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Abstract

Patterns of larval supply and larval condition at metamorphosis play key roles in the 

structure and dynamics of marine populations. Hence, biological and environmental 

conditions driving the dispersion of larval individuals, shape early life phenotypes, and 

influence their survival and post-settlement success. We performed a study over two 

consecutive years at Ria de Aveiro (Portugal), a coastal lagoon influenced by 

upwelling regimens in the North-eastern Atlantic. This study assessed the effect of 

contrasting oceanographic conditions on larval supply and larval traits at 

metamorphosis of the green crab Carcinus maenas. Crab megalopae were daily 

sampled and monitored in the laboratory until metamorphosis. Environmental 

conditions experienced by larvae in the field were estimated considering their expected 

planktonic larval duration, which was calculated for each individual using the size at 

metamorphosis and the average water temperature during larval development. 

Presence/absence, megalopa supply, and larval size were posteriorly modelled using 

generalized linear mixed models. The analysis of the two consecutive years showed 

haphazard patterns, revealing that both larval supply and phenotypic traits changed 

during and between supply seasons. The lunar cycle and environmental conditions 

were identified as drivers of the presence and supply of megalopae. Settlement events 

with weak upwelling index were influenced by sea temperature, while intense and 

constant upwelling events conditioned megalopa supply and performance at 

metamorphosis. In 2013, megalopae invaded the coastal lagoon in a more advanced 

physiological stage than in 2012 and/or under better nutritional conditions, probably 

due to stronger and more constant upwelling events during their pelagic larval life. Our 

results show that oceanographic processes stimulating upwelling and secondary 

production are sources of phenotypic variation at settlement, influencing both early 
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benthic performance and adult population dynamics of marine organisms with bi-

phasic life cycles.
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Highlights

 Larval supply in coastal habitats is influenced by oceanographic processes

 Moon cycle exerts a strong influence in coastal supply of megalopae

 Higher megalopa supply was recorded during spring tides

 Oceanographic processes stimulating upwelling promote variations in larval 

traits

 Phenotypic larval traits condition larval performance at metamorphosis

Key Words:

Carcinus maenas; Bi-phasic life cycles; Invertebrate larvae, Phenotypic variations; 

Time series; Upwelling; East Atlantic; Portugal; Ria de Aveiro



5

1. Introduction

The life-cycle of most marine animals is influenced by biotic and abiotic factors that 

directly and indirectly shape their phenotypes, survival, and recruitment (Calado and 

Leal, 2015; Pineda et al., 2009). Most of these organisms present a complex life-cycle 

with a larval phase inhabiting a different environment and having a much different 

morphology than juveniles and adults. In these cases, metamorphosis plays a pivotal 

role by linking radically different environments, such as shelf and coastal habitats, and 

physiologies. In this context, organisms occupying extraordinarily different 

environments during their lifetime are subject to a significant variation of 

environmental features, which sets a bottleneck and determines, to a great extent, the 

dynamics of their adult populations (Marshall and Morgan, 2011; Pechenik, 2006). 

However, the complexity of natural environments and the interaction of several factors 

makes difficult to identify causal relationships between population performance and 

environmental variables (Domingues et al., 2011; Shanks, 2013). This constraint is 

even more evident in marine species with planktonic larval dispersion and bi-phasic 

life cycles. Two main reasons explain this scenario: the in situ logistic limitations to 

secure the monitoring of complete larval periods, and the inherent difficulty of 

sampling in oceanic environments. Hence, although several efforts have been carried 

out to unravel the effect of environmental driving forces on larval pelagic development 

(Morgan et al., 2011; Shanks and Brink, 2005), most of the knowledge on this topic 

has been acquired through studies conducted in the laboratory under controlled 

conditions (e.g., Dawirs, 1985; Fowler et al., 2010; Sewell, 2005). This lack of 

knowledge on marine larval development in natural environments limits the 

understanding on the implications of larval life in adult population dynamics, coastal 

recruitment, and ecological webs.
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There is a growing body of studies offering evidence for the influence of pelagic larval 

history and early benthic juvenile life on the development of later benthic life stages of 

marine invertebrates (Giménez, 2010; Rey et al., 2016, 2015) as well as on the 

structuring and dynamics of adult marine populations (Shanks, 2013; Shima and 

Swearer, 2009). These studies suggest that larval trait-mediated effects are propagated 

throughout the life cycle of organisms like a cascade of effects, influencing their 

phenotype, performance and survival, and ultimately populations and communities 

(Giménez, 2010; Pechenik, 2018; Shima and Swearer, 2009). The classical way to 

understand marine population dynamics has been through time series analyses. 

