data).

Second, the model as developed here might fail to
take into account other environmental conditions that
affect embryo survival, growth, or hatching size. Other
risks can influence developmental success in intertidal
habitats, some in parallel with (e.g., UV exposure, ox-
idative stress) and some opposed to (e.g., dislodgement
risk, predation) conditions that lead to thermal stress
(Biermann et al., 1992; Trussell et al., 1993; Abele-
Oeschger and Oeschger, 1995). In addition, the as-
sumption that effects of Tmax are independent across
days may be violated if consequences of heat stress
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are more severe early in development, or if stress pro-
tection is accumulated from previous exposures, as
seen over longer time scales in adult stages (Roberts
et al., 1997; Buckley et al., 2001). Also, I lack infor-
mation about the relative effect of day 1 exposures for
Tmax , 248C, which could raise the cost of reproducing
during neap tides or on cool days during spring tides.
The model ignores other complications, such as the
effects of oxygen deficit at interior positions within
masses (Strathmann and Strathmann, 1995). Given the
strong effect of high temperature on oxygen demand,
and the weaker effect on oxygen supply through dif-
fusion (Woods, 1999), this assumption likely makes
my estimates of temperature risk conservative. Several
of these assumptions will be addressed in future lab-
oratory and field work.

Third, evidence that adults respond to environmen-
tal cues, but not necessarily to those with the greatest
predictive power, raises the intriguing hypothesis that
physiological constraints on reproduction could limit
the ability of adults to respond on an optimal time
scale (Hoffmann, 1978; Kingsolver and Huey, 1998).
Given that masses are deposited at high tide within a
few hours of the most recent low tide, information
from Tmax(21) (or a correlated variable) could be too
recent to alter the process underlying production of an
egg mass. Perhaps in some years the capacity to re-
spond with a one tide-lag could still benefit offspring.
The summer of 1999 may have been especially poor
for temporal predictability, as the autocorrelation of
Tmax was weaker and appears to have been influenced
by variable weather conditions more strongly than in
2000, another year when temperature data were logged
(Fig. 7).

Finally, reproductive timing could be a passive
physiological consequence of temperature rather than
an adaptive response. According to this hypothesis,
physiological processes underlying egg mass produc-
tion would be negatively associated with increasing
temperatures. Non-stress temperatures, however, typi-
cally have a positive effect on metabolism and egg
production (Fusaro, 1980; Smith and Lane, 1985). It
is possible that high temperatures could induce adult
physiological stress or limit mating opportunities, but
adults characteristically avoid surface conditions by
burrowing at low tide and, based on laboratory tests,
can store sperm for long periods. Although passive
physiological responses to temperature could have led
to diminished reproduction at both low temperatures
and stressful high temperatures (Venkataraman and
Job, 1980), this pattern was not apparent in the data
(Fig. 6).

Although this analysis was presented at a population
level, the study system lends itself to analyzing selec-
tion on performance of individual adults and their em-
bryo clutches (see Kingsolver and Gomulciewicz,
2003). Gel maintains the integrity of clutches, so that
sibships can be sampled repeatedly in the field, and
measures of developmental performance in the labo-
ratory can be related to field measures and to the tim-

ing of mass production by individual adults. In addi-
tion, large differences in physical characteristics and
heat stress among field sites where M. diomedea re-
produces offer the opportunity to examine consequenc-
es of performance in different selective environments.
Given planktonic dispersal of larvae, sites are likely to
be genetically coupled, so that plasticity may evolve
in response to local conditions. Examination of plas-
ticity and performance at this larger spatial scale is
underway.

Studies that incorporate linkages between life cycle
stages, especially in a field context, may better reveal
how performance capacities at one stage can influence
performance and selection at others. ‘‘Ecological sim-
ulations’’ in the laboratory (e.g., Boule and Fitzgerald,
1989; Sulkin and McKeen, 1996; Marsh and Manahan,
2000) can contribute where it proves difficult to mea-
sure performance directly in the field (Bennett and
Huey, 1990). This study used ecologically relevant
simulations to examine the interaction between em-
bryo and adult performance under field conditions, and
revealed that adults may be constrained in their ability
to influence selection on embryos. Other work has be-
gun to focus on the network of performance conse-
quences that connect gametes, larvae, juveniles, and
adult stages of marine invertebrates (Levitan and
Young, 1995; Walters and Wethey, 1996; Moran and
Emlet, 2001; Franke et al., 2002; Phillips, 2002).
These studies are providing insight into how perfor-
mance capacities structure life histories and thereby
shape the evolution of organism form and function
over life cycles.

