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Abstract

Egg size and offspring size are fundamentally important aspects of the life histories of all
animals. However, the impact of environmental conditions on intraspecific variation in egg size
of marine invertebrates is poorly documented. Here we followed 3 species of intertidal crabs
Xanthodius sternberghii, Petrolisthes armatus, and Clibanarius albidigitus to understand how
seasonal environmental variation in temperature and salinity associated with seasonal upwelling
impacts egg size. Ovigerous females of both Petrolisthes armatus and Clibanarius albidigitus
were found year round, while Xanthodius sternberghii has a limited reproductive season, with
ovigerous females found only between November and February. In all three species, more than
half of the variation in egg size was attributable to variation among broods from different
females. Eggs collected during the dry, upwelling season were significantly larger than those
collected during the wet, non-upwelling season. Multiple regression analysis showed that
average egg size from each brood was significantly negatively correlated with temperature for all
three species. Egg size was also negatively correlated with salinity in Petrolisthes armatus when
we controlled for temperature. Overall these results support the idea that changes in
environmental temperature caused by seasonal upwelling play a significant role in generating

seasonal differences in egg size.

Keywords: Panama, salinity, hermit crab, Xanthidae, porcelain crab, phenotypic plasticity,

offspring size, temperature size rule.
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Introduction

Egg size and offspring size are fundamentally important aspects of the life histories of all
animal species (Bernardo 1996). Among marine invertebrates attention to offspring size has
focused primarily on interspecific differences. However, it is becoming increasingly evident that
intraspecific variation in offspring size may be influenced in significant ways by environmental
conditions (Atkinson et al. 2001; Moran & McAlister 2009). Laboratory experiments have
shown that egg size and offspring size in many marine invertebrates are influenced by
temperature, following the offspring temperature size rule, with smaller eggs and offspring
produced at higher temperatures and larger eggs and offspring produced at cooler temperatures
(Atkinson et al. 2001; Collin & Salazar 2010; Collin 2012). Some field observations seem to
support this pattern as well. For example, in decapod crustaceans that reproduce year round,
eggs are often smaller in the summer compared to other times of the year (Crangon: Urzua et al.
2012; Sesarma: de Arruda Leme 2006; Alpheus: Pavanelli et al. 2010). Likewise, intertidal
gastropods show larger offspring sizes when temperatures are cooler (Collin & Ochoa 2016).

Temperature is not the only environmental factor that seems to induce plasticity in egg
size or offspring size. Salinity has also been linked to egg size in some crustaceans (Gimenez &
Anger 2001; Moran & McAlister 2009). The negative relationship between salinity and egg size
may be due to osmotic uptake of water by the eggs at low salinities (Moran & McAlister 2009),
but in some cases the larger eggs produced under lower salinities also produce larger hatchlings
(Gimenez & Anger 2001) suggesting that this difference in egg size reflects differences in energy
content. Maternal nutrition has also been linked to variation in egg size in a number of aquatic
invertebrates, with females provided more resources generally producing larger eggs or offspring
(Qian & Chia 1991; de Jong-Westman et al. 1995; Guisande & Harris 1995; George 1996; Kirk
1997).

Overall, however, few publications investigate the environmental factors that may
influence egg size and offspring size in the field in any group of marine invertebrates. This
knowledge gap is unfortunate as propagule size and quality may have significant carry-over
effects on larval and juvenile growth and survival (Marshall et al. 2003; Marshall & Keough
2005). In addition, seasonal variation in offspring quality could interact with the documented

effects of seasonal variation in oceanographic conditions and direction of surface currents to
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influence the spatial distribution of larvae and recruits of differing qualities (Wing et al. 1995;
1998; Connolly et al. 2001; Narvaez, et al. 2006; Queiroga et al. 2007).

The Bay of Panama and several other regions along the tropical Pacific coast of the
Americas experience strong seasonal upwelling. Winds passing westward over low-lying land
generate regions of upwelling in the Bay of Panama (Panama), the Gulf of Tehuantepec
(Mexico), and the Gulf of Papagayo (Costa Rica) (Li et al. 2012). In the Bay of Panama,
upwelling occurs between January and the end of April or early May. It is associated with
dramatic decreases in sea surface temperature, increased salinities, increased nutrients,
phytoplankton and zooplankton biomass in the surface waters (D’Croz & Robertson 1997;
Smayda 1963), increased frequency of hydromedusa blooms (Miglietta et al. 2008), and altered
rates of predation risk in the plankton (Kerr et al. 2014a,b). Upwelling also impacts the
reproduction of marine invertebrates and fishes in the region. Previous work has shown that
during the dry, upwelling season in the Bay of Panama 6 of 8 reef fishes studied produce larger
eggs (Robertson & Collin 2015), and 3 of 4 intertidal snails studied produce larger hatchlings
(Collin & Ochoa 2016) than during the wet season. Although causality was not demonstrated
directly in these field studies, both results were consistent with the hypothesis that temperature,
rather than salinity or productivity drives seasonal variation in offspring size.