Quantifying larval supply provides relevant information on temporal variations in the 

distribution of marine invertebrates (Domingues et al., 2011; Shanks, 2013). Several 

environmental factors have been studied to infer larval supply variation of marine 

invertebrates in coastal waters: wind and tide-driven circulation (Domingues et al., 

2011; Queiroga et al., 2006), number of flood hours during darkness (Domingues et al., 

2011), and oceanographic forcing (Giménez, 2010; Peteiro et al., 2011; Shanks, 2013). 

While some studies showed a coupling between settlement and upwelling favorable 

seasons (Peteiro et al., 2011; Shanks, 2013), others suggested that larval supply was 

not always correlated with tide-driven transport (Domingues et al., 2011; Giménez, 

2010). These studies reported inconsistent results within and among years, hindering 

the predictability of delivery mechanisms and suggesting complex interactions driving 

population dynamics.

Larval fitness of marine invertebrates is influenced by maternal effects and 

environmental conditions experienced during larval life that will ultimately influence 

size at metamorphosis, planktonic larval duration (PLD), and early settlement 

performance (Calado and Leal, 2015). Temperature and food availability are usually 
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identified as the most relevant factors shaping larval performance and survival 

(Giménez, 2010; Peters-Didier and Sewell, 2019; Rey et al., 2016; Torres et al., 2016). 

Temperature represents a key ecological factor with paramount influence on marine 

invertebrate larval development and metabolism (Anger, 2001; Giménez, 2011). 

Additionally, temporal variability in food supply or quality at different larval 

development stages (early versus late) may lead to different physiological responses in 

body size and reserves (Giménez, 2010; Peters-Didier and Sewell, 2019; Phillips, 

2006) at recruitment, influencing early post-settlement performance and consequently, 

population dynamics.

Ria de Aveiro, as the North-western coast of the Iberian Peninsula, is integrated in the 

eastern Atlantic upwelling system (Fiuza et al., 1998). Upwelling events are caused by 

the action of northerly winds along the shelf that generate an Ekman drift directed 

offshore. Consequently, cooler and nutrient-rich water from depth emerges to the 

surface exerting a fertilization effect on coastal waters, thus promoting primary 

production and fueling marine food chains (Guisande et al., 2001; Huthnance et al., 

2002). Upwelling events are frequent during spring and summer months, overlapping 

in time with the breeding season of many marine organisms. The nutrient-rich water 

mass promotes the occurrence of high levels of primary production, supporting a high 

biological diversity (Otero et al., 2009; Teixeira et al., 2011). This phenomenon is the 

basis for a rich marine food web, related also to an important production of commercial 

species that sustain a local industry of seafood and fisheries of small pelagic species 

such as sardine (Reis-Santos et al., 2013; Vasconcelos et al., 2010).

The green crab Carcinus maenas is one of the most studied decapod species and has 

been used as a model organism in numerous works (Leignel et al., 2014). From an 

ecological point of view, specific features such as its rapid growth, high tolerance to 
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environmental fluctuations, and a bi-phasic life history make C. maenas an interesting 

model to expand our knowledge on the drivers of population dynamics of organisms 

with complex life-cycles. Along North-eastern Atlantic coasts, ovigerous females of C. 

maenas release their larvae during spring and early summer (Crothers 1967, Lyons et 

al. 2012), with newly hatched larvae being exported to shelf waters where they 

develop. Larval life includes four pelagic zoeal stages followed by a megalopa which 

reinvades estuarine or coastal waters to settle and metamorphose into the first benthic 

crab stage (Domingues et al., 2011; Queiroga et al., 2006). It has been suggested that 

reinvasion and metamorphosis might be coupled to certain moon phases, tidal phase, 

and oceanographic processes (such as upwelling) without a total agreement on the 

processes controlling settlement success for the species (Domingues et al., 2011; 

Giménez, 2010). In its native range of distribution, C. maenas larval development lasts 

from 5 to 7 weeks (Dawirs, 1985).

In the present study, we monitored the supply of C. maenas megalopae during two 

consecutive settlement seasons (2012 and 2013) at Ria de Aveiro (Portugal), a coastal 

lagoon in the western margin of the Iberian Peninsula which is a region strongly 

affected by seasonal upwelling (Fiuza et al., 1998). Megalopae sampled during this 

period were monitored under laboratory conditions until metamorphosis, while 

interannual differences in the presence and abundance of megalopae were contrasted 

with environmental conditions (i.e., upwelling index and sea surface temperature) 

during larval development. In this study, we surveyed the influence of oceanographic 

processes on the larval supply of C. maenas and their impact on larval performance at 

settlement. By combining the analyses of field data and laboratorial experiments, we 

aimed to disentangle the influence of moon cycle, upwelling events and sea surface 

temperature on the supply and performance of settling megalopae. Complex larval 
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supply patterns, such as those observed in the present study, are also displayed by 

several other coastal organisms with commercial value. Therefore, the present study 

aims to contribute to a more in-depth knowledge of these events and enhance 

knowledge-based decision practices targeting the management of valuable marine 

living resources.

