
 Effects of environmental stress on early life history stages

of the European shore crab Carcinus maenas Linnaeus 1758 

(Brachyura: Portunidae)

INAUGURALDISSERTATION

zur 

Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften 

(Dr. rer. Nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät

der 

Ernst-Moritz-Arndt-Universität Greifswald 

vorgelegt von 

Franziska Spitzner

Greifswald, 16.07.2018



Dekan: Prof. Dr. Werner Weitschies

1. Gutachter: Prof. Dr. Steffen Harzsch

2. Gutachter: Prof. Dr. Maarten Boersma

Datum der Disputation: 29.11.2018



engl. crab – dt. Krabbe, Krebs, Griesgram



4

Summary 9

Chapter I 13

General introduction

1. Climate change 15

 1.1 Marine systems 15

2. Marine life 17

 2.1 Complex life cycle and the role of pelagic early life history stages 17

 2.2 Environmental stress during planktonic larval phase of marine invertebrates 20

3. Model species Carcinus maenas Linnaeus 1758 26

 3.1 General knowledge  26

 3.2 Life cycle and planktonic development 27

 3.3 Ecological role 30

4. Thesis objectives 32

Chapter II 35

Larval organogenesis in the European shore crab 
Carcinus maenas Linnaeus 1758 (Brachyura: Portunidae)

1. Introduction 37

2. Material and methods 43

 2.1 Handling of berried females and larval rearing 43

 2.2 Imaging of cuticular autofluorescence 43

 2.3 Preparation for X-ray micro-computed tomography 44

 2.4 Three-dimensional reconstruction 44

 2.5 Semi-thin sectioning 44

 2.6 Nomenclature 45

Content



5

3. Results 47

 3.1 External morphology 47

 3.2 Digestive system 60

 3.3 Musculature 62

 3.4 Heart and circulatory system 63

 3.5 Ion-transporting and respiratory epithelia, excretory and secretory systems 64

 3.6 Sensory systems 65

 3.7 Central nervous system  67

4.  Discussion 88

 4.1 Digestive system 88

 4.2 Musculature 91

 4.3 Heart and circulatory system 91

 4.4 Ion-transporting and respiratory epithelia, excretory systems 92

 4.5 Sensory systems 94

 4.6 Central nervous system and neuroendocrine system 96

 4.7 Conclusions 98

5. References 99

Chapter III 109

Interactive effects of multiple stressors on performance, morphology 
and anatomy of early life history stages of the European shore crab 
Carcinus maenas Linnaeus 1758 (Brachyura: Portunidae)

1. Introduction 111

2. Material and methods 114

 2.1 Handling of berried females 114

 2.2 Larval survival and duration of development 115

 2.3 Analysis of morphological and anatomical changes 115

 2.4 Statistical analysis 117



3.  Results 119

 3.1 Larval survival 119

 3.2 Larval duration of development 123

 3.3 Morphometric changes  126

 3.4 Volumetric changes in heart and digestive gland 131

4.  Discussion 133

 4.1 Larval performance 133

 4.2 Morphological changes 135

 4.3 Volumetric changes in anatomy driven by environmental factors 136

 4.4 Maternal influence 137

5. Conclusion 138

6. Appendix 138

7. References 148

Chapter IV 155

General Discussion

1.  Organogenesis in early life history stages of decapod crustaceans 156

2.  Effects of multiple stressors on early life history stages of decapod crustaceans 158

 2.1 Interaction of multiple stressors 159

 2.2 Ontogenetic changes in tolerance 161

 2.3 Phenotypic plasticity 162

 2.4 Intrapopulation variability 163

 2.5 Population persistence & connectivity 166

3.  Perspectives  167

General conclusions 171

References (Chapter I & IV) 173



Eigenständigkeitserklärung  187

Curriculum Vitae 189

Acknowledgements 193





9

Summary

 Climate change threatens marine ecosystems by simultaneous alterations and fluctuations in 

several abiotic factors like temperature, salinity and pH. Therefore, a strong ability to cope with varying 

environmental factors is indispensable for marine organisms. Especially, larvae of meroplanktonic 

species will be affected by predicted alterations in environmental conditions as planktonic larval 

stages are considered the most sensitive stages during life history (Anger 2001).

 The European shore crab Carcinus maenas, as an ecological key species, was chosen as a model 

species to investigate multiple stressor effects on early life history stages of marine meroplanktonic 

invertebrates. The life cycle of C. maenas is biphasic consisting of five pelagic larval stages (four 

zoeal and one megalopal stage), followed by benthic juvenile and adult phases. The metamorphic 

molt from the last zoeal stage to the semi-benthic Megalopa includes dramatic changes in ecology, 

habitat, behavior, feeding, morphology, and physiology. During life history, zoeal stages of C. maenas 

are of particular interest in the course of climate change as these stages are more vulnerable than the 

following developmental stages to alterations in abiotic factors. 

 The aim of the present thesis was to develop an integrative view on effects of long-term exposure, 

from hatching to metamorphosis, to increased temperature and hypo-osmotic conditions on early 

life history stages of C. maenas. We wanted to gain insights into larval responses to climate driven 

environmental variables, more specifically, on how tolerance to low salinity is affected by increased 

temperatures.

 Consequently, the present study investigated the effect of long-term exposure to twelve 

different sub-lethal temperature and salinity combinations in an ecological relevant range on larval 

development of C. maenas. In a multidisciplinary approach, larval responses in performance 

(survival and developmental duration) and morphology were measured. Furthermore, analysis on 

larval ontogeny and organogenesis created the foundation for analysis of larval response to multiple 

stressors in anatomy.

 Results of the present thesis demonstrated that despite their different life-styles and external 

morphology, brachyuran larvae are smaller versions of their adults when regarding their inner 

organization: the adult bauplan unfolds from organ anlagen compressed into miniature organisms. In 

addition, they provide an overall picture of seemingly gradual organogenesis across larval development 

and the metamorphic molt, an insight that contrasts with the abrupt external morphological changes 

during metamorphosis. Gradual anatomical changes in e.g. osmoregulatory structures like gills and 

antennal glands allowed for ontogenetic shifts of tolerance to temperature and salinity during zoeal 

development and successive increase in osmo- and thermoregulatory capability. On the other hand, 

osmoregulatory structures as seen for adults were underdeveloped during zoeal development and 

therefore do not qualify for osmoregulatory function for these stages. This potentially explains the 

higher sensitivity of zoeae to hypo-osmotic conditions.

 Early life history stages of C. maenas were affected on all response levels by the tested multiple 

stressors. The interaction of temperature and salinity was of antagonistic type, resulting in general 
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reduced stress for larval stages. Nevertheless, low salinity had a strong negative impact on survival, 

while increased temperature caused ann acceleration of development. Furthermore, the size of zoeae 

of C. maenas was driven by the interaction of temperature and salinity, with extreme conditions, 

causing diminished growth, thus resulting in smaller larval size. On the other hand, larval shape was 

only slightly affected by changes of abiotic factors. Volume of the digestive gland and the heart of 

larvae from long-term exposure to sub-lethal temperatures and salinities showed high variability.

 Larval responses were affected by the stressors intensities: moderately high temperatures 

lessened the negative effects of low salinities, while extreme high temperatures exceeded the 

ameliorating effect of temperature on stressful salinity conditions. On the other hand, the tolerance 

to temperature and salinity increased during larval development indicating an ontogenetic shift in 

response to multiple stressors with development. In addition, performance, morphology, and multiple 

stressor interaction showed intrapopulation variability among larvae hatched from different females, 

and between experimental periods.

 

 In conclusion, this study highlighted direct effects of abiotic factors on all investigated response 

levels in early life history stages of the meroplanktonic larvae of the invertebrate C. maenas. High 

mortality rates combined with higher sensitivity confirm that planktonic early life history stages are 

the bottleneck during life history of this species. Nevertheless, early life history stages of C. maenas 

had the ability to cope with wide ranges of changing environmental factors. The antagonism between 

temperature and salinity on larval development offers potential for early life history stages to persist 

in a changing world. Furthermore, anatomical structures allow for slight eurytolerance and potentially 

for compensation of abiotic stress. Overall, slight increases in temperature, driven by climate change 

may enable larvae of C. maenas to tolerate exposure to moderately low salinities and, combinedwith 

intrapopulation variability, potentially allows for population persistence. Summarized, this study 

emphasizes the importance of testing a wide range of ecologically relevant traits in developing pelagic 

larvae in order to properly characterize their response to environmental change. 

 Changes in abundance and phenology of planktonic larvae like the zoeae of C. maenas have 

major potential to change a species‘ population structure significantly, and furthermore indirectly 

affect whole community and ecosystem structures. Therefore, this thesis may serve as a bridge to 

future studies in evolutionary and ecological developmental biology.
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Chapter I

General introduction
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1. CLIMATE CHANGE

 Climate change is a “change in the state of the climate that can be identified (e.g. using statistical 

tests) by changes in the mean and/or the variability of its properties, and that persists for an extended 

period, typically decades or longer. It refers to any change in climate over time, whether due to natural 

variability or as a result of human activity” (IPCC 2007).

 Over the past 50 years, the most prominent characteristic of climate change is a constant 

warming with higher shifts in the marine ecosystem as compared to the terrestrial environment 

(Burrows et al. 2011). Warming, due to anthropogenic emission of greenhouse gases (i.e. carbon 

dioxide, methane, nitrous oxide, and fluorinate gases), instigated damaging consequences in both 

environments. For example, shrinking mountain glaciers, accelerating ice melt and shifts in plant 

blooming times in terrestrial ecosystems (Walther et al. 2002); rising of the sea level, increased river 

run-offs followed by decreasing salinity and ocean acidification in marine ecosystems (Harley et al. 

2006). In addition, both systems are also affected by extreme weather events e.g. heat waves, heavier 

precipitation events, more intense tropical cyclones, and more frequent extratropical storms (IPCC 

2014). Moreover, several models predict a steady rise in temperature until the end of this century 

(0.2 °C per decade).

1.1 Marine systems

 Oceans cover ca. 70 % of the Earth’s surface, and therefore provide a natural shield by absorbing 

carbon dioxide from the atmosphere (Bijma et al. 2013). However, with increasing temperature, 

this binding capacity for carbon dioxide is diminished, which in turn promotes a further rise in 

temperature. This spiral results in further loss of the carbon dioxide binding capacity of the oceans 

and additional increase of concentration of carbon dioxide in the atmosphere. Therefore, the rapidly 

rising greenhouse gas concentrations turn into a high risk of fundamental and irreversible ecological 

transformation (Hoegh-Guldberg and Bruno 2010). 

 Climate change induced oceanic temperature increases will impact oceanographical conditions 

like marine circulation, stratification, winds and currents, arctic summer sea ice, and sea level (Doney 

et al. 2012, Bijma et al. 2013). Besides warming, the massive changes in ocean chemistry predicted, 

may affect the performance and persistence of marine species in those forecasted conditions (Harley 

et al. 2006). These changes comprise higher concentrations of carbon dioxide and the resulting ocean 

acidification, decreasing surface oxygen concentrations, increased venting of methane, among others 

(Doney et al. 2012, Bijma et al. 2013). Changes of anthropogenic origin that affect species persistence 

also include overfishing, nutrient enrichment by agricultural manuring, and variation of nutrient 

input to coastal waters due to increased river run-offs after extreme precipitation events. Besides, the 

increment of flood frequency, and the consequent increased freshwater input, will cause a shift from 

marine to brackish water and even freshwater with a stronger effect in enclosed and semi-enclosed 
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seas (Graham 2004, Jochum et al. 2012). For example, for the brackish Baltic Sea, model-based 

predictions forecast a temperature increase (1 – 4 °C), combined with a decrease in salinity and 

reduced sea-ice cover by the year 2100 that might generate prolonged cyanobacterial blooms and a 

species shift towards freshwater species (MacKenzie and Schiedek 2007, Neumann 2010).

  In marine ecosystems, climate change has caused modifications in primary productivity, 

alteration in food web dynamics and trophic mismatch, species‘ range shifts, and invasions, loss 

of biodiversity due to increased species extinction, and increase in susceptibility to diseases and 

mortality (Edwards and Richardson 2004, Hoegh-Guldberg and Bruno 2011, Bijma et al. 2013). 

 The rise of the sea surface temperatures is generally higher in the northern European seas, the 

most rapid warming occurring in enclosed or semi-enclosed seas (Belkin 2009). These increases in 

temperature cause shifts in the distribution and abundance of marine species (Harley et al. 2006). For 

instance, a general northwards range expansion of species has been detected, leading to changes in 

the marine community structure. In particular, in northern seas (e.g. Arctic and Barents Sea, Nordic 

Seas) a switch from polar to more temperate species occurred, while in temperate regions a change 

towards more subtropical species is recognizable (Philippart et al. 2011). These shifts, caused by 

physiological intolerance of species to the new warmer environments, altered dispersal patterns and 

changes in species interactions (Doney et al. 2012). As a result of these climate-driven invasions 

as well as range shifts and extinction of species, a complete new ecosystem needs to evolve. As a 

consequence a dramatic species turnover of over 60 % of the present marine biodiversity is predicted 

(Cheung et al. 2009). However, ecosystems characterized by high initial diversity may possess a 

wider variety of responses and higher likelihood of compensation to stressful conditions generated 

by climate change (Bernhardt and Leslie 2013). Species, that occupy marine ecosystems affected 

by climate driven changes, may have several ways to cope with environmental stress and ensure 

surviving on the long-term (i.e. range shifts, phenotypic plasticity, and genetic adaptation). Those, 

unable to exhibit coping mechanisms, will face extinction.

North Sea

 In the last four decades a range shift of species have been recorded, i.e. warm water species 

establishing in the North Sea and cold water species of the North Sea shifting northwesterly (Philippart 

et al. 2011, Hiddnik et al. 2014). In particular, around the island of Helgoland, this newly evolved 

ecosystem favored jellyfish (e.g. Mnemiopsis leidyi), and several crustaceans (e.g. Cancer pagurus, 

Caprella spec.) (Helgoland Road time series, Wiltshire et al. 2010). An increase in the annual mean 

sea surface temperature, a slight decrease in the annual mean salinity, but also a general increment in 

low-salinity events, as well as changes of nutrient levels have influenced the seasonal phytoplankton 

growth and have caused significant shifts in abundance towards southern species in higher trophic 

levels (Wiltshire et al. 2008, Raabe and Wiltshire 2009, Wiltshire et al. 2010).

 At the present time, salinity of the North Sea ranges from 24 to 34 PSU during annual 

measurements with a median of 31 to 33 PSU (Raabe and Wiltshire 2009). In general, the salinity 
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of the North Sea is determined by the balance between precipitation and evaporation, terrestrial run-

off and water exchange with the Atlantic Ocean and the Baltic Sea. A freshening of the North Sea 

is predicted by a decrease of 0.75 PSU by the year 2100 (Schrum et al. 2016). Temperature of the 

North Sea increased constantly during the last decades with an annual thermal range of 0 °C to 

20 °C at present (Wiltshire et al 2008, 2010). Furthermore, extreme temperature events changed, with 

more frequent extreme hot summer days (von Storch et al. 2017). Model based climate predictions 

forecast a significant sea surface temperature increase of 3 to 4 °C by the year 2100 (Peperzak 2003, 

Philippart et al. 2011, Schrum et al. 2016). Additionally, extreme weather events became more 

frequent during the last decades (Schrum et al. 2016). For instance, changes in frequency and height 

of precipitation (von Storch et al. 2017). Furthermore, oceanographic modifications are expected: 

increased stratification (Peperzak 2003), increased wind speed and wave height (Grabemann and 

Weisse 2008), and increased storm surge extremes (Woth et al. 2006).

 Observed climate change and model based predictions on alterations of abiotic factors for 

the North Sea hold potential for short- and long-term alterations in the sea surface salinity and 

temperature, especially around Helgoland from June to October (von Storch et al. 2017). Therefore, 

organisms inhabiting the North Sea have been already threatened by environmental change during the 

last decades and will need to cope with more environmental changes that are coming. 

2. MARINE LIFE

 The marine environment is a highly complex and diverse ecosystem providing space for millions 

of known and unknown species. Approximately half of the worldwide marine biota comprises 

Crustacea, Mollusca and Pisces with some region-dependent variability (Costello et al. 2010).

2.1 Complex life cycle and the role of pelagic early life history stages

 Most marine invertebrates do not develop through direct development from egg to adult-like 

juveniles; instead, the biphasic life cycle of ~ 80 % of all marine species includes a planktonic larval 

phase and a benthic adult phases, that includes the embryonic development (Fig. 1) (Thorson 1964). 

 The larval phase can comprise one or more larval stages that can last for minutes to months 

(Pechenik 1999, Sanford and Kelly 2011). Furthermore, larval development, occurring as „marine 

plankton, creates opportunities for larvae to feed, grow, and develop for days to months without parental 

care in a medium that is also conducive to passive movement“ (Burgess et al. 2015). The complex 

life cycle can be summarized in: reproductive period including mating, adult spawning, embryonic 

development, larval hatching, development and dispersal, larval settlement and metamorphosis, 

and post-larval (juvenile) recruitment and maturing to adulthood (Fig. 1) (after Eckman 1996). The 

complex biphasic life cycle of most marine invertebrates include massive ontogenetic changes of 

habitat and life-style. The switch from benthos (juveniles and adults) to the pelagic (larvae) creates 
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different requirements to these life stages. Diverse habitat-related needs become obvious in differences 

in behavior, morphology and physiology (Wilbur 1980, Nielsen 1998, Anger 2001, Anger 2006). The 

major developmental transition between the different life-styles occurs during settlement; larvae pass 

through a metamorphosis and molt into adult-like juveniles. This metamorphosis can be induced by 

contact with species-specific environmental cues (Jackson et al. 2002).

 The larval stage represent the most sensitive phase (Charmantier 1998, Kurihara 2008) and, 

therefore, the bottleneck of a species’ development by extreme high mortalities (Schneider et al. 

2003, Anger 2006, O‘Donnell et al. 2009). High larval and juvenile mortality in marine species is 

primarily caused by the biological and physical disturbances, competition, predation, duration of 

metamorphosis, and physiological stress of the relevant life stage (Thorson 1966, Rumrill 1990, 

Gosselin and Qian 1997, Hunt and Scheibling 1997) determining the overall recruitment success. 

Thus, to ensure successful recruitment, pre- and post-metamorphic factors, as adaptations to different 

requirements, differ at spatial and temporal scales (Schnack-Schiel and Isla 2005).

 The pelagic larval phase of marine invertebrates is of great importance for dispersal, especially 

for benthic species. Larval dispersal is defined as „the intergenerational spread of larvae away from 

a source to the destination or settlement site at the end of the larval stage“ and it is driven by an 

interaction of physical (e.g. hydrodynamics, wind, temperature, salinity) and biological processes 

(e.g. foraging, predation) and depends on ontogeny and trophic level (Fig. 1) (Cowen and Sponaugle 

2009). Pelagic larvae possess limited behavioral responses to control dispersal (Cronin and Forward 

Jr. 1986, Forward Jr. 1988, Cohen and Forward Jr. 2009), as they are poor swimmers and, therefore, 

unable to overcome sea currents. (Fig. 1). Such behavior, allowing for controlled dispersal, and 

further predation avoidance in pelagic larvae, is called vertical migration (Cronin and Forward Jr. 

1986). In response to extrinsic factors like tidal currents, gravity, and light, larvae react in accordance 

and change their position within the vertical water column (Bentley and Sulkin 1977, Sulkin 1984, 

Bollens and Frost 1989, Forward Jr. 1990a, Park et al. 2004, Queiroga and Blanton 2005, Cohen and 

Forward Jr. 2009).
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Figure 1: Model of the biphasic life cycle of a marine, benthic species including parameters and factors determining larval 
development (based on and modified from Eckman (1996) and Anger (2001))

 In certain seasons, pelagic larvae can constitute more than 50 % of the plankton biomass 

(McConaugha, 1992).  Therefore, they represent a majority of the zooplankton and are an important 

part of the planktonic community, hence, their role within the marine food web and for marine energy 

flux is remarkable (Fransz et al. 1991, Anger 2001). For example, the importance of zooplankton in 

general became more obvious with the decreasing recruitment success of economically important 

fish species like cod. The survival of cod larvae, also part of the zooplankton, depends on prey size as 

well as seasonal timing and abundance of prey. Planktotrophic cod larvae consume primary smaller 

zooplankton; fluctuations in cods‘ food sources already resulted in changes in larval recruitment of 

cod in the North Sea (Beaugrand et al. 2003). Furthermore, pelagic larvae contribute significantly to 

pelagic-benthic coupling through energy flow and vertical migration (Schnack-Schiel and Isla 2005, 

Anger 2006). 

 Pelagic larvae are of general ecological importance for meroplanktonic species, as these stages 

are essential to determine population structure, population connectivity, and gene flow (Pechenik 1999, 

Strathmann et al. 2002, Cowen et al. 2007, Cowen and Sponaugle, 2009). Contrary, free dispersing 

pelagic larval stages also bear risks for marine species because of these life stages are highly vulnerable 

due to predation and, high sensitivity to abiotic factors and their fluctuations like temperature, salinity, 
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pH (Fig. 1) (McEdward 1995, Pechenik 1999). Continuous exposure to environmental fluctuations 

cause significant physiological stress resulting in well-over 90 % mortality during the planktonic 

dispersal phase in natural ecosystems (Gosselin and Qian 1996). Hence, due to their ecological and 

economic importance combined with their high vulnerability/sensitivity, planktonic larvae are of 

special interest for research.

2.2 Environmental stress during planktonic larval phase of marine invertebrates

 Stress, in general, is the impact of abiotic and/or biotic factors beyond their range of normal 

variation. Stress can have sub-lethal effects on an individuals’ behavior, physiology and morphology 

in individual organisms during all life stages and at different organizational levels (Hoffmann and 

Hercus 2000, Pörtner and Peck 2010) with consequences on population performance with potential 

disturbing effects on community and ecosystem balance (Fig. 2) (Grime 1989, Cottingham 1999, 

Vinebrooke et al. 2004). On the other hand, environmental stress can force the accumulation and 

maintenance of variability creating opportunities for evolution and adaptation (Hoffmann and Hercus 

2000). 

Figure 2: Conceptual framework relating environmental change to direct and indirect effects on different biological 
organizational levels. Climate change induced alterations of abiotic factors force species to respond to novel environmental 
conditions. On an individual level, species are able to respond directly within one or very few generations by phenotypic 
plasticity, behavioral changes, dispersal and range shifts, etc. In the long-term, species can respond over many generations 
by genetic adaptation, range shifts, acclimatization or even extinction to novel environmental conditions. Species are in 
permanent exchange and interaction with their environment, community and ecosystem so that changes of a species (e.g. 
abundance, behavior, etc.) due to climate change have indirect consequences for higher organizational levels. (adapted 
from O‘Connor et al. 2012)
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 Due to climate change, marine organisms are exposed to changes and fluctuations in several 

environmental parameters like pH, oxygen, temperature and salinity creating a stressful environment. 

In general, organisms have three main mechanisms to survive such environmental change: Marine 

invertebrates will (1) tolerate environmental change by phenotypic plasticity, (2) genetically adapt, (3) 

migrate (horizontally / vertically) to suitable environments or they will get extinct / locally eradicated 

(Fig. 2) (Peck 2005, Przeslawski et al. 2008, Visser 2008, Wethey & Woodin 2008). 

 In general, organisms can respond to environmental factors by biochemical buffering, through 

physiological mechanisms and genetic adaptation, to behavioral and ecological adjustment or migration 

to suitable habitats (Peck et al. 2010, Peck et al. 2014). Phenotypic plasticity (the acclimatization 

potential of physiological processes of a species to altered conditions) as well as genetic adaptation 

has been argued to be the most relevant factors in terms of response to climate change (Somero 2010). 

Generation time determines which factor is the most effective. Species with long generation times 

(e.g. Arctic and Antarctic marine ectotherms) benefit from phenotypic plasticity, as genetic adaptation 

could require hundreds of years (O‘Connor et al. 2012). On the contrary, species with short generation 

times (e.g. viruses, microbes) benefit from genetic adaptation as genetic modification is rapid (Peck 

2011, Peck et al. 2014). Overall, a species’ potential for acclimatization and genetic adaptation will 

determine, whether it will be a winner or a loser under climate change (Somero 2010).

 Marine pelagic communities are known to be particularly sensitive to climate change resulting 

in e.g. phenological shifts with consequences on trophic match / mismatch (Edwards and Richardson 

2004). Overall, abiotic factors like temperature and salinity already have and will keep having a major 

influence on species populations through variation in mortality, reproduction, behavior and migration 

(Raimondi and Keough, 1990).

 Several parameters affecting the meroplanktonic component of zooplankton were investigated 

in recent years. The majority of studies focus on effects of key physical parameters temperature, 

salinity, pH and their combinations as they are known to vary under climate change as presented 

below (Brierley and Kingsford 2009). 

pH

 The consequences of increased concentrations of carbon dioxide, accompanied by a decrease in 

pH (,ocean acidification‘), were investigated for larvae of fish, echinoderms, mollusks and crustaceans. 

Especially, calcifying species are threatened by ocean acidification as with the increase of carbon 

dioxide, less carbonate ions for biosynthesis of calcium carbonate are available (Feely et al. 2004, Orr 

et al. 2005). The effect of reduced pH was significant with increased mortality, delayed development, 

reduced growth and morphological abnormalities for all investigated taxa (e.g. Dupont et al. 2008, 

Brennand et al. 2010, Munday et al., 2010, Keppel et al. 2012, Bignami et al. 2013, Waldbusser et al. 

2015). Taking future predictions on ocean acidification into account, early life history stages of species 

affected by reduced pH, might become the bottleneck with major consequences on population size 
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and dynamics (Kurihara 2008). Overall and in comparison, crustaceans are generally less sensitive 

to climate-induced changes in pH, while calcifiers like mollusks are highly sensitive to changes in 

pH and carbonate ions. Therefore, as crustacean larvae are broadly tolerant to levels of acidification 

expected by the years 2100 and 2300, acidification is of minor importance for crustacean larval 

research (Whiteley 2011).

Temperature

 Temperature is one of the most important factors for aquatic ectotherms as it affects organisms’ 

physiology, metabolism and behavior directly and is furthermore an important driving force for species’ 

distribution and survival (Edwards and Richardson 2004, Willmer et al. 2005, Sokolova and Lannig 

2008, McGaw and Reiber 2015). The majority of marine ectotherms underlie the temperature-size 

rule implying a negative correlation between an individual’s body size and environmental temperature 

(Atkinson 1995, Angiletta and Dunham 2003, Walters and Hassall 2006, Irie and Fischer 2009). In 

general, thermal tolerance limits as well as thermal dependent plasticity in size of organisms are set 

by oxygen availability and tissue supply (Frederich and Pörtner 2000, Pörtner 2001, 2010, 2012, 

Pörtner and Knust 2007, Pörtner and Farrell 2008, Bjelde et al. 2015). Ectotherm organisms can be 

distinguished based on the width of their thermal tolerance window. Organisms with a small thermal 

tolerance window are stenotherms, while organisms with a wider thermal tolerance are eurytherms. 

In general, eurytherms will be more capable to acclimate and adapt to changing temperatures 

than stenotherms (Peck et al. 2010). These, species-specific temperature tolerance windows, will 

determine the extent of effects on the metabolic rate and energy demand of marine ectotherms caused 

by temperature change (Pörtner 2001, Pörtner 2002, Peck 2011).

 In general, increased temperature causes acceleration of development by temperature-dependent 

physico-chemical processes (Hoegh-Guldberg and Pearse 1995) and exerts a strong effect on larval 

duration, dispersal, vertical distribution and survival in marine invertebrates (for instance bivalves: 

Daigle and Metaxas 2011, Talmage and Gobler 2011, cnidarians: Edmunds et al. 2001, crustaceans: 

O‘Connor et al. 2007, and echinoderms: Asha and Muthiah 2005, Daigle and Metaxas 2011). Thus, 

changes in temperature could have a major influence on population connectivity and community 

structure through effects on larval development (O‘Connor et al. 2007). 