To determine how seasonal environmental changes associated with upwelling impact egg
size in intertidal crabs we followed three species, the hermit crab Clibanarius albidigitus Nobili,
1901, the rubble crab Xanthodius sternberghii Stimpson, 1859, and the porcelain crab
Petrolisthes armatus (Gibbes, 1850) in the intertidal around the Pacific entrance to the Panama
Canal. These species are abundant members of rocky intertidal and shallow subtidal
communities along the Pacific coast of Central America, where they experience seasonal
upwelling over significant portions of their ranges. Examining three co-occurring species from
different families, with different natural histories we hoped to uncover generalizable

relationships between environmental conditions and offspring size.

Materials and Methods
This study was conducted around Naos Island (8.917N, 79.533W) between December
2013 and January 2017. Naos Island is part of the rocky causeway at the Pacific entrance to the

Panama Canal. The initial field site was located on the north coast of Naos Island, but
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obliteration of this site by rocky fill as part of an expansion of the causeway necessitated a
relocation of our collecting site to the west side of the island in 2015. Obliteration of this new
site by additional fill ended the study. Environmental temperatures under the rocks where the
crabs occur at low tide were measured with Thermochron ibutton data loggers (Maxim
Embedded Datasystems) with & 0.5°C accuracy, 0.06°C resolution and set to record every 5
minutes, which were wrapped in plastic and secured to the rocks (Kerr et al. 2012). Subtidal
water temperature was measured with HOBO Stow-Away TidbiT and HOBO Water
Temperature Pro V2 instruments (Onset Computer Corporation) with an accuracy of 0.25°C at
2m on the Naos Island dock, on the north side of the island, until they were stolen in August
2015, in the seawater system intake at the Smithsonian Tropical Research Institute's Naos Island
Laboratories, and at 12-meters depth offshore at Isla Taboguilla. Hobo measurements were taken
every 30 minutes. Measurements were averaged for each month over the sampling period
(Figure 1). Salinity was measured with a VitalSine SR-6 refractometer with 1 ppt gradations
twice daily from water in the Naos Laboratory. At the beginning of the study this water was
drawn from 2-3m depth near the Naos dock, adjacent to the initial collecting site. At the time
when our collecting site had to be moved to the western side of the island, the seawater intake
was also moved to this side. Therefore, throughout the study, salinity was measured from water
collected from less than 200m from our collection sites.

The three intertidal crab species used in this study overlap in habitat and geographic
range. The rubble crab Xanthodius sternberghii (Xanthidae) ranges from Magdalena Bay,
Mexico to Paita, Peru (Hendrickx 1995). They live under rocks, and previous studies in Panama
have shown that they release larvae following a semilunar cycle (Christy 1986). We used this as
a guide to collect animals at the time the cycle where eggs were expected to be in an early stage
of development. The porcelain crab Petrolisthes armatus (Porcellanidae) has an extremely large
range, which includes the Caribbean as well as the tropical eastern Pacific (Haig 1960; Gore et
al. 1976; Werding et al. 2003). P. armatus occurs in the lower intertidal, under stones, in oyster
and mussel beds, among mangrove roots, and on dock pilings (Haig 1960). This species
reproduces year round on the Pacific coast of Costa Rica (Diaz-Ferguson & Vargas-Zamora
2001; Wehrtmann et al. 2011) and was therefore expected to reproduce year round in Panama.
Reproduction does not follow a semi-lunar cycle (Christy 1986). The hermit crab Clibanarius

albidigitus (Diogenidae) ranges from Puerto Pefiasco, Mexico to Paita, Peru (Hendrickx 1995).
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Previous studies with this species in Panama have shown that they reproduce year round
(Bertness 1981a). All three of these species are abundant under rocks at our study sites in the
mid-intertidal.

Crabs were collected once a month, during the same point in the tidal amplitude cycle
between the end of November 2013 and January 2017. When females with early stage embryos
(>90% yolk) were collected, the eggs were removed from the crab and photographed alive,
individually, on the day of collection. We only photographed early stage embryos to control for
the possibility that egg size changes over development. We used a Nikon E600 compound
microscope with a ProgRes C14 Plus (Jenoptik) digital camera. A stage micrometer was
photographed at the same magnification as the eggs (100X) and at the same high resolution prior
to photographing the eggs from each brood individually. Lighting was adjusted so that the
photographs of the opaque eggs appeared to be monochrome although the photographs were
captured in color. If few early stage eggs were found, we sampled again either within 4 days of
the original collecting date or at the same point during the next tidal amplitude cycle (i.e., 14
days later). The photographs were measured with ImageJ using the ShapeDiscriptor plug-in and
the egg volume was calculated from the measures of the major and minor axes following the
standard equation of the volume of a spheroid = 4/3*pi*(major axis/2)*(minor axis/s)?. Size of
ovigerous females was measured with calipers as carapace width for X. sternberghii and P.
armatus. C. albidigitus inhabiting Planaxis sp. shells were used exclusively, and length of the
host shell which is an approximate measure of size and available space for embryos was
recorded. Since observations during the first 18 months suggested that reproduction in X.
sternberghii was unexpectedly seasonal, during the subsequent part of the study, we also
recorded the number and size of the ovigerous females relative to the total number of crabs
encountered. As the focus of this study was on environmental influences on offspring size, and
not on components of yield (i.e., trade-offs between clutch frequency, clutch size, and offspring
size) we did not document clutch size.