ACKNOWLEDGMENTS

I thank Joel Kingsolver and Ray Huey for inviting
me to participate in the symposium. For research help
I thank A. Hollebone, S. Graham, J. Allen, J. Mc-
Alister, and A. Welch. The manuscript benefited from
comments by B. Helmuth, J. Kingsolver, J. McAlister,
A. Welch, and three anonymous reviewers. Research
was supported by the University of North Carolina and
NSF grant IBN-9912084.

REFERENCES

Abele-Oeschger, D. and R. Oeschger. 1995. Enzymatic antioxidant
protection in spawn, larvae and adult worms of Phyllodoce mu-
cosa (Polychaeta). Ophelia 43:101–110.

Anathan, J., A. L. Goldberg, and R. Voellmy. 1986. Abnormal pro-
teins serve as eukaryotic stress signals and trigger the activation
of heat shock genes. Science (Washington D C) 232:522–524.

Arnold, S. J. 1983. Morphology, performance, and fitness. Amer.
Zool. 23:347–361.

Battaglene, S. C., J. E. Seymour, C. Ramofafia, and I. Lane. 2002.
Spawning induction of three tropical sea cucumbers, Holothuria
scabra, H. fuscogilva and Actinopyga mauritiana. Aquaculture
207:29–47.

Behrens, D. W. 1991. Pacific Coast nudibranchs: A guide to opis-
thobranchs Alaska to Baja California. Sea Challengers, Mon-
terey, California.

Bennett, A. F. and R. B. Huey. 1990. Studying the evolution of
physiological performance. Oxford Surveys in Evol. Biol. 7:
251–284.

Berrigan, D. and E. L. Charnov. 1994. Reaction norms for age and



457REPRODUCTIVE PERFORMANCE IN THE FIELD

size at maturity in response to temperature: A puzzle for life
historians. Oikos 70:474–478.

Biermann, C. H., G. O. Schinner, and R. R. Strathmann. 1992. In-
fluence of solar radiation, microalgal fouling, and current on
deposition site and survival of embryos of a dorid nudibrach
gastropod. Mar. Ecol. Prog. Ser. 86:205–215.

Bingham, B. L. and C. M. Young. 1991. Larval behavior of the
ascidian Ecteinascidia turbinata (Herdman): An in-situ experi-
mental study of the effects of swimming on dispersal. J. Exp.
Mar. Biol. Ecol. 145:189–204.

Boidron-Metairon, I. C. 1988. Morphological plasticity in labora-
tory-reared echinoplutei of Dendraster excentricus (Es-
chshcholtz) and Lytechinus variegatus (Lamarck) in response to
food conditions. J. Exp. Mar. Biol. Ecol. 119:31–41.

Boule, V. and G. J. Fitzgerald. 1989. Effects of constant and fluc-
tuating temperatures on egg production in the threespine stick-
leback Gasterosteus aculeatus. Can. J. Zool. 67:1599–1602.

Brakefield, P. M. and F. Kesbeke. 1997. Genotype-environment in-
teractions for insect growth in constant and fluctuating temper-
ature regimes. Proc. R. Soc. London B Biol. Sci. 264:717–723.

Brawley, S. H. and L. E. Johnson. 1991. Survival of fucoid embryos
in the intertidal zone depends upon developmental stage and
microhabitat. J. Phycol. 27:179–186.

Buckley, B. A., M.-E. Owen, and G. E. Hofmann. 2001. Adjusting
the thermostat: The threshold induction temperature for the
heat-shock response in intertidal mussels (genus Mytilus)
changes as a function of thermal history. J. Exp. Biol. 204:
3571–3579.

Clarke, A. 1982. Temperature and embryonic development in polar
marine invertebrates. Int. J. Invertebr. Reprod. 5:71–82.

De Martini, E. E. 1978. Spatial aspects of reproduction in Buffalo
Sculpin Enophrys-Bison. Environ. Biol. Fishes 3:331–336.