We hypothesize that the moon cycle will play a relevant role on megalopal settlement 

success because of its relationship with tidal cycle. On the other hand, we hypothesize 

an indirect effect of the upwelling events on megalopal recruitment success and larval 

fitness because of its role determining food availability and quality. The larger the 

amount of food availability, the lower the PLD and megalopa size at metamorphosis, 

increasing the settlement success. Therefore, we also hypothesize a direct relationship 

between upwelling events and settlement and an indirect relationship between 

upwelling events and megalopa size at metamorphosis. Since upwelling and 

temperature are inversely associated, the reverse patterns are expected when looking at 

the effect of temperature.

2. Material and Methods

2.1 Study system

Ria de Aveiro (40° 37’ 17’’ N, 8° 44’ 56’’ W) is a shallow coastal lagoon in the 

western margin of mainland Portugal. The lagoon circulation is mainly influenced by 

tides with a semidiurnal regime of ca. 12.42 h and a tidal range of 2 m at the mouth 

(Dias et al., 2000). Besides tides, river flows also influence, to a lesser extent, its 

physical dynamics, affecting salinity and water temperature (Dias et al., 2000).

2.2 Sampling protocol and laboratory proceeding
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Megalopae of C. maenas were daily sampled during the settlement season over two 

consecutive years, 2012 and 2013, using two passive plankton nets as described by 

Queiroga et al. (2006). During a period of 141 consecutive days (Julian days 67 to 207) 

in 2012 and 117 consecutive days (Julian days 66 to 182) in 2013, the nets were 

deployed during 24 h at a constant depth of 0.1 m, with their entrance facing towards 

the inlet of the coastal lagoon. Every morning, plankton held in the collector was 

transported to the laboratory, where C. maenas megalopae were separated and counted. 

A maximum of ten megalopae per day were randomly chosen and reared in individual 

PVC containers (~ 300 mL) with artificial seawater (prepared by mixing Tropic Marine 

ProReef salt, Tropic Marine, with purified freshwater from a reverse osmosis unit) that 

was fully renewed every day. All megalopae were kept under starvation and controlled 

conditions of temperature (18 ºC), salinity (35) and photoperiod (12:12 h, light:dark). 

Exuviae shed at metamorphosis were preserved individually in a solution of ethyl 

alcohol (97%): glycerine (8:2, by volume) for posterior morphometric analysis. 

Carapace length (CL, measured from the tip of the rostrum to the posterior end of the 

cephalothorax) was determined to the nearest 0.01 mm using a stereomicroscope 

(SZX16, Olympus) with a calibrated micrometer eyepiece. Time to metamorphosis 

(TM, number of days required to perform the metamorphosis and to become a crab 

since megalopa invaded the coastal lagoon) was recorded each 24 h. When megalopae 

died before metamorphosing (in other words, before becoming a crab), the time until 

death was also recorded.

Sampling days were numbered as Julian days in order to simplify the data visualization 

and posterior analysis.

2.3 Environmental conditions
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Upwelling index (UI) data from Aveiro region (41 °N, 10.5 °W; 41.5 ° N, 10 °W; 

41 °N, 9.5 °W; 40.5 ° N, -10 °W) were collected from the Instituto Español de 

Oceanografia historical dataset (www. indicedeafloramiento.ieo.es) calculated as 

described by González-Nuevo et al. (2014) (Fig, 1). Sea surface temperature (SST) 

data were retrieved from the buoy located at Porto de Leixões (41º N; 8º W; depth 83 

m) and supplied by the Instituto Hidrográfico – Marinha – Portugal (Fig. 2).



12

Figure 1 Time series of upwelling index in the coastal region of Aveiro (Portugal), 

from day 10 to 210 of a) 2012 and b) 2013.
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Figure 2 Time series of sea surface temperature (SST) in the harbor of Leixões 

(Matosinhos, Portugal), from day 10 to 210 of a) 2012 and b) 2013.
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2.4 Planktonic larval duration (PLD) and early post-settlement performance

The time spent by larvae in the pelagic environment (i.e., PLD) was calculated 

following the model presented by Gillooly et al. (2002) (Eq. 1):

                                                                                        (Eq. 1)

where 4/a0 is a constant, E represents the activation energy of metabolic reactions (~ 

0.65 eV), k is the Boltzmann constant, T is the temperature of water in Kelvin, BV is 

the biovolume of the organism at the end of development (megalopa biovolume, in our 

case), and α is the allometric exponent (1/4). To estimate the value of the constant 4/a0 

(1.13 * 10-10), we performed a bibliographic compilation on PLD and megalopa size of 

brachyuran crabs obtained in laboratorial experiments at constant rearing temperatures. 