All statistics were conducted in JMP version 12.2.0. A nested ANOVA of egg volume
was conducted with season and site as factors, the interaction between site and season, and
female as a random effect nested within site and season. The statistical effect of "female"
encompasses variation due to maternal size and/or condition, genetic differences among females,

and potential variation due to trade-offs between egg size and clutch size (see Collin 2010 for a
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more detailed discussion). To understand if egg size correlates with temperature and/or salinity
we used multiple regression analysis, regressing average egg size for each female on the average
temperature and average salinity measured during the week prior to the date her eggs were
collected. Significant interactions were examined using the profiler function in JMP which
generates profile traces. These are the predicted responses of the dependent variable to one of
the independent variables when the values of the other independent variables are held constant.
When interactions between continuous variables are significant it is a useful way of visualizing
the interaction. This allows the user to determine, for example, the slope and confidence intervals
of the relationship between egg size and temperature when salinity is held at 33ppt compared to
when salinity is held at 35ppt. Finally, logistic regression was used to determine if female size

and season influenced the probability that a crab was ovigerous.

Results

Environmental Conditions - As has been reported elsewhere for various habitats and locations
around Panama City, both salinity and temperature showed strong seasonal patterns (Figure 1)
(D'Croz & Robertson 1997; Robertson et al. 2009; Robertson & Collin 2015; Collin & Ochoa
2016). During the wet season, temperatures offshore at the seawater intake, on the dock and
under the intertidal rocks where the crabs live were higher than during the dry season. All of the
nearshore temperatures were very similar. The seawater also showed higher salinities during the
dry season compared to the rainy season (Figure 1).

Egg Size - A total of 3092 early stage eggs were photographed and measured from 151 broods of
X. sternberghii, 3836 from 196 broods of P. armatus, and 2985 from 147 broods of C.
albidigitus. The population mean of the average egg volume for each female was 0.010 mm?
(s.d. = 0.00084 mm?; range 0.0083 - 0.014 mm?) for X. sternberghii, 0.039 mm? (s.d. = 0.0099
mm?; 0.025-0.068 mm?) for P. armatus, and 0.020 mm?3 (s.d. = 0.0020 mm?; 0.015-0.026 mm?)
for C. albidigitus.

Egg volume was larger during the dry season than the wet season in all three species
(Figure 2). Analysis of variance of the effects of season, site, their interaction and the nested
random effect of female showed that more than half the variance in egg volume for each species

was attributable to variation among the females (Table 1). In P. armatus and C. albidigitus egg
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size was significantly larger during the dry season than the wet season and there was no
significant effect of site and no significant interaction between site and season (Figure 2; Table
1). In X. sternberghii site, season, and their interaction all had significant effects on egg volume.
Eggs were significantly larger during the dry season than the wet season, and egg size during the
dry season differed significantly between the two sites but did not differ during the wet season
(Table 1; Figure 2). In these analyses samples from May were scored as wet season samples, as
the salinity and water temperature for May were more similar to the rest of the wet season than
the dry season (Figure 1). However, scoring the May samples as belonging to the dry season (as
the eggs may have developed in the ovary during the dry season) did not alter the significance or
direction of the effect of season on egg size.

Egg size was not significantly correlated with maternal shell size in C. albidigitus (r*> =
0.01; N =99; p = 0.33) or maternal size in X. sternberghii (r> = 0.01; N =128; p = 0.20), and
maternal size did not differ between the seasons (p > 0.4). The eggs of P. armatus increased
significantly with maternal size but maternal size explained very little of the overall variation in
egg size (r> = 0.05; N = 157; p = 0.005).

The average egg size for each female was negatively correlated with average temperature
for the week before the eggs were collected for all three species (Table 2; Figures 3 & 4). Egg
size of Petrolisthes armatus also significantly decreased with increasing salinities and there was
a significant interaction between temperature and salinity (Table 2; Figure 4). Examination of
the interaction using the profiler in JMP showed that the decrease in egg size with increasing
salinity is steeper at low temperatures and almost flat at high temperatures (Figure 4). In
addition, the decrease in egg size with temperature is steeper at low salinities than at high
salinities.

Monthly sampling between December 2015 and January 2017 showed that, as expected,
C. albidigitus and P. armatus reproduce throughout the year (Figure 5). The proportion of the
total sampled crabs brooding ranged between 2% and 50% for C. albidigitus and between 16%
and 47% for P. armatus. In contrast X. sternberghii showed a distinct seasonal pattern in
reproduction with significant numbers of ovigerous females found only from November to
February (Figure 4). This pattern was consistent in the winters of 2014, 2015 and 2016. Logistic
regression showed that female carapace width did not predict the likelihood that a female was

ovigerous for P. armatus or X. sternberghii (> = 2.80; N = 1472; p = 0.09 and % = 0.44; N =
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1843; p = 0.51, respectively). For C. albidigitus however shell length significantly contributed
to the likelihood that the crab was ovigerous (y? = 7.86; N = 1875; p = 0.005).