Salinity

 Salinity is known to affect zooplankton abundance and diversity (Schallenberg et al. 2003) and 

is known to be a key parameter during larval development of decapod crustaceans (Anger 2003). 

Climate predictions project that marine organisms potentially have to cope with a climate-induced 

decrease of salinity due to increasing freshwater input and general high fluctuations in salinity (Collins 

et al. 2006).



23

 Marine organisms have several ways to cope with changes in salinity (Rivera-Ingraham and 

Lignot 2017). If a marine species is an osmoconformer, its hemolymph and external medium are 

iso-osmotic due to a lack of compensatory mechanisms. Osmoregulating organisms, on the other 

hand, are able to regulate their internal medium regardless to the external medium. Two groups are 

classified: hyper-iso-osmoregulators and hyper-hypo-osmoregulators. Hyper-iso-osmoregulators are 

those organisms maintaining a hyper-osmotic extracellular fluid while exposed to lower salinities, but 

remaining iso-osmotic at higher salinities. The difference in weak and strong hyper-osmoregulators 

consists in their capability to respond to stressful salinities. Hyper-hypo-osmoregulators maintain 

their extracellular fluid iso-osmotic over a wide range of salinities from seawater to freshwater and 

inhabit habitats with frequent changes in environmental salinity. Besides the classification based on 

the osmoregulatory capacity, organisms can be classified by their tolerance range as well. Stenohaline 

species have a narrow tolerance range and therefore cannot tolerate wide fluctuations in environmental 

salinity. Mostly stenohaline organisms are osmoconformer and inhabit marine waters (Lignot and 

Charmantier 2015); in contrast, euryhaline species are able to inhabit a wide range of salinities.

 Osmotic stress occurs when environmental salinity exceeds an organisms tolerance range 

which differs among species in accordance to their physiology and developmental stages (reviewed 

by Charmantier 1998 and Anger 2003). For planktonic larvae, osmotic stress causes reduced survival, 

delayed development, reduced growth and feeding rates, changes in metabolism, and alterations in 

behavior like for instance in early life history stages of tunicates (Thiyagarajan and Qian 2003), 

crustaceans (Johns 1982, Anger et al. 1998, Torres et al. 2002, Torres et al. 2011), echinoderms (Asha 

and Muthiah 2005), and mollusks (Verween et al. 2007). 

 

Multiple stressors

 Marine organisms are generally exposed to multiple stressors simultaneously, that interact in 

complex ways. Interactions of multiple stressors can be of additive, antagonistic, or synergistic type 

(Folt et al. 1999, Crain et al. 2008, Wahl et al. 2011, Piggott et al. 2015). They are additive, if the 

biological responses to two or more stressors is equal to the sum of the response to each single stressor. 

If the response to the combined stressors is smaller than the sum of each single stressor response, 

the interaction is called antagonistic; if the response is larger, the interaction is called synergistic. 

In general, all three types of interaction are known to occur in natural systems (Vinebrooke et al. 

2004, Crain et al. 2008, Piggott et al. 2015, Côté et al. 2016, Gunderson et al. 2016, Jackson et al. 

2016). A species response and therefore, the type of interaction between multiple stressors depends, 

besides individual stressor characteristics, on level of organization, life stage, trophic level of the 

impacted species as well as on temporal pattern of interaction (Lenihan et al. 2003, Crain et al. 2008, 

Molinos and Donohue 2010, Byrne 2011, Byrne and Przeslawski 2013, Todgham and Stillman 2013, 

Gunderson et al. 2016, Galic et al. 2018). 
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 For marine ecosystems, climate change comprises, among others, variation in temperature 

simultaneously to salinity, pH, etc.; interactions among these environmental parameters are well known. 

Acidification, for example, enhanced the sensitivity of marine organisms to further environmental 

extremes (Pörtner et al. 2005) and changed the toxicity of pollutants (Heugens et al. 2001). Additional 

stressful environmental factors (e.g. metal-pollution, pH) are known to alter a species‘ thermal 

tolerance range (Sokolova and Lannig 2008, Walther et al. 2009) or its osmoregulatory capacity 

(Jones 1975). In addition, the interaction of temperature and salinity can alter a species‘ tolerance to 

third stressors (e.g. O‘Hara 1972, Vernberg and O‘Hara 1972, Jones 1973, Hrs-Brenko et al. 1977, 

Denton and Burdon-Jones 1982, Przeslawski et al. 2005). Nevertheless, interactive effects can also 

be beneficial: Antagonistic interactions of temperature and acidification were shown to ameliorate 

negative effects in calcification in echinoderm larvae (Byrne 2012).

 

Potential stress-induced consequences of alteration in early life history stages on ecological 

organizations

 Biphasic life cycles of meroplanktonic species are a good example for bentho-pelagic-coupling, 

as larval recruitment is crucial for stability of benthic populations and, whole communities and 

therefore, makes any attempt to understand benthic and pelagic systems separately senseless (Thorson 

1961, Greve et al. 2004).

 

 Pelagic larval stages of marine invertebrates are generally interpreted as a dispersing genetic link 

between different populations of a species (Pechenik 1999, Strathmann et al. 2002, Cowen et al. 2007, 

Cowen and Sponaugle, 2009). But understanding population connectivity of marine invertebrates by 

larval dispersal is generally challenging due to technical limitations of the ability to track larvae during 

planktonic stage. A potential estimator of dispersal (distance) is the pelagic larval duration (PLD), the 

length of time larvae spend as part of the pelagic zone after hatching and before settlement to adults 

benthic habitat (Selkoe and Toonen 2011). PLD is a strong determinant of larval dispersal distance, 

directly correlated with gene flow among populations and therefore is a fundamental component 

of population connectivity within a species (Cowen et al. 2000, Kinlan and Gaines 2003, Shanks 

et al. 2003, Shanks 2009, Selkoe and Toonen 2011, Faurby and Barber 2012). Besides population 

connectivity, PLD can alter benthic recruitment with potentially major consequences for population 

persistence and structure (Keppel et al. 2012).

 A populations‘ persistence and success is also determined by success of all ontogenetic stages. 

A variety of biological traits of all ontogenetic stages (e.g. benthic adults: fecundity, larval release, 

parental investment; pelagic larvae: pelagic larval duration, vertical migration behavior, horizontal 

swimming ability, sensory capabilities) influence spatial and temporal timing of larval release, larval 

transport, and finally settlement patterns (Sponaugle et al. 2002). In general, recruitment success 

depends on larval supply, settlement rates and quality of early settlers; alterations of these factors will 

determine adult population dynamics (Thorson 1966, Sponaugle et al. 2002). Due to their sensitivity 
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on environmental factors early life history stages are known to be the bottleneck of a population and its 

persistence (Byrne 2011). Developmental failure of early life history stages caused by environmental 

factors like temperature and salinity will cause recruitment failure inducing negative impacts on 

species‘ populations. 

 Climate change induced alteration of abiotic factors will cause substantial reorganization of 

species interactions and entire marine ecosystem functions at regional scales due to heterogeneity in 

responses among marine species and organisms with different trophic levels, and furthermore probably 

induce a set of cascading effects (Gilman et al. 2010, Poloczanska et al. 2013). Environmental change 

potentially directly affects the abundance and distribution of species and therefore change regional 

biodiversity indirectly (Poloczanska et al. 2008). This is likely to upset the whole ecosystem balance 

(Sheridan and Bickford 2011).

 In summary, identifying and quantifying multi-stressor interactions with respect to climate 

change is crucial for understanding ecosystem responses and for appropriate ecosystem management 

as they can have considerable impact on ecologically relevant parameters.
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3. MODEL SPECIES CARCINUS MAENAS LINNAEUS 1758

3.1 General knowledge 

 The European shore crab Carcinus maenas (Portunidae, Brachyura, Decapoda) is a native crab 

from northern Africa to Iceland (Fig. 3). However, it is also a highly successful invasive species with 

self-sustaining populations in temperate regions (Fig. 3) (Cohen et al. 1995, Grosholz and Ruiz 1996, 

Carlton and Cohen 2003, Behrens Yamada et al. 2005, Hidalgo et al. 2005). Models based on the 

current distribution of C. maenas predict further geographic range expansion along the newly invaded 

coastlines, e.g North and South America, as well as potential new invasion of New Zealand, China 

and Russia, Namibia (Fig. 3) (Compton et al. 2010). 

Figure 3: Worldwide distribution of C. maenas after Carlton and Cohen (2003), Hidalgo et al. (2005), and Compton et al. 
(2010). Green area: native range of distribution, red area: invaded, self-sustaining range of distribution, blue area: potential 
range of distribution

 Populations of C. maenas along the native geographic range are genetically highly similar across 

thousands of kilometers, indicating the absence of barriers for gene flow (Roman and Palumbi 2004, 

Domingues et al. 2010). Only populations from the Faroer Islands and Iceland are genetically distinct 

from the remaining continental populations due to a deep-water barrier between the areas preventing 

gene flow (Roman and Palumbi, 2004). Another genetic dissimilarity between the Mediterranean 

population and all remaining European populations is based on the fact that there are two different 

species, C. aestuarii (Roman and Palumbi, 2004). 



27

 The benthic adults of C. maenas inhabit the intertidal and shallow subtidal, preferring the rocky 

shore as substrate. C. maenas is omnivore, involving an enormous variety of prey items including 

algae, gastropods and other crustaceans (Elner 1981, Rangeley and Thomas 1987, Cohen et al. 1995, 

Grosholz and Ruiz 1996). By smart usage of its claws, C. maenas is able to crack its favorite food 

item: bivalve mollusks (Elner 1978, Jubb et al. 1983, Cunningham and Hughes 1984).

 As residents of intertidal zones, the adults of C. maenas are permanently exposed to high 

fluctuations in environmental factors like temperature and salinity, thus, perfectly adapted to such 

environmental conditions. This euryhaline crab is able to survive salinities from 1.4 to 54 PSU 

(Leignel et al. 2014). Aquatic organisms generally need strong capabilities for intra- and extracellular 

osmoregulation to deal with suchlike stressful salinities (Lockwood 1962, Charmantier et al. 2009). In 

adults of C. maenas, this high osmoregulatory capacity is achieved by iono-regulation in the transport 

tissues and its gills due to Na+-K+-ATPase activity (Siebers et al. 1982, 1983, 1985, Compere et 

al. 1989, Lucu and Flik 1999, Henry et al. 2002) as well as adapted respiration to ensure oxygen 

supply (Taylor 1977). Overall, C. maenas is a hyperregulating species in dilute media and able to 

shift rapidly between osmoconformation and osmoregulation (Henry et al. 2003, Rainbow and Black 

2005). Nevertheless, adult C. maenas can be affected by osmotic stress as hyper- and hyposaline 

conditions alter the neurotransmission (Rodrigues et al. 2012).

 The extreme eurytherm crab C. maenas survives temperatures from freezing to 36 °C (Naylor 

1963, Cuculescu et al. 1998, Tepolt and Somero 2014). Temperature variations can cause changes 

in physiological parameters like oxygen consumption rates, immunity and digestion (Truscott and 

White 1990, McGaw and Whiteley 2012, Jost et al. 2012). C. maenas is adapted to the surrounding 

environment, and therefore the thermotolerance within this species is highly variable (Kelley et al. 

2011, Kelley et al. 2013). Besides the environmental factors temperature and salinity, adults of C. 

maenas are also able to survive low oxygen conditions and at least two to three days out of water 

(Darbyson et al. 2009). 

 This environmental flexibility together with its rapid growth, high breeding potential and 

high dispersal ability due to planktonic larval development, can be advantageous and a requirement 

for being a successful invasive species. C. maenas already has had major impact on the ecology 

and economy of the invaded areas (Cohen et al. 1995, Leignel et al. 2014). Thus, C. maenas is an 

interesting model for ecotoxicology, ecophysiology and marine invasions.

3.2 Life cycle and planktonic development

 The life cycle of C. maenas alternates between a benthic adult phase and planktonic larval 

phase (Fig. 4) (reviews Williamson 1982, Anger 2001, 2006, Haug and Haug 2015, Anger et al 2015). 

Females attract males several days before their molt through pheromones (Eales 1974); for the North 

Sea generally April until September. Males guard ,the‘ female until they molt; after the female molted 

the pair copulates (Berrill 1982). Afterwards, the females carry the fertilized eggs, attached to their 

pleopods, during the embryonic development. When embryonic development is completed, females 



28

trigger the synchronized release of Pre-Zoea (Williams 1968) preferentially during nocturnal high 

tide to avoid visual predators, to facilitate larval offshore transport and maximize larval dispersion 

(Paula 1989, Zeng and Naylor 1997, Gove and Paula 2000). After a few minutes, the Pre-Zoea shed 

their embryonic cuticle and emerge as Zoea I. The zoeal development comprises four stages (I – 

IV) with each stage being pelagic with a predatory, planktotrophic, omnivore nutrition (Harms and 

Seeger 1989, Factor and Dexter 1993). To guarantee successful development, initial feeding of Zoea 

I is essential and need to last for a minimum of three days (Dawirs 1984). Starvation during later 

larval stages results in loss of biomass and energy by maintaining molt cycle and further development 

(Dawirs 1984, 1986).

Figure 4: Complex life cycle of Carcinus maenas. After mating of benthic adults, females spawn and carry fertilized 
eggs attached to their pleopods. When embryonic development is accomplished, the first larval stage, Zoea I, hatch. As 
part of the pelagos, four zoeal stages develop and disperse by active control through vertical migration. The fourth zoeal 
stage metamorphoses into the semi-benthic Megalopa. The Megalopa settles to suitable habitats and recruits to adult 
populations. After another molt into the benthic juvenile and subsequently maturing to adulthood, the life cycle of C. 
maenas closes. Note: pictures of the life history stages are not scaled.
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 As part of the merozooplankton, the four zoeal stages of C. maenas are essential for dispersal 

due to larval drift and migration. Through vertical migration, a behavior of planktonic organisms, of 

up to 60 m larvae can control their drift (Queiroga 1996, Queiroga 1998, dos Santos et al. 2008). This 

active behavior is endogenously driven and synchronized by tidal and daily cycles (Queiroga et al. 

1994, Zeng and Naylor 1996a – c, Queiroga et al. 1997). During larval development of C. maenas, 

a gradual ontogenetic shift in the preferred vertical position happens, with the first two zoeal stages 

preferring surface layers, while later zoeal stages prefer deeper waters facilitating off- and onshore 

transport (Queiroga 1996, Queiroga 1998, dos Santos et al. 2008). After zoeal stages develop offshore, 

Megalopa is transported onshore to settle and recruit to adult habitats. The metamorphosis from 

Zoea IV to the Megalopa involves major changes in morphology, physiology, behavior (Thompson 

1835). The overall settlement-success and survival of Megalopa is affected by wind-driven currents, 

ocean conditions and structure of the nursery habitat (Moksnes et al. 1998, Giménez and Dick 2007, 

Almeida et al. 2008, Behrens Yamada and Kosro 2010). Megalopa are not yet completely benthic, 

instead this stage shows a dynamic behavior by switching between a benthic and a pelagic habitat to 

reduce predation risk (Hedvall et al. 1998, Moksnes et al. 2003). Furthermore, the ebb-phased upward 

swimming of Megalopae reduces the risk of premature stranding in an unsuitable substratum (Zeng 

and Naylor 1996c, Zeng et al. 1997). Overall, the first metamorphic molt is accompanied by heavy 

mortality rates indicating a developmental bottleneck in the life cycle of C. maenas (Mohamedeen 

and Hartnoll 1990). After settlement, the Megalopa molt through a second metamorphosis (,double 

metamorphosis‘) to adult-like benthic juveniles. The juvenile’s development depends on temperature, 

food and population density (Klein Breteler 1975, Moksnes 2004).

 Planktonic larval stages of C. maenas are constantly threatened by changes of environmental 

parameters, but are by far less tolerant than adults. Depending on the developmental stage, larvae 

can withstand short-term exposure to salinities from 10.2 to 44.3 PSU (Cieluch et al. 2004). 

Nevertheless, long-term exposure to low salinities inducing osmotic stress caused high mortality, 

delayed development, reduced growth and respiration in zoeae of C. maenas (Anger et al. 1998). 

Similar, long-term exposure of first zoeal stages to decreased salinity caused a decrease in protein and 

lipid content; probably due to the costs of osmoregulation (Torres et al. 2002).

 Besides salinity, other environmental factors influence larval development of C. maenas. 

The development of zoeae is affected by temperature which impacts the respiration, biochemical 

composition and survival (Dawirs 1985, Dawirs et al. 1986, Mohamedeen and Hartnoll 1990). 

Furthermore, larval development of C. maenas strongly depends on light; larvae kept in complete 

darkness failed to develop (Dawirs 1982). 

 Larvae of C. maenas therefore display a narrower physiological tolerance window than adults, 

but are nevertheless able to cope with a wide range of different environmental factors.
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3.3 Ecological role

 C. maenas is not of economic importance, but of general importance for ecosystems as all life 

history stages provide important ecosystem services. 

 Larval stages of C. maenas are of great ecosystematic importance by their role as prey and 

predator (Fig. 5). Environmental induced changes of PLD and therefore a species‘ phenology and 

distribution will cause temporal and spatial trophic mismatches as predator-prey-presence will no 

longer be synchronized (Edwards and Richardson 2004, Brander 2010, Poloczanska et al. 2016). 

Mesozooplankton, like omnivore, planktotroph larval stages of C. maenas, are important for top-

down control of microzooplankton due to predation (Löder et al. 2011). Imbalances of this trophic 

regime due to changes in abundance of larval C. maenas will cause extraordinary high consumption 

rates of phytoplankton by microzooplankton with potentially enormous effects on marine food webs 

(Löder et al. 2011). Besides the role as a predator, planktonic larval stages of C. maenas are also 

prey for planktivorous organisms like fish larvae. Survival of fish larvae strongly depends on prey 

size, seasonal timing and abundance of prey (Beaugrand et al. 2003) – factors potentially changing in 

zoeae of C. maenas under stress. These climate change induced disturbances of the marine food web 

will have direct effects on fish and shellfish fisheries with major economic consequences (Hollowed 

et al. 2013). 

Figure 5: Ecosystematic role of C. maenas. Oversimplified marine food web (left) indicating multiple trophic shift of C. 
maenas during life cycle (right). Changes in any life stage will have major consequences for C. maenas‘ population and 
the community of its ecosystem.
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 With its high breeding potential, omnivore diet, and feeding behavior, C. maenas is a strong 

builder of ecosystems through predator-prey interactions, competition, disturbance and further 

indirect effects (Cohen et al. 1995). Adult C. maenas are, among others, the top-predators of its 

benthic habitats with bivalves and gastropods as favored prey (Ropes 1968). C. maenas‘ role within 

communities and ecosystems exceeds being the top-predator. Exclusion experiments in intertidal 

rocky shores illustrated the ecosystem services of adult C. maenas as they support the establishment of 

macroalgae by exclusion of predators (herbivore gastropod Littorina spec.), and competitors for space 

(bivalve Mytilus spec.) of the algae (Janke 1990). Changes in abundance of benthic life history stages 

of C. maenas due to high survival during pelagic larval phase might have tremendous consequences 

for benthic communities due to loss or reduced abundance of a top-predator.

 Summarized, potential climate change induced shifts in pelagic abundance and timing of C. 

maenas might have tremendous impacts on marine pelagic and benthic community structure and 

whole ecosystems due to the species‘ ecological role.
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4. THESIS OBJECTIVES

 Marine, especially meroplanktonic organisms like C. maenas larvae will be affected by the 

predicted alterations in environmental conditions due to climate change. Consequently, further 

research on changes in plankton performance, abundance and phenology are indispensable to identify 

future changes in marine ecosystems. Ongoing plankton monitoring and worldwide research on the 

effect of environmental change on marine larval development will help to strengthen knowledge with 

focus on effects of multiple stressors.

 Carcinus maenas, as an ecological key species, is of great interest, as a native of the North 

Sea, this species is actually and prospective confronted with alterations of multiple environmental 

stressors simultaneously. In this context, temperature and salinity are of primary importance as pH 

had comparatively minor effects on crustacean species (Whiteley 2011). Furthermore, as planktonic 

larval stages are most vulnerable to changes of abiotic factors during life history (Anger 2001), they 

are, hence, of particular interest to study responses to climate change.

 This study investigated the effect of twelve different temperature and salinity combinations on 

larval development of C. maenas in a multidisciplinary approach aiming to determine larval quality 

from different perspectives (Fig. 6).

Figure 6: Approach of the multidisciplinary analysis on multiple stressor effects on early life history stages of C. 
maenas. Larval quality is in the center of this concept as it determines a species recruitment success (Thorson 1966). 
To estimate larval quality, larval performance, morphology and physiology under exposure to multiple stressors were 
analysed. Measured responses: survival and duration of development (for performance), volumetry and morphometry (for 
morphology), elemental composition (CHN), protein and lipid content (for physiology). Chapter II – IV in accordance to 
chapters of this thesis including results of the appropriate issue.
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Chapter II: Organogenesis of larval stages 

 Prior to investigations on multi-stressor effects on performance, morphology and anatomy in 

early life history stages of C. maenas, a basic modernization and completion of existing knowledge 

on morphology and anatomy was necessary. The external morphology of C. maenas was described 

in great detail by Rice and Ingle (1975), while Trask (1974) provided brief descriptions on internal 

anatomy of the megalopal stage. By integrating modern techniques (XRay computed scans and 

autofluorescence microscopy) into classical histological analysis, these 40 years old investigations 

were updated and renewed. The aim was to supplement existing knowledge with more detailed 

information on organ systems and complete organogenesis during larval development from Zoea I to 

Megalopa. Furthermore, this part of the thesis also aimed to provide the foundation to study effects 

of multiple stressors on anatomical structures by revealing potential anatomical features to target for 

further analysis.

Chapter III: Multiple stressor effects on larval performance, morphology and anatomy

 The second part of this study focused on the interaction of the stressors temperature and 

salinity and their impact on early life history stages of C. maenas. Nagaraj (1993) analyzed effects 

of simultaneously long-term exposure of early life history stages of C. maenas to a broad ecological 

relevant range of temperatures (10 – 25 °C) and salinities (20 – 35 PSU); all treatments allowed 

for successful development to the Megalopa with slight stage-dependent differences in survival and 

developmental duration. The present thesis aimed to go beyond the analysis of larval performance by 

adding analysis of changes in morphology and anatomy of early life history stages under exposure to 

multiple stressors. Furthermore, by using numerous females of origin, intrapopulation variability was 

investigated as this constitutes the base for a species persistence in a changing environment (Bolnick 

et al. 2011, Violle et al. 2012).

In terms of multiple stressor interaction, I wanted to answer the question how will larvae tolerate 

natural variations in salinity under a warming environment? Furthermore, by investigating multiple 

response levels I wanted to answer the question, whether effects of temperature and salinity are 

comprehensive or response specific.

 To assess the effect of multiple stressors on the larval development, fully crossed combinations 

of four temperatures (15, 18, 21, 24 °C) and three salinities (20, 25, 32 PSU) were tested. During 

two reproductive seasons of C. maenas (May to August 2016 and May to August 2017), larvae of 

10 females were reared until they reached the Megalopa stage. As parameters of larval performance, 

survival and duration of development were documented and analyzed.

 In addition, investigations on structural changes and/or deformations caused by multiple 

stressors was made. Changes in morphology, as a parameter of growth, were investigated by applying 

geometric morphometry. To test for changes on anatomy caused by multiple abiotic stressors, the 

volume of the heart and the digestive gland were calculated by 3D-reconstruction, assuming this two 

organ systems to be primary affected by changing environmental conditions.
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Chapter II

Larval organogenesis in the  
European shore crab Carcinus maenas  

Linnaeus 1758 (Brachyura: Portunidae) 
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1. INTRODUCTION

 Brachyuran crustaceans display a complex life cycle that includes a pelagic larval phase and a 

benthic juvenile-adult phase (reviews Williamson 1982, Ingle 1992, Anger 2001, Anger 2006, Martin 

et al. 2014, Haug and Haug 2015, Anger et al. 2015). The adult females carry eggs, from which in 

most species larvae hatch that are called zoeae and that subsequently develop in the plankton. Larval 

development includes a series of molts from one zoeal instar to the next (Fig. 1A), and may last for 

several days up to months. The number of zoeal instars varies between species and may change within 

a species depending on environmental factors. For example, decreased salinity causes a delay in larval 

development of Neohelice granulata, including an additional zoeal instar (Giménez 2003). Zoeae 

actively feed and display a wide array of adaptations for survival in the pelagic environment concerning 

their morphology, physiology, behavior and ecology (reviews Williamson 1982, Anger 2001). Life in 

the plankton provides opportunities but also bears risks. Co-occurring plankton organisms provide a 

rich source of food; however, local and temporal limitations of food availability as well as unsuitable 

temperatures and salinities represent factors that increase larval mortality (reviews Anger 2006, Anger 

et al. 2015). Furthermore, long periods of growth in the plankton are essential for dispersal and range 

expansion of brachyuran species and to connect established populations, even if a longer pelagic 

phase enhances the risk of predation.

 Zoeae are known to possess a wide range of organ systems necessary for autonomously surviving 

and developing in the plankton (Table 1) including a sophisticated digestive system, osmoregulatory 

organs, a well-developed neuromuscular system and a range of sensory organs to detect environmental 

cues (e.g. light, gravity, temperature, chemical stimuli). They also display a rich behavioral repertoire 

that allows for responses to variations in environmental key factors: light, hydrostatic pressure, 

tidal currents, temperature, salinity, and food concentration (reviews Anger et al. 2015, Forward Jr. 

2009, Epifanio and Cohen 2016). For example, zoeae can control their position within the water 

column and, by distinct vertical migration behavior, use tidal currents for offshore transport (reviews 

Cronin and Forward Jr 1986, Cohen and Forward Jr. 2009, Anger et al. 2015). In addition, they use 

perceived chemical cues from their conspecifics to identify suitable habitats to metamorphose and 

recruit (reviews Forward Jr. et al. 2001, Anger 2006, Forward Fr. 2009, Anger et al. 2015, Epifanio 

and Cohen 2016). For many decades, brachyuran larvae have served as distinguished models in 

the field of Ecological Developmental Biology (EcoDevo; reviews Anger 2006, Anger et al. 2015). 

Laboratory and field studies on the development of brachyuran larvae have fostered understanding of 

diverse ecophysiological aspects such as phenotypic plasticity in developmental traits, heterochrony 

in developmental patterns, carry-over effects on life-history traits, and adaptive mechanisms that 

enhance tolerance to fluctuations in environmental abiotic and biotic factors. Furthermore, a diverse 

range of biological topics has been analyzed using brachyuran larvae as models including aspects 

of the physiology of aquatic-terrestrial and marine-limnic transitions, dispersal potential of invasive 

species, adaptive significance of abbreviated development, and effects of acclimation (reviews Anger 

2006, Anger et al. 2015) but also the effects of environmental change-induced abiotic stress on 

ontogenetic stages of marine organisms (Schiffer et al. 2014).
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Table 1: Studies on larval organogenesis in representatives of Pleocyemata.