This model captures the reduction of PLD caused by higher temperatures and also 

predicts longer developmental times for larger organisms. In our analysis, PLD for 

each larva was calculated considering T as the mean SST of the 30 days previous to 

sampling and biovolume as the volume of spheroids with the longer axis equal to 

megalopa CL and the shorter axis as 3/4 of CL. Finally, we subtracted the number of 

days spent by each megalopa in the laboratory until metamorphosis to the PLD 

obtained using Eq. 1 in order to infer the number of days spent at ocean by each larva.

2.5 Statistical analysis

Data were analyzed using generalized linear mixed models (GLMMs) fit by maximum 

likelihood estimation (Laplace approximation). The probability of finding megalopae 

(presence/absence model) during each settlement season was modelled considering a 

binomial distributional (logit link function) and megalopa supply considering a Poisson 

distribution (log link function). The day of the year was considered as a random effect 

because the supply events are not independent between days. Megalopa size was 
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modelled considering Gaussian distributions. Both presence/absence and supply 

models were calculated independently for 2012 and 2013 using the moon phase (new 

moon, first quarter, full moon, last quarter), UI, and SST as explanatory variables. In 

these models, new moon was chosen as the reference category, as it was the moon 

phase with a higher megalopa supply. In the case of the megalopa supply model, 

exploratory data analyses showed a potential importance of outliers. Extreme outliers 

were defined as observations 3 interquartile ranges above the 3rd quantile. In this study, 

this threshold corresponded to the 90th percentile. Above this value there were only 

isolated cases of very high supplies. Therefore, abundances (megalopae per day) higher 

than the 90th percentile were not considered for modelling purposes. Megalopa size 

model included environmental conditions (UI, SST) as explanatory variables. UI and 

SST consider averages of 30 days before megalopa invasion of the coastal lagoon. This 

time scale was selected because it was the minimum number of days with influence on 

the post-settlement performance of C. maenas (Rey et al., 2016). Model selection was 

carried out through stepwise selection, using the Akaike Information Criterion (AIC) to 

compare the models. Models with lowest AIC were selected as the best fit. When 

nested models were not significantly different, the most parsimonious model was 

chosen. Odds ratios of categorical variables were calculated to interpret the model 

coefficients in megalopa presence/absence 2012 model.

Incomplete megalopa size and PLD temporal series were calculated using missing 

value imputation by weighted moving average in which a linear weighting expansion 

to both sides of the center element of a window with 8 observations (4 left, 4 right) was 

considered. In order to inspect average temporal tendency, a polynomial smoothing 

spline was adjusted to the observed data.
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Mann Whitney tests were carried out to compare the size of megalopae (i.e. CL) and 

PLD between years. In these comparisons, only the days of the year with five or more 

exuviae of megalopae preserved in good conditions were considered.

All data analyses were performed using the statistical package R (R Core Team 2016).

3. Results

3.1 Megalopa presence/absence models

The megalopa presence/absence model demonstrated that the probability of finding 

larvae depends on moon cycle and environmental conditions. During the sampling 

period of 2012 (141 consecutive days), megalopae were absent from plankton nets for 

42 days, while during the sampling period of 2013 (117 consecutive days), only 15 

days were registered without megalopae.

In the settlement season of 2012, the best model for the presence/absence included the 

moon phase and SST as significant variables, showing a negative effect of temperature 

on the probability of finding larvae in this year (Table 1). For details of model 

selection, see supplementary Table S1. In 2013 the model selected was the one that 

only included UI as explanatory variable (Table 1), although it was not significant. For 

details of model selection see supplementary Table S2. Odds ratios for 2012 are 

summarized in Table 2. In this sense, the 2012 model showed that the odds of finding 

megalopae under first quarter moons and full moons were 98% and 97% lower than the 

odds of finding megalopae under new moons, respectively (Table 2).
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Response variable
Deviance 

explained (%)

Explanatory 

variables
Estimate Std. error z value p

Presence/Absence 2012 26.7 First Quarter -4.108 1.555 -2.642 0.008

Full Moon -3.504 1.437 -2.439 0.015

Last Quarter -1.788 1.247 -1.434 0.152

SST -0.515 0.240 -2.147 0.032

Presence/Absence 2013 1.0 UI 0.001 0.003 0.462 0.644

Table 1 Final generalized linear mixed models identifying the explanatory variables 

that predict presence/absence of megalopae during the larval supply seasons of 2012 

and 2013.