DeWitt, C. B. and R. M. Friedman. 1979. Significance of skewness
in ectotherm thermoregulation. Amer. Zool. 19:195–209.

Efron, B. and R. J. Tibshirani. 1993. An introduction to the boot-
strap. Chapman and Hall, New York.

Emlet, R. B. and O. Hoegh-Guldberg. 1997. Effects of egg size on
postlarval performance: Experimental evidence from a sea ur-
chin. Evolution 51:141–152.

Ferrero, E. A., N. Privileggi, T. Scovacricchi, and G. van der Meer-
en. 2002. Does lunar cycle affect clawed lobster egg hatching
and moulting frequency of hatchery-reared juveniles? Ophelia
56:13–22.

Flater, D. 1996. A brief introduction to Xtide. Linux J. 32:51–57.
Franke, E. S., R. C. Babcock, and C. A. Styan. 2002. Sexual conflict

and polyspermy under sperm-limited conditions: In situ evi-
dence from field simulations with the free-spawning marine
echinoid Evechinus chloroticus. Am. Nat. 160:485–496.

Fusaro, C. 1980. Temperature and egg production by the sand crab
Emerita analoga (Decapoda: Hippidae). Crustaceana (Leiden)
38:55–60.

Gilchrist, G. W. 1995. Specialists and generalists in changing envi-
ronments: I. Fitness landscapes of thermal sensitivity. Am. Nat.
146:252–270.

Hart, M. W. 1996. Variation in suspension feeding rates among lar-
vae of some temperate, eastern pacific echinoderms. Invertebr.
Biol. 115:30–45.

Hedrick, P. W., M. E. Ginevan, and E. P. Ewing. 1976. Genetic
polymorphism in heterogeneous environments. Annu. Rev.
Ecol. Syst. 7:1–32.

Helmuth, B. S. T. and G. E. Hofmann. 2001. Microhabitats, thermal
heterogeneity, and patterns of physiological stress in the rocky
intertidal zone. Biol. Bull. (Woods Hole) 201:374–384.

Hilbish, T. J., K. Sasada, L. S. Eyster, and J. A. Pechenik. 1999.
Relationship between rates of swimming and growth in veliger
larvae: Genetic variance and covariance. J. Exp. Mar. Biol.
Ecol. 239:183–193.

Hoegh-Guldberg, O. and D. T. Manahan. 1995. Coulometric mea-
surement of oxygen consumption during development of marine
invertebrate embryos and larvae. J. Exp. Biol. 198:19–30.

Hoegh-Guldberg, O. and J. S. Pearse. 1995. Temperature, food avail-
ability, and the development of marine invertebrate larvae.
Amer. Zool. 35:415–425.

Hoffmann, R. 1978. Environmental uncertainty and evolution of
physiological adaptation in Colias butterflies. Am. Nat. 112:
999–1015.

Hofmann, G. E. and G. N. Somero. 1995. Evidence for protein dam-
age at environmental temperatures: Seasonal changes in levels
of ubiquitin conjugates and hsp70 in the intertidal mussel My-
tilus trossulus. J. Exp. Biol. 198:1509–1518.

Huey, R. B. and J. G. Kingsolver. 1989. Evolution of thermal sen-
sitivity of ectotherm performance. Trends Ecol. Evol. 4.

Kingsolver, J. G. 2000. Feeding, growth, and the thermal environ-
ment of cabbage white caterpillars, Pieris rapae L. Physiol.
Biochem. Zool. 73:621–628.

Kingsolver, J. G. and R. Gomulkiewicz. 2003. Environmental vari-
ation and selection on performance curves. Integr. Comp. Biol.
23:000–000.

Kingsolver, J. G. and R. B. Huey. 1998. Evolutionary analyses of
morphological and physiological plasticity in thermally variable
environments. Amer. Zool. 38:545–560.

Kingsolver, J. G. and H. A. Woods. 1997. Thermal sensitivity of
growth and feeding in Manduca sexta caterpillars. Physiol.
Zool. 70:631–638.

Kregel, K. C. 2002. Invited review: Heat shock proteins: Modifying
factors in physiological stress responses and acquired thermo-
tolerance. J. Appl. Physiol. 92:2177–2186.

Leonard, G. H. 1999. Positive and negative effects of intertidal algal
canopies on recruitment and survival of barnacles. Mar. Ecol.
Prog. Ser. 178:241–249.