Discussion

In temperate regions, the reproduction of marine invertebrates closely tracks seasonal
variation in environmental conditions. In particular, reproduction is often associated with the
warmest times of the year or with spring increases in temperature. Despite minimal seasonal
variation in temperature, reproduction in tropical species may also coincide with warmer part of
the year. However, little is known about how offspring of marine organisms are influenced by
temperature or other environmental conditions. This may be relevant, not only in regions like
the Bay of Panama with strong seasonal upwelling zones, but also at the higher latitude margins
of these species ranges, like the Gulf of California, which may also experience strong seasonal
patterns in temperature (Roden 1964).

In the Bay of Panama some species of small shallow-water fishes and several intertidal
snails reduce or suppress reproduction during the dry, upwelling season (Robertson 1990; Collin
& Ochoa 2016; Collin et al. 2017). Two species of sea urchins Echinometra vanbrunti and
Diadema mexicanum show a somewhat different pattern with gonad indices suggesting that
reproduction is reduced or suppressed between October and April, including both the wettest part
of the wet season and the entire upwelling season (Lessios 1981). In contrast, a number of other
invertebrates reproduce year round, including some fiddler crabs (Kerr et al. 2012), the intertidal
sand dollar Melita stokes (Dexter 1977), the high intertidal isopod Excirolana braziliensis
(Cardoso & Defeo 2003), and 3 species of hermit crabs, including C. albidigitus (Bertness
1981a). In addition, Callinectes arcuatus reproduces all year round but shows a distinct peak in
reproduction during the upwelling season in the Gulf of Nicoya, Costa Rica (DeVries et al.
1983). We provide additional data that the porcelain crab P. armatus reproduces year round and
that the xanthid, X. sternberghii has an unusual reproductive season spanning only the last 2
months of the wet season and the first 2 months of the upwelling season. Overall it is clear that,
although a number of species (mostly fish and snails) repress reproduction during the upwelling
season, an equal number have been shown to reproduce all year round or to have reproductive
seasons that do not coincide clearly with the dry or the wet season.

In the case of X. sternberghii, the observed reproductive season suggests a role of short

Collin et al. Page 9 of 19



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298

photoperiod in inducting reproduction. A relationship between reproduction and photoperiod
occurs in other crabs, but in these cases long photoperiods coincident with warmer temperatures
usually induce reproduction (e.g., Pachygrapsus transversus: Flores & Negreiros-Fransozo 1998;
Goniopsis cruentata: Cobo & Fransozo 2003). Experimental work with echinoderms has shown
that reproduction may be controlled by photoperiod and that both long days and short days may
trigger reproduction (Pearse & Eernisse 1982; Pearse & Beauchamp 1986; McClintock & Watts
1990). If reproduction of X. sternberghii is indeed linked to photoperiod, their reproductive
season should be longer at higher latitudes.

Seasonal differences in offspring size, with larger offspring produced during the
upwelling season, occur in the majority of animals in which this has been studied, including the 3
crabs examined here. Three species of gastropods also show monthly increases in hatching size
as the upwelling season progresses, followed by a sudden decrease in size at the beginning of the
wet season between April and June (Collin & Ochoa 2016). Because a number of environmental
factors differ between the upwelling and non-upwelling seasons, it is difficult to unambiguously
attribute causation to this pattern. However, the following three lines of evidence suggest that
temperature plays a major role in determining egg size. In the three crab species studied here, the
average size of eggs with <90% yolk (< 4 days after ovulation, see Garcia-Guerrero &
Hendrickx 2005 and Turra & Leite 2007 which provide development schedules for development
at cooler temperatures than the present study) was negatively correlated with temperature
experienced over the 7 days prior to collection. Increased offspring size associated with the
cooler temperatures experienced during upwelling is consistent with the effect of temperature
predicted by the offspring temperature size rule (i.e., the almost ubiquitous decrease in egg size
or offspring size with increasing temperature; see Atkinson et al. 2001). Finally, larger egg size
during upwelling is the opposite of that expected if salinity, the other major abiotic difference
between upwelling and non-upwelling seasons, influences egg size. When salinity influences
egg size, eggs are larger at lower salinities (Moran & McAlister 2009). Therefore, if salinity was
a major factor influencing egg size in the field, the crabs in the Bay of Panama would have
produced larger eggs during the wet season, the opposite of the pattern we observed.