Abbreviations: SST: sea surface temperature; UI: upwelling index.

Table 2 Odds ratios (OR) of finding megalopae in 2012 under the moon phases first 

quarter, full, last quarter (new moon as reference category) versus new moon.

Abbreviations: 95LCL: lower 95% confidence interval limit; 95UCL: upper 95% 

confidence interval limit.

2012

OR 95LCL 95UCL

First Quarter 0.020 0.001 0.346

Full Moon 0.030 0.002 0.502

Last Quarter 0.170 0.015 1.928

 



3.2 Megalopa supply models

The results of the megalopa supply models indicated that there are significant 

differences in larval supply along settlement seasons. As it was suggested in our 

hypothesis, there was an indirect effect of upwelling events on megalopal settlement. 

The number of megalopae collected during the study period (two consecutive years) 

was highly variable (Fig. 3). The total number of megalopae collected by plankton nets 

in 2012 (1,322 megalopae, min 0 and max 80, considering both planktonic nets) was 

ten times lower than in 2013 (13,238 megalopae, min 0 and max 1538, in both 

planktonic nets). Figure 4 shows the graphical representation of megalopa supply 

records, showing a tendency associated with moon cycle (Fig. 4). New and full moons 

were the phases where more megalopae entered the coastal lagoon, while first quarter 

and last quarter showed the lowest number of megalopae (Fig. 4). This tendency was 

more pronounced in 2013 (Fig. 3). However, this sample trend was only captured in 

the megalopa supply model during 2013 and not in 2012 (see below), likely due to the 

large variability of abundance in 2012 when compared to 2013. In the year 2012, the 

best model was the one considering moon phase and SST as significant variables 

(Table 3). This model registered a negative effect of SST on megalopa supply, 

indicating that an increasing of SST reduces the number of megalopae supplied. For 

details of model selection see supplementary Table S3. Additionally, the variability in 

the supply of megalopae in 2013 was explained by the moon phase (Table 3). This 

model showed that the abundance of megalopae was higher during full moon, although 

this variable was not significant, and lower in first and last quarter. For details of 

model selection see supplementary Table S4.



Figure 3 a) Daily average supply of Carcinus maenas megalopae at Ria de Aveiro 

(Portugal) during 2012 and b) 2013.



Figure 4 Supply of Carcinus maenas megalopae expressed by moon phase (new, first 

quarter, full and last quarter) during a) 2012 and b) 2013, at Ria de Aveiro (Portugal).



Response variable
Deviance 

explained (%)

Explanatory 

variables
Estimate Std. error z value p

Megalopa supply 2012 8.4 First Quarter -2.132 0.467 -4.563 2.47e-6

Full -1.365 0.417 -3.271 0.001

Last Quarter -0.821 0.397 -2.067 0.039

SST -0.586 0.091 -6.412 1.01e-9

Megalopa supply 2013 2.4 First Quarter -1.887 0.721 -2.618 0.009

Full   1.348 0.700   1.926 0.054

Last Quarter -0.383 0.715 -0.536 0.592

Table 3 Final generalized linear mixed models identifying the explanatory variables 

that predict megalopa supply during 2012 and 2013.

Abbreviations: SST: sea surface temperature; UI: upwelling index.

3.3 Megalopa size model and planktonic larval duration

The presence of more intense upwelling events in 2013 could be the cause of a better 

larval fitness during this settlement season, because of this oceanographic process 

influences food availability and quality. If so, then our initial hypothesis of an indirect 

relationship between upwelling events and megalopa size at metamorphosis was 

accepted. Significant differences in larval size and PLD of megalopae invading the 

coastal lagoon were registered along different supply events. Megalopa size was 

significantly (p < 0.001) larger during 2012 (1.39 ± 0.07 mm) than during 2013 (1.35 ± 

0.08 mm). Megalopa size models showed high variability during settlement periods 

(Fig. 5.a), which was explained by SST in 2012 and UI in 2013, both significant 

variables (Table 4). For details of model selection see supplementary Tables S5 and 



S6, respectively. A decrease in the PLD estimated was recorded during both years (Fig. 

6.a), notwithstanding PLD in 2013 being significantly higher than in 2012 (p < 0.001). 

The specimens that colonized the coastal lagoon in 2012 spent between 26 – 44 days in 

the plankton, while the larvae of 2013 displayed a PLD estimated to be between 43 – 

48 days (Fig. 6.a).



Response variable
Deviance 

explained (%)

Explanatory 

variables
Estimate Std. error t value P

Megalopa size 2012 0.5 SST -0.011 0.004 -2.645 0.010

Megalopa size 2013 0.8 UI 2.75 e-5 7.73 e-6 3.551 6.000 e-4

Table 4 Final models for megalopa size during 2012 and 2013.