General internal anatomy

Cancer anthonyi Trask 1974

Portunus trituberculatus Nakamura 1990

Mouthparts and digestive tract

Maja brachydactyla Castejon et al. 2015

Hyas araneus Storch and Anger 1983, Höcker 1988

Scylla olivacea Jantrarotai et al. 2005

Scylla serrata Li and Li 1995, 1998, Lumasag et al. 2007

Ucides cordatus Abrunhosa et al. 2003

Dyspanopeus sayi Castejon et al. 2015

Sesarma curacaoense Melo et al. 2006

several Brachyura Geiselbrecht and Melzer 2010

Ranina ranina Minagawa and Takashima 1994

Menippe mercenaria Factor 1982

Paralithodes camtschaticus Abrunhosa and Kittaka 1997

Homarus americanus Factor 1981, Anger et al. 1985, Biesot and McDowell 1995

Procambarus fallax f. virginalis Vogt 1994, 2008b

Jasus edwardsii Nishida et al. 1990

Macrobrachium amazonicum Batel et al. 2014

Palaemon elegans Batel et al. 2014

Osmoregulatory epithelia

Carcinus maenas Hong 1988, Cieluch et al. 2004

Eriocheir sinensis Cieluch et al. 2007

Callianassa jamaicense Felder et al. 1986

Astacus leptodactylus Lignot et al. 2005

several Brachyura and Anomala Hong 1988

Homarus americanus Lignot and Charmantier 2001

Palaemontes argentinus Leone et al. 2012, Ituarte et al. 2016

Litopenaeus stylirostris Pham et al. 2016

Antennal glands

Astacus leptodactylus Khodabandeh et al. 2005

Homarus gammarus Khodabandeh et al. 2006

Macrobrachium amazonicum Boudour-Boucheker et al. 2013

Palaemontes argentinus Ituarte et al. 2016
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Integument and tegumental glands

Hyas araneus Höcker 1988

Sesarma haematocheir Ikeda et al. 2004

multiple species Freemann 1993

Y-organ
Cancer anthonyi McConaugha 1980
Hyas araneus Höcker 1988

Eyestalk neuroendocrine centres 

Cancer anthonyi McConaugha 1980

Homarus gammarus Rotllant et al. 1994, 1995

Compound eyes 

Callinectes sapidus Cronin et al. 1995

Carcinus maenas Harzsch and Dawirs 1996a

Hemigrapsus sanguineus Charpentier and Cohen 2015

Rhithropanopeus harrisii Charpentier and Cohen 2015

various Anomala Fincham 1988

Panulirus longipes Meyer-Rochow 1975

Procambarus clarkii Hafner and Tokarski 1998

Aesthetascs 

Carcinus maenas Ekerholm and Hallberg 2002

Cherax destructor Sandeman and Sandeman 1990

Structure of the CNS and neurogenesis

Carcinus maenas Harzsch and Dawirs 1993

Hyas araneus Harzsch and Dawirs 1994, 1995, Harzsch et al. 1998

Pachygrapsus marmoratus Geiselbrecht and Melzer 2013a

Porcellana platycheles Geiselbrecht and Melzer 2013a

Cherax destructor Sullivan and MacMillan 2001

Homarus americanus Helluy et al. 1995, Harzsch et al. 1998

Hippolyte inermis Geiselbrecht and Melzer 2013a

Immunolocalization of neuroactive substances in the CNS

Carcinus maenas
moult inhibiting hormone, crustacean cardioactive 
peptide, crustacean hyperglycemic hormone

Webster and Dircksen 1991, Chung and Webster 2004

Hyas araneus

serotonin Harzsch and Dawirs 1995

RFamide Harzsch and Dawirs 1996c

Astacus leptodactylus

crustacean hyperglycemic hormone Gorgels-Kallen and Meij 1985
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Cherax destructor

serotonin Sandeman and Sandeman 1990, Helluy et al. 1993

GABA, glutamate Foa and Cooke 1998

Homarus americanus

serotonin Beltz et al. 1990, 1992, Helluy et al. 1993, Harzsch 2003b

proctolin Beltz et al. 1990, 1992

dopamine Cournil et al. 1995

octopamine Schneider et al. 1996

nitric oxide/cyclic guanosine mono-phosphate Scholz et al. 1998, Benton et al. 2007

pigment dispersing hormone Harzsch et al. 2009

various neuropeptides Pulver and Marder 2002

Homarus gammarus

gonad-inhibiting hormone Rotllant et al. 1993, 1995

Procambarus fallax f. virginalis

serotonin Zieger et al. 2013

histamine Rieger and Harzsch 2008

 

 The last zoeal instar of Brachyura metamorphoses into a semi-benthic larva, the Megalopa, 

the last larval stage in brachyurans (Fig. 1A). This molt is frequently designated as the first 

metamorphosis. The Megalopa gradually settles on the sea bottom where in a second metamorphosis 

it molts to an adult-like benthic juvenile. Both metamorphoses are associated with distinct changes in 

habitat, behavior, locomotion, feeding, morphology, and ecology (reviews Williamson 1982, Anger 

2001, 2006, Martin et al. 2014, Haug and Haug 2015, Jirikowski et al. 2015). This complex life 

history involves developmental transformations of the cephalic, thoracic and pleonal appendages 

as summarized in Fig. 1B. In planktonic zoeae, in addition to handling food items, the first and 

second maxillipeds also serve a natatory function that is fulfilled by their exopods. During the first 

metamorphosis, the maxillipeds lose the exopods and with it, their locomotor function and will 

exclusively serve as part of the feeding apparatus. The pereiopods and pleopods gradually emerge 

as non-functional embryonic anlagen in the zoeae to become functional for locomotion during the 

first metamorphosis, corresponding to the requirements of a transition from the pelagic to the benthic 

life-style that takes place during the megalopa stage. The Megalopa of Brachyura can still swim using 

its pleopods that bear long setae and can use tidal-currents for onshore transport. After the second 

metamorphosis to the juvenile stage, the organisms become completely benthic and their pleopods 

lose the natatory function (Fig. 1B) to become part of the reproductive system as copulatory organs 

and as attachment sites for the extruded mass of fertilized eggs.
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Figure 1: A: Larval development of Carcinus maenas L. (Decapoda, Brachyura, Portunidae) modified from Rice and 
Ingle (1975). B: ontogenetic change of appendage function during the double metamorphosis (see text for further details). 
Abbreviations: Ey - compound eye, DS - dorsal spine, Md - mandibular segment, Mx1, Mx2 - segments of 1st and 2nd 
maxilla, P1 – 5 - pereiopod one to five, PM1 – 6 - pleomeres one to six, RS - rostral spine, T1 – 8 - thoracomeres one to 

eight.
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 The external morphology of brachyuran larvae has been documented for an extraordinarily wide 

range of species for many decades, using light microscopy and by line drawings (Fig. 1) (Rice 1980, 

Williamson 1982, Ingle 1992, Martin et al. 2014), as well as scanning electron microscopy (Factor Jr. 

1981, Meyer and Melzer 2004, Meyer et al. 2006, Geiselbrecht and Melzer 2010). Decapod crustacean 

larvae provide the fascinating opportunity to study the wealth of organ systems of the adult bauplan 

compressed into a tiny but autonomous organism that fully fits under the microscope. Nevertheless, 

and despite their outstanding role as models in ecological developmental biology, current knowledge 

on the internal anatomy of brachyuran larvae is still rather limited, the most important resources 

being studies on Cancer anthonyi (Trask 1974) and Portunus trituberculatus (Nakamura 1990). Other 

techniques to analyze anatomical aspects of the larvae of decapod crustaceans include for example 

semi-thin sectioning of resin embedded specimens (Factor Jr 1982, Harzsch and Dawirs 1993, 1996a, 

Rotllant et al. 1994, Rotllant et al. 1995, Helluy et al. 1995, Lignot et al. 2005), three-dimensional 

reconstruction of histological data (Geiselbrecht and Melzer 2013a), transmission electron microscopy 

(Rotllant et al. 1994, Lignot et al. 2001, Ikeda et al. 2004, Cieluch et al. 2005, Geiselbrecht and 

Melzer 2013b), DiI labeling combined with confocal laser-scan microscopy (Zupo and Buttino 

2001), in vivo incubation with mitosis markers (Harzsch and Dawirs 1994, 1996b, c, Harzsch et al. 

1998, Sullivan and Macmillan 2001), nuclear labeling with a DNA markers (Meyer et al. 2010) and 

immunohistochemical localization of neuronal antigens (Harzsch and Dawirs 1995, 1996) and ion 

pumps within transport epithelia (Cieluch et al. 2004, Cieluch et al. 2007, Ituarte et al. 2016). Table 

1 summarizes studies on the anatomy of developing organ systems, limited to representatives of the 

Pleocyemata, but including studies that synthesize data on the transition from embryos to larvae. 

Furthermore, aspects of early embryogenesis in decapod crustaceans have been summarized in a 

number of contributions (Dohle et al. 2004, Ituarte et al. 2016) and will not be further discussed here. 

 This study sets out to provide a comprehensive overview of the internal anatomy of brachyuran 

larvae. As a model organism, laboratory-reared larvae of the European shore crab Carcinus maenas 

L. (Decapoda, Brachyura, Portunidae), a species that has a native distribution extending across most 

European waters from Norway to Mauritania (Roman and Palumbi 2004), were selected. This species 

has attracted attention because it has invaded five temperate geographic regions outside of its native 

range (Compton et al. 2010) and can serve as a model to analyze thermal tolerance of species impacted 

by rising sea temperatures as an effect of climate change (Tepolt and Somero 2014). The external 

morphology of C. maenas larvae, including the larval appendages, has already been thoroughly 

documented (Williamson 1903, Rice and Ingle 1975). They can be reared under controlled conditions 

in the laboratory (Dawirs 1982, Mohamedeen and Hartnoll 1990), an essential requirement for an 

animal to serve as a model in developmental biology. Consequently, larval elemental composition, 

respiration rates and energy balances have been analyzed during development under optimal conditions 

for this species (Dawirs 1980), and multiple factors that affect larval growth and feeding rates, such 

as temperature and food availability have been examined (Dawirs 1983, 1985, Dawirs and Dietrich 

1986, Dawirs et al. 1986). Here, for the first time, X-ray micro-computed tomography combined with 

3D reconstruction was used to describe organogenesis from the first to the last larval stage in this 
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species. Classical histology was used to analyze the anatomy of selected organ systems. The aim was 

to provide a detailed atlas of the larval internal organization to complement the existing descriptions 

of the external morphology. This analysis may serve as a basis for future studies bridging the fields of 

evolutionary developmental biology and ecological developmental biology.

2. MATERIAL AND METHODS

2.1 Handling of berried females and larval rearing

 Berried females of the European shore crab Carcinus maenas Linnaeus, 1758 (Decapoda, 

Brachyura, Portunidae), were collected at the western intertidal of the island of Helgoland (Germany) 

during their reproductive period. To avoid possible acclimation effects to laboratory conditions, only 

females with eggs in late embryonic stages (dark grey-brown colored) were chosen thus ensuring that 

most of the embryonic development occurred within the natural habitat. Females were transported to 

the Biologische Anstalt Helgoland (BAH) of the Alfred Wegener Institute, Helmholtz Centre for Polar 

and Marine Research (Germany). They were kept at 18 °C in individual, aerated 20 L aquaria, filled 

with natural seawater, corresponding to the conditions in their native habitat in summer. Females were 

fed twice a week with frozen shrimps (Crangon crangon) and the water was changed daily in order to 

ensure high water quality at hatching. After hatching, freshly hatched larvae (Zoea I) were transferred 

to 400 ml glass-bowls (50 animals per bowl) filled with filtered natural seawater and kept at 18 °C 

(Cieluch et al. 2004). Larval numbers were decreased after each successive stage, Zoea II, III, IV and 

Megalopa, to 40, 30, 20, and ten individuals per bowl, respectively, to account for growth. Water and 

food (freshly hatched Artemia spec. nauplii ad libitum) were exchanged daily. During each water 

change, dead larvae were discarded and molted larvae were transferred to a separate bowl to ensure 

that the sampled larvae were at the same instar. Each larval stage was sampled at intermolt (i.e. when 

50 % of each molt cycle had occurred) according to preliminary data on larval developmental times 

(F. Spitzner, unpublished data). 

2.2 Imaging of cuticular autofluorescence

 For autofluorescence imaging, Zoea IV were fixed in 70  % ethanol and stored within the 

fixative until further use. For microscopic analysis, single larvae were transferred onto microscopic 

slides, submersed in fresh ethanol and cover slipped using modeling clay as spacers. Whole mounts 

were viewed using a Nikon Eclipse 90i upright microscope equipped with a digital camera by using 

appropriate filter sets (excitation 359 – 371 nm; emission 379 nm).
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2.3 Preparation for X-ray micro-computed tomography

 For reconstructions of the internal anatomy using X-ray micro-computed tomography (micro-

CT), specimens of each zoeal stage were fixed in Bouin‘s solution (saturated aqueous picric acid, 

concentrated acetic acid and 10 % formaldehyde solution) and stored in the fixative until further 

analysis. To ensure adequate fixation, the dorsal and rostral spines, as well as the pleon were dissected. 

For micro-CT analysis, samples were processed according to (Sombke et al. 2015). Fixed specimens 

were washed three times in sodium hydrogen phosphate buffer (0.1 M Roti®fair PBS pH 7.2 [Carl Roth] 

with 1.8 % sucrose) and dehydrated via a graded ethanol series. Afterwards, samples were incubated 

overnight in a 1 % iodine solution (iodine, resublimated [Carl Roth #X864.1] in 99.8 % ethanol) and 

washed three times in ethanol (99.8 %). Specimens were critical point dried with an automated dryer 

Leica EM CPD300 (Leica Microsystems GmbH, Wetzlar, Germany) and subsequently fixed on insect 

needles with hot glue. The samples were scanned with an Xradia MicroXCT-200 X-ray imaging 

system (Carl Zeiss Microscopy GmbH). Tomographic scans were obtained using a 10x magnification 

lens unit with X-ray source settings at 40 kV and 200 µA, and with 1.5 s acquisition time. The 

reconstruction of tomography projections was processed by using the XMReconstructor software, 

resulting in tiff-format image stacks.

2.4 Three-dimensional reconstruction

 Segmentation and volume rendering of image stacks was performed by using the software 

Amira 5.4.5 and Amira 5.6.0 (FEI Visualization Science Group, Burlington, USA). Overall, three 

replicates of each zoeal stage were analyzed in order to render the volume of the nervous system, 

digestive tract, heart and musculature. Using every second slide, the respective organ system of each 

zoeal stage was reconstructed as described by in (Sombke et al. 2015). Afterwards, volume renderings 

were performed by using the “Volren” function. For images of the dorsal organ, a volume rendering, 

generated with the “Volren” function of Amira, of the outer surface of a Zoea IV was used.

2.5 Semi-thin sectioning

 For histological sections, larvae of the fourth stage were immersed in FAE (80 % ethanol, 37 % 

formalin, pure acetic acid), following dissection of limbs and pleon, and stored in the fixative until 

further analysis. After washing in several changes of PBS (0.1M, pH7.2, 1.8 % sucrose), specimens 

were post fixed for 1 hour in osmium tetroxide. After washing in three changes (20 min. each) of PBS, 

specimens were transferred to 30 % acetone and dehydrated through an ascending series of acetone to 

100 %. The dehydrated samples were transferred to a 1 : 1 mixture of acetone : araldite (Araldite epoxy 

resin kit, Agar Scientific) overnight. The larvae were then embedded in pure araldite and incubated 

for 2 days at 60 °C for polymerization. Embedded larvae were sectioned (1.5 µm) with a Hyrax S50 
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vibratome (Zeiss). Finally, sections were stained after Holländer and Vaaland (Holländer and Vaaland 

1968) with a solution of 1 % phenylendiamin in methanol-isopropanol for 12h. Afterwards, the slides 

were covered with Roti®-Histokitt and cover slips. Sections were viewed using Nikon Eclipse 50 

and 90i upright microscopes equipped with a digital camera (Nikon Digital Sight DS 2MBWc). The 

section plane of the selected sections in Figs. 9 – 17 is shown in Fig. 2C.

2.6 Nomenclature

 If not otherwise indicated, the general anatomical nomenclature as proposed in publications 

will be used: Anger (2001) and Davie et al. (2015). The central nervous system has already been 

described in some detail for the Megalopa of C. maenas (Harzsch and Dawirs 1993). Because the 

general layout of the nervous system in the zoeal stages resembles that of the Megalopa (Fig. 5, 6), 

the nomenclature proposed in (Harzsch and Dawirs 1993) with significant modifications according to 

(Harzsch 2003a, Richter et al. 2010, Harzsch and Krieger 2018) will be used.

Abbreviations

A1   -   first antenna

A2   -   second antenna

AA  -   anterior aorta

AC   -  anterior caeca

ADC  -  anterior dorsal cells of the protocerebrum

AES  -  aesthetasc

AG   -  antennal gland

AGM  -  anterior gastric muscles

AL   -  anterior lobe

AR   -  ampullary ridge

ASS  -  ampullary setal screen of the gland filter

Ax   -      axon

B   -   blister like cell

Bl   -   bladder

Br   -  median brain

BSt  -  epithelium of branchiostegite

CA   -  cerebral artery

Cap  -  capillary

CB   -  central body

CEC  -  circumoesophageal connective

CF   -  cor frontale

CFM  -  cor frontale muscle

CG   -  commissural ganglion

CL   -   c orneal lens

CMsc   -  contractor muscles of cardiac stomach

Co   -  cornea of compound eye

CoeSac -  coelomosac

Cry  -  crystalline cone

CS   -  cardiac stomach

CSac  -  cardiac sac

Cu   -  cuticle

CV   -  cardio-pyloric valve

DA   -  descending artery

Da   -  dactylus (in Fig. 2)

DC   -  deutocerebrum

DCL  -  deutocerebral chemosensory lobes

De   -  dendrites

DEM  -  dorsal extensor muscles

DG  -  digestive gland

DGM  -  dorsal gastric muscles

DL   -  dorsal lobe

DLC  -  dorsolateral pyloric channel

DMsc  -  dilatator muscle of oesophagus

DP   -  distal pigment

DPC  -  dorsal region of the pyloric chamber

DPF  -  dorsal pyloric fold

DS   -  dorsal spine

E    -  embryonic cell

Eso  -  oesophagus

Ey   -  compound eye 
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Ey stalk -  eyestalk

EyNP  -  eyestalk neuropil

F   -  fibrillary cell

FG   -  foregut

FP   -  filter press

Gi   -      gill

H   -      heart

HG  -  hindgut

HN/TM -  complex of hemiellipsoid body neuropil 

     and medulla terminalis

HPT  -  hematopoietic tissue

IAR  -  interampullary ridge

IP   -  incisor process

La    -  lamina 

LAC  -  lower ampullary chamber

Lb   -  labrum

Lo   -      lobula

LT   -  lateral tooth

Lu   -  lumen of the digestive gland

Ly   -  labyrinth

MA  -  mandibular adductor muscles

Md   -  mandible

MdP  -  mandibular palp

Me   -  medulla 

MG  -  midgut

MP  -  molar process

Msc  -  musculature

MT  -  median tooth

Mx1  -  first maxilla

Mx2  -  second maxilla

Mxp1  -  first maxilliped

Mxp2  -  s econd maxilliped 

Mxp3  -  third maxilliped 

Neu  -  neurites

No   -  nephropore

NP   -  neuropil

O    -  ostium

OA  -   o phthalmic artery

Om  -  ommatidium of compound eye

OSN  -   o lfactory sensory neurons

P   -  pereiopods or pereiopod anlagen

PA   -  posterior aorta

PC   -  protocerebrum

PCav  -  pericardial cavity

PCT  -  protocerebral tract

PI   -  shielding pigment

Pl   -  pleopod anlagen

PLG  -   p leon ganglia

PLM  -  pleopod musculature

PM  -  pleomere 

PNT   -  projection neuron tract

PoC  -  posterior caecum

PosL  -  posterior lobe

PPO  -  prepyloric ossicle

Pr   -  propodus

PS   -  pyloric stomach

PSS  -  pyloric setal screen 

R   -  resorptive cell

Re   -      retina

Rh   -  r habdom of photoreceptor cell 

Ros  -  rostrum

RS   -  rostral spine

SA   -  sternal artery

SEG  -  suboesophageal ganglia

St    -  putative anlage of the statocyst

StG  -  stomatogastric ganglion

StN  -  stomatogastric nerve

T   -  t horacomere

TC   -  tritocerebrum

TeG  -  tegumental glands

TG 1-5 -  horacic ganglia one to five

Tr   -  primary trabeculae

UAC  -  upper ampullary chamber

VFM  -  ventral flexor muscles

VGM  -  ventral gastric muscles

VL   -  ventral lobe

VNC       -     v entral nerve cord

Y   -  Y-organ
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3. RESULTS

3.1 External morphology

 As is typical of all portunid zoeae, the cephalothorax of the C. maenas Zoea IV is armed with a 

characteristic rostral and a dorsal spine (Fig. 2A; and Williamson 1903, Rice and Ingle 1975). In the 

Zoea I, the compound eyes are sessile, but after molting to the Zoea II they are stalked. In bright field 

and epifluorescence images, chromatophores embedded within the epidermis can be clearly seen, 

most prominent at the lateral carapace, the proximal podomeres of maxillipeds, and sometimes also 

in the pleon (Fig. 2A). The functional cephalic appendages of all zoeal stages comprise the first and 

second antennae as well as the mouthparts, which include the well-developed and strongly calcified 

mandibles, followed by the first and second pair of maxillae (Fig. 2B). In the zoeal stages, the first and 

second maxillipeds display well-developed exopods with long setae at their distal tips, in addition to 

the endopods (Fig. 2B). The third maxillipeds are not yet functional at hatching but gradually form in 

the Zoea III and IV where they become visible as conspicuous tissue buds. The anlagen of the thoracic 

limbs of thoracomere four to eight, the pereiopods, also emerge as small tissue buds in the Zoea II and 

they continue to grow during the Zoea III. In the Zoea IV, individual podomeres can be distinguished 

and the first pereiopod (thoracomere four) already displays the propodus and the dactylus of the chela 

(Fig. 1B). The last segment of the pleon, the telson, in the Zoea IV bears the elongated spine-like 

uropods and distinct pleopod anlagen are visible on pleomeres number two to five (Figs. 2A, 3). The 

pleopod anlagen emerge as small buds in the Zoea II and become fully functional in the Megalopa 

(Fig. 3). Many morphological features of the zoeal stages I to IV remain unchanged but the larvae 

increase in size (Fig. 3). On the contrary, the first metamorphic molt to the Megalopa coincides with 

major transformations in morphology. The cephalothorax attains the typical adult crab habitus (Fig. 

3) and the Megalopa looses the dorsal spine completely, but a small tapered rostrum remains. 
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Figure 2: A: lateral view of a Zoea IV (autofluorescence of cuticle). B: higher magnification of specimen in A showing 
cephalic and thoracic appendages, the color code corresponds to Fig. 1A. C: Zoea IV, 3D-reconstruction of selected 
organs (color code see Fig. 3) to indicate the sectioning planes shown in Figs. 9 to 17.
Abbreviations: A1 - first antenna, A2 - second antenna, Da - dactylus of the first pereiopod (chela), Md - mandible, Mx1 
- first maxilla, Mx2 - second maxilla, Mxp1 - first maxilliped, Mxp2 - second maxilliped, Mxp3 - third maxilliped, P - 
pereiopod anlagen, Pl - pleopod anlagen, Pr - Propodus of the first pereiopod (chela).
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Figure 3: Larval morphology and organogenesis from the Zoea I to the Megalopa based on micro-CT analyses, dorsal 
views (left panels) and lateral views (right panels). Isosurface views of the cuticle merged with 3D reconstructions of 
selected organ systems. Crossed arrows indicate the orientation (a - anterior, d - dorsal, l - lateral, p - posterior, v - ventral).
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Figure 4: Ontogeny of selected organs based on micro-CT analyses, lateral views of 3D reconstructions. Crossed arrows 
indicate the orientation (a - anterior, d - dorsal, p - posterior, v - ventral).
Abbreviations: AC - anterior caeca, AL1 – 2 - anterior lobe 1 – 2, Br - median brain, CEC - circumoesophageal connective, 
CG - commissural ganglion, CS - cardiac stomach, DEM - dorsal extensor muscles, DL - dorsal lobe, Eso - oesophagus, 
EyNP - eyestalk neuropil, FG - foregut, HG - hindgut, MG - midgut, PlG - pleonal ganglia, PLM - pleopod muscles, PoC 
- posterior caecum, PosL1 – 2 - posterior lobe 1 – 2, PS - pyloric stomach, SEG - suboesophageal ganglia, TG - thoracic 
ganglia, VFM - ventral flexor muscles, VL - ventral lobe, VNC - ventral nerve cord.
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Figure 5: Development of selected organs from the Zoea I to the Megalopa based on micro-CT-analyses, dorsal views of 
3D reconstructions. Crossed arrows indicate the orientation (a - anterior, l -lateral, p - posterior).
Abbreviations: AC - anterior caeca, AL1 – 2 - anterior lobes 1 – 2, Br - median brain, CEC - circumoesophageal connective, 
CG - commissural ganglion, DA - descending artery, DEM - dorsal extensor muscles, DL - dorsal lobe, Eso - oesophagus, 
EyNP - eyestalk neuropil, FG - foregut, HG - hindgut, MG - midgut, PlG - pleonal ganglia, PoC - posterior caecum, 
PosL1–2 - posterior lobe 1–2, SEG - suboesophageal ganglia, TG - thoracic ganglia, VFM - ventral flexor muscles, VL - 
ventral lobe, VNC - ventral nerve cord
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Figure 6: Zoea IV, consecutive horizontal sections from micro-CT analysis, from dorsal (A) to ventral (I). In A and C, 
the organs are colored according to code used in Fig. 5. Crossed arrows in I indicate the orientation (a - anterior, l -lateral, 
p - posterior). 
Abbreviations: A1 - first antenna, A2 - second antenna, AC - anterior caecum, AG - antennal gland, Br - median brain, 
Bst - epithelium of the branchiostegite, CS - cardiac stomach, DA - descending artery, DCL - deutocerebral chemosensory 
lobe, DEM - dorsal extensor muscle, DG - digestive gland, Eso - oesophagus, EyNP - eyestalk neuropil, Gi - gill, H - heart, 
HG - hindgut, Lb - labrum, Lu - lumen, MA - mandibular adductor musculature, Md - mandible, Mxp1 - first maxilliped, 
Mxp2 - second maxilliped, PNT - projection neuron tract, P - pereiopod anlagen, Pl - pleopod anlagen, PoC - posterior 
caecum, PS - pyloric stomach, Ros - rostrum, SEG - suboesophageal ganglia, TG - thoracic ganglia, VFM - flexor muscles, 
VNC -ventral nerve cord. Scale bars represent 200 μm.
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Figure 7: Zoea IV, consecutive lateral sections from micro-CT analysis. In E and F, the organs are colored according to 
code used in Fig. 5. Crossed arrows in A indicate the orientation (a - anterior, d - dorsal, p - posterior, v - ventral). 
Abbreviations: A1 - first antenna, A2 - second antenna, AC - anterior caecum, AG - antennal gland, Br - median brain, 
Bst - epithelium of the branchiostegite, CS - cardiac stomach, CV - cardio-pyloric valve, DA - descending artery, DCL 
- deutocerebral chemosensory lobe, DEM - dorsal extensor muscle, DG - digestive gland, Eso - oesophagus, EyNP 
- eyestalk neuropil, Gi - gill, H - heart, HG - hindgut, Lb - labrum, Lu - lumen of digestive gland, MA - mandibular 
adductor musculature, Md - mandible, Mxp1 - first maxilliped, Mxp2 - second maxilliped, Mxp3 - third maxilliped, PNT 
- projection neuron tract, P - pereiopod anlagen, Pl - pleopod anlagen, PoC - posterior caecum, PS - pyloric stomach, Ros 
- rostrum, SEG - suboesophageal ganglia, TG - thoracic ganglia, VFM - flexor muscles, VNC - ventral nerve cord. Scale 
bars represent 200 μm.