Levins, R. 1968. Evolution in changing environments. Princeton
University Press, Princeton, New Jersey.

Levitan, D. R. 1996. Effects of gamete traits on fertilization in the
sea and the evolution of sexual dimorphism. Nature 382:153–
155.

Levitan, D. R. and C. Petersen. 1995. Sperm limitation in the sea.
Trends Ecol. Evol. 10:228–231.

Levitan, D. R. and C. M. Young. 1995. Reproductive success in
large populations: Empirical measures and theoretical predic-
tions of fertilization in the sea biscuit Clypeaster rosaceus. J.
Exp. Mar. Biol. Ecol. 190:221–241.

Logan, J. A., D. J. Wollkind, S. C. Hoyt, and L. K. Tanigoshi. 1976.
An analytic model for description of temperature dependent rate
phenomena in arthropods. Environ. Entomol. 5:1133–1140.

Manel, S. and D. Debouzie. 1995. Prediction of egg and larval de-
velopment times in the field under variable temperatures. Acta
Oecol. 16:205–218.

Marsh, A. G. and D. T. Manahan. 2000. Metabolic differences be-
tween ‘‘demersal’’ and ‘‘pelagic’’ development of the Antarctic
sea urchin Sterechinus neumayeri. Mar. Biol. (Berlin) 137:215–
221.

Marshall, D. J., C. A. Styan, and M. J. Keough. 2002. Sperm en-
vironment affects offspring quality in broadcast spawning ma-
rine invertebrates. Ecol. Lett. 5:173–176.

McDonald, G. 1990. Simulation models for the phenological devel-
opment of Mythimna convecta Walker (Lepidoptera: Noctui-
dae). Austral. J. Zool. 38:649–664.

Mead, K. S. and M. W. Denny. 1995. The effects of hydrodynamic
shear stress on fertilization and early development of the purple
sea urchin Strongylocentrotus purpuratus. Biol. Bull. 188:46–
56.

Meidel, S. K. and P. O. Yund. 2001. Egg longevity and time-inte-
grated fertilization in a temperate sea urchin (Strongylocentrotus
droebachiensis). Biol. Bull. 201:84–94.

Mileikovsky, S. A. 1971. Types of larval development in marine
bottom invertebrates, their distribution and ecological signifi-
cance: A reevaluation. Mar. Biol. 10:193–213.

Moran, A. L. and R. B. Emlet. 2001. Offspring size and performance
in variable environments: Field studies on a marine snail. Ecol-
ogy (Washington D.C.) 82:1597–1612.

Morgan, S. G. 1995. Life and death in the plankton: Larval mortality
and adaptation. In L. R. McEdward (ed.), Ecology of marine
invertebrate larvae, pp. 279–321. CRC Press, Boca Raton, Flor-
ida.

Neter, J., W. Wasserman, and M. H. Kutner. 1985. Applied linear
statistical models. Irwin, Homewood, Illinois.



458 ROBERT D. PODOLSKY

Olson, R. R. and M. H. Olson. 1989. Food limitation of plankto-
trophic larvae: Does it control recruitment success? Annu. Rev.
Ecol. Syst. 20:225–247.

Pechenik, J. A. 1978. Adaptations to intertidal development: Studies
on Nassarius obsoletus. Biol. Bull. 154:282–291.

Pechenik, J. A. 1979. Role of encapsulation in invertebrate life his-
tories. Am. Nat. 114:859–870.

Pechenik, J. A. 1987. Environmental influences on larval survival
and development. In A. C. Giese and J. S. Pearse (eds.), Re-
production of marine invertebrates, pp. 551–608. Academic
Press, New York.

Pechenik, J. A., M. S. Estrella, and K. Hammer. 1996. Food limi-
tation stimulates metamorphosis of competent larvae and alters
postmetamorphic growth rate in the marine prosobranch gastro-
pod Crepidula fornicata. Mar. Biol. (Berlin) 127:267–275.

Pechenik, J. A. and M. E. Rice. 2001. Influence of delayed meta-
morphosis on postsettlement survival and growth in the sipun-
culan Apionsoma misakianum. Invertebr. Biol. 120:50–57.