Abbreviations: SST: sea surface temperature; UI: upwelling index.



Figure 5 a) Daily average of megalopa size of Carcinus maenas (with missing value 

importation and smoothing spline adjustment), b) upwelling index (UI) and c) sea 

surface temperature (SST) during 2012 and 2013. UI and SST consider daily averages 

of 30 days before megalopae invaded the coastal lagoon.

b

a

c



Figure 6 a) Daily average of planktonic larval duration (PLD) of Carcinus maenas 

(with missing value importation and smoothing spline adjustment), b) upwelling index 

(UI) and c) sea surface temperature (SST) during 2012 and 2013. UI and SST represent 

daily averages of 30 days before megalopae invaded the coastal lagoon.

a

b

c



3.4 Early post-settlement performance

Laboratorial experiments showed significant differences in physiological and 

nutritional stages of megalopae invading the coastal lagoon in different supply events. 

Most larvae performed metamorphosis under starvation conditions in the laboratory, 

showing a high survival rate (86% in 2012 and 92% in 2013) (Fig. 7). In both years, 

the average number of days that megalopae required to successfully metamorphose 

after invading the coastal lagoon was the same (4 ± 2 days; min 1day and max 12 

days). However, the day of maximum metamorphosis varied between years. While in 

2012 40% of megalopae metamorphosed between the 4th and 5th day, in 2013 more 

than half of the larvae metamorphosed between the 2nd and 3rd day. Megalopae that 

died prior metamorphosis, before reaching the crab stage, spent 5 ± 2 days (min 1 and 

max 11) in 2012 and 5 ± 4 days (min 1 and max 21) in the laboratory in 2013. It is 

worth highlighting that while in 2012 the maximum lifetime recorded before death in 

the laboratory was solely 12 days post sampling, in 2013 some megalopae remained 

alive up to 21 days (Fig. 7).



Figure 7 a) Schematic representation of megalopae monitoring in the laboratory until 

perform metamorphosis or died. b) Number of days spent by megalopae in the 

laboratory before metamorphosis or until dying in 2012 and c) 2013. n = 668 in 2012 

and n = 1240 in 2013.
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Discussion

The complexity of the Western Iberian coast, the nature of the oceanographic 

regimens, and the wind-driven circulation play an intricate role in the physical forcing 

of larval supply to the coast (Marta-Almeida and Dubert, 2006; Peliz et al., 2002). In 

this sense, the interannual comparison performed in the present study confirmed the 

existence of haphazard patterns that promote quantitative and qualitative shifts in the 

number and phenotype of larvae being supplied to coastal habitats over different 

periods (Domingues et al., 2011; Giménez, 2010; Shanks, 2013). The factors captured 

by the presence/absence and abundance models were uniform between the two years 

surveyed. During 2012, upwelling was weak and SST rose, likely promoting a poorer 

larval performance in the plankton and, consequently, resulting in a lower number of 

megalopae invading coastal waters. Therefore, in 2012, SST had a stronger signal than 

UI. On the other hand, in 2013, strong upwelling events favored a better larval 

performance, which resulted in a higher supply of megalopae. The presence of SST 

and UI as explanatory variables in several models highlights the key role of 

environmental conditions in marine invertebrate life cycles. Nevertheless, these models 

show that recruitment and population dynamics represent complex processes where 

multiple factors are contributing and interacting over long spatial and temporal scales 

(Pineda et al., 2009; Shanks, 2013). Nonetheless, both years presented a tendency 

associated with lunar cycle, with this trend being more evident in 2013. The supply of 

megalopae during 2013 displayed the typical 2-week pattern detected by other authors 

in meso-tidal systems (Domingues et al., 2011; Moser and Macintosh, 2001; Paula et 

al., 2001) which is associated with a semilunar periodicity. New and full moon tides 

display the largest tidal amplitudes during the lunar cycle, and thus increase the 

chances of megalopae to invade coastal habitats, such as estuaries and coastal lagoons 



(Queiroga et al., 2006). While during the larval supply period of 2012 the semilunar 

pattern was not as perceptible as in 2013 (which may be due to the lower number of 

megalopae supplied), it is still possible to identify a temporal pattern between 

maximum supply events. In this sense, higher numbers of larvae were supplied during 

spring tides, particularly those occurring during new moon. As it was already 

suggested by Domingues et al.(2011), C. maenas megalopae are not fully neustonic 

organisms and they develop a behavioral response to changes in salinity or hydrostatic 

pressure during the flood (Marta-Almeida et al., 2006). Near metamorphosis 

megalopae become more sensitive to chemical and physical settlement clues, attacting 

them towards settlement sites (Krimsky and Epifanio, 2008). Therefore, competent 

megalopae are in the bottom close to the estuary, being influenced by the tidal current, 

that provides a trapping mechanism, enhancing their supply during night flood tides 

(Reyns et al., 2007). This differential supply of settling larvae between new and full 

moon is likely promoted by an anti-predatory strategy displayed by these organisms 

(Moksnes et al., 2003), as moonlight is most intense during full moon nights, with 

larvae becoming more conspicuous to predators.