60

3.2 Digestive system

 As in adult Brachyura, the digestive tract of all larval stages of C. maenas consists of three 

sections (green in Figs. 3 – 5): the oesophagus (Eso) that connects to the two-chambered foregut (FG; 

also called proventriculus), the midgut (MG), and the hindgut (HG). The function of mechanically 

grinding the food is shared between the mandibles and the gastric mill of the foregut whereas digestion 

and absorption primarily occur within the midgut. In the following, the elements of the digestive 

system based on the histological section series of a Zoea IV will be described (Figs. 6 – 17).

Mandibles and foregut in the Zoea IV

 The larval mouth is flanked by the pair of mandibles (Md, Fig. 14A). In frontal views of the 

Zoea IV, the molar process (MP) with its massive cuticle (Cu) and incisor process (IP) of the mandible 

can be distinguished (Fig. 14D). The anlage of the mandibular palp (MdP) has its origin in a dense, 

spherical accumulation of cells within the mandible from where this structure projects posteriorly and 

extends in parallel to the mandible (Figs. 12B, E, E`, 13). The tubular oesophagus (Eso) is composed 

of a multicellular epithelium and extends dorsally from the mouth (Figs. 13A, 14A, E). The inner 

side of the oesophagus is lined with a thin layer of cuticle showing its ectodermal origin (Fig. 14E). 

Distinct bundles of dilatator muscles (DMsc; Figs. 14D, E) are laterally attached to the oesophagus 

just dorsal to the mouth opening, possibly mediating peristaltic movements of the oesophagus. The 

oesophagus opens dorsally into the cardiac stomach (CS; also called anterior proventriculus) which 

forms the large anterior part of the foregut (Figs. 4, 7C, 12B, 13A). The cardiac stomach comprises the 

large cardiac sac (CSac), and the gastric mill composed of two lateral and one median teeth covered 

with thick cuticle (Fig. 13B). It is laterally flanked by distinct stands of striated muscle (CMsc; Fig. 

13B) that may serve to contract the cardiac stomach. Paired muscle strands suspend the foregut to the 

integument dorsally (dorsal gastric muscles: DGM; Fig. 13A), anteriorly (anterior gastric muscles: 

AGM, Figs. 10I, 11A), and ventrally (ventral gastric muscles: VGM; Fig. 14B).

 The cardiac stomach is separated from the adjoining, more ventrally arranged pyloric stomach 

(PS; Figs. 4, 6C, 7C, 15A; also called posterior proventriculus) by a slight constriction, the cardio-

pyloric valve (CV; Fig. 7C). The pyloric stomach is composed of a dorsal region, the pyloric chamber 

(DPC) and a ventral region, the ampullary chamber (UAC and LAC; Fig. 14C). These chambers are 

separated from each other by a pair of prepyloric ossicles (PPO). The ventral ampullary chamber 

represents a complex filter system, the filter press (FP; also called gland filter; Figs. 14C, 17A), which 

prevents large particles from passing to the most ventral part of the pyloric chamber. The lateral sides 

of this ventral portion of the pyloric stomach are lined by setae. The median interampullary ridge 

(IAR) is also covered with ampullary setae (ASS) at its lateral sides. Liquid food components pass 

the filter press to reach the digestive gland.
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Midgut and digestive gland in the Zoea IV

 The midgut connects posteriorly to the dorsal region of the pyloric stomach (green in Fig. 7; 

see also Figs. 10E, 17B). At the junction between these two regions, the paired, anteriorly directed 

midgut caeca (AC) are attached dorsally (Figs. 4, 7E, 14A, 15A). The caeca end blindly and consist 

of a single layer of epithelial cells without visible specialization. The midgut itself is also composed 

of a single layer of columnar epithelial cells (Fig. 16B). The paired lobes of the digestive gland (DG) 

are connected to the ventral ampullary chamber and the filter press (Figs. 16A, B). Posteriorly to this 

interface with the digestive gland, the midgut is adjoined by the hindgut.

 The digestive gland (also called midgut gland or hepatopancreas), is a paired organ system 

flanking and surrounding the foregut and midgut area, that occupies a major part of the cephalothorax 

(blue in Figs. 3 – 5, 6C, 7F). This organ is composed of an elaborate epithelium surrounding a lumen 

(Figs. 14A, 15A, B, 17A, C) that forms blindly ending lobes that extend anteriorly and posteriorly 

(blue in Fig. 4, 5). On both sides of the organism, several types of lobes in several specimens could 

be repeatedly distinguished: one dorsal lobe (DL), one ventral lobe (VL), two anterior lobes (AL1, 

2), and two posterior lobes (PosL1, 2) Figs. 4, 5). The organ’s lumen has its widest extension in 

the median part of the gland (Fig. 16A). In adult brachyurans, its epithelium consists of at least 

four characteristic cell types: embryonic (E), fibrillary (F), resorptive (R), and blister like (B) cells 

(reviews Dall and Moriarty 1983, Iceley and Nott 1992). However, following the detailed cytological 

description laid out by Vogt (1994, 2008a, b) poorly differentiated cells similar to E-cells located at 

the distal, blindly ending tips of the lobes were traced (Figs. 16E, G). F-cells are also located at the 

distal end of the lobes and with the used staining protocol could be differentiated from E-cells by the 

darker and more granular cytoplasm (Figs. 16 E, F). The R-cells, contain numerous storage vesicles, 

which were visible in sections as large, darkly stained inclusions that most likely include lipids (Figs. 

16B, F; compare Storch and Anger 1983). B-cells include large, unstained central areas (hence their 

name blister like; Figs. 18 B, F, G) surrounded by cytoplasm with accumulations of small, dark 

granula. Many of the cells in the midgut gland did not display such diagnostic features making it 

impossible to identify them.

Hindgut in the Zoea IV

 The hindgut is a simple, tubular structure that extends posteriorly throughout the entire pleon 

and ends in the anus. Like the midgut, it consists of an epithelium with a single layer of columnar 

cells (Fig. 17E). Another blindly ending caecum, the posterior caecum (poC), arises posteriorly from 

the hindgut, at the interface of the cephalothorax and the pleon (Figs. 17A-C, E). As for the anterior 

caeca, the epithelial cells of this structure are columnar and without further specification (Fig. 13C).
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Ontogenetic changes

 Based on micro-CT scans of all larval stages, the gross anatomy of the digestive tract was 

reconstructed to visualize ontogenetic changes (Figs. 3 - 5). Its principal components as described 

for the Zoea IV are present already at hatching. From the Zoea I to IV, there are gradual changes in 

its morphology. Also, according to the CT data the first metamorphic molt to the Megalopa is not 

accompanied by massive structural changes at the macroscopic level. Nevertheless, distinct growth in 

size and volume occurs from hatching onwards as larval development proceeds into the Megalopa. The 

midgut and hindgut including the caeca elongate concurrently with the general growth of the larvae 

(Fig. 4), and the cardiac and pyloric stomach increase in volume. Additionally, the morphological 

separation between the cardiac and pyloric stomach becomes more distinct towards the end of the 

larval development (Fig. 4). The volume of the midgut gland also increases massively and both the 

anteriorly and posteriorly protruding lobes become more and more distinctive and extend in length.

3.3 Musculature

Musculature of the cephalothorax

 From hatching onwards, a complex system of striated muscles drives the functional appendages 

from the mandible to the second maxillipeds. Among the most prominent muscles that can be 

distinguished already in the Zoea I (Fig. 3) are the paired mandibular adductor muscles (MA), that 

provide forceful movements of the mandibles, which in concert with the gastric mill macerate food 

items (for the Zoea IV, see Figs. 11A, B, 12C, 13A, 14A). These massive muscles are already visible 

in whole mount specimens under low power microscopic magnification (data not shown) and are 

attached dorsally to the integument of the cephalothorax just anteriorly of the dorsal spine (Figs. 3, 

7B, 8). They taper ventrally where they attach to the mandible via a tendon. Each mandible adductor 

muscle consists of several bundles organized in three rows. From the Zoea I to the Zoea IV, a massive 

growth of these muscles is evident, concurrent with the growth of the entire organism (Fig. 3).

 Spanning dorsally across the ventral nerve cord, bundles of medially fused muscles connect the 

proximal elements of the second maxilla in the Zoea IV (Fig. 15B). This type of musculature were 

found also to be associated with the first maxilla and the first and second maxillipeds (data not shown). 

The maxillipeds of the Zoea IV also contain fully developed intrinsic musculature (Figs. 17A, B). 

The pereiopod anlagen of the Zoea IV contain undifferentiated tissue but not any striated musculature 

(Figs. 17D, G, H). However, at the megalopa stage, the pereiopods have become completely functional 

as walking legs (Fig. 3) and include fully developed striated musculature (data not shown; compare 

Harzsch and Dawirs 1993). 
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Pleonal musculature

 Starting with the Zoea I, each of the six pleomeres includes dorsal extensor muscles (DEM), 

which anteriorly are fan-shaped and flattened, and posteriorly copped (Figs. 4, 5, 17C, E), and also 

ventral flexor muscles (VFM; Fig. 17E). Both types of musculature increase in size and complexity 

from one larval stage to the next (Fig. 4). The pleopod anlagen in the Zoea I and Zoea II contain 

undifferentiated tissue inside (data not shown) and cross striated muscles are visible from the Zoea III 

onwards (Fig. 4). The first and sixth pleomeres are not equipped with any pleopods. In the Zoea IV, 

the pleopod musculature consists of three distinct muscle strands that extend into the pleopods. These 

muscles have further increased in size in the Megalopa (Fig. 4).

3.4 Heart and circulatory system

 The heart (H) is present at hatching and is positioned dorsally, directly underneath the dorsal 

spine. Micro CT data show that the volume of the heart gradually increases during larval development 

(Figs. 3, 15C-D). In cross-sections of the Zoea IV, the heart displays a triangular shape. A very thin 

sheet of muscle tissue, the myocardium, forms its wall (Figs. 15B, D, 16A). The heart is embedded 

within the haemolymph-filled pericardial cavity (PCav) underneath the integument of the dorsal 

carapace. Haemolymph from the pericardial cavity enters the heart via ostia in the myocardium (O; 

Fig. 15D). Similar to the arrangement in adult Brachyura (Davie et al. 2015), in the Zoea IV, three 

main arterial vessels that exit the heart could be identified: the anterior aorta (AA; also called dorsal 

medial artery), the posterior aorta (PA; also called the superior pleonal artery), and the descending 

artery (DA). The anterior aorta projects anteriorly towards the cephalic region to supply the median 

brain and eyestalk ganglia (Figs. 11A, B, 12A, B, 13A, 14A, 16A). 

 At the position where the eyestalks attach to the cephalothorax, the anterior aorta abruptly bends 

ventrally in a 90 degrees angle to course towards the median brain (Figs. 10A, G, H). Before reaching 

the median brain, the anterior aorta widens to form an ovoid chamber, the auxiliary heart or cor frontale 

(CF), a structure that has been described in many adult decapod crustaceans (Steinacker 1978). The 

ophthalmic artery (OA) leaves the cor frontale anteriorly, towards the eyestalks (Figs. 9F, 10A, B). 

There, it splits into two branches that invade the left and right eyestalks (Fig. 9E`). The cerebral artery 

(CA) descends ventrally from the cor frontale to invade the median brain (Figs. 10I-K). In agreement 

with the description on adult crayfish provided by da Silva et al. (2012), the stomatogastric ganglion 

(STG) is located within the cor frontale (Fig. 10I). In addition, the cor frontale muscles (CFM) could 

be identified based on the anatomical description provided by these authors (Figs. 10I, J). 

 A conspicuous tissue composed of small, darkly stained cells is located posteriorly to the cor 

frontale, but anteriorly to the epithelium of the cardiac stomach. Again, based on the description 

provided for adult crayfish, (da Silva et al. 2012, Noonin et al. 2012), this cluster of cells was tentatively 
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identified as representing the anterior hematopoietic tissue (HPS; Figs. 10K, 11B).

 The posterior aorta leaves the heart posteriorly to supply the pleon with haemolymph (Figs. 

17B, C). The descending artery leaves the heart ventrally (data not shown; for details see Harzsch and 

Dawirs 1993) to pass through the ventral nerve cord (Fig. 17D, F). It continues ventrally as sternal 

or subneural artery to supply the ventral nerve cord and the developing cephalothoracic limbs with 

haemolymph.

3.5 Ion-transporting and respiratory epithelia, excretory and secretory systems

Gills

 In accordance with the study by Hong (1988) no gill anlagen in the Zoea I could be found. 

The first tiny gill buds emerge in the Zoea II and continue to grow in the Zoea III (data not shown). 

In the Zoea IV, the gill anlagen can be recognized as undifferentiated tissue at the proximal regions 

of the developing pereiopods (Gi; Figs. 6D, E, 7A, 17G). The gill anlagen of the pereiopods one to 

three become lamellate and functional during the metamorphosis to the Megalopa, the other anlagen 

become functional after molt to the first juvenile (Hong 1988). 

Branchiostegites

 In adult brachyurans, the branchiostegites, i.e. the lateral carapace folds that form the branchial 

chamber, function as additional organs involved in the transport of gases and ions (Lignot and 

Charmantier 2015). In decapod larvae, it has been suggested that the epidermis of the branchiostegites 

acts as an ion-transporting epithelium (Cieluch et al. 2004, Cieluch et al. 2007, Boudour-Boucheker 

et al. 2013, Ituarte et al. 2016). The epidermis in the presented preparations, was artificially detached 

from the cuticle in the region of the branchiostegites (Bst; Figs. 17A-C, G) and the entire cephalothorax 

(e.g. Figs. 13A, 14A) possibly due to osmotic effects during fixation. Although indications were 

found that the epidermis might have a more complex structure in the region of the branchiostegites, 

compared to the other regions of the cephalothorax, these tissues were not analyzed any further to 

avoid misinterpretation due to the possible artifacts. 

Antennal glands

 In the Zoea IV, antennal glands (AG) are located on both sides of the cephalothorax close to 

the insertion of the second antenna (Fig. 12A, B, 13A). They are considered to function as larval 

excretory organs (review Anger 2001, and Khodabandeh et al. 2005a, b). Corresponding to this organ’s 
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organization in adult decapods (Davie et al. 2015), a coelomosac which receives the haemolymph was 

identified (Fig. 12C). The coelomosac is connected to a labyrinth from where the urine passes to the 

bladder (Fig. 13C). The bladder extends dorsally and turns into the nephridial canal. The nephridial 

canal opens to the outside through a nephropore (Fig. 13C`).

Tegumental glands

 In the Zoea IV, many tegumental glands (TeG) of the rosette type (Ikeda et al. 2004) are present, 

usually just beneath the surface of the integument. They consist of cells with a lightly stained cytoplasm 

(Fig. 11E), which are radially arranged around a small pore which most likely is a duct connecting the 

gland to the surface. Some of the cells displayed darkly stained inclusions. Here, tegumental glands at 

the base of the rostrum (Fig. 10 F), embedded within the labrum (Fig. 11B, E), and proximally within 

the mandibles (Fig. 15A) were documented.

Y-organ

 Based on the anatomical description provided in Höcker (1988), the endocrine Y-organs in the 

Zoea IV could be localized. This organ is an inconspicuous accumulation of cells located laterally 

underneath the carapace and embedded within the epidermis of the branchiostegites (Fig. 16D). In an 

anterior-posterior direction, this organ is located roughly between the anlagen of the third maxilliped 

and the first pereiopod.

3.6 Sensory systems

Compound eyes

 In the Zoea IV, the compound eyes are located at the distal tip of the eyestalks (Fig. 9A) and 

are composed of numerous single units, the ommatidia. Each ommatidium consists of light guiding 

structures, the corneal lens (Cl, Figs. 9C, D) and the crystalline cone (Cry), formed by four cone 

cells (Fig. 9C`). Unfortunately, the cornea was detached from the underlying tissue due to poor 

fixation in the presented semi-thin sections (indicated by double arrows in Fig. 9C). The retinular 

cells that contain the photo pigments jointly form the rhabdom (Rh, Fig. 9C). The rhabdomeres of 

the neighboring ommatidia are optically isolated from each other by screening pigment cells (Pi). 

Between the proximal and the distal region of the ommatidia there is a separating layer of distal 

pigment (DP). The axons of retinular cells target the visual neuropils in the eyestalks (Fig. 9D). 

Compound eyes are already present at hatching and their developmental elaboration in C. maenas was 

described (Harzsch and Dawirs 1996a).
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Aesthetascs

 In the Zoea IV, the first antenna is equipped with chemosensory sensilla, the aesthetascs (AES; 

Fig. 10C`). In longitudinal sections of the first antenna, aesthetascs that project from the distal segment 

of the antennae were localized (Figs. 10C, D), most likely corresponding to aesthetascs number one, 

two and three following the terminology laid out in (Ekerholm and Hallberg 2002). Deeper within the 

antennae, clusters of cell somata belonging to olfactory sensory neurons (OSN) could be observed 

(circles in Fig. 10C). Bundles of dendrites (DE) project from the somata into the aesthetascs sensilla. 

In one section, a bundle of axons (Ax) was traced that projected from the OSN cluster proximally 

towards the median brain (Fig. 10D).

Putative anlage of the statocyst

 In the Zoea IV, an accumulation of tissue is present embedded within the proximal part of the 

first antenna (Fig. 10B). It appears as an ellipsoid, multicellular complex surrounding a narrow cavity 

(Fig. 12E). This narrow, slit-like cavity is flanked, on both sides, by a cell layer, that is two to four 

cells thick. This structure was tentatively identified as the anlage of the statocyst although no statolith 

was found at this stage (see discussion).

Dorsal organs

 In the Zoea IV, surface views generated from micro-CT scans show the external pores of the 

dorsal organs in a position corresponding to that described by Meyer et al. (2006). The pores are 

located dorsally in front of the dorsal spine on both sides of the midline (Fig. 8A - black arrow heads) 

and close to the attachment sites of the mandibular adductor muscles. Semi-thin sections show that 

these pores are formed by conical indentions of the dorsal cuticle close to the anterior aorta (Figs. 

8B, B`). These indentions extend deeper below the body surface but with the methods used here no 

cellular material associated with the cuticular indentions could be traced (Fig. 8B``).
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Figure 8: A: Zoea IV, Isosurface of micro-CT-scans showing the external pores of the dorsal organ (black arrow heads) 
between the attachment sites of the mandibular adductor muscles (circles). Asterisks indicate the attachment of single 
muscle bundles. Crossed arrows indicate the orientation (a - anterior, d - dorsal, p - posterior, v - ventral). B: Zoea IV, 
consecutive frontal semi-thin sections through the pores (arrow heads) of the dorsal organ (anterior is towards the top). 
Abbreviations: AA - anterior aorta, Cu - cuticle, DS - dorsal spine, Ey - compound eye, MA - mandibular adductor 
musculature, RS - rostral spine.

3.7 Central nervous system 

The brain of the Zoea IV

 The brain or syncerebrum is composed of the eyestalk neuropils and the median brain 

(nomenclature according to Harzsch and Dawirs 1993 with modifications according to Harzsch 2003a, 

Richter et al. 2010, Harzsch and Krieger 2018). As is typical for the arthropod nervous system in 

general, the neuronal somata surround a core of synaptic neuropil. The eyestalk comprises the visual 

neuropils lamina (La), medulla (Me) and lobula (Lo; Figs. 5, 9B), and the associated neuronal somata. 

The lamina is a thin neuropil layer located proximally to the retina (Re) of the compound eye from 

which it receives bundles of the photoreceptor axons (Fig. 9D). The neurites that link the lamina and 

medulla form a characteristic chiasm (Fig. 9B` - black arrow head). The hemiellipsoid body/medulla 

terminalis neuropil complex (HN/TM) is located most proximally within the eyestalks, and according 

to embryological data, is part of the protocerebrum (Vilpoux et al. 2006). This latter neuropil complex 

receives a direct input from the deutocerebral chemosensory lobes (DCL) via the projection neuron 
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tract (see below). The eyestalk neuropils are connected to the median brain via the protocerebal tract 

(PCT; Figs. 5, 9F) which includes the projection neuron tract (PNT; see below). The protocerebrum 

(PC) is the most anterior part of the median brain and consists of a large cluster of cell somata that 

surrounds the protocerebral neuropils anteriorly and dorsally (Figs. 9F, 10A, B). The central body 

(CB) is an unpaired, transversally extending neuropil embedded within the protocerebrum (Fig. 11C). 

The anterior dorsal cells cluster (ADC), a conspicuous cluster of neuronal somata, is located on top of 

the protocerebrum (Figs. 10J, K, 11C). The unpaired stomatogastric ganglion (STG) is located within 

the cor frontale (see above) and is flanked by the anterior dorsal cell cluster. This ganglion is located 

directly anteriorly to the cardiac stomach and provides an innervation for the entire gastric system 

(Figs. 10J, K, 11A). The deutocerebrum (DC), the second neuromere of the syncerebrum, receives 

input from the first pair of antennae. It is situated posteriorly to the protocerebrum and is dominated 

by the paired deutocerebral chemosensory lobes (DCL; previously called “olfactory lobes”; Figs. 

11C, D, 12D). These are the primary chemosensory processing areas, which receive input from the 

olfactory sensory neurons on the first antennae and are located laterally within the deutocerebrum. The 

deutocerebral chemosensory lobes are dense, spherical neuropils that are ventrally accompanied by 

a large cluster of cell somata of olfactory interneurons from which neurites project into the neuropil. 

A characteristic bundle of axons leaves the DCL, the projection neuron tract (PNT; Fig. 11D). It 

projects medially, where its fibers form a characteristic chiasm and continue towards the eyestalks to 

terminate in the HN/TM complex (data not shown). The tritocerebrum (TC), the 3rd neuromere of the 

syncerebrum, caudally adjoins the deutocerebrum. Its bilateral halves are medially connected by the 

small tritocerebral commissure (TC), and in the frontal section plains, the tritocerebral neuropil (TN) 

is visible close to this commissure (Fig. 12A). The paired circumoesophageal connectives (CEC; 

Figs. 5, 13A) flank the oesophagus on both sides, and the commissural ganglia (CG) are laterally 

associated with the connectives at the level of the oesophagus.

Ventral nerve cord

 The circumoesophageal connectives link the median brain to the ventral nerve cord (VNC) 

which conforms to the ladder-like ground plan with paired ganglia, which longitudinally are joined 

by connectives and transversely by commissures. The neuromeres of the ventral nerve cord display 

the typical architecture with a central core of synaptic neuropil surrounded by a cortex of cell somata 

(Figs. 17A, B, D). From anterior to posterior, the mandibular neuromere can be distinguished followed 

by the neuromeres associated with maxilla 1 and maxilla 2 (compare Fig. 1B). Posteriorly, three 

neuromeres, associated with the maxillipeds, follow, in addition to five neuromeres associated with 

the developing pereiopods (walking limbs). The neuromeres form the first mandible down to the third 

maxilliped collectively are referred to as the suboesophageal ganglia in adults (compare Harzsch 

2003a). All postoesophageal neuromeres down to the eight thoracic neuromere are fused to form a 

synganglion (yellow in Figs. 4, 5) the segmental composition of which is, nevertheless, obvious from 

the ganglionic neuropil cores and the nerves extending into the periphery. The pleonal ganglia are 
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posteriorly connected to this synganglion as additional part of the ventral nerve cord (Figs. 4, 17E). 

They are smaller than the thoracic ones and have long conspicuous connectives. 

Ontogenetic changes

 The general layout of the nervous system in the earlier zoeal stages closely resembles that 

described here in detail for the Zoea IV (Figs. 4, 5). The basic structure of the central nervous system 

is already laid out in the first larval stage in which the suboesophageal and thoracic neuromeres are 

already condensed to form a synganglion. Yet, there is a gradual increase in size from stage to stage. 

The first metamorphosis to the Megalopa is not accompanied by any dramatic structural changes at 

the macroscopic level according to the micro CT scans, but again an increase in size of the individual 

components takes place (Fig. 4, 5; and compare Harzsch and Dawirs 1993). One visible difference is 

that the chain of pleon ganglia appears shorter and more condensed in the Megalopa than in the Zoea 