The other major difference between upwelling and non-upwelling seasons is the
increased ocean productivity and plankton abundance during upwelling. Increased maternal

nutrition can result in larger eggs or offspring in marine invertebrates (Qian & Chia 1991, de
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Jong-Westman et al. 1995; Guisande & Harris 1995; George 1996; Kirk 1997). However, a
direct link between increased productivity during upwelling and increased maternal nutrition has
yet to be demonstrated. Petrolistes armatus is a suspension feeder, and therefore likely has
increased access to food during upwelling, although most of the diet of related species include
significant amounts of benthic microalgae, as well as phytoplankton (Zimba et al. 2016).
Clibanarius albidigitus is a deposit feeder, and Xanthodius sternberghii is a predator. It is not
clear how the upwelling and non-upwelling seasons may influence the nutritional status of these
species. It seems intuitively appealing that benthic microalgae might increase during the
nutrient-rich upwelling season, but detritus and nutrients may also increase in these shoreline
habitats due to increased run-off during the wet season. It is unknown how upwelling effects
availability of X. sternberghii prey.

Potential trade-offs or covariances between clutch frequency, clutch size, and egg size
could also impact egg size, either independent of seasonal environmental differences, or they
could mediate the effect of seasonal environmental differences on egg size. Little is known
about the relationship between these factors and the impact of environmental conditions on these
relationships in the species studied here. The short duration of development in most tropical
species, combined with the relatively high percentages of brooding crabs recovered in this study
suggest that in all 3 species females reproduce multiple times during the year. In general, clutch
size increases with maternal size in most decapods, although this relationship can be complicated
by the relationship between body size and host shell size in hermit crabs. This has been
demonstrated clearly in C. albidigitus, where clutch size increases with body size in shell-limited
females, but not in shell-unlimited females (Bertness 1981b). Clutch size can also be
significantly impacted by embryo loss during development. P. armatus females can have lost as
much as 25% of the embryos by the time they reach the end of Stage 2 (Wehrtmann et al. 2012),
making it difficult to detect subtle trade-offs between egg size and number. Such high rates of
egg loss are common in other crabs and make the original clutch size a poor predictor of realized
reproductive output (Figueiredo et al. 2008). Clutch size in crabs can also vary with population
and latitude (e.g., Wehrtmann et al. 2011 for P. armatus; Lardes and Castillo 2001) and across
seasons (e.g., Bas et al. 2007). For example, in the grapsoid Chasmagnathus granulatus clutch
size and egg biomass are positively correlated across the reproductive season (Bas et al. 2007).

Untangling how these complex and poorly documented covariances between female body size,
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clutch frequency, and clutch size are influenced by seasonal changes in environmental conditions
and how this contributes to the observed seasonal differences in egg size would be an important
contribution of understanding the life histories of these species.

Regardless of the causes of seasonal variation in reproduction and in propagule size,
these differences could have important consequences for the population dynamics of marine
organisms. Seasonal differences in surface currents associated with offshore winds mean that
small differences in reproductive season could impact the direction of dispersal and successful
arrival habitats suitable for metamorphosis and settlement. In species that reproduce year round,
seasonal variation in propagule quality combined with seasonal changes in surface currents could
result in differences in the quality of larvae dispersing in different directions (Gebauer et al.
2010). If carryover effects are important (Marshall et al. 2003; Marshall & Keough 2005), this

could result in geographic differences in juvenile growth and survival.

Acknowledgements

We thank the Smithsonian Tropical Research Institute's Environmental Monitoring
Program for collecting much of the environmental data and Isis Ochoa for help processing
additional environmental data for this project. Alexandra Hiller made helpful comments on a
previous version of the manuscript. This work was supported by the Smithsonian Institution, and
was performed with permission from the Autoridad de Recursos Acudticos de Panama in 2015,

and MiAmbiente in 2016 and 2017.

Collin et al. Page 12 of 19



351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

Literature Cited

Atkinson D, Morley SA, Weetman D, Hughes, RN. 2001. Offspring size responses to maternal
temperature in ectotherms. In: Atkinson D Thorndyke M (ed) Environment and animal
development: genes, life histories and plasticity. BIOS, Oxford, p 269-285.

Bas CC, Spivak ED, Anger K 2007. Seasonal and interpopulational variability in fecundity, egg
size, and elemental composition (CHN) of eggs and larvae in a grapsoid crab,
Chasmagnathus granulatus. Helgoland Marine Research 61:225-237.

Bertness MD. 1981a. Seasonality in tropical hermit crab reproduction in the Bay of Panama.
Biotropica 13:292-300.

Bertness MD 1981b. Pattern and plasticity in tropical hermit crab growth and reproduction. The
American Naturalist 117: 754-773.

Bernardo J. 1996. The particular maternal effect of propagule size, especially egg size: patterns,
models, quality of evidence and interpretations. American Zoologist 36:216-236.

Cardoso RS, Defeo O. 2003. Geographical patterns in reproductive biology of the Pan-American
sandy beach isopod Excirolana braziliensis. Marine Biology 143:573-581.

Christy JH. 1986. Timing of larval release by intertidal crabs on an exposed shore. Bulletin of
Marine Science 39:176-191.