Pechenik, J. A., D. Rittschof, and A. R. Schmidt. 1993. Influence
of delayed metamorphosis on survival and growth of juvenile
barnacles Balanus amphitrite. Mar. Biol. (Berlin) 115:287–294.

Phillips, N. E. 2001. Effects of larval nutrition on juvenile perfor-
mance: The relative importance of constant vs. variable food
rations. Amer. Zool. 41:1555.

Phillips, N. E. 2002. Effects of nutrition-mediated larval condition
on juvenile performance in a marine mussel. Ecology (Wash-
ington D.C.) 83:2562–2574.

Podolsky, R. D. 2001. Egg size and fertilization success: An analysis
of selection on correlated characters. Evolution 55:2470–2478.

Roberts, D. A., G. E. Hofmann, and G. N. Somero. 1997. Heat-
shock protein expression in Mytilus californianus: Acclimati-
zation (seasonal and tidal-height comparisons) and acclimation
effects. Biol. Bull. (Woods Hole) 192:309–320.

Rodriguez, S. R., F. P. Ojeda, and N. C. Inestrosa. 1993. Settlement
of benthic marine invertebrates. Mar. Ecol. Prog. Ser. 97:193–
207.

Rumrill, S. S. 1990. Natural mortality of marine invertebrate larvae.
Ophelia 32:163–198.

Saigusa, M. 1980. Entrainment of a semilunar rhythm by a simulated
moon light cycle in the terrestrial crab Sesarma haematocheir.
Oecologia (Berlin) 46:38–44.

Schluter, D. 1988. Estimating the form of natural selection on a
quantitative trait. Evolution 42:849–861.

Slatkin, M. and R. Lande. 1976. Niche width in a fluctuating envi-
ronment-density independent model. Am. Nat. 110:31–55.

Smith, S. L. and P. V. Z. Lane. 1985. Laboratory studies of the
marine copepod Centropages typicus: Egg production and de-
velopment rates. Mar. Biol. (Berlin) 85:153–162.

Stamp, N. E. 1994. Interactive effects of rutin and constant versus
alternating temperatures on performance of Manduca sexta cat-
erpillars. Entomol. Exper. Appl. 72:125–133.

Stoner, D. S. 1994. Larvae of a colonial ascidian use a non-contact
mode of substratum selection on a coral reef. Mar. Biol. (Berlin)
121:319–326.

Strathmann, R. R. 1990. Why life histories evolve differently in the
sea. Amer. Zool. 30:197–207.

Strathmann, R. R., J. M. Staver, and J. R. Hoffman. 2002. Risk and
the evolution of cell-cycle durations of embryos. Evolution 56:
708–720.

Strathmann, R. R. and M. F. Strathmann. 1995. Oxygen supply and
limits on aggregation of embryos. J. Mar. Biol. Assoc. U. King.
75:413–428.

Sulkin, S. D. and G. L. McKeen. 1996. Larval development of the
crab Cancer magister in temperature regimes simulating outer-
coast and inland-water habitats. Mar. Biol. (Berlin) 127:235–
240.

Trussell, G. C., A. S. Johnson, S. G. Rudolph, and E. S. Gilfillan.
1993. Resistance to dislodgement: Habitat and size-specific dif-
ferences in morphology and tenacity in an intertidal snail. Mar.
Ecol. Prog. Ser. 100:135–144.

Venkataraman, K. and S. V. Job. 1980. Effect of temperature on the
development, growth and egg production in Daphnia carinata
(Cladocera: Daphnidae). Hydrobiologia 68:217–224.

Walters, L. J. and D. S. Wethey. 1996. Settlement and early post-
settlement survival of sessile marine invertebrates on topo-
graphically complex surfaces: The importance of refuge dimen-
sions and adult morphology. Mar. Ecol. Prog. Ser. 137:161–171.

Werner, E. E. 1988. Size, scaling, and the evolution of complex life
cycles. In B. Ebenman and L. Persson (eds.), Size-structured
populations, pp. 60–81.Springer-Verlag, Berlin.

Woods, H. A. 1999. Egg-mass size and cell size: Effects of temper-
ature on oxygen distribution. Amer. Zool. 39:244–252.

Young, C. M. 1990. Larval ecology of marine invertebrates: A ses-
quicentennial history. Ophelia 32:1–48.