The larval supply of C. maenas in 2013 was the highest ever recorded in the study site 

(Domingues et al., 2011). From all supply events surveyed in the present study (258 

events), only 12 events recorded megalopa supplies higher than 90th percentile. This 

natural variation in megalopa supply, which was more pronounced in the year 2013, 

may be a consequence of larval phenotypic plasticity being favored by better trophic 

and/or abiotic scenarios in 2013 than 2012. Nevertheless, from an ecological point of 

view, an abnormal surge in megalopa supply may not be of particular relevance for this 

species, as intraspecific competition at early life stages post settlement is a key driver 

in the shaping of adult populations. Moksnes' experiments (2004a) demonstrated that 



competition for space promotes an unfavorable dispersal from nursery habitats, even 

when food is not a limiting factor for settling organisms of this species (Moksnes, 

2004a). Furthermore, this competition for space favors agonistic behavior, with 

cannibalism being commonly recorded towards smaller and similar sized conspecifics 

(Moksnes, 2004a; Ramos, 2016). As such, an abnormally large pulse of megalopae 

invading a location may negatively affect the settlement success of conspecifics 

arriving in posterior events. Therefore, at least for C. maenas, it is likely that a more 

regular supply of a moderate number of megalopae during the settlement season may 

enhance recruitment in a more relevant way than abnormally high supply events.

Several factors may have influenced the increase in the supply of megalopae in 2013, 

such as maternal effect and oceanographic forces. A previous work in the study area 

has confirmed that interannual and seasonal variability influence maternal investment 

and quality of ready-to-hatch embryos of marine invertebrates inhabiting highly 

dynamic environments (Rey et al., 2017). The contrasting environmental conditions 

experienced by females during brooding trigger physiological processes, enhancing 

energetic demand along embryonic development and promoting the consumption of 

fatty acids that will be essential in early larval stages (Rey et al., 2017). Furthermore, 

the occurrence of more constant and intense upwelling events during 2013, may play a 

relevant role in the interannual differences recorded in megalopa supplies (Rivera et 

al., 2013). The modelling study of Marta-Almeida et al. (2006) showed that diel 

vertical migration of megalopae induced the retention of larvae in the inner shelf 

during upwelling, consequently reducing larval waste towards the shelf and favoring 

their recruitment in coastal habitats (Domingues et al., 2012; Ospina-Alvarez et al., 

2018). While a two-year comparison is not sufficient to predict larval supply patterns, 

the multiple-years analysis performed by Domingues et al. (2011) highlighted how the 



supply of megalopae in the study area can depend on several larval delivery 

mechanisms that display significant shifts within and among years. The 12-year time 

series studied by Shanks (2013) revealed a strong relationship between oceanographic 

conditions and megalopa supply of Cancer magister. The author emphasized the 

influence of the timing of the spring transition in the annual return of megalopae and 

concluded that a steady upwelling through the summer promotes a more pronounced 

supply of megalopae to coastal habitats (Shanks, 2013). The key role played by the 

spring transition has already been highlighted by Domingues et al. (2011) for the larval 

supply of C. maenas in our study area. This study reported a better fit of supply data 

during periods characterized by a predominant upwelling regime (Domingues et al., 

2011). It is worth noting that spring transition in 2013 occurred earlier than in 2012 and 

displayed more intense upwelling regimens. These features probably contributed to the 

differences recorded in the number and phenotype of megalopae supplied over these 

two consecutive years. Furthermore, while our study only recorded a significant effect 

of UI in the presence/absence model of 2013, this variable was also correlated with 

megalopa traits (see below). These findings suggest that match-mismatch dynamics 

(Cushing, 1990) play an important role in larval life histories in upwelling systems, 

influencing larval traits and shaping survival (Shanks, 2013; Wheeler et al., 2017).

The differences identified in PLD over the two consecutive years are a consequence of 

the interaction between water temperature and food quality, which ultimately 

influences larval size (Byrne et al., 2011; Dawirs, 1985; Wheeler et al., 2017). 

Similarly, the decrease in PLD through the settlement period can be explained by the 

increase in SST (which overlaps with the spring-summer transition), which was more 

pronounced in 2012. During 2013, upwelling events were more intense, promoting a 

decrease in SST and increasing plankton productivity. Large-scale oceanographic 



processes stimulating upwelling events have been associated with higher levels of 

primary and secondary production, prompting an increase in regional productivity and 

recruitment of marine organism (Peteiro et al., 2011; Wheeler et al., 2017). 