IV (Fig. 4).
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Figure 9: Frontal histological sections of Zoea IV (Holländer stain). A: overview of the anterior part of the head with 
stalked compound eyes and eyestalk neuropils (EyNP), see Fig. 2C for section plane. B: higher magnification of the right 
compound eye showing the visual neuropils lamina (La), medulla (Me), and lobula (Lo), proximally adjoined by the 
complex of the hemiellipsoid body neuropil and the medulla terminalis (HN/TM), B`: visual chiasm (arrow head) between 
medulla and lamina. C: the compound eye consists of many single ommatidia (one ommatidium surrounded by a line), 
note that the cornea is detached because of poor fixation (double arrows), C`: cross sections of ommatidia show that the 
crystalline cones are composed of four cone cells. Each cell of one crystalline cone is indicated by an arrow head. D: the 
ommatidia extend bundles of neurites (Neu) into the lamina. E: a branch of the ophthalmic artery (OA) extends towards 
the eyestalk neuropils, E`: the two main branches of the ophthalmic artery (OA) course towards the eyestalks. F: the 
protocerebral tract (PCT) connects the eyestalk neuropils and protocerebrum (PC) of median brain. 
Abbreviations: A1 - first antenna, Cap - capillary, CL - corneal lens, Co - cornea of compound eye, Cry - crystalline cone, 
Cu - cuticle, DP - distal pigment, Ey - compound eye, EyNP - eyestalk neuropils, HN/TM - complex of hemiellipsoid 
body neuropil and medulla terminalis, La - lamina, Lo - lobula, Me - medulla, Neu - neurites, OA - ophthalmic artery, Om 
- ommatidium of compound eye, PC - protocerebrum, PCT - protocerebral tract, Pi - shielding pigment, Rh - rhabdomeres 
of photoreceptor cell, Ros - rostrum, RS - rostral spine.
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Figure 10: Frontal histological sections of Zoea IV (Holländer stain). A: overview of the anterior part of the head 
showing the eyestalk neuropils (EyNP), and medially the most anterior part of the protocerebrum (PC), see Fig. 2C for 
section plane. B: section slightly posterior to A showing the ophthalmic artery (OA) dorsal to the protocerebrum (PC). 
C: clusters of olfactory sensory neurons (OSN, circled and labelled with black arrow heads) within the first antenna send 
bundles of dendrites (De, white arrow heads) into aesthetasc sensilla (AES), C`: autofluorescence image of first antenna 
(A1) with aesthetascs (AES). D: axons (Ax) of olfactory sensory neurons extend towards the median brain. E: putative 
anlage of the statocyst (St) at the base of the first antenna. F: tegumental gland (TeG) on the dorsal side of the rostrum 
(Ros); note that cuticle (Cu) and epidermis are detached (double arrows). G: anterior aorta (AA) in the rostrum (Ros). 
H: the anterior aorta (AA) opens into to the auxiliary heart, the cor frontale (CF), from which the ophthalmic artery 
(OA) emerges. I: the cephalic artery (CA) emerges from the cor frontale. The anterior dorsal cells (ADC) are located 
dorsal to the protocerebral neuropil. The stomatogastric ganglion (StG) within the cor frontale is flanked by the anterior 
gastric muscles (AGM). J: higher magnification slightly posteriorly than I showing the cor frontale muscles (CFM) 
ventral to the stomatogastric ganglion (StG). K: the cephalic artery (CA) is flanked by the anterior dorsal cells (ADC) of 
the protocerebrum as it penetrates into the protocerebrum. The stomatogastric nerve (StN) connects the stomatogastric 
ganglion to the protocerebrum (PC). The anterior part of the hematopoietic tissue (HPT) is located dorsally to the cor 
frontale that embraces the stomatogastric ganglion. 
Abbreviations: A1 - first antenna, AA - anterior aorta, ADC - anterior dorsal cells of the protocerebrum, AES - aesthetasc, 
AGM - anterior gastric muscle, Ax - axon, CA - cephalic artery, Cap - capillary, CF - cor frontale, CFM - cor frontale 
muscle, Cu - cuticle, De - dendrites, EyNP - eyestalk neuropils, HPT - hematopoietic tissue, OA - ophthalmic artery, 
OSN - olfactory sensory neurons, PC - protocerebrum, Ros - rostrum, St - putative statocyst anlage, StG - stomatogastric 
ganglion, StN - stomatogastric nerve, TeG - tegumental gland. 
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Figure 11: Frontal histological sections of Zoea IV (Holländer stain). A: overview showing the median brain and anterior part 
of the cephalothorax, see Fig. 2C for section plane. B: overview slightly posterior to A showing the prominent mandibular 
adductor musculature (MA) dorsally, on the ventral side the labrum (Lb) and second antenna (A2). Hematopoietic tissue 
is associated dorsally and laterally with the wall of the cardiac stomach (CS). C: the unpaired central body (CB) is located 
in the centre of the protocerebrum that is dorsally surmounted by the anterior dorsal cells (ADC). The stomatogastric 
nerve (STN) is also visible. D: the deutocerebrum is characterized by spherical deutocerebral chemosensory lobes (DCL) 
on both sides. The projection neuron tract (PNT) emerges from the left DCL. E: rosette-shaped tegumental gland (TeG) 
in the labrum. 
Abbreviations: A1 - first antenna, A2 - second antenna, AA - anterior aorta, ADC - anterior dorsal cells of the protocerebrum, 
AGM - anterior gastric muscle, CA - cephalic artery, CB - central body, CF - cor frontale, CFM - cor frontale muscle, CS 
- cardiac stomach, Cu - cuticle, DC - deutocerebrum, DCL - deutocerebral chemosensory lobe, EyNP - eyestalk neuropil, 
HPT - hematopoietic tissue, Lb - labrum, MA - mandibular adductor musculature, PC - protocerebrum, PNT - projection 
neuron tract, Ros - rostrum, StG - stomatogastric ganglion, StN - stomatogastric nerve, TeG - tegumental gland.
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Figure 12: Frontal histological sections of Zoea IV (Holländer stain). A: section showing the median brain at the level 
of the deutocerebral chemosensory lobes and the cardiac stomach, see Fig. 2C for section plane. B: section slightly more 
posterior to A showing the tritocerebrum (TC) flanking the oesophagus (Eso), and the anterior lobes of the digestive gland 
with its lumen (Lu) and large lipid inclusions (black dots). The right antennal gland (AG) is also visible. C: mandibular 
adductor musculature (MA) displays the characteristic cross striation. D: the anterior part of the cardiac stomach (CS) 
inside is lined with cuticle (arrow heads). E: inner portion of the anlage of the mandibular palp located inside of the 
mandible (arrow head), E`: autofluorescence of the mandible with the outer portion of the mandibular palp anlage (arrow 
head). 
Abbreviations: AA - anterior aorta, AG - antennal gland, CS - cardiac stomach, DCL - deutocerebral chemosensory lobe, 
DG - digestive gland, Eso - oesophagus, HPT - hematopoietic tissue, Lb - labrum, Lu - lumen of digestive gland, MA - 
mandibular adductor musculature, Md - mandible, MdP - mandibular palp, TC - tritocerebrum, TeG - tegumental gland.
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Figure 13: Frontal histological sections of Zoea IV (Holländer stain). A: section through the median part of the cardiac 
stomach (CS), see Fig. 2C for section plane. B: higher magnification of the cardiac stomach with the gastric mill that 
comprises two lateral teeth (LT) and one median tooth (MT), note the thickened cuticle of the teeth as indicated by black 
arrow heads. C: higher magnification of the antennal gland, C`: the bladder (BL) of the antennal gland opens to the outside 
through a nephropore (No). 
Abbreviations: AA - anterior aorta, AC - anterior caecum, AG - antennal gland, Bl - bladder, CEC - circumoesophageal 
connective, CMsc - contractor muscles of the cardiac stomach, CoeSac - coelomosac, CS - cardiac stomach, CSac - 
cardiac sac, DG - digestive gland, DGM - dorsal gastric muscles, Eso - oesophagus, LT - lateral tooth, Ly - labyrinth, 
MA - mandibular adductor musculature, Md - mandible, MdP - mandibular palp, MT - median tooth, No - nephropore, 
TC - tritocerebrum.
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Figure 14: Frontal histological sections of Zoea IV (Holländer stain). A: section of the cephalothorax with the cardiac 
stomach (CS) in the centre. Dorsally, the paired anterior caeca (AC) are located. Ventrally the oesophagus (Eso) opens 
to the mouth field, laterally flanked by the mandibles (Md); compare Fig. 2C for section plane. B: posterior part of the 
cardiac stomach with sclerotized lateral teeth (LT). Ventrally, the ventral gastric muscles are attached (VGM). C: details of 
the pyloric stomach with gastric mill. D: higher magnification of the sclerotized mandible (Md), note the massive cuticle 
(Cu) of the molar process (MP). E: detail of the dilatator muscles (DMsc) attached to the oesophagus (Eso). 
Abbreviations: AA - anterior aorta, AC - anterior caecum, AG - antennal gland, AR - ampullary ridge, ASS - ampullary 
setal screen of the gland filter, CEC - circumoesophageal connective, CMsc - dilatator muscles of the cardiac stomach, CS 
- cardiac stomach, Cu - cuticle, DG - digestive gland, DGM - dorsal gastric muscles, DLC - dorsolateral pyloric channel, 
DMsc - dilatator muscles of the oesophagus, DPC - dorsal region of the pyloric chamber, DPF - dorsal pyloric fold, Eso 
- oesophagus, FP - filter press, IAR - interampullary ridge, IP - incisor process, LAC - lower ampullary chamber, MA - 
mandibular adductor musculature, Md - mandible, MdP - mandibular palp, MP - molar process, MT - median tooth, PPO 
- prepyloric ossicle, PSS - pyloric setal screen, UAC - upper ampullary chamber, VGM - ventral gastric muscle.
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Figure 15: Frontal histological sections of Zoea IV (Holländer stain). A: section showing the median portion of the pyloric 
stomach (PS) laterally flanked by the lobes of the midgut gland, see Fig. 2C for section plane. B: section of the anterior 
part of the midgut (MG) with the dorsal heart (H) and the ventral nerve cord (VNC) at the level of the suboesophageal 
ganglia. Dorsally, the VNC is crossed by muscles (Msc) associated with the maxillae. C: higher magnification of rosette-
shaped tegumental glands of the mandible. D: the heart is surrounded by the pericardial cavity (PCav) into which the ostia 
(O) open. Asterisks identify putative trabeculae. E: cross section of musculature (asterisks and arrow head) laterally to the 
heart (H) underneath the branchiostegites (Bst). 
Abbreviations: AA - anterior aorta, AC - anterior caecum, CEC - circumoesophageal connective, DG - digestive gland, 
H - heart, Lu - lumen of digestive gland, MA - mandibular adductor musculature, MG - midgut, Msc - musculature of the 
maxillae, PS - pyloric stomach, TeG - tegumental gland, VNC - ventral nerve cord.
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Figure 16: Frontal histological sections of Zoea IV (Holländer stain). A: cross-section showing the lobes of the digestive 
gland (DG) opening into the midgut (MG), see Fig. 2C for section plane. B: close-up of the interface of the digestive gland 
to the midgut (MG). Cell-types of the digestive gland identified include embryonic cells (E), blister like cells (B) and 
resorptive cells (R). C: section across the posterior lobes of the midgut gland and the anterior part of the hindgut (HG). 
D: the Y-organ (Y) is located underneath the lateral carapace close to the interface with the branchiostegites (Bst). E: 
distal part of a digestive gland lobe showing lumen (Lu) surrounded by epithelium composed of E- and F-cells. F: section 
through a lobe of the digestive gland showing epithelium with R- and B-cells surrounding the lumen (Lu). G: section of 
the digestive gland more posteriorly than A, the B-, F-, R-, and E-cells are identified. 
Abbreviations: B - blister like cell, Bst - epithelium of branchiostegite, DG - digestive gland, E - embryonic cell, F - 
fibrillary cell, H - heart, HG - hindgut, Lu - lumen of digestive gland, MG - midgut, R - resorptive cell, VNC - ventral 
nerve cord, Y - Y-organ.
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Figure 17: Frontal histological sections of Zoea IV (Holländer stain). A: section through the distal part of the digestive 
gland (DG) with the two posterior lobes flanking the hindgut (HG), see Fig. 2C for section plane. B: section showing the 
posterior artery (PA) as well as the descending artery (DA). C: section through the first pleon segment with the hindgut 
(HG) and its blindly ending posterior caecum (PoC) as well as pereiopod anlagen (P). D: higher magnification of the 
ventral nerve cord (VNC), penetrated by the descending artery (DA). E: higher magnification of the first pleon segment 
shown in B, the flexor muscles (VFM) and extensor muscles (DEM) of the pleon are identified. F: higher magnification 
of the ventral nerve cord (VNC) as it is penetrated by the descending artery (DA). G: undifferentiated tissue of pereiopod 
(P) and gill anlagen (Gi) surrounded by the lateral branchiostegites. H: close-up of undifferentiated tissue of a pereiopod 
anlage. 
Abbreviations: Bst - epithelium of branchiostegite, DA - descending artery, DEM - extensor muscle, DG - digestive 
gland, Gi - gill, H - heart, HG - hindgut, Mxp1 - first maxilliped, Mxp2 - second maxilliped, P - pereiopod anlagen 1 – 5, 
PA - posterior artery, PoC - posterior caecum, TG - thoracic ganglia, VFM - flexor muscle, VNC - ventral nerve cord.
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4.  DISCUSSION

4.1 Digestive system

 In adult brachyuran crustaceans, four regions of the digestive system can be distinguished: 

oesophagus, foregut, midgut, and hindgut (for references see Table 2). The oesophagus, foregut and 

the hindgut derive from the ectoderm and thus are lined by a thin cuticle. In adult crabs, the foregut 

is located dorsally in the cephalothorax, surrounded by the digestive gland. The midgut and hindgut 

possess blind ending tubules, the caeca. The hindgut ends with the anus.

Mandibles and Foregut

 In Carcinus maenas, many aspects of the adult organization are already present at hatching. 

Zoeae masticate food items with their strong mandibles, and then take up the food particles by 

peristaltic movements mediated by the lateral dilatator muscles attached to the oesophagus (Anger 

2001). The complex gastric mill of the cardiac stomach continues to grind the food particles. In the 

Zoea IV, the presence of the well-developed stomatogastric ganglion that provides an innervation of 

the foregut suggests that the stomatogastric mill is able of complex movements. In other brachyuran 

larvae, it was shown that the teeth and denticles of the gastric mill continue to differentiate into the 

megalopa and juvenile stages so that the gastric mill gradually takes over the role of masticating food 

items. In the spanner crab Ranina ranina, for example, the mandible’s function switches from cutting 

and masticating in zoeal stages to cutting and crushing in the following stages and the mandibular 

incisor and molar process of the Megalopa degenerate (Minagawa and Takashima 1994). A similar 

ontogenetic change was shown for larvae of the stone crab Menippe mercenaria (Factor 1982) and 

in the gastric mill of the clawed lobster Homarus americanus in which these modifications coincide 

with the drastic change of habitat and diet that these larvae face after metamorphosis (Factor 1981).

 The ingested food passes from the cardiac stomach across the cardio-pyloric valve to enter 

the pyloric stomach, where the filter press, a complex filtration system made of setae and ampulla, 

is located. A complex filter press is already present in the Zoea I of C. maenas (data not shown). 

Similar observations were made for the first zoeal stages of the decapod species Maja brachydactyla 

(Castejón et al. 2015a), Uca vocator, and Panopeus occidentalis (Abrunhosa et al. 2011), which also 

possess a well-developed pyloric filter. On the contrary, early life history stages of other brachyuran 

species were reported to possess a less well-developed pyloric filter system in early zoeal stages 

(Ucides cordatus, Abrunhosa et al. 2002; Dyspanopeus sayi, Castejón et al. 2015b), and a pyloric 

filter appears to be absent in the facultative lecitotrophic larval stages of Sesarma curacaoense, which 

use reserves stored in a yolk sac for nutrition during their pelagic phase (Melo et al. 2006). These 

studies collectively indicate that a well-developed pyloric filter may be an important adaptation for 

processing and mixing soft food particles suggesting that the gastric anatomy closely mirrors the food 

spectrum of a crustacean larva.
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Digestive gland

 As in adult brachyurans, in the zoeal stages the liquid food that has passed through the filter 

press enters the midgut via two lateral openings towards the paired lobes of the digestive gland (also 

called the hepatopancreas or midgut gland). In adults, this complex glandular system is composed 

of numerous blindly ending tubules and is one of the largest components of the digestive system. It 

is involved in food absorption and transport, secretion of digestive enzymes, and storage of lipid, 

glycogen and a number of minerals (for reviews see Table 2). In the zoeal stages of C. maenas analyzed 

here, the system is much less complex than in adults and consists of lobes (rather than tubules) that 

surround a central lumen. The digestive gland is already present at hatching (confirmed by micro-CT 

analysis). In the Zoea I and II, the digestive gland is nearly spherical in shape and possesses small 

protruding lobes. During development, these lobes enlarge gradually giving the organ a more and 

more complex appearance. In adult decapods, the tubules of the digestive gland consist of four cell 

types: E- (embryonic), F- (fibrillary), R- (resorptive), and B- (blister like) cells (Vogt 1994). E-cells 

are located at the ends of the tubules and most likely act as precursor cells for the remaining three cell 

types, although there is not any consensus yet about the developmental sequence of cell transformation 

(compare Al-Mohanna 1985, Al-Mohanna and Nott 1986, Vogt 1994). These four cell types were 

identified in the midgut gland of the C. maenas Zoea IV, indicating a high degree of differentiation 

of this system in response to the diverse planktotrophic diet. The most conspicuous cell type seen 

in histological sections were the R-cells that were identified based on their characteristic large lipid 

inclusions. These inclusions were even visible in intact specimens as orange droplets underneath the 

dorsal carapace and in the micro-CT analyses of all zoeal stages. Throughout the experiments, ad 

libitum Artemia spec. nauplii were offered as food. Thus, larvae were able to accumulate substantial 

lipid reserves within R-cells of the digestive gland. Cells with large amounts of lipid inclusions in 

the medial portions of the digestive gland were also found in larvae of Paralithodes camtschaticus 

(Lithodoidea; Abrunhosa and Kittaka 1997). In addition, the size and quantity of lipid droplets that 

P. camtschaticus larvae accumulated depended on the quality and type of food, as well as on rearing 

conditions (i.e. water temperature and illumination). Furthermore, similar abundant lipid inclusions 

within R-cells were also reported in early developmental stages of the American lobster Homarus 

americanus (Homarida; Biesiot and McDowell 1995, Anger et al. 1985). In larvae of the spider crab 

Hyas araneus (Brachyura), the lipid inclusions in R-cells of the digestive gland show most distinct 

changes in ultrastructure in response to feeding regime. Therefore, they are an important indicator 

of the larval nutritional state (Storch and Anger 1983). In conclusion, the ad libitum feeding regime 

during the experiments caused an excellent nutritional state of the larvae as witnessed by the massive 

lipid accumulation. 
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Table 2: Book chapters and reviews summarizing the internal anatomy of adult decapod crustaceans.

Organ system

General anatomy McLaughlin 1983, Bell and Lightner 1988, Felgenhauer 1992a, 
Forest 1994, Vogt 2002, Davie et al. 2015

Digestive system Dall and Moriarty 1983, Icely and Nott 1992, Factor 1995, 
Brösing 2010, Watling 2013, Saborowski 2015, McLay and 
Becker 2015

Vascular system, circulation, hematopoetic tissues, 
haemolymph

Martin and Hose 1992, 1995, Söderhäll & Söderhäll 2001, Lin 
and Söderhäll 2011, Wirkner and Richter 2013, Wirkner et al. 
2013, Mac Gaw and Reiber 2015, Terwilliger 2015, Söderhäll 
2016

Gas exchange, ion regulation, excretion Mantel and Farmer 1983, McMahon and Wilkens 1983, Taylor 
and Taylor 1992, McMahon 1995, Péqueux 1995, Charmantier 
et al. 2009, Wirkner and Richter 2013, Lignot and Charmantier 
2015

Endocrine organs, glands and secretion Cooke and Sullivan 1982, Fingerman 1992, Webster 2015a, b

Integument, setae and chromatophores Felgenhauer 1992b, Horst and Freemann 1993, Dillaman et al. 
2013 Garm and Watling 2013, McNamara and Milograna 2015

Connective tissue Mellon 1992

Muscle and neuromuscular system Govind and Atwood 1982, Chapple 1982, Mellon 1992, 
Govind 1995, Atwood 2014, Medler and Mykles 2015, Mykles 
and Medler 2015

Eyes Strausfeld and Nässel 1981, Shaw and Stowe 1982, Stavenga 
and Hardie 1989, Warrant and Nilsson 2006 Glantz 2014

Chemosensory, mechanosensory, and other sensory 
organs

Ache 1982, Bush and Laverack 1982, Govind 1992, Atema 
and Voigt 1995, Breithaupt and Thiel 2011, Hallberg and Skog 
2011, Boxshall and Jaume 2013, Garm and Watling 2013, 
Derby and Weissburg 2014, Mellon 2012, 2014, Lenz and 
Hartline 2014, Lohmann and Ernst 2014

Central nervous system Sandeman 1982, Govind 1992, Sandeman et al. 1992, Harzsch 
et al. 2012, Strausfeld 2012, Loesel et al. 2013, Schmidt 2016, 
Sandeman et al. 2014, Harzsch and Krieger 2018

Reproductive system Krol et al. 1992, Talbot and Helluy 1995, Lopez Greco 2013
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4.2 Musculature

Muscles of the cephalothoracic appendages

 All zoeal instars of C. maenas displayed a prominent mandibular adductor muscle associated 

with the mandibles similar to Cancer anthonyi larvae (Trask 1974). This distinct muscle is responsible 

for inward movement of the mandible and hence for macerating food items that will then be further 

grinded with the gastric mill that shreds the food into even smaller particles. The exopods of the first 

and second maxillipeds have a natatory function in the zoeal stages, are equipped with long setae 

and contain elaborate intrinsic musculature. These exopods are lost during the first metamorphosis 

(Williamson 1903) and the maxillipeds become part of the feeding apparatus of the megalopa stage.

Muscles of the pleon

 The extensor and flexor muscles within the pleon were already described by Trask (1974) in the 

Megalopa of C. anthonyi in which it serves to flex and extend the pleon. As previously described for 

C. maenas (Daniel 1931) and supported by the present study, these muscles are already present in the 

earlier zoeal stages showing that the ability to flex the pleon is important for these early life history 

stages. Live observations of the feeding and swimming behavior in larval stages of porcellanid crabs 

showed that zoeae catch living prey with the endopods of the maxillipeds and hold it with the flexed 

pleon and telson (Gonor and Gonor 1973). Furthermore, zoeae flip their pleon as an escape reflex 

(personal observations; and Anger 2001) much like the caridoid escape reaction as described e.g. for 

adult Astacida or Homarida (“tail flip”). Well-developed dorsal extensor muscles and ventral flexor 

muscles are essential both for feeding in the zoeal stages and for swimming in the megalopa stage. 

The swimming appendages of the pleon, the pleopods, and their intrinsic muscles gradually develop 

in the successive zoeal stages and the Megalopa swims by beating the pleopods (Gonor and Gonor 

1973), a function which in the zoeal stages is accomplished by the exopods of maxillipeds one and 

two.

4.3 Heart and circulatory system

 Adult decapod crustaceans possess an open circulatory system in which the heart pumps the 

haemolymph via arteries across tissue spaces between the organs, the haemolymph lacunar system. 

After the passage across the respiratory organs, sinuses channel the haemolymph back towards the 

pericardium (for references see Table 2). In adult Brachyura, the dorsally located heart is a muscular 

chamber (also called ventricle), which is suspended by elastic ligaments within a second chamber, 

the pericardial cavity. The haemolymph enters the heart through paired ostia, three pairs in the case 

of Brachyura (Davie et al. 2015). The ventricle pumps the haemolymph into five main arteries that 
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target the major organ complexes: an unpaired anterior aorta (median brain and eyestalk neuropils), 

an unpaired posterior aorta (pleon), an unpaired descending artery (ventral nerve cord and thoracic 

limbs), and paired anterolateral arteries (digestive system, antennal glands). These vessels branch into 

fine capillaries that supply the target tissues. 

 Some major components of the adult brachyuran circulatory system such as heart, anterior 

and posterior aorta, and descending artery were already identified in Megalopae of C. anthonyi 

(Trask 1974) and C. maenas (Harzsch and Dawirs 1993). The present results confirm these findings 

for the Zoea IV of C. maenas. In addition, components of the haemolymph lacunar system were 

identified. Furthermore, previously not identified features of the arterial system in the Zoea IV 

were traced, namely the cor frontale, a myoarterial formation known from many adult decapod 

crustaceans and specifically from Brachyurans which acts as an auxiliary heart (Steinacker 1978). 

This structure represents an aortic dilation with its own intrinsic muscles and functions in stabilizing 

the haemolymph flow towards the median brain and eyestalks including the visual neuropils and the 

compound eyes (review Wirkner and Richter 2013). As in adult decapods (da Silva et al. 2012), in 

the Zoea IV, the stomatogastric ganglion is located within the cor frontale. The ophthalmic artery 

leaves the cor frontale anteriorly, then splits into two branches that invade the eyestalks. The cerebral 

artery ventrally descends from the cor frontale to innervate the median brain. These results suggest 

that a strong haemolymph supply to the nervous system as well as to the cephalic sensory organs is 

an important feature already present in larval stages. 

 In decapod larvae the heart assumes its function during late embryogenesis (Schiffer et al. 2014, 

Helluy et al. 1995, Spicer and Morritt 1996, McMahon et al. 2002). The presented data suggest a 

gradual growth and increase of complexity of the larval circulatory system that most likely extends 

into the juvenile stage similar to the penaeid shrimp Metapenaeus ensis (McMahon et al. 2002). For 

example, in adult Decapoda, the heart is supported by trabeculae inside (McMahon and Burnett 1990, 

Felgenhauer 1992a) but such structures were not find within the heart of the Zoea IV. Nevertheless, 

slight constrictions at the ventral wall of the larval heart were detected that might be anlagen of 

trabeculae. 

4.4 Ion-transporting and respiratory epithelia, excretory systems

Gills

 In adult decapods, the gills serve as principal organs for respiration and ion regulation (for 

references see Table 2). Corresponding to the ground pattern of Brachyura (review Davie et al. 2015), 

adult C. maenas possess nine pairs of gills (GI - IX): MXP2 - one podobranch (GI), one arthrobranch 

(GII), MXP 3 - one podobranch (GIII), two arthrobranches (GIV, GV), P1 - two arthrobranches 

(GVI, VII), P2 - one pleurobranch (GVIII), and P3 - one pleurobranch (GIX). In brachyuran crabs, 
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the anterior gills mostly accomplish gas exchange, whereas the transport epithelia, responsible for 

osmoregulation are located in the posterior gills (reviews Taylor and Taylor 1992, Pequeux 1995). 

There is an increasing interest in the ontogeny of the osmoregulatory system in decapod crustaceans 

and the ecological implications of larval osmotolerance for aspects such as dispersal, population 

maintenance and invasive potential of a species (Cieluch et al. 2004, Cieluch et al. 2007, Ituarte et al. 

2016, Khodabandeh et al. 2006, Boudour-Boucheker et al. 2013). The zoeal stages of C. maenas do 

not possess functional gills, only gill anlagen that gradually develop and are visible from the Zoea II 

onwards (Hong 1988, Cieluch et al. 2004). The gill anlagen of the pereiopods one to three become 

lamellate and functional during the first metamorphosis to the Megalopa, and the other anlagen 

become functional during the second metamorphic molt (Hong 1988, Cieluch et al. 2004). In C. 

maenas, only the Zoea I has limited osmoregulatory capacities whereas all other zoeal instars are 

primarily osmoconformers, which in too low or too high salinities may suffer severe osmotic stress 

(Cieluch et al. 2004). The Megalopae display a limited capacity to hyper regulate while juvenile and 

adults are strong osmoregulators and can occupy habitats with low and fluctuating osmolarity. During 

ontogeny, C. maenas undergoes an osmo-physiological metamorphosis along with the morphological 

metamorphosis (Cieluch et al. 2004). From a developmental point of view, the seemingly abrupt 

maturation of the gills during the metamorphic molt, which must be accompanied by changes in the 

pattern of haemolymph circulation in the entire system, is an interesting point for future research. 

Furthermore, another question that needs to be addressed is to what extend antennal glands participate 

in osmoregulation in the zoeal stages.

Branchiostegites

 In adult brachyurans, the branchiostegites function as additional organs to transport gases and 

ions (Lignot and Charmantier 2015). In decapod larvae, the epidermis of the branchiostegites has also 

been shown to act as an ion-transporting epithelium (see above; and Cieluch et al. 2004, 2007, Ituarte 

et al. 2016, Boudour-Boucheker et al. 2013, Khodabandeh et al. 2005a, b). The brachyuran crab 

Eriocheir sinensis, in European waters is an invasive species which as an adult can effectively invade 

freshwater habitats. Contrary to C. maenas zoeal stages, early stages of E. sinensis already possess a 

moderate capacity to hyper-osmoregulate using the inner epithelium of the branchiostegites (Cieluch 

et al. 2007). The Megalopa of this species is capable of moderately hyper-/hypo-regulating using the 

filaments of the posterior gills, and the juvenile crab and adults are euryhaline and have strong hyper-/

hypo-regulating capacities, also using the posterior gills. These results, for some brachyurans, support 

the idea of an osmo-physiological metamorphosis between the planktonic zoeal stages, the semi-

benthic megalopa stage, and the juveniles, and also indicate that the larval capability to osmoregulate 

is an essential adaptive trait for population persistence and range expansion.
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Antennal glands

 In adult brachyurans, the antennal glands at the base of each second antenna are major excretory 

organs. Besides excretion, it is generally accepted that they are also involved in the regulation of 

haemolymph volume, its acid-base balance, and ionic composition (reviews Davie et al. 2015, 

Lignot and Charmantier 2015). They consist of a coelomosac that is involved in ultra-filtrating the 

supplied haemolymph (Felgenhauer 1992a). The ultra-filtrate (or urine) passes through the labyrinth, 

a compartment composed of spongy tissue for protein and glucose reabsorption. Through the 

nephridial canal, the urine is then transported into a bladder and discarded through the nephropore 

at the base of the second antenna. In the crayfish Astacus leptodactylus and the clawed lobster 

H. gammarus, the larval antennal glands already display all cytological features necessary for a 

functionality (Khodabandeh et al. 2005a, b, 2006). A similar report is available for the palaemonid 

shrimp Macrobrachium amazonicum (Boudour-Boucheker et al. 2013). This paired organ and its 

major substructures are also present at least in the Zoea IV of C. maenas, as well as in adults, and 

could be recognized by micro-CT analyses and in histological semi-thin sections. In conclsuion, 

the antennal gland is already functional at this stage, because also the nephropore is present in the 

Zoea IV of C. maenas. In brachyuran crustaceans, the ontogeny of the antennal glands and possible 

functional changes across the double metamorphosis is not yet understood.

4.5 Sensory systems

 Brachyuran larvae show behavioral reactions to an impressive range of environmental stimuli 

including light, odorants, gravity, hydrostatic pressure, currents, temperature, salinity, and food 

concentration (reviews Forward Jr 2009, Epifanio and Cohen 2016). They are also equipped with an 

array of chemosensory sensilla on their mouthparts to probe the chemistry of pray items (Geiselbrecht 

and Melzer 2013b). Zoeae utilize combinations of many environmental cues to control their position 

within in the water column and by distinct vertical migration use tidal currents for off- and onshore 

transport (reviews Anger et al. 2015, Cronin and Forward Jr. 1986, Cohen and Forward Jr. 2009). 