Cobo VJ, Fransozo A. 2003. External factors determining breeding season in the red mangrove
crab Goniopsis cruentata (Latreille)(Crustacea, Brachyura, Grapsidae) on the Sao Paulo State
northern coast, Brazil. Revista Brasileira de Zoologia 20:213-217.

Collin R 2012. Temperature-mediated trade-offs in the life histories of two slipper limpets
(Gastropoda: Calyptraeidae) with planktotrophic development. Biological Journal of the
Linnean Society 106:763-775.

Collin R. 2010. Repeatability of egg size in two marine gastropods: brood order and female size
do not contribute to intraspecific variation. Marine Ecology Progress Series. 410:89-96.
Collin R, Salazar MZ. 2010. Temperature-mediated plasticity and genetic differentiation in egg
size and hatching size among populations of Crepidula (Calyptraeidae: Gastropoda).

Biological Journal of the Linnean Society 99:489-499.

Collin R, Ochoa I. 2016. The influence of seasonal environmental variation on the reproduction
of four tropical marine gastropods. Marine Ecology Progress Series 555:125-139.

Collin R, Kerr KA, Contolini G, Ochoa I. 2017. Reproductive cycles in tropical intertidal
gastropods are timed around tidal amplitude cycles. Ecology and Evolution. DOI:
10.1002/ece3.3166.

Connolly SR, Menge BA, Roughgarden J. 2001. A latitudinal gradient in recruitment of
intertidal invertebrates in the northeast Pacific Ocean. Ecology 82:1799-1813.

de Arruda Leme MH. 2006. Seasonal changes in reproductive traits of the crab Sesarma rectum
(Grapsoidea: Sesarmidae) on the northern coast of Sao Paulo State, Brazil. Journal of
Crustacean Biology 26:141-147.

de Jong-Westman MD, Qian PY, March BE, Carefoot TH. 1995. Artificial diets in sea urchin
culture: effects of dietary protein level and other additives on egg quality, larval
morphometries, and larval survival in the green sea urchin, Strongylocentrotus
droebachiensis. Canadian Journal of Zoology 73:2080-2090.

DeVries MC, Epifanio CE, Dittel Al 1983. Reproductive periodicity of the tropical crab
Callinectes arcuatus Ordway in Central America. Estuarine, Coastal and Shelf Science
17:709-716.

Collin et al. Page 13 of 19



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

Dexter DM. 1977. A natural history of the sand dollar Encope stokesi L. Agassiz in Panama.
Bulletin of Marine Science 27: 544-551.

D'Croz L, Robertson DR. 1997. Coastal oceanographic conditions affecting coral reefs on both
sides of the Isthmus of Panama. Proceedings of the 8th International Coral Reef Symposium
2:2053-2058.

Figueiredo J, Penha-Lopes G, Anto J, Narciso L, Lin J 2008. Fecundity, brood loss and egg
development through embryogenesis of Armases cinereum (Decapoda: Grapsidae). Marine
Biology, 154:287-294.

Flores AA, Negreiros-Fransozo ML. 1998. External factors determining seasonal breeding in a
subtropical population of the shore crab Pachygrapsus transversus (Gibbes, 1850)
(Brachyura, Grapsidae). Invertebrate Reproduction and Development 34:149-155.

Garcia-Guerrero MU, Hendrickx ME. 2005. Embryology of decapod crustaceans, II: gross
embryonic development of Petrolisthes robsonae Glassell, 1945 and Petrolisthes armatus
(Gibbes, 1850) (Decapoda, Anomura, Porcellanidae). Crustaceana 78:1089-1097.

Gebauer P, Paschke K, Anger K. 2010. Seasonal variation in the nutritional vulnerability of first-
stage larval porcelain crab, Petrolisthes laevigatus (Anomura: Porcellanidae) in southern
Chile. Journal of Experimental Marine Biology and Ecology 386:103-112.

George SB. 1996. Echinoderm egg and larval quality as a function of adult nutritional state.
Oceanol Acta 19: 297-308.

Gimenez L, Anger K. 2001. Relationships among salinity, egg size, embryonic development, and
larval biomass in the estuarine crab Chasmagnathus granulata Dana, 1851. Journal of
Experimental Marine Biology and Ecology 260: 241-257.

Gore RH, Abele LG. 1976. Shallow water porcelain crabs from the Pacific Coast of Panama and
adjacent Caribbean waters (Crustacea: Anomura: Porcellanidae). Smithsonian Contributions
to Zoology 237:1-30.

Guisande C, Harris R. 1995. Effect of total organic content of eggs on hatching success and
naupliar survival in the copepod Calanus helgolandicus. Limnology and Oceanography 40:
476-482.

Haig J. 1960. The Porcellanidae (Crustacea Anomura) of the Eastern Pacific. University of
Southern California Press.

Hendrickx ME. 1995. Checklist of brachyuran crabs (Crustacea: Decapoda) from the eastern
tropical Pacific. Bulletin de I’Institut Royal Des Sciences Naturelles de Belgique, Biologie,
65:125-150.