Furthermore, changes in wind forcing and oceanographic regimes (e.g. upwelling 

events) shape plankton communities (Bode et al., 2017; Wang et al., 2014), 

consequently impacting their trophic relationships and, finally, larval traits. Besides 

nutrition and larval size, water temperature influences metabolism, development, and 

growth (Anger, 2001; Boidron-Métairon, 1995; Bueno and López-Urrutia, 2012). In 

brachyuran crabs, it is well stablished that higher temperatures reduce the time of larval 

development. Therefore, larvae developing faster favor morphogenesis over somatic 

growth and commonly display smaller larval sizes (Anger, 2001). In this sense, higher 

seawater temperatures can promote a decrease in larval stage duration (PLD), resulting 

in a lower larval size (Anger, 1998; Wheeler et al., 2017). The progressive increase of 

SST along the settlement period of 2012 promoted a decrease in larval stage duration, 

while during the larval supply season of 2013, PLD remained constant. Additionally, 

contrasting conditions experienced during larval life can induce variations in larval 

phenotypic traits, such as size at settlement, which are carried-over into early benthic 

life (Pechenik et al., 1998; Rey et al., 2016). Contrasting larval traits over different 

larval supply periods may contribute to variations of adult population dynamics 

(Moksnes, 2004a, 2004b; Shanks, 2013). Further, taking into account the predatory 

nature of C. maenas, (Baeta et al., 2006; Leignel et al., 2014) the overall benthic 

community may be shaped by the shifts in phenotypic traits displayed by larvae over 

different supply events.

The high survival rates recorded for megalopae stocked in the laboratory under 

starvation confirm that most specimens only invade coastal habitats when they are 



physiologically fit to undergo such a dramatic event as metamorphosis (Anger, 2001; 

Rey et al., 2015). Therefore, most megalopae supplied to estuaries and coastal lagoons 

have already reached a point of reserve saturation, storing enough reserves to meet the 

energetic requirements of metamorphosis independently of food availability in the 

habitat being invaded (Anger, 2001). While the range of days and average TM was 

identical for both years surveyed in the present study, there was a lag in the preferential 

day to perform metamorphosis. In 2013 megalopae metamorphosed earlier than in 

2012. This result suggests that megalopae supplied in 2013 invaded the coastal lagoon 

in a more advanced physiological stage than in 2012 and/or under better nutritional 

condition (Gonzalez-Gordillo et al., 2004). Under suboptimal trophic regimes, internal 

lipid reserves are mobilized to complete tissue growth and morphogenesis, thus 

allowing larvae to metamorphose if sufficient reserves have already been stored 

(Anger, 1998). In this way, megalopae invading the coastal lagoon in 2013 have likely 

experienced more favorable trophic conditions during their larval life (Wheeler et al., 

2017). As explained above, upwelling regime stimulates plankton productivity, modify 

plankton communities and hence, shape larval trophic interactions in a quantitative and 

qualitative way (Bode et al., 2009; Lee et al., 2006; Sobrinho-Gonçalves et al., 2013). 

Studies addressing marine invertebrates have noted the relevant role that food quality, 

rather than food quantity (Toupoint et al., 2012; Wang et al., 2014), can play in the 

physiological condition of developing larvae. Therefore, a better quality diet provides 

more and better nutritional reserves to undergo the challenging transition between 

planktonic and benthic life (Boidron-Métairon, 1995; Toupoint et al., 2012). In this 

sense, controlled experiments in the laboratory have shown that the reserves 

accumulated during the planktonic larval phase have consequences at metamorphosis 



and young juvenile performance (Andrés et al., 2007; Calado and Leal, 2015; Phillips, 

2002).

5. Conclusions

The present study highlights how the integration of field studies and laboratory 

experiments can allow researchers to better estimate interannual variations in larval 

supply and settlement success of marine invertebrates with bi-phasic life cycles. This 

work showed that physical forcing and larval supply present a complex relationship 

that ultimate influence the number and phenotype of successful settlers, with 

interannual patterns being difficult to be deciphered. Nevertheless, this study suggests 

that under weak upwelling events, SST strongly shapes the settlement of megalopae. 

On the other hand, megalopa settlement and fitness are conditioned by UI when 

settlement seasons overlap with stronger and more constant upwelling events. Our 

study calls for further research evaluating larval condition when supplied to coastal 

environments as well as when metamorphosing, in order to better estimate how larval 

traits promoted by contrasting oceanographic conditions can shape natural populations.
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