In C. maenas larvae, such circa tidal rhythms were shown to be also driven by endogenous systems 

(Zeng and Naylor 1996a – c), and the implications of this behavior for dispersal were analyzed in this 

species (Zeng and Naylor 1996a, Queiroga et al. 2002, Moksnes et al. 2014). Furthermore, it is well 

known that brachyuran larvae can detect chemical and tactile cues from the habitat to identify suitable 

sites for metamorphosis (reviews Anger 2006, Anger et al. 2015, Forward Jr. 2009, Moksnes et al. 

2014). 
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Compound eye

 The compound eyes are the most conspicuous sensory organs of C. maenas larvae. Larvae 

hatch with unstalked eyes that possess apposition optics and this general optical design does not 

change during subsequent development (Harzsch and Dawirs 1996a). After the molt to the Zoea II, 

the compound eyes are positioned on movable stalks. During ontogeny, the number of ommatidia 

and ommatidial length increases, which coincides with a decreasing interommatidial angle. These 

findings suggest a gradual increase of visual performance in terms of resolution and sensitivity during 

larval life and juveniles but not any fundamental change in eye design (Harzsch and Dawirs 1996a). 

Aesthetascs

 Aesthetascs are considered the most important unimodal chemosensory sensilla for distance 

chemoreception on the first antennae of adult decapod crustaceans (review Harzsch and Krieger 2018). 

In addition, malacostracan crustaceans possess a multitude of bimodal chemo- and mechanosensory 

sensilla associated with their two pairs of antennae, mouthparts and walking legs. A cluster of 

olfactory sensory neurons (OSNs) is associated with each aesthetasc. These bipolar neurons extend 

highly branched outer dendritic segments into the sensillum’s shaft and their axons project into the 

primary olfactory processing centers of the median brain, the deutocerebral chemosensory lobes (also 

called olfactory lobes). In C. maenas, Zoea IV larvae possess seven of these aesthetascs per antenna 

(Ekerholm and Hallberg 2002) and adults between 150 and 280 (Hallberg and Skog 2011, Harzsch and 

Krieger 2018). The current understanding is that the cluster of OSNs associated with one aesthetasc 

represents the animal’s full spectrum of functional olfactory receptor proteins and hence determines 

the olfactory landscape the organism is able to detect. This view suggests that even a Zoea can detect 

a similar range of odorants as an adult animal and that the increasing number of aesthetascs during 

ontogeny primarily increases the sensitivity of the olfactory system (Harzsch and Krieger 2018).

Dorsal organ

 The sensory dorsal organ of crustacean larvae is at the dorsal side of the cephalothorax medially 

between the dorsal spine and the compound eyes. Externally it is marked by several pores, and 

internally consists of a both sensory cells and gland tissues (Laverack 1990, Martin and Laverack 1992, 

Lerosey-Aubril 2013). In decapod larvae, this organ may act as a chemo- or mechano-/baro-receptor 

and its central pore may be associated with the gland tissue gland but such suggested roles need 

to be confirmed by functional studies (Lerosey-Aubril 2013). Using scanning electron microscopy, 

the dorsal organ in the Zoea I stage of Portunus acuminatus was traced (Meyer et al. 2006). The 

external pores of the dorsal were recognized for Zoea IV of C. maenas. However, the used histological 

methods were not suitable to identify any tissue associated with this organ. Thus, additional methods, 
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such as transmission electron microscopy, are indispensable for further investigations of the cellular 

composition of the putative dorsal organ of C. maenas larvae.

Statocyst

 Brachyuran crustaceans use statocyst organs within the second antennomer of the first antennae 

to detect gravity, angular acceleration, and hydrostatic pressure (Sandeman and Okajima 1972, Fraser 

and Macdonald 1994, Sekiguchi and Terazawa 1997, Fraser and Takahata 2002). The statocyst of the 

prawn Palaemon serratus is sensitive to vibration and therefore used for sound reception (Lovell et 

al. 2005). The statocyst organ consists of sand granules embedded in a gelatinous substance, which 

is located on top of an array of sensilla at the floor of the statocyst. The sand granules function as a 

statolith and are renewed after each molt (Lang and Yonge 1935). Little is known about the presence 

and development of a statocyst in crustacean larvae. The statocyst of the puerulus of Jasus edwardsii 

does not yet display any anatomical features such as the sensilla, secretory pores, and fluid within 

the statocyst cavity which are typical of the adult (Sekiguchi and Terazawa 1007). There is ample 

evidence from behavioral studies for geotaxis in brachyuran larvae (review in Epifanio and Cohen 

2016) but the organ to detect gravity has not been identified. The present study suggests a flattened 

ellipsoid cell accumulation at the base of the first antenna to be the anlage of a statocyst in the Zoea 

IV of C. maenas. The cell layers surround a small cavity, but a sensory epithelium with sensilla and 

a statolith could not be found suggesting that the statocyst anlage is not functional yet. Zoeal stages 

are planktonic and therefore do have little contact with sediment or inorganic granules to take up 

as statolith as may have been the case for the larvae used in the present studies because they were 

cultured without any sediment. It remains to be explored which organ is used to detect gravity in 

pelagic larvae.

4.6 Central nervous system and neuroendocrine system

Central nervous system

 The general structure of the crustacean central nervous system (CNS) (reviews Harzsch et al. 

2012, Sullivan and Herberholz 2013) and specifically the architecture of the brain (reviews Sandeman 

et al. 2014, Schmidt 2016, Harzsch and Krieger 2018) is well understood in reptantian crustaceans 

including C. maenas (Krieger et al. 2012). Many CNS structures described in adult brachyurans are 

present in the late zoeal and megalopal stages (Harzsch and Dawirs 1993). The present micro-CT 

analysis now extend these descriptions for the Zoea I. Together with data presented for the Zoea I 

of Pachygrapsus marmoratus (Geiselbrecht and Melzer 2013a), the data on C. maenas suggest that 

already at hatching, the brachyuran CNS displays a remarkable degree of complexity and thus is able 

to perform sophisticated processing tasks. Nevertheless, the neuropils of thoracic neuromeres that are 
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associated with non-functional limb anlagen in the zoeal stages, show strong postembryonic growth 

(e.g. Harzsch and Dawirs 1994, 1996). In addition, ganglionic elements tend to fuse and condense in 

larval and juvenile stages (review Harzsch 2003a) in the ontogenetic process of carcinization (Davie 

et al. 2015). In addition to neuropil growth that characterizes the median brain (Harzsch and Dawirs 

1996b), new neurons are also added to the ventral nerve cord during larval development (Harzsch and 

Dawirs 1996b, Harzsch et al. 1998), as well as the visual neuropils (Harzsch and Dawirs 1994, 1995), 

and the olfactory pathway as determined by the use of mitosis markers (Harzsch and Dawirs 1996b). 

Neuroendocrine system

 Organs that are known to be of major importance for endocrine and neuroendocrine regulation 

during embryonic and larval development in reptantian crustaceans include the Y-organ, the 

mandibular organ, and the X-organ/sinus gland complex within the eyestalks (reviews Anger 2001, 

Charmantier and Charmantier-Daures 1998). The applied histological methods are not well suited to 

identify the developing neuroendocrine organs of the eyestalk. Nevertheless, by immunohistochemical 

localization of neuropeptides (molt-inhibiting hormone), some structural aspects of the X-organ/sinus 

gland complex in C. maenas larvae were described (Webster and Dircksen 1991, Chung and Webster 

2004). Furthermore, following a previous anatomical description (Hoecker 1988), the Y-organ could 

be identified. In adult decapods, this organ is described as a paired, spindle shaped gland anterior to 

the junction of the branchial and pre-branchial chamber, closely associated with the epidermis and 

surrounded by hemocoel (McConaugha 1980), a description that closely fits to the structure which 

was identified as the Y-organ in the Zoea IV. The Y-organ was suggested to promote the proecdysis by 

release of ecdysteroid hormones (Charmantier and Charmantier-Daures 1998), and is modulated by the 

release of molt-inhibiting hormones of the X-organ-sinus gland complex, the major neuroendocrine 

centre (Anger 2001). Collectively, these findings indicate that anlagen of all major neuroendocrine 

and hormonal organs of reptantian crustaceans are most likely present already at hatching (Webster 

and Dircksen 1991, Charmantier and Charmantier-Daures 1998, Anger 2001). 
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4.7 Conclusions

 The combination of imaging techniques used in the present study provided additional 

insights into the bewildering diversity of organ systems that larvae possess, which are necessary 

for autonomously surviving and developing in the plankton. This rich organ repertoire is crucial for 

generating adaptive behaviors and responding to variations in environmental key factors such as light, 

hydrostatic pressure, tidal currents, temperature, salinity, and food concentration (reviews Forward 

Jr. 2009, Anger et al. 2015, Epifanio and Cohen 2016). Arguably, the histological complexity and 

behavioral repertoire of zoeae may be viewed as exceeding that of other arthropod larvae, e.g. those of 

holometabolous insects such as the vinegar fly Drosophila melanogaster and that of other crustaceans 

such as copepods which are in the same size range as adults. 

 Much of the fascination for the anatomy of brachyuran larvae stems from the opportunity to 

observe a complete and complex organism on a single microscopic slide and the realization that 

the entire decapod crustacean bauplan does unfold from organ anlagen compressed into a miniature 

organism in the sub-millimeter range. Despite their different life-styles and outer morphology, 

brachyuran larvae are smaller versions of the adults when considering their inner organization. Along 

these lines, Trask (1974) concluded that: „The major difference between the first, intermediate and last 

larval forms is basically one of size of the various systems involved, rather than absolute complexity”.

 For many decades, brachyuran larvae have served as distinguished models in the field of 

Ecological Developmental Biology (reviews Anger 2006, Anger et al. 2015). These results may 

provide a means to link ecophysiological studies to the level of tissues and organs. 
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1. INTRODUCTION

 Most marine organisms develop through a complex life cycle including pelagic larval stages and 

benthic juveniles and adults. Optimal environmental conditions for successful development of marine 

invertebrates are in general species-specific and differ between developmental stages and seasons 

(Charmantier 1998, Byrne et al. 2010, Byrne 2011). Planktonic larvae are of special importance for 

benthic species as those pelagic stages are accountable for gene flow, population connectivity and 

range shift by being the most dispersing life stage (Palumbi 2003, Cowen and Sponaugle 2009). 

Furthermore, larvae are particularly the most sensitive to abiotic factors as their tolerance spectrum 

is often narrower compared to their adults (Charmantier 1998, Anger 2001). Due to their planktonic 

lifestyle and weak swimming abilities, larvae are unable to overcome sea currents and are just capable 

of limited escape responses when faced with compromising environmental conditions. Therefore, 

larval stages, are most threatened by changing environmental factors and are of special interest for 

research in ecological and / or economic important marine species (Hays et al. 2005, Anger 2006).

 Abiotic variables like pH, temperature and salinity are driven by climate change and will change 

during the next century (Brierley and Kingsford 2009, Hoegh-Guldberg and Bruno 2010, Doney et 

al. 2012). Such environmental factors are known to effect diverse aspects of life history, physiology 

and energy balance of marine invertebrates (Le Moullac and Haffner 2000, Charmantier et al. 2001, 

Anger 2003, LeBlanc 2007, Byrne 2011, Sokolova et al. 2012). 

 In the natural habitat, marine invertebrates are generally threatened simultaneously by multiple 

environmental factors like for instance pH, temperature, salinity. If factors exceed their ranges of 

normal variation and affects on individuals, community composition or ecosystem functioning, they 

are considered to be stressors (Piggott et al. 2015, Schäfer and Piggott 2018). A species‘ response 

to stressors is a quantifiable biological or ecological property measurable through certain response 

variables like survival, growth, developmental stage, abundance or respiration, (Galic et al. 2018, 

Schäfer and Piggott 2018). Biological responses induced by stressors can vary among ontogenetic 

stages, taxa, and levels of biological organization (e.g. trophic levels) and furthermore strongly 

depend on the magnitude and timing of the stressor interaction (Harvey et al. 2013, Kroeker et al. 

2013, Gunderson et al. 2016, Galic et al. 2018). 

 The effect of individual stressors on organisms is relatively easy to determine, while determining 

the effect of multiple stressors is more difficult due to complex ways of interaction (Galic et al. 2018). 

The interaction between multiple stressors can generally be classified into three types: additive, 

antagonistic or synergistic (Folt et al. 1999). An additive effect occurs when the combined effect of 

multiple stressors simply equals the sum of each stressor isolated. An antagonistic effect occurs when 

one stressor ameliorates the effect of the other factor, so the combined effect of multiple stressors is 

less than the additive effect. Multiple stressors of marine systems most often interact in synergism, 

the third type of interaction (Crain et al. 2008, Przeslawski et al. 2015); when the effect of multiple 

interacting stressors is greater than the sum of isolated additive effects. This classification gets more 

complex when considering the direction of individual stressor effects: all individual stressors operate 

either negative, positive or, most complicated, contrary / opposing (Crain et al. 2008, Piggott et al. 
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2015). To determine the type of interaction, additive and multiplicative models are proposed (Folt 

et al. 1999). The multiplicative effects model is generally used when data has been transformed to 

proportions and the control is set to 100 % for instance for survival, while the additive/comparative 

effects model is used for untransformed data e.g. duration of development.

  The two environmental factors temperature and salinity are, among others, known to be 

”ecological master factors” affecting the general performance of marine invertebrates (Kinne 1964, 

Anger 2003, Harley et al. 2006, Pörtner and Farrell 2008). The majority of studies investigating the 

effect of temperature-salinity interaction revealed a synergistic interaction between these two factors 

(50 %: Crain et al. 2008; 58.3 %: Przeslawski et al. 2015). Nearly 30 studies on multiple stressor effects 

of temperature and salinity on early life history stages in Brachyuran crabs were conducted during the 

last 60 years revealing strong interactive effects on larval survival and duration of development, which 

exceeded single stressor effects as shown for larval stages of C. maenas (Nagaraj 1993, for further 

examples see Table 1).

Table 1: Studies on combined effects of temperature and salinity on zoeal development of Brachyurans (Decapoda) 
(Megalopa excluded due to unavailability of data for some species). 
All studies showed fastening of development with increasing temperatures as well as a drop in survival and a developmental 
delay under unfavorable stressor combinations.

Species Constitution 
Additional measured effects 

(suboptimal conditions) 
Reference

Heterotremata

Cancroidea

Cancer irroratus *

Bell 1835
stenohaline (30 PSU)

eurytherm (10 – 24 °C)
reduced growth

changes in oxygen consumption and 
excretion

Johns 1981a–c

Cancer magister *

Dana 1852
slightly stenohaline (25 – 30 PSU)

stenotherm (10.0 – 13.9 °C)
Reed 1969

Hymenosomatoidea

Amarinus (Halicarcinus) 
australis *

Haswell

euryhaline (11.5 – 34 PSU)
eurytherm (13.1 – 25 °C)

Lucas 1972

Amarinus (Halicarcinus) 
paralacustris *

Lucas 1970

euryhaline (2 – 34 PSU)
eurytherm (13.0 – 30.2 °C)

Lucas 1972

Hymenosoma orbiculare 
Desmarest 1823

euryhaline (14 – 49 PSU)
eurytherm (12 – 32 °C)

Papadopoulos et al. 2010

Eriphioidea

Menippe mercenaria *

Say 1818
euryhaline (10 – 40 PSU)
eurytherm (20 – 35 °C)

Ong and Costlow Jr. 1970,
Brown et al. 1992
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Species Constitution 
Additional measured effects 

(suboptimal conditions) 
Reference

Majoidea

Maja brachydactyla * 
Balss 1922

slightly euryhaline (30 – 40 PSU)
stenotherm (18 – 21 °C)

loss of dry mass Castejón et al. 2015

Stenorhynchus seticornis *

Herbst 1788
slightly euryhaline (30 – 40 PSU)

stenotherm (22 – 25 °C)
Hernández et al. 2012

Portunoidea

Carcinus maenas *

Linnaeus 1758
euryhaline (20 – 35 PSU)
eurytherm (10 – 25 °C)

size reduction
morphometric changes

Nagaraj 1993
present study

Charybdis feriata *

Linnaeus 1758
euryhaline (25 – 45 PSU)
eurytherm (20 – 32 °C)

molting duration Baylon and Suzuki 2007

Mithrax carribbaeus *

Rathbun 1920
slightly euryhaline (32 – 38 PSU)
slightly eurytherm (22 – 28 °C)

Lárez et al. 2000

Necora (Liocarcinus) puber 
*

Linnaeus 1767

slightly euryhaline (25 – 35 PSU)
slightly stenotherm (15 – 20 °C)

Nagaraj 1992
Mene et al. 1991

Scylla olivacea *

Herbst 1796
euryhaline (15 – 45 PSU)
eurytherm (20 – 32 °C)

Baylon 2011

Scylla serrata *

Forskål 1775
euryhaline (15 – 45 PSU)
eurytherm (20 – 34 °C)

Nurdiani and Zeng 2007, 
Baylon 2010

Scylla tranquebarica *

Fabricius 1798
euryhaline (25 – 45 PSU)
eurytherm (20 – 32 °C)

Baylon 2013

Xanthoidea

Panopeus herbstii *

H. Milne Edwards 1834
euryhaline (12.5 – 31.1 PSU)

slightly eurytherm (20 – 30 °C)
Costlow et al. 1962

Rhithropanopeus harrisii * 
Gould 1841

euryhaline (2 – 32 PSU)
eurytherm (20 – 32 °C)

reduced dry weight Costlow et al. 1966,
Laughlin Jr. and French 1989a,

Gonçalves et al. 1995

Thoracotremata

Grapsoidea

Armases miersii 
Rathbun 1897

euryhaline (5 – 50 PSU)
slightly stenotherm (23.0 – 29.3 °C)

Schuh and Diesel 1995

Armases rubripes 
Rathbun 1897

euryhaline (10 – 30 PSU)
stenotherm (16 – 20 °C)

Luppi et al. 2003

Cardisoma guanhumi
Latreille 1828

euryhaline (15 – 45 PSU)
slightly stenotherm (25 – 30 °C)

reduced growth Costlow and Bookhout 1968

Eriocheir sinensis *

H. Milne Edwards 1853
euryhaline (15 – 32 PSU)

slightly stenotherm (12 – 18 °C)
effects strongly stage associated Anger 1991

Parasesarma catenata *

Ortmann 1897
euryhaline (15 – 45 PSU)
eurytherm (15 – 35 °C)

Paula et al. 2003

Sesarma cinereum *

Bosc 1802
euryhaline (12.5 – 31.1 PSU)

slightly eurytherm (20 – 30 °C)
Costlow et al. 1960
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 The brachyuran crab Carcinus maenas, a euryhaline and eurythermal species, has its native 

range from Iceland to northern Africa. C. maenas is also a highly invasive species with self-sustaining 

populations in temperate regions (Cohen et al. 1995, Grosholz and Ruiz 1995, Behrens Yamada 2001, 

Carlton and Cohen 2003, Behrens Yamada et al. 2005, Hidalgo et al. 2005). The native range of the 

shore crab includes the North Sea, a marginal sea of the Atlantic in northwestern Europe. Particularly 

marginal and semi-enclosed seas are massively influenced by climate change (Philippart et al. 2011). 

Species of the North Sea will have to face an increase in sea surface temperature of up to 3 °C by the 

year 2100, escalating occurrence of whether anomalies (e.g. storms) and a reduction in sea surface 

salinity due to increased freshwater input especially in coastal waters (Quante and Colijn 2016). 

Like most marine invertebrates, C. maenas have a complex life history including planktotrophic 

development of four zoeal stages, Zoea I to IV, and a semi-benthic megalopa stage. Those early life 

history stages of Brachyuran crabs are in general more sensitive to environmental stress than their 

adults (Anger 2001). Due to potential threats by climate change, larval sensitivity and the general 

important role for ecosystems, C. maenas is of special interest for investigations on the effect of 

environmental changes. Therefore, zoeae of C. maenas from the Helgoland population (North Sea) 

were exposed to twelve different temperature–salinity combinations immediately after hatching and 

reared until the megalopa stage. 

 The aim of this study was to define responses of C. maenas larvae to long-term multifactorial 

stress and their ability to cope with different levels of temperature-salinity combinations. Different 

response variables were targeted from changes in anatomical and morphological traits, to effects 

on survival and duration of development as parameters of larval performance, considering stressor 

intensity as well as ontogenetic changes. Furthermore, to complete this multidisciplinary approach, 

intraspecific variation among larvae hatched from different females were investigated.

2. MATERIAL AND METHODS

2.1 Handling of berried females

 During two consecutive years (2016 and 2017), berried females of the European shore crab 

Carcinus maenas were collected during the reproductive period (May to August) at the western 

intertidal of Helgoland. Females whose embryos were at a late stage of embryonic development 

were transported to the laboratory at the Biologische Anstalt Helgoland (Alfred Wegener Institute 

Helmholtz Centre for Polar and Marine Research, Helgoland, Germany). They were kept individually 

in 20 L aquaria filled with filtered (0.2 µm) seawater at 18 °C. They were fed with shrimps (Crangon 

crangon) and water was changed daily to ensure high water quality at hatching. To avoid confounding 

effects of acclimation to the laboratory conditions, only larvae that hatched within 48 hrs. after 

collection of the female, were used.



115

2.2 Larval survival and duration of development

 In order to evaluate the effects of multiple stressors on larval survival and developmental rates, 

freshly hatched Zoea I were distributed in 12 treatments (4 replicates per treatment): a combination 

of four temperatures (15, 18, 21 and 24 °C) and three salinities (20, 25 and 32 PSU) that represent 

sub-optimal and optimal conditions (Fig. 1). To assess the maternal effects, we repeated the previous 

experiments five times each year, using different females (10 different females: female 1 – 5 in 2016, 

female 6 – 10 in 2017). Each replicate consisted of 50 larvae cultured in 400 ml glass bowls. Daily, 

larvae were fed ad libitum with Artemia spec. and water was changed. During the daily water change, 

larvae were monitored for molts and dead larvae were recorded and discarded.

Figure 1: Experimental larval rearing set-up combining four temperatures (15, 18, 21 and 24 °C) with three salinities (20, 
25 and 32 PSU). Each treatment consisted of four replicates with 50 larvae in each.

2.3 Analysis of morphological and anatomical changes

 Freshly hatched Zoea I were mass-reared under the experimental conditions mentioned above 

(Fig. 1) in 150 ml glass bowls containing initially 30 larvae each (density: 0.2 ind*ml-1) to produce 

Zoea IV for the geometrical morphometry and volumetric analysis. Water and food (ad libitum Artemia 

spec. nauplii) were changed daily. During the daily water change, larvae that reached the Zoea IV 

were separated into a different bowl to ensure that all individuals were the same age at sampling. To 

avoid effects of the molt cycle, intermolt Zoea IV (after 50 % of the molting cycle occurred) were 

fixed in 70 % ethanol to investigate external changes or Bouin‘s solution (saturated aqueous picric 

acid, pure acetic acid, and 10 % formaldehyde solution) to examine internal changes and stored in the 

fixative until further processing.
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Geometric Morphometry

 To examine the morphometric changes of the external morphology, lateral pictures of Zoea IV 

previously fixed in 70 % ethanol were taken by using a Nikon SMZ25 binocular. For each treatment 

(i.e. 12 combinations), five replicates (individuals) originated from three different females (Female 

3, 4 and 5 of 2016) were examined. In total 180 specimens were analyzed. Pictures were processed 

using the open access software tpsUtil32 and 7 landmarks were recorded by using tpsDig2w32 (also 

open access; Rohlf 2008; Fig. 2). The obtained data were further processed with the open access 

software MorphoJ (Klingenberg 2011) and PAST (Hammer et al. 2001). 

 In addition, to test for repeatability of the practical handling and the setting of the landmarks, 

20 already examined larvae were randomly chosen and re-analyzed as described above.

Figure 2: Lateral view of a Zoea IV showing the seven landmarks used for the morphometric measurements.

Volumetry of heart and digestive gland

 To perform the volumetric analysis of the internal morphology, three Zoea IV per selected 

treatment (see Table 2) previously fixed in Bouin’s solution, were treated as described in Chapter 

II (Material & Methods). The resulting images were processed using the 3D reconstruction 

softwares Amira 5.4.5 and Amira 5.6.0 (FEI Visualization Science Group, Burlington, USA). The 

3D-reconstructions of Zoea IV stages were used to calculate the volume of the heart and the digestive 

gland under thermal and osmotic stress.
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 Table 2: Treatment combinations chosen for volumetric analysis are shown in grey

15 °C 18 °C 21 °C 24 °C

20 PSU

25 PSU

32 PSU

2.4 Statistical analysis

Survival, duration of development and volumetry

 Cumulative survival of each zoeal stage was calculated as the percentage of survivors that 

reached the next developmental stage. Cumulative duration of development of each zoeal stage was 

calculated as the time needed to reach the next developmental stage including developmental duration 

of previous stages.

 Hypotheses were tested through mixed modeling by using the ‘nlme‘ package (Pinheiro et al. 

2018) in RStudio (RStudio Team 2015). The analyses were carried out in two steps. In the first step, 

the random terms (i.e. the factor female with its interactions) were tested using restricted maximum 

likelihood (REML) fitting. Models with different random structure were compared by using the 

Akaike information criteria (AIC). Models were ranked according to their AIC. The model with the 

lowest AIC score was selected for further analysis. When further analysis was not possible with the 

chosen model (with lowest AIC score), the second lowest AIC ranked model was used. Once the 

best random structure was found, the fixed terms (all terms not containing the factor female) were 

estimated by maximum likelihood (ML). The variance heterogeneity among replicates (VarIdent 

function) was controlled for all analyses. Tukey‘s HSD (honestly significant difference) post hoc test 

was used to determine differences among treatment combinations. Tests for survival were performed 

on the logistically transformed proportion of survivors, after re-scaling the proportions using the 

equation p’ = [p (50-1)+0.5]/50 in order to avoid inconsistencies with proportions = 0 or = 1; the 

logistic transformation is therefore logist(p’) = log[p’/(1-p’)]. 

 The interactive effect and the type of interaction between temperature and salinity on survival and 

development was determined following Piggott et al. (2015). First, a two-way ANOVA on cumulative 

survival and developmental duration was performed to test for general interactions between the 

abiotic factors. For classification of the interaction in survival the multiplicative model was applied, 

for developmental duration the additive model.

 Data on volume of heart and digestive gland were analyzed through two-way factorial ANOVA 

with temperature and salinity as fixed factors. Female was not considered as factor because only three 

random replicates were analyzed for each treatment.
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Morphometry

 To remove non-shape variation, a general Procrustes analysis (GPA - Procrustes fit) was 

carried out using MorphoJ (Klingenberg 2011) to obtain a matrix of Procrustes coordinates without 

differences due to scale, position or orientation (Rohlf and Slice 1990, Bookstein 1996). Outliers 

were excluded, switched landmarks were swapped. To test for allometry between size and shape a 

multiple regression analysis was conducted with shape as dependent variable and size as independent 

variable. The amount of shape variation for which the regression accounted for was expressed as a 

percentage of the total variation around the sample means. To test the null hypothesis of independence 

between shape and size, a permutation test using 10.000 runs was used. Afterwards, a Covariance 

matrix was generated. Centroid size (CS, the square root of the total quadratic distance between each 

landmark point and the centroid of all landmarks in a particular specimen (Bookstein 1991), as an 

estimator of size, and Regression residuals (independent of allometry) as an estimator of shape, were 

extracted from MorphoJ (Klingenberg 2011) for further analysis. 

 To explore variation of shape and determine hot spots of shape change in zoeal morphology 

a Principal Component Analysis (PCA) on Regression residuals was conducted with PAST. All 

specimens were plotted onto the first three principal components (PC) of the PCA, as just 29 % of 

variance in shape were explained by PC1 (20 % PC2; 19 % PC3). PC 1 – 3 were further processed to 

test if morphological shape changes were caused by salinity and/or temperature or female of origin. 