Lardies M, Castilla J. 2001. Latitudinal variation in the reproductive biology of the commensal
crab Pinnaxodes chilensis (Decapoda: Pinnotheridae) along the Chilean coast. Marine
Biology 139:1125-1133.

Li X, Smith DK, Keiser K, Foshee E. 2012. Automated detection of gap wind and ocean
upwelling events in Central American gulf regions. In American Meteorological Society
Annual Meeting Proceedings. J4.2. (6 pages).

Kerr KA, Christy JH, Collin R, Guichard F. 2012. Reducing error in reproductive timing caused
by temperature variation: Interspecific differences in behavioral adjustment by fiddler crabs.
Marine Ecology Progress Series 459:1-16.

Kerr KA, Cornejo A, Guichard F, Crespi-Abril AC, Collin R. 2014a. Planktonic predation risk
varies with life history stage. Journal of Plankton Research. 503:99-109.

Kerr, K.A., Cornejo A, Guichard F, Collin R. 2014b. Planktonic predation risk varies with prey
life history stage and diurnal phase. Marine Ecology Progress Series. 503 99-109.

Collin et al. Page 14 of 19



443
444
445
446
447
448

449

450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

Kirk K. 1997. Egg size, offspring quality and food level in planktonic rotifers. Freshwater
Biology 37:515-521.

Lessios HA 1981. Reproductive periodicity of the echinoids Diadema and Echinometra on the
two coasts of Panama. Journal of Experimental Marine Biology and Ecology 50: 47-61.

Marshall DJ, Keough MJ. 2005. Offspring size effects in the marine environment: a field test for
a colonial invertebrate. Austral Ecology 30:275-280.

Marshall DJ, Bolton TF, Keough MJ. 2003. Offspring size affects the post - metamorphic

performance of a colonial marine invertebrate. Ecology, 84: 3131-3137.

McClintock JB, Watts SA. 1990. The effects of photoperiod on gametogenesis in the tropical sea
urchin Eucidaris tribuloides (Lamarck) (Echinodermata: Echinoidea). Journal of
Experimental Marine Biology and Ecology 139: 175-184.

Miglietta MP, Rossi M, Collin R. 2008. Hydromedusa blooms and upwelling events in the bay of
Panama, Tropical East Pacific. Journal of Plankton Research. 30:783-793.

Moran AL, McAlister JS. 2009. Egg size as a life history character of marine invertebrates: Is it
all it's cracked up to be?. Biological Bulletin 216:226-242.

Narvaez DA, Navarrete SA, Largier J, Vargas CA. 2006. Onshore advection of warm water,
larval invertebrate settlement, and relaxation of upwelling off central Chile. Marine Ecology
Progress Series, 309:159-173.

Pavanelli CA, Mossolin EC, Mantelatto FL. 2010. Maternal investment in egg production:
environmental and population-specific effects on offspring performance in the snapping
shrimp Alpheus nuttingi (Schmitt, 1924) (Decapoda, Alpheidae). Animal Biology 60:237-
247.

Pearse JS, Eernisse DJ. 1982. Photoperiodic regulation of gametogenesis and gonadal growth in
the sea star Pisaster ochraceus. Marine Biology 67: 121-125.

Pearse JS, Beauchamp KA, 1986. Photoperiodic regulation of feeding and reproduction in a
brooding sea star from central California. International Journal of Invertebrate Reproduction
and Development 9:289-297.

Qian PY, Chia FS. 1991. Fecundity and egg size are mediated by food quality in the polychaete
worm Capitella sp. Journal of Experimental Marine Biology Ecology 148:11-25.

Queiroga H, Cruz T, dos Santos A, Dubert J, Gonzéalez-Gordillo JI, Paula J, Peliz A, Santos
AMP. 2007. Oceanographic and behavioural processes affecting invertebrate larval dispersal
and supply in the western Iberia upwelling ecosystem. Progress in Oceanography 74:174-
191.

Robertson DR, Collin R. 2015. Inter- and Intra-specific variation in egg size among reef fishes
across the Isthmus of Panama. Frontiers in Ecology and Evolution 2:84.

Robertson DR. 1990. Differences in the seasonalities of spawning and recruitment of some small
neotropical reef fishes. Journal of Experimental Marine Biology and Ecology 144:49-62.

Robertson DR, Christy JH, Collin R, Cooke RG, D’Croz L, Kaufmann KW, Heckadon Moreno
S, Mate JL, O’Dea A, Torchin M. 2009. The Smithsonian Tropical Research Institute:
Marine research, education, and conservation in Panama. Smithsonian Contributions to
Marine Sciences. 38:73-93.

Roden GI. 1964. Oceanographic Aspects of Gulf of California. In: T.H van Andel and G.G Shor
Jr. (eds) Marine geology of the Gulf of California. American Association of Petroleum
Geologists Memoir 33, pp. 30-58.

Collin et al. Page 15 of 19



487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

Smayda TJ. 1963. A quantitative analysis of the phytoplankton of the Gulf of Panama: 1. Results
of the regional phytoplankton surveys during July and November 1957 and March 1958.
Inter-American Tropical Tuna Commission Bulletin 7:191-253.

Turra, A, Leite FPP. 2007. Embryonic development and duration of incubation period of tropical
intertidal hermit crabs (Decapoda, Anomura). Revista Brasileira de Zoologia 24:677-686.

Urzta A, Paschke K, Gebauer P, Anger K. 2012. Seasonal and interannual variations in size,
biomass and chemical composition of the eggs of North Sea shrimp, Crangon crangon
(Decapoda: Caridea). Marine Biology 159:583-599.

Wehrtmann IS, Miranda I, Lizana-Moreno CA, Hernaez P, Barrantes-Echandi V, Mantelatto FL.
2011. Reproductive plasticity in Petrolisthes armatus (Anomura, Porcellanidae): a
comparison between a Pacific and an Atlantic population. Helgoland Marine Research 66:87-
97.

Werding B, Hiller A, Lemaitre R. 2003. Geographic and depth distributional patterns of western
Atlantic Porcellanidae (Crustacea: Decaopda: Anomura), with an updated list of species.
Memoirs of Museum Victoria 60: 79-85.

Wing SR, Largier JL, Botsford LW, Quinn JF. 1995. Settlement and transport of benthic
invertebrates in an intermittent upwelling region. Limnology and Oceanography 40:316-329.

Wing SR, Botsford LW, Ralston SV, Largier JL. 1998. Meroplanktonic distribution and
circulation in a coastal retention zone of the northern California upwelling system.
Limnology and Oceanography 43:1710-1721.

Zimba PV, Hill EM, Withers K. 2016. Benthic microalgae serve as the major food resource for
porcelain crabs (Petrolisthes spp.) in oyster reefs: Digestive track content and pigment
evidence. Journal of Experimental Marine Biology and Ecology 483:53-58.

Collin et al. Page 16 of 19



511
512  Table 1: Nested Analysis of variance of egg volume in the three species of crabs testing for

513 effects of season, site, and their interaction, while accounting for the random effect of the

514  mother.

515
Factor df | F-Ratio p % variance
explained
Clibanarius albidigitus
Season 1 7.09 0.009
Site 1 1.41 0.23
Season X Site 1 3.84 0.05
Female [Site, Season] Random 70.60
N= 2‘985; 2 =0.75
Petrolisthes armatus
Season 1 31.38 <0.0001
Site 1 0.03 0.86
Season X Site 1 2.34 0.12
Female [Site, Season] Random 85.95
N= 3?36; 12 =0.88
Xanthodius sternberghii
Season 1 80.85 <0.0001
Site 1 17.11 <0.0001
Season X Site 1 11.57 0.0009
Female [Site, Season] Random 52.62
N=3092; r* =0.64
516
517
518
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519  Table 2: Results from multiple regression analysis of average egg size for each date on the

520 temperature and salinity averaged over the 7 days prior to the day the eggs were collected.
521

Source df F-Ratio p
Clibanarius albidigitus *

Temperature 1 1091 0.0012

Salinity 1 0.32 0.3

N=147;12=0.32

Petrolisthes armatus

Temperature | 33.06 <0.0001
Salinity 1 11.60 0.0008
Temperature X Salinity 1 9.96 0.0019

N=186;1>=0.18

Xanthodius sternberghii *
Temperature 1 27.00 <0.0001
Salinity 1 2.18 0.14
N =150; > =0.28

522

523  * The interaction term was not significant with p>0.05 and was therefore removed from the
524  analysis.

525

526
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Figure Legends

Figure 1: The seasonal patterns in temperature and salinity recorded during the study period.

Dry, upwelling seasons are indicated by the grey boxes.

Figure 2: Bargraphs showing the monthly average egg volume (left) and average seasonal egg
volume (right) for the 3 species of crabs. Data from the dry, upwelling season are shown with
white bars and those from the wet season are shown with black bars. There was a significant

difference between seasons in all three species (Table 1). Error bars indicate standard errors.

Figure 3: Regression of average egg volume for each female on temperature averaged over the
7 days prior to egg collection for Clibanarius albidigitus and Xanthodius sternberghii. Both

relationships were significant in the multiple regression analysis (Table 2).

Figure 4: Profiler traces, showing the significant effect of the interaction between temperature
and salinity on egg size in Petrolisthes armatus (Table 2). Egg size decreases with increasing
temperature at all salinities. Egg size increases with salinity only at lower temperatures and is
not affected by salinity at higher temperatures. Solid line shows the mean and dashed line shows

the confidence limits.

Figure 5: The percentage of ovigerous crabs in collections made between December 2015 and
January 2017. Percentages of ovigerous Petrolisthes armatus and Clibanarius albidigitus were
calculated from the total number of crabs collected and percentages of ovigerous Xanthodius
sternberghii were calculated from the total number of females collected. White bars indicate the

dry, upwelling season; black bars indicate the wet season.
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