As all data were not normally distributed [N = 175; Shapiro-Wilk: W = 0.9258; p(normal) = 8.455E-

08; Anderson-Darling: A = 1.669; p(normal) = 8.18E-07; p(Monte Carlo) = 0.0004; Jarque-Bera: JB 

= 278.4; p(normal) = 3.463E-61; p(Monte Carlo) = 0.0001], Kruskal-Wallis analysis of variance and 

Mann-Whitney-test (with Bonferroni correction) were applied on PC 1 – 3 and CS. 

 Canonical Variance Analysis (CVA) was used as another statistical tool to understand the impact 

of shape changes in zoeal morphology and to test if changes were random or systematic. CVA based 

on Procrust Coordinates was conducted with MorphoJ (Klingenberg 2011). CVA was performed with 

10.000 permutations and tested for differences between-group variation by maximizing separation 

between the groups already used for PCA. P-values were calculated for Mahalanobis distances and 

Procrustes distances among groups and were considered as estimates of group differences. To identify 

whether random variation in shape and size was influenced by salinity and/or temperature or female 

of origin, all statistical comparisons are based on this groupings.

 Wireframe deformation grids along the CS-, PC- and canonical variate (CV) axes were shown 

to illustrate shape changes along those axes, and were generated with MorphoJ (Klingenberg 2011).

  For a repeatability-test, Procrustes of original and repeated data were compared with open 

access software TwoGroup8 (Sheets 2014) for statistical significant differences in shape between 

the two groups. Goodall‘s F-test showed no significant differences (F = 0.52; df = 10, 380; p = 

0.87472). This indicated all detected significant differences in morphometry to be due to treatment, 

not a consequence of errors in manipulation (Schilthuizen & Haase, 2010).



119

3.  RESULTS

3.1 Larval survival

 Cumulative survival responded to the single factors temperature and salinity and their interaction 

(Table 3). Best fitting model by the AIC predicting survival for all zoeal stages included salinity as 

fixed factor and female as a random factor (Table A1 – A3: Zoea II to Zoea IV). 

 Survival to Zoea II decreased towards the lowest salinity in all thermal treatments, except 21 °C 

where the effect was not significant (Fig. 3A). In this stage, the significant interaction reflected the fact 

that, at the lowest salinity (20 PSU), survival increased with increasing temperatures (until 21 °C), 

but decreased again at the highest temperature (24 °C). Therefore, slightly higher temperature could 

ameliorate the negative effect of low salinity on survival in Zoea II (Fig. 3B). In comparison, survival 

of larvae kept at higher salinities was not significantly affected by temperature (Fig. 3B).

Table 3: Results of a two-way ANOVA (ML fitting) on survival rates and duration of development to evaluate the effect of 
single stressors salinity (Sal) and temperature (Temp) and interaction of Sal * Temp. Abbreviations: numDF - degrees of 
freedom in the numerator, den DF - degrees of freedom in the denominator; F - F-value; p - probability value. Significant 
p-values (p < 0.05) are shown in bold.

Survival rate Duration of Development

Factor numDF den DF F p numDF den DF F p

Zoea II

Intercept 1 448 6.720752 0.0098 1 448 273.37719 <.0001

Sal 2 448 14.238850 <.0001 2 448 28.60911 <.0001

Temp 3 448 6.304506 0.0003 3 448 149.86924 <.0001

Sal*Temp 6 448 6.714351 <.0001 6 448 7.18979 <.0001

Zoea III

Intercept 1 443 0.886608 0.3469 1 443 768.7078 <.0001

Sal 2 443 14.941040 <.0001 2 443 21.3117 <.0001

Temp 3 443 3.599801 0.0136 3 443 171.4771 <.0001

Sal*Temp 6 443 7.416585  <.0001 6 443 5.1477 <.0001

Zoea IV

Intercept 1 437 1.648618 0.1998 1 437 871.4601 <.0001

Sal 2 437 14.858729 <.0001 2 437 170.4971 <.0001

Temp 3 437 2.778023 0.0408 3 437 96.9105 <.0001

Sal*Temp 6 437 3.632481 0.0016 6 437 4.1922 0.0004
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 Survival to the third and fourth zoeal stages decreased towards the lowest salinities in all 

temperatures (Figs. 3 C, E). For Zoea III, the significant interaction is based on an ameliorating effect 

of higher temperatures at lowest salinity (20 PSU) (Fig. 3D) as observed in Zoea II. For Zoea IV, all 

temperatures tested compensated effects of low salinity on survival (Fig. 3F). Irrespective of the zoeal 

stage, a trend to decreased survival at low and high temperatures in the lowest salinity could be seen. 

 The lowest cumulative survival was reached by larvae of all stages kept at 24 °C / 20 PSU 

(Zoea II: 34 %, Zoea III: 26 %, Zoea IV: 18 %), closely followed by those kept at 15 °C / 20 PSU 

(Zoea II: 35 %, Zoea III: 28 %, Zoea IV: 23 %) (Table A6). The highest survival was reached when 

larvae were reared in 15 °C / 25 PSU (Zoea II: 62 % ), and 15 °C / 32 PSU (Zoea III: 56 % and 

Zoea IV: 52 %) (Table A6).



121

Figure 3: Box-Whisker-Plots of cumulative survival rate for zoeal development. A and B: Zoea II; C and D: Zoea III; E 
and F: Zoea IV. Discriminated by temperature treatment (left panels) and by salinity treatment (right panels). Different 
letters show treatments significantly differing to each other (p < 0.05), n.s. - no significant differences.

 The interaction of temperature and salinity on survival was significant for all larval stages (Table 

3). Both factors caused a negative response in larval survival; the interaction is therefore double 

negative (Fig. 4). Testing for specific type of interaction revealed an antagonistic interaction of the 

two applied factors on survival; this type was consistent through complete larval development in Zoea 

II to IV (Fig. 4).
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Figure 4: Classification of interactive effects of temperature and salinity on survival and duration of development for 
Zoea II – IV. The observed interaction between temperature and salinity for survival and duration of development was 
antagonistic for all larval stages. Corresponding singular and interactive effect sizes as well as control sizes (green) are 
plotted. For analyzing the type of interaction on survival the multiplicative model was applied, for developmental duration 
the additive model (after Piggott et al. 2015).

 Survival varied significantly among broods (Fig. 5; Table A1), i.e. among Zoea IV reared in 

20 PSU, hatched from different females, the average survival varied from < 20 % to > 60 % within 

the same treatment (Fig. 5B). The variation in larval survival among broods was consistent across 

temperatures when larvae were reared at high salinities: for instance larvae hatched from females 8 

and 9 had consistently lower survival than females 1 – 5 (Fig. 5A).
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Figure 5: Maternal influence on cumulative survival and cumulative duration of development of Zoea IV. A and B: 
Cumulative survival rate of Zoea IV in dependence of female of origin, C and D: Average cumulative duration of 
development of Zoea IV in dependence of female of origin; dotted line splits the experimental periods: columns on the left 
side of dotted line - experiments 2016 (Female 1 – 5), columns to the right side of dotted line - experiments 2017 (Female 
6 – 10). Data separated by temperature treatment (left panels) and by salinity treatment (right panels)

3.2 Larval duration of development

 As seen already for survival, cumulative duration of development responded to singular effects 

of temperature and salinity as well as on their interaction (Table 3). Best fitting model by the AIC 

predicting survival for Zoea II and Zoea III included salinity as fixed factor and female as a random 

factor, and for Zoea IV and temperature as fixed factor and female as a random factor (Table A1 – A3: 

Zoea II to Zoea IV). 

 Duration of development increased consistently at lower temperatures and salinities. 

Irrespective of temperature, the developmental duration increased towards the lowest salinity (20 

PSU) in all thermal treatments (Fig. 6). Likewise, development of Zoea II lasted longer towards 

lower temperatures (15 °C) irrespective of salinity (Fig. 6B). The interactive effect of salinity and 

temperature was striking: 2.6 fold delay in duration of development for Zoea II (shortest duration of 

development in 24 °C / 32 PSU compared with longest developmental duration in 15 °C / 20 PSU). 
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 The pattern seen for Zoea II was consistent for the following third and fourth zoeal stages. 

Lowest salinity caused significant longer development irrespective of thermal conditions (Figs. 6C, 

E). Additionally, development of Zoea III and IV reared in 15 °C lasted longer in medium salinity 

(25 PSU) compared to seawater conditions. For Zoea III and IV, low temperature (15 °C) caused 

extended duration of development (Figs. 6D, F). Furthermore, high temperatures (24 °C) accelerated 

the developmental duration of these two stages, irrespective of salinity (Figs. 6D, F). The interactive 

effect of temperature and salinity on duration of development in Zoea III and IV remained the same 

as for Zoea II causing a 2.8 fold delay, while the delaying effect of singular temperature and salinity 

was at maximum 1.7 fold.

  The interaction of temperature and salinity on developmental duration was significant for all 

larval stages (Table 3). Low salinity and high temperature drive duration of development in opposing 

directions (Fig. 4). Nevertheless, the overall interaction of temperature and salinity on larval duration 

of development was positive antagonistic (Fig. 4).

 Duration of development also varied significantly among broods (Figs. 5 C – D, Table 3). Larvae 

hatched from different females showed significant differences in developmental duration reared at 

low salinities (20 and 25 PSU) (Fig. 5D).Variation of developmental duration among hatches was 

consistent with negative effects already seen for survival: larval offspring of females 8 and 9 showed 

longer development compared to the offspring of other females.
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Figure 6: Box- Whisker-Plot of cumulative duration of development for zoeal development. A and B: Zoea II; C and D: 
Zoea III; E and F: Zoea IV. Data discriminated by temperature treatment (left panels) and by salinity treatment (right 
panels). Different letters show treatments significantly differing to each other (p < 0.05), n.s. - no significant differences 
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3.3 Morphometric changes 

  Five outliners had to be excluded from the study resulting in a total sample size of 175. The 

multivariate regression showed statistically significant contribution of size to the shape variation (p < 

0.0001). The proportion of variance in shape explained by size was 7.12 % indicating weak allometry 

and was removed from further analyses of shape. The shape change associated with size appeared in 

form of a compression of the central cephalothorax with an elongation along the dorso-ventral axis 

(Fig. 7). 

Figure 7: Plot of Regression Score 1 on Centroid size of Zoea IV reared under different combinations of temperatures and 
salinities. Grouping by temperature and salinity treatments are surrounded by 95 % confidence ellipses. Polygons show 
transformation in shape caused by size (scaling left: CS = 1400, scaling right: CS = 2600).

  Zoea IV kept in 15 °C and 18 °C tended to be larger than larvae kept in warmer temperatures 

(Fig. 7, Table 4). Likewise, larvae kept at higher salinities (i.e 25 and 32 PSU) tended to be larger 

than those kept at the lowest salinity (20 PSU) except larvae originating from 15 °C where Zoea IV 

kept at 20 PSU were the biggest (Table 4). The increase in size was primary caused by an elongation 

along the dorso-ventral axis at the rostral and dorsal spine, while the middle of the cephalothorax 

got compressed (Fig. 7). Overall, the biggest larvae originated from 18 °C with 25 PSU, while the 

smallest were 12 % smaller and originated from 24 °C / 20 PSU (Table 4). Non-parametric Kruskal-
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Wallis test on centroid size (CS) showed in general significant differences among Zoea IV grouped 

after female of origin, temperature, salinity and their interaction (Table 5). The non-parametric post 

hoc test (Mann-Whitney with Bonferroni-correction) showed that larvae reared at 24 °C / 20 PSU 

differed significantly in size compared to the remaining treatments (Table A7).

Table 4: Mean ± standard deviation (StdDev) of centroid size among temperature and salinity treatments. Grey arrow 
indicates decreasing in centroid size. A rise in temperature as well as a decrease in salinity tended to cause a decrease in 
size. Zoea IV kept at 15 °C constitute an exception to this as rearing at lowest salinity resulted in biggest size.

Temperature 18 °C 15 °C 21 °C 24 °C Mean StdDev Trend

Salinity

25 PSU 1970.45 ± 176.42

32 PSU 1936.15 ± 112.27

20 PSU 1909.33 ± 146.93

32 PSU 1905.25 ± 56.64

25 PSU 1897.00 ± 94.50

32 PSU 1881.30 ± 146.73

25 PSU 1876.85 ± 71.18

32 PSU 1844.35 ± 89.59

25 PSU 1818.25 ± 92.17

20 PSU 1801.71 ± 70.34

20 PSU 1760.52 ± 110.87

20 PSU 1734.13 ± 100.84

Table 5: Three-way ANOVA (Kruskal-Wallis) on centroid size to assess size differences between Zoea IV females of 
origin, rearing temperature and salinity as factors. Symbols: H (chi2) - Kruskal-Wallis statistic, p - probability value. 
Significant p-values (p < 0.05) are shown in bold.

Grouping H (chi2) p

Female 30.67 9.958E-07

Temperature 16.46 0.0009145

Salinity 25.25 3.296E-06

Temperature X Salinity 55.47 6.357E-08

 Results on variances of the principal components (PC) showed that the only the first three 

components contain nontrivial information and explained 68.53 % of the total variation (Table A8). 

As a bent in the line of variance after the third PC indicates a distinct drop in impact of the following 

PCs on shape variance, only the first three PCs are shown (Fig. 8B). Scatterplots of PC 1 to PC 3 

showed great overlapping irrespective of treatment combinations (Fig. 8A). The 95 % confidence 
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ellipses of the 24 °C / 20 PSU and 15 °C / 20 PSU showed the widest distribution along PC 1 axis. 

Shape changes of Zoea IV along PC 1 followed a shift posterior of the dorsal and rostral spine tip 

(Fig. 8). No significant differences in shape were found by PC 1 (Table 6), Bonferroni-corrected 

pairwise Mann-Whitney test on PC 1 confirmed this results (see Table A9). When focusing on PC 

2 and 3, both components differed significantly among all factors (Table 6). Bonferroni-corrected 

pairwise Mann-Whitney test on PC 2 showed that larvae reared at 15 °C / 20 PSU had different shape 

than most other treatments (Table A9). Likewise, for PC 3, larvae from 24 °C / 32 PSU differed from 

most of the other treatments (Table A9). Shape changes along the PC 2 axis were mainly caused by 

a lengthening of the dorsal spine as well as a shortening of the rostral spine (Fig. 8). Along the PC 

3 axis a lengthening of the dorsal spine and a slight compression of the central cephalothorax were 

detectable (Fig. 8). Overall, irrespective of the PC considered, most of the size-independent shape 

changes based on deformations of the dorsal and rostral spine.

Figure 8: PCA plots of shape variation in Zoea IV along major axes of variance (N = 175) grouped by temperature 
and salinity treatment. A: Scatterplot of first three principal components (PCs). According to temperature and salinity 
treatment, data surrounded by 95 % confidence ellipses. Polygons display changes of shape along the PC axes and are 
scaled by -0.25 and 0.2 for PC 1, -0.2 and 0.2 for PC 2, -0.2 and 0.2 for PC 3; reference shape at scale factor 0. B (insert): 
Plot of the fourteen PCs. Only the first three PCs are shown in the scatterplots, as the bent in the line after the third PC 
indicates a distinct drop in impact of the following PCs on shape variance. The first three PCs together accounted for 68 %. 
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Table 6: Three-way ANOVA (Kruskal-Wallis) on principal components 1 – 3 to assess differences in shape between 
Zoea IV with different females of origin, rearing temperature and salinity. Symbols: H (chi2) - Kruskal-Wallis statistic, 
p - probability value. Significant p-values (p < 0.05) are shown in bold.

Grouping H (chi2) p

PC 1 Female 4.503 0.212

(29 %) Temperature 3.35 0.3408

Salinity 3.77 0.1519

Temperature X Salinity 17.2 0.102

PC 2 Female 10.27 0.0164

(20 %) Temperature 15.27 0.0016

Salinity 3.502 0.1736

Temperature X Salinity 40.31 3.171E-05

PC 3 Female 26.17 8.773E-06

(19 %) Temperature 8.886 0.03084

Salinity 19.86 4.86E-05

Temperature X Salinity 48.55 1.138E-06

 Canonical variate analysis (CVA) was used to test for shape differences among temperature and 

salinity treatments larvae were kept at (Table A10). The first three canonical variates represented in 

Fig. 9 explain 79 % of the variation in shape between Zoea IV (Fig. 9B). As already seen in Fig. 8, 

there were major overlaps between the temperature and salinity treatments without clear segregation 

(Fig. 9). Along all three observed CV axis, changes in shape were primarily caused by a slight shift of 

dorsal and rostral spine tips. Despite minor morphological changes and major overlapping, differences 

along the twelve treatments were significant (Table A11). Shape of larvae reared at 15 °C / 20 PSU 

and 24 °C / 32 PSU, were significantly different to all remaining treatments (Table A11). Furthermore, 

15 °C / 32 PSU differed from the all treatments except from 24 °C / 25 PSU (Table A11). Same for 

larvae kept at 24 °C / 20 PSU differed from all treatments except 15 °C / 25 PSU (Table A11). 
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Figure 9: CVA plot on shape variation in Zoea IV along major axes of variance (N=175) grouped by temperature and 
salinity treatments. A: Scatterplots of first three individual scores from canonical variate analysis (CVA) comparing 
Zoea IV reared in different temperature and salinity treatments. According to temperature and salinity treatment, data 
surrounded by confidence ellipses (90 %). The first three canonical variates (CVs) capture 79 % of variance between the 
twelve groups. Polygons display changes of shape along the PC axis. Respective shape changes are scaled by -6 and 4 for 
CV1, -6 and 4 for CV2, -4 and 4 for CV3; reference shape at scale factor 0. B (insert): Plot of the ten CVs. The first three 
CVs account together for 79 %.
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3.4 Volumetric changes in heart and digestive gland

 Effects of salinity and temperature on volume of the digestive gland and heart were overall 

not significant (2-way ANOVA, Table 7). As a general trend, the combination of low salinity and 

temperature tended to cause increased heart volume, but decreased volume of the digestive gland 

(Fig. 10). Although no significant differences were found, there was considerable variability in organ 

volumes among individuals. Heart volumes varied from < 1000µm3 (24 °C / 32 PSU) to ~3000µm3 

(15  °C / 20 PSU). Likewise, a considerable individual variation was found for the volume of the 

digestive gland ranging from ~ 4500µm3 (24 °C / 20 PSU) to > 20000µm3 (18 °C / 32 PSU). 

Figure 10: Plots of volume of the heart and the digestive gland of Zoea IV under thermal and osmotic stress. Data 
separated by temperature treatment (left panels) or by salinity treatment (right panels). Lines indicate general trends in 
volume. n.s. - no significant differences (p < 0.05).
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Table 7: Results of two-way ANOVA (ML fitting) on volume of digestive gland and heart to evaluate the effect of single 
stressors salinity (Sal) and temperature (Temp) and interaction of Sal * Temp. Symbols: DF - degrees of freedom in the 
denominator; SumSq - sum of squares; MeanSq - mean squared error; F - F-value; p - probability value. Significant 
p-values (p < 0.05) are shown in bold.

Df Sum Sq Mean Sq F p

Heart

Temperature 2 639095 319547 0.9595 0.4054

Salinity 1 230369 230369 0.6821 0.4210

Temperature X Salinity 5 2.76394E06 552788 2.311 0.1089

Residuals 12 2870537 239211

Digestive gland

Temperature 2 6.7554E13 3.3777E13 1.757 0.2063

Salinity 1 2.55859E13 2.55859E13 1.239 0.2821

Temperature X Salinity 5 1.44286E14 2.88572E13 1.636 0.2244

Residuals 12 211678772 17639898

 Furthermore, a general positive correlation between heart and digestive gland volume could be 

shown (Fig. 11) indicating a correlation between specimens size and size of organs. 

 

Figure 11: Scatterplot showing the correlation between the volume of digestive gland and heart of all analyzed temperature 
and salinity treatments.
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4.  DISCUSSION

  Our results showed a general wide thermo- and osmotolerance of early life history stages of C. 

maenas as all combinations of temperatures and salinities tested allowed for successful development 

to the Megalopa. Nevertheless, both abiotic factors differed in their significance and effect. Salinity 

had especially strong impact on survival, while temperature kept major influence on duration of 

development. Particularly, the interactive effect of temperature and salinity on performance, 

morphometry and anatomy was noticeable. The antagonistic interaction of temperatures and salinity 

ameliorated the negative effect of low salinity at higher temperatures in zoeal stages. Ontogenetic 

changes in form of minor effects of abiotic stressors on the performance of later zoeal stages were 

detected. In addition, high variability among the performance and morphometric traits of larvae from 

different females of origin indicated a strong maternal influence on larval development.

4.1 Larval performance

Singular effects of temperature and salinity

 In general, low temperatures cause an extension of developmental duration, while high 

temperatures reduce duration of development as also revealed by the present study (Hoegh-Guldberg 

and Pearse 1995). Little is known on the physiological mechanisms behind the control of duration of 

development and explanations are rare concerning the strong effect of temperature on developmental 

duration without further performance effects. The inverse relationship between increasing temperature 

and larval developmental duration might be a consequence of increased temperature-driven metabolic 

rates (Frederich and Pörtner 2000, Harley et al. 2006, Metzger et al. 2007). As no effect on survival 

was detected for the present study, the energetic costs for larvae of C. maenas are either non-existing, 

low or larvae are able to compensate the requirements of increased metabolic rates within the applied 

temperature treatments. Previous studies indicated that the energy needed for compensation can 

be diverted from key biological processes like growth, reproduction or behavior (Bullock 1955, 

Sastry 1979, Newell and Branch 1980, Cameron and Iwama 1987, Wood et al. 2008, Beniash et al. 

2010, Whiteley 2011). Additionally, higher metabolic rates under higher temperatures increased the 

consumption rate of (especially) lipids (García-Guerrero et al. 2003). Accretive food intake under 

increased temperatures was detected (Bermudes and Ritar 2004) and might allow for compensation 

of increased metabolic rates through adapted nutrient uptake. To proof this assumption, further 

investigations including feeding rates, growth parameters like biomass and behavioral changes in 

response to increased temperature are necessary.

 The present study revealed lower salinities causing a decrease in survival and prolongation in 

developmental duration. Contrary to the results on temperature, the energetic costs for osmoregulatory 

processes seem therefore to be higher, as measured larval performance, especially survival, decreased. 

Similar results on the effect of reduced salinity during zoeal development of C. maenas in form of 
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delayed development, enhanced mortality, and further decreased growth and low respiration rates 

were already intensely discussed for C. maenas (Anger et al. 1998, Cieluch et al. 2004, Torres et 

al. 2011) and marine crustacean larvae in general (reviewed by Anger 2003). Larvae of C. maenas 

seem not to be able to fully compensate metabolic requirements for osmoregulation resulting in the 

previous mentioned impairments. Nevertheless, as these effects still allow for impaired development 

to the Megalopa, larvae must have limited osmoregulatory capacities and can partially compensate 

for additional energetic costs through e.g. adaptation of feeding rates. Effective osmoregulation is 

mainly based on active ionic exchange of sodium and chloride through specialized cells and the 

key enzyme Na+/K+-ATPase (reviewed by Lucu and Towle 2003). This enzyme was found to be 

located at the branchiostegits of larval stages of C. maenas and therefore potentially enables larvae 

for osmoregulation (Cieluch et al. 2004)

Interaction of temperature and salinity

  Elevated temperatures ameliorated the negative effect of low salinity on larval development 

of C. maenas as evidenced by antagonistic interaction between temperature and salinity. This type 

of interaction is contrary to findings of most studies conducted on combinations of temperature and 

salinity in marine organisms as they indicated synergistic interactions to be more general (Frederich 

and Pörtner 2000, Pörtner 2002, Pörtner et al. 2005, Pörtner and Knust 2007, Pörtner 2010). The 

type of interaction of multiple factors depends in general on individual stressor characteristics, level 

of organization, life stage, trophic level as well as on temporal patterns of interaction (Lenihan et al. 

2003, Crain et al. 2008, Molinos and Donohue 2010, Byrne 2011, Byrne and Przeslawski 2013, Galic 

et al. 2018). Hence, differences in type of interaction might be due to species-specific differences, life 

stage etc. as for instance most studies analyzed adult life stages of other species than C. maenas.

 In accordance to the present results, the combination of salinity and temperature caused a 

decline in performance exceeding single stressor responses for the majority of planktonic brachyuran 

larvae, (Table 1). These results indicate a general strong interactions (irrespective the type, synergistic 

or antagonistic) between temperature and salinity to be a common phenomenon among crustacean 

larvae. Similar declines in overall performance of crustaceans under multiple stressors were discovered 

for oxygen supply (Frederich and Pörtner 2000), carbon dioxide (Metzger et al. 2007, Walther et al. 

2009, Schiffer et al 2014) and pH (Madeira et al. 2014) in interaction with temperature.

Ontogenetic changes

 Findings of the present study included significant changes in survival under thermal stress at 

the lowest salinity which just occurred for Zoea II and III, while Zoea IV showed no effects. This 

indicates ontogenetic changes in osmoregulation and thermotolerance during larval development of 

C. maenas. 
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 These results are in accordance to similar findings on ontogenetic changes in early life history 

of C. maenas in form of increasing osmoregulatory capacity with successive larval development 

(Anger et al. 1998, Cieluch et al. 2004). In general, ontogenetic changes in osmoregulation are 

common and well investigated for crustacean larvae (Anger and Charmantier 2000, Charmantier et al. 

1988, Charmantier and Charmantier-Daures 1991, Charmantier et al. 2002, Spivak and Cuesta 2009, 

Pham et al. 2012). Ontogenetic changes in osmotolerance might be an adaptation to experienced 

environmental factors during life cycle (Castejón et al. 2015). The North Sea is isohaline in depth and 

on the horizontal axis with temperature changes at the centre of the North Sea of up to 0.7 °C/m (Otto 

et al. 1990). Salinity in coastal zones is expected to change due to river run-offs and floods, while 

high seas are less influenced by freshwater input and changes in salinity. Adults of C. maenas inhabit 

intertidal zones and, hence, underlie naturally massive changes of e.g. salinity, while pelagic zoeae 

get transported off-shore after hatching (Paula 1989, Zeng and Naylor 1997, Gove and Paula 2000). 

Therefore, larvae experience less fluctuations in salinity compared to the adults and high osmotolerance 

is no general necessity and requirement for early larval stages of C. maenas. The metamorphosis to 

the Megalopa comes along with a change in habitat from pelagic to benthic and recruitment to adult 

intertidal zones. Hence, the development of ion transporting epithelia for osmoregulation was shown 

to start already at the last zoeal stages of C. maenas and to continue through the megalopal stage as 

an adaptation to the novel environment (Cieluch et al. 2004). Results of the present study support the 

ontogenetic shift in osmoregulation already to begin in the last zoeal stage, the Zoea IV, of C. maenas.

 Similar changes in thermotolerance during ontogeny are known for crustacean larvae (Ott and 

Forward Jr. 1976, Forward Jr. 1990, Bermudes and Ritar 2004, deRivera et al. 2007, Baylon 2010, 

Papadopoulos et al. 2010) but could not be demonstrated for larval stages of C. maenas. The present 

study kept larvae at sublethal temperatures without covering the complete thermal tolerance spectrum. 

Therefore, the tolerance spectrum of zoeae might be wider and similar to this of eurytherm adults of 

C. maenas (Jost et al. 2012, Tepolt and Somero 2014).

4.2 Morphological changes

 In general, environmental factors affect morphology (Brian 2005, Lye et al. 2005, Baldridge and 

Smith 2008). For the majority of ectotherms the temperature-size rule implies a negative correlation 

of body size with environmental temperature (Angiletta and Dunham 2003, Walter and Hassall 2006). 

C. maenas of populations from warmer regions for example were smaller compared to animals from 

colder sides despite genetic similarity, indicating phenotypic plasticity in accordance to environmental 

temperature (Brian et al. 2006, Silva et al. 2010, Kelley et al. 2015).

 The present study revealed the temperature-size rule also to apply for Zoea IV larvae of C. 

maenas as larvae reared in colder temperatures grew slower but were bigger than larvae kept in warmer 

temperatures. These findings are in accordance to similar results on temperature-dependent changes 

in size as already known for zoeal stages of Cancer setosus (Weiss et al. 2010), Chionoecetes opilio 
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(Webb et al. 2006), Hyas araneus (Kunisch and Anger 1984), Cancer irroratus (Johns 1981a) and C. 

maenas (Dawirs and Dietrich 1986) with bigger larvae when kept at colder temperatures. In general, 

increased metabolic rates at higher temperatures (e.g. Frederich and Pörtner 2000, Harley et al. 2006, 

Metzger et al. 2007) are, among other things, in need of increased nutrient uptake. Temperature 

dependent changes in feeding rates, digestion and nutrient absorption could allow for compensation, 

but due to metabolic imbalance at higher temperatures additional amounts of nutrients are diverted 

from growth to physiological processes like e.g. heat stress reparations (Ceccaldi 1989, Somero 

2002, Bermudes and Ritar 2004, McGaw and Curtis 2013). Furthermore, lower temperatures cause a 

slowdown of digestion and might allow for higher absorption of nutrients and growth (Kurmaly et al. 

1990, LeVay et al. 2001, Mitra and Flynn 2007, McGaw and Whiteley 2012). Hence, slowed down 

metabolism, digestion and increased nutrient uptake might be a reason for the increased size of larvae 

of C. maenas reared at colder temperatures. 

 Zoea IV of C. maenas showed retarded growth under low salinities, despite similar slow down 

effects in metabolism and digestion in crustaceans confronted with low salinity were shown (McGaw 

2006, Curtis 2009, Curtis and McGaw 2010). Osmoregulatory processes are generally energetic 

expensive (Moreira et al. 1983, Verslycke and Janssen 2002, Freire et al. 2008, Whiteley 2011) and 

can cause decreased growth in larval crustaceans like C. maenas as the potential energetic surplus due 

to higher digestive efficiency might be converted into physiological maintenance and osmoregulation 

instead of growth (Anger 2006).

 Besides size, environmental conditions can cause significant changes in shape as seen for adults 

and larvae of C. maenas (Brian et al. 2006, present study). Changes in size in Zoea IV of C. maenas 

were associated with changes in shape primarily detectable as an extension or compression of the 

dorsal and rostral spine. Similar shape changes were detected for larvae of Cancer magister with 

longer spines in larvae from colder sides (Shirley et al. 1987). Furthermore, temperature dependent 

changes in shape and malformations were shown for larvae of Cancer setosus and Chionoecetes 

opilio (Webb et al. 2006, Weiss et al. 2010). Such changes in shape and size as detected for Zoea IV 

of C. maenas might be advantageous as they could increase a larvaes‘ chance for survival through 

escaping predation or increased ability for capturing prey (Shirley et al. 1987, Allen 2008). 

4.3 Volumetric changes in anatomy driven by environmental factors

 In general, abiotic factors like salinity and temperature tended to cause changes in volume of 

digestive gland and heart in Zoea IV of C. maenas. 

 The digestive gland of marine crustaceans fulfills multiple functions like e.g. production of 

secretion of digestive enzymes, nutrient absorption and storage of lipid (Factor 1981, Icley and Nott, 

1992). Low salinity tended to cause a decrease in volume of the digestive gland, except at high 

temperature. These trends are consistent with findings on the effects of osmotic stress (Díaz et al. 

2010) or starvation (Storch and Anger 1983) causing massive structural changes in the digestive 

gland; i.e. enlarged volume, loss of lipid inclusion and changes of tissue of the digestive gland. Those 
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impairments could result in volumetric changes as shown for Zoea IV of C. maenas with the present 

study and could furthermore be an indicator for alterations in storage of lipid. Changes in storage 

capacity potentially have consequences for compensatory processes of higher energetic costs as caused 

by high temperature due to increased metabolism or low salinity due to increased osmoregulation. 

 Abiotic factors furthermore affect the cardiovascular system in marine invertebrates as shown 

by previous studies on the influence of short-term thermal and osmotic changes on the heart rate 

and blood flow (Spaargaren 1973, 1974, Taylor 1977, Stickle and Sabourin 1979, De Wachter and 

McMahon 1996, McGaw 1996, Braby and Somero 2006) to guarantee for continuous oxygen supply 

in indispensable tissue (Taylor 1977). Long-term exposure of marine fish to low temperatures caused 

an increase of heart volume indicating the ability for higher absolute stroke (Vornanen et al. 2005, 

Graham and Farrell 1989). A similar trend was observed when Zoea IV of C. maenas were reared 

at lower temperatures. The detected trend of increased heart volume might ascertain the retention of 

indispensable metabolic processes under long-term exposure to multiple stressors.

 Nevertheless, our results on volumetric changes of heart and digestive gland are only preliminary 

as they are based on a low number of replicates. Furthermore, using the offspring of just one female 

of origin holds an additional source of error as seen by strong maternal influence on performance 

and morphometry. Future research, including more replicates, and several broods, is necessary to 

determine effects of environmental factors on anatomical features with more accuracy.

4.4 Maternal influence

 Offspring of C. maenas from different females of origin developed at significantly different 

rates and showed furthermore significant differences in survival and morphometry in response to 

environmental factors. Similar maternal based differences in larval performance of C. maenas were 

already detected by deRivera et al. (2007). In general, different performance of offspring from different 

broods were found for several marine taxa, like fish (Berkeley et al. 2004, Snyder et al. 2018, Vega-

Trejo et al. 2018), echinoderms (Fujisawa 1995, Bingham et al. 1997, Bertram and Strathmann 1998), 

bryozoans (Allen et al. 2008, Marshall 2008) and crustaceans (Kunisch and Anger 1984, Giménez 

and Torres 2002, Giménez and Anger 2003, Luppi et al. 2003, Foy et al. 2014; González-Ortegón and 

Giménez 2014). Larval differences in over-all performance can be driven by maternal experienced 

environmental factors like seasons (Laughlin Jr. and French 1989b, George 1996, Bingham et al. 

1997, Lárez et al. 2000, Allen et al. 2008, Marshall 2008, Gasparini et al. 2017), maternal age 

(Berkeley et al. 2004), maternal nutritional state (Dawirs 1985, Bertram and Strathmann 1998) and 

maternal given genetic quality (Lárez et al. 2000). For brachyuran crabs, size of females, maternal 

nutritional state and yolk availability is known to be the principal determinant of reproductive output 

and larval performance (Hines 1982, 1991, Dawirs 1985). To explain the detected maternal influence 

in performance and morphometry of Zoea IV in C. maenas in more detail, maternal parameters like 

maternal size, age, etc. need to be added to future analysis.
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5. CONCLUSION

 This research provides a context for understanding the effect of environmental factors 

temperature and salinity and their interaction on early life history stages of C. maenas, a representative 

of meroplanktonic crustaceans. Climate change, accompanied by an increase in temperature and a 

decrease in salinity, might have major consequences for marine invertebrates due to high mortality 

rates, delayed development and small size, and potentially high probability of predation. Anatomical 

features or intraspecific variability might provide a possibility for compensation of environmental 

stress. Hence, success of early life history stages of marine invertebrates is determined by a trade-off 

of multiple factors. Overall, our study emphasize the need for comprehensive studies of the whole life 

cycle and the inclusion of analysis of multiple traits and organizational levels.

6. APPENDIX

Table A1: Akaike‘s information criterion (AIC) scores for all mixed-effects models on effects of temperature (Temp), 
salinity (Sal) and female of origin (Fem) on survival rate and duration of development; bold AIC are the lowest and 
indicate the used models for further analysis. Abbreviations: AIC - Akaike information criteria; df - degree of freedom; 
varident - model including control for variance heterogeneity. Bold -  further processed models; italic - analysis with 
lowest AIC was not possible, model with second lowest AIC was further processed

Survival rate Duration of Development

Factor df AIC df AIC

Zoea II

Temp*Fem 23 1229.426 23 1938.947

Sal*Fem 19 1222.375 19 1917.728

Fem 14 1288.925 14 1936.578

Sal*Fem (varident) 48 1182.700 48 1518.573

Zoea III

Temp*Fem 23 1194.338 23 2265.332

Sal*Fem 19 1173.225 19 2225.097

Fem 14 1247.472 14 2274.970

Sal*Fem (varident) 48 1143.279 - -

Zoea IV

Temp*Fem 23 1175.923 23 2428.279

Sal*Fem 19 1174.830 19 2437.757

Fem 14 1237.079 14 2461.700

Sal*Fem (varident) 48 1138.706 48 1996.826
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Table A2: Results of mixed effects models (random effects) on survival rate and duration of development. Abbreviations: 
Corr - correlation; Fem - female of origin; Sal - salinity; StdDev - standard deviation; Temp - temperature

Survival rate Duration of Development

StdDev Corr StdDev Corr

Zoea II Random effects: ~ Sal | Fem Random effects: ~ Sal | Fem

Intercept 1.1803627 (Intr) 25 PSU (Intercept) 2.1886470 (Intr) 25 PSU

25 PSU 0.8615693 -0.440 25 PSU 0.9188618 -0.762

32 PSU 0.8715505 -0.248 974 32 PSU 1.2981505 -0.949 0.917

Residuals 0.7847160 Residual 1.7203823

Zoea III Random effects: ~ Sal | Fem Random effects: ~ Sal | Fem

Intercept 1.1935890 (Intr) 25 PSU Intercept 3.750847 (Intr) 25 PSU

25 PSU 0.8982958 -0.498 25 PSU 1.769814 -0.972

32 PSU 0.8770664 -0.390 0.988 32 PSU 2.647666 -0.992 0.981

Residuals 0.7521813 Residuals 2.480860

Zoea IV Random effects: ~ Sal | Fem Random effects: ~ Temp | Fem

Intercept 1.1238083 (Intr) 25 PSU (Intercept) 3.192975 (Intr) 18 °C 21 °C

25 PSU 0.9163483 -0.387 18 °C 2.203608 0.445

32 PSU 0.7927361 -0.348 970 21 °C 1.716367 0.055 0.33

Residuals 0.3419270 24 °C 1.898509 -0.914 -0.252 0.294

Residual 3.127591
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Table A3: Results of used mixed-effects models on survival rate and duration of development of Zoea II; bold p-values 
are significant (p < 0.05). Abbreviations: Corr - correlation coefficient; df - degree of freedom; Fem - female of origin; 
Sal - salinity treatment; StdDev - standard deviation; Std.Error - standard error; Temp - temperature treatment

Survival rate Duration of Development

Zoea II Random effects: ~ Sal | Fem Random effects: ~ Sal | Fem

StdDev Corr StdDev Corr

(Intercept) 1.1803627 (Intr) 25 PSU 2.1886470 (Intr) 25 PSU

25 PSU 0.8615693 -0.440 0.9188618 -0.762

32 PSU 0.8715505 -0.248 0.974 1.2981505 -0.949 0.917

Residual 0.7847160 1.7203823

Fixed effects: Survival rate ~ Sal * Temp Fixed effects: Duration of Development ~ Sal * Temp

Value Std.Error df t-value p-value Value Std.Error df t-value p-value

(Intercept) -0.8721676 0.3938841 448 -2.214275 0.0273 12.961908 0.7450018 448 17.398494 0.0000

25 PSU 2.0938932 0.3247209 448 6.448285 0.0000 -3.677379 0.4841835 448 -7.595012 0.0000

32 PSU 2.1218373 0.3273737 448 6.481392 0.0000 -5.262287 0.5643779 448 -9.324049 0.0000

18 °C 0.4578720 0.1852743 448  2.471320 0.0138 -4.103222 0.4058090 448 -10.111214 0.0000

21 °C 1.1863782 0.1777032 448 6.676179 0.0000 -5.134455 0.3895899 448 -13.179129 0.0000

24 °C 0.8562322 0.1766735 448 4.846411 0.0000 -6.050918 0.3873021 448 -15.623250 0.0000

25 PSU * 18 °C -0.5614557 0.2551774 448 -2.200256 0.0283 1.664105 0.5591661 448 2.976048 0.0031

32 PSU * 18 °C -0.9909982 0.2578500 448 -3.843313 0.0001 2.648338 0.5646383 448 4.690326 0.0000

25 PSU * 21 °C -1.1556819 0.2497346 448 -4.627640 0.0000 1.491483 0.5475089 448 2.724126 0.0067

32 PSU * 21 °C -1.3710632 0.2497346 448 -5.490081 0.0000 2.886960 0.5475089 448 5.272901 0.0000

25 PSU * 24 °C -0.8387625 0.2490029 448 -3.368484 0.0008 1.692131 0.5458834 448 3.099804 0.0021

32 PSU * 24 °C -1.1141567 0.2490029 448 -4.474472 0.0000 3.153398 0.5458834 448 5.776688 0.0000
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Table A4: Results of used mixed-effects models on survival rate and duration of development of Zoea III; bold p-values 
are significant (p < 0.05). Abbreviations: Corr - correlation coefficient; df - degree of freedom; Fem - female of origin; 
Sal - salinity treatment; StdDev - standard deviation; Std.Error - standard error; Temp - temperature treatment

Survival rate Duration of Development

Zoea III Random effects: ~ Sal | Fem Random effects: ~ Sal | Fem

StdDev Corr StdDev Corr

(Intercept) 1.1935890 (Intr) 25 PSU 3.750847 (Intr) 25 PSU

25 PSU 0.8982958 -0.498 1.769814 -0.972

32 PSU 0.8770664 -0.390 0.988 2.647666 -0.992 0.981

Residual 0.7521813 2.480860

Fixed effects: Survival rate ~ Sal * Temp Fixed effects: Duration of Development ~ Sal * Temp

Value Std.Error  DF t-value p-value Value Std.Error  DF t-value p-value

(Intercept) -1.3367143 0.3962327 443 -3.373558 0.0008 20.722842 1.2509728 443 16.565382 0.0000

25 PSU 2.1702563 0.3307157 443 6.562303 0.0000 -5.471991 0.7906570 443 -6.920815 0.0000

32 PSU 2.2491651 0.3249675 443 6.921200 0.0000 -7.711994 1.0064432 443 -7.662622 0.0000

18 °C 0.5636878 0.1872271 443 3.010717 0.0028 -6.773218 0.6156189 443 -11.002290 0.0000

21 °C 1.0949315 0.1703355 443 6.428087 0.0000 -7.192115 0.5618042 443 -12.801819 0.0000

24 °C 0.6033159 0.1693497 443 3.562545 0.0004 -8.428170 0.5584931 443 -15.090912 0.0000

25 PSU * 18 °C -0.6954708 0.2516800 443 -2.763314 0.0060 2.684321 0.8286857 443 3.239251 0.0013

32 PSU * 18 °C -1.1922363 0.2541717 443 -4.690672 0.0000 4.160497 0.8362184 443 4.975371 0.0000

25 PSU * 21 °C -1.1350577 0.2393805 443 -4.741647 0.0000 2.365171 0.7895297 443 2.995671 0.0029

32 PSU * 21 °C -1.4219273 0.2393805 443 -5.940030 0.0000 2.662220 0.7895297 443 3.371906 0.0008

25 PSU * 24 °C -0.6514080 0.2386800 443 -2.729210 0.0066 1.542928 0.7871771 443 1.960078 0.0506

32 PSU * 24 °C -0.9246619 0.2386800 443 -3.874065 0.0001 3.018443 0.7871771 443 3.834515 0.0001
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Table A5: Results of used mixed-effects models on survival rate and duration of development of Zoea IV; bold p-values 
are significant (p < 0.05). Abbreviations: Corr - correlation coefficient; df - degree of freedom; Fem - female of origin; 
Sal - salinity treatment; StdDev - standard deviation; Std.Error - standard error; Temp - temperature treatment

Survival rate Duration of Development

Zoea IV Random effects: ~ Sal | Fem Random effects: ~ Temp | Fem

StdDev Corr StdDev Corr

(Intercept) 1.1238083 (Intr) 25 PSU (Intercept) 3.192975 (Intr) 18 °C 21 °C

25 PSU 0.9163483 -0.387 18 °C 2.203608 0.445

32 PSU 0.7929361 -0.348 0.970 21 °C 1.716367 0.055 0.33

24 °C 1.898509 -0.914 -0.252 0.294

Residual 0.3419270 Residual 3.127591

Fixed effects: Survival rate ~ Sal * Temp Fixed effects: Duration of Development ~ Sal * Temp

Value Std.Error  DF t-value p-value Value Std.Error  DF t-value p-value

(Intercept)  -1.3715397 0.3728750 437 -3.678283 0.0003 28.848529 1.1307460 437 25.512828 0.0000

25 PSU 1.9720997 0.3232158 437 6.101496 0.0000 -5.339269 0.7132105 437 -7.486246 0.0000

32 PSU 1.8044383 0.2927433 437 6.163893 0.0000 -9.130291 0.7096640 437 -12.865654 0.0000

18 °C  0.3726040 0.1486868 437 2.505965 0.0126 -6.373093 1.0722746 437 -5.943527 0.0000

21 °C 0.4336274 0.1429038 437 3.034401 0.0026 -9.969479 0.9012053 437 -11.062385 0.0000

24 °C 0.0894599 0.1424691 437 0.627925 0.5304 -11.581233 0.9329078 437 -12.414124 0.0000

25 PSU * 18 °C -0.6509352 0.1880946 437 -3.460679 0.0006 -0.042551 1.0767965 437 -0.039516 0.9685

32 PSU * 18 °C -0.6379553 0.2015563 437 -3.165147 0.0017 3.111363 1.0776361 437 2.887211 0.0041

25 PSU * 21 °C -0.6308959 0.1835590 437 -3.437020 0.0006 2.294255 1.0059854 437 2.280604 0.0231

32 PSU * 21 °C -0.7539104 0.1963322 437 -3.839972 0.0001 3.743838 1.0033297 437 3.731414 0.0002

25 PSU * 24 °C -0.4416266 0.1832220 437 -2.410336 0.0163 0.460057 1.0020398 437 0.459121 0.6464

32 PSU * 24 °C -0.3510813 0.1960160 437 -1.791084 0.0740 3.397307 0.9994871 437 3.399050 0.0007
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Table A6: Mean-values and Standard deviation of Survival rate and duration of development for the used thermal and 
osmotic treatments, duration of development in days. Abbreviations: StdDev - standard deviation

Survival rate

Zoea II Zoea III Zoea IV

Temp (°C) Sal (PSU) Mean StdDev Mean StdDev Mean StdDev

15 °C 20 PSU 0.349 ± 0.267 0.278 ± 0.227 0.231 ± 0.181

25 PSU 0.623 ± 0.237 0.555 ± 0.232 0.502 ± 0.184

32 PSU 0.596 ± 0.230 0.558 ± 0.246 0.521 ± 0.238

18 °C 20 PSU 0.438 ± 0.291 0.379 ± 0.233 0.313 ± 0.195

25 PSU 0.561 ± 0.321 0.495 ± 0.296 0.402 ± 0.244

32 PSU 0.462 ± 0.259 0.406 ± 0.256 0.329 ± 0.237

21 °C 20 PSU 0.473 ± 0.228 0.346 ± 0.191 0.244 ± 0.148

25 PSU 0.579 ± 0.255 0.468 ± 0.243 0.319 ± 0.236

32 PSU 0.463 ± 0.283 0.413 ± 0.263 0.339 ± 0.215

24 °C 20 PSU 0.344 ± 0.189 0.256 ± 0.149 0.184 ± 0.105

25 PSU 0.572 ± 0.188 0.489 ± 0.191 0.383 ± 0.174

32 PSU 0.570 ± 0.196 0.509 ± 0.195 0.420 ± 0.166

Duration of Development

Zoea II Zoea III Zoea IV

Temp (°C) Sal (PSU) Mean StdDev Mean StdDev Mean StdDev

15 °C 20 PSU 13.073 ± 3.022 20.916 ± 3.896 30.729 ± 4.435

25 PSU 10.873 ± 3.939 16.726 ± 2.679 26.729 ± 3.628

32 PSU 8.369 ± 1.967 13.582 ± 2.722 20.999 ± 3.475

18 °C 20 PSU 8.895 ± 2.903 13.175 ± 3.753 25.059 ± 9.104

25 PSU 7.748 ± 2.919 12.006 ± 4.473 19.322 ± 6.223

32 PSU 6.832 ± 1.194 11.083 ± 3.601 17.667 ± 5.454

21 °C 20 PSU 8.396 ± 2.915 15.315 ± 7.689 21.275 ± 4.416

25 PSU 6.361 ± 2.034 12.044 ± 3.489 19.258 ± 5.697

32 PSU 6.037 ± 1.686 8.582 ± 1.191 14.725 ± 3.351

24 °C 20 PSU 7.467 ± 1.172 13.476 ± 6.524 19.056 ± 6.846

25 PSU 5.329 ± 2.377 8.892 ± 2.573 13.718 ± 1.857

32 PSU 4.975 ± 1.288 7.338 ± 1.922 11.895 ± 2.254
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Table A7: Test for significant differences (Mann-Whiteney) in Centroid size between combined (temperature X salinity) 
treatments (after Bonferroni correction)

15 °C /  
20 PSU

15 °C / 
25 PSU

15 °C /  
32 PSU

18 °C /  
20 PSU

18 °C /  
25 PSU

18 °C /  
32 PSU

21 °C /  
20 PSU

21 °C /  
25 PSU

21 °C /  
32 PSU

24 °C /  
20 PSU

24 °C /  
25 PSU

24 °C /  
32 PSU

15 °C / 20 PSU 1 1 0.9502 1 1 0.2779 1 1 0.0043 1 1

15 °C / 25 PSU 1 1 1 1 1 0.2436 1 1 0.0106 1 1

15 °C / 32 PSU 1 1 1 1 1 1 1 1 0.0758 1 1

18 °C / 20 PSU 0.9502 1 1 0.0064 0.1231 1 0.8462 0.4085 1 1 1

18 °C / 25 PSU 1 1 1 0.0064 1 0.0032 1 1 0.0008 0.0927 0.3514

18 °C / 32 PSU 1 1 1 0.1231 1 0.0380 1 1 0.0126 0.4631 0.3967

21 °C / 20 PSU 0.2779 0.2436 1 1 0.0032 0.0380 0.2779 0.1416 1 1 1

21 °C / 25 PSU 1 1 1 0.8462 1 1 0.2779 1 0.0052 1 1

21 °C / 32 PSU 1 1 1 0.4085 1 1 0.1416 1 0.0089 1 1

24 °C / 20 PSU 0.0043 0.0106 0.0758 1 0.0008 0.0126 1 0.0052 0.0089 0.5465 0.0972

24 °C / 25 PSU 1 1 1 1 0.0927 0.4631 1 1 1 0.5465 1

24 °C / 32 PSU 1 1 1 1 0.3514 0.3967 1 1 1 0.0972 1

Table A8: Results of Principal Component Analysis (N=175)

PC Eigenvalue % Variance

1 0.0016087 28.929

2 0.00113463 20.404

3 0.0010828 19.472

4 0.000607474 10.924

5 0.000498815 8.9701

6 0.000262687 4.7238

7 0.000162771 2.9271

8 9.71657E-05 1.7473

9 6.98809E-05 1.2567

10 3.59646E-05 0.64674

11 8.70377E-32 1.5652E-27

12 3.47217E-32 6.2439E-28

13 2.65989E-32 4.7832E-28

14 1.15596E-32 2.0787E-28
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Table A9: Test for significant differences (Mann-Whiteney) in shape (PC 1 – 3) between combined (temperature X 
salinity) treatments (after Bonferroni correction)

PC1
1 °C /  

20 PSU
15 °C /  
25 PSU

15 °C /  
32 PSU

18 °C /  
20 PSU

18 °C /  
25 PSU

18 °C /  
32 PSU

21 °C /  
20 PSU

21 °C /  
25 PSU

21 °C /  
32 PSU

24 °C /  
20 PSU

24 °C /  
25 PSU

24 °C /  
32 PSU

15 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 1

15 °C / 25 PSU 1 0.7046 1 1 1 1 1 0.6211 1 1 1

15 °C / 32 PSU 1 0.7046 1 1 1 1 1 1 0.334 1 1

18 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 1

18 °C / 25 PSU 1 1 1 1 1 1 1 1 1 1 1

18 °C / 32 PSU 1 1 1 1 1 1 1 1 1 1 1

21 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 1

21 °C / 25 PSU 1 1 1 1 1 1 1 1 1 1 1

21 °C / 32 PSU 1 0.6211 1 1 1 1 1 1 0.533 1 1

24 °C / 20 PSU 1 1 0.334 1 1 1 1 1 0.533 1 1

24 °C / 25 PSU 1 1 1 1 1 1 1 1 1 1 1

24 °C / 32 PSU 1 1 1 1 1 1 1 1 1 1 1

PC2

15 °C / 20 PSU 0.1863 0.0088 0.0032 0.0279 0.0203 0.0693 0.0054 0.0126 1 0.0326 0.0380

15 °C / 25 PSU 0.1863 1 0.0693 1 1 1 0.5241 1 1 1 1

15 °C / 32 PSU 0.0088 1 1 1 1 1 1 1 1 1 1

18 °C / 20 PSU 0.0032 0.0693 1 1 1 1 1 1 0.5168 1 1

18 °C / 25 PSU 0.0279 1 1 1 1 1 1 1 1 1 1

18 °C / 32 PSU 0.0203 1 1 1 1 1 1 1 1 1 1

21 °C / 20 PSU 0.0693 1 1 1 1 1 1 1 1 1 1

21 °C / 25 PSU 0.0054 0.5241 1 1 1 1 1 1 1 1 1

21 °C / 32 PSU 0.0126 1 1 1 1 1 1 1 1 1 1

24 °C / 20 PSU 1 1 1 0.5168 1 1 1 1 1 1 1

24 °C / 25 PSU 0.0326 1 1 1 1 1 1 1 1 1 1

24 °C / 32 PSU 0.0380 1 1 1 1 1 1 1 1 1 1

PC3

15 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 0.0326

15 °C / 25 PSU 1 1 1 1 0.9502 1 1 0.2808 1 1 0.0380

15 °C / 32 PSU 1 1 1 1 0.7979 1 1 0.1087 1 1 0.0009

18 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 0.0203

18 °C / 25 PSU 1 1 1 1 1 1 1 1 1 1 0.0089

18 °C / 32 PSU 1 0.9502 0.7979 1 1 1 1 1 0.3314 0.5241 0.7525

21 °C / 20 PSU 1 1 1 1 1 1 1 1 1 1 0.0380

21 °C / 25 PSU 1 1 1 1 1 1 1 1 0.5168 1 0.0203

21 °C / 32 PSU 1 0.2808 0.1087 1 1 1 1 1 0.103 0.0474 0.6211

24 °C / 20 PSU 1 1 1 1 1 0.3314 1 0.5168 0.103 1 0.0084

24 °C / 25 PSU 1 1 1 1 1 0.5241 1 1 0.04743 1 0.0018

24 °C / 32 PSU 0.0325 0.0380 0.0009 0.0203 0.0089 0.7525 0.0380 0.0203 0.6211 0.0084 0.0018
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Table A10: Results of Canonical Variate Analysis

Grouping criterion Eigenvalues % Variance  Cumulative %

Female

 1.  0.40717430 90.414 90.414

2.  0.04316812 9.586 100.000

Temperature

1.  0.31299783 56.900  56.900

2.  0.14251446 25.908 82.808

3.  0.09457136 17.192 100.000

Salinity

1.  0.52830385 76.941 76.941

2.  0.15832842 23.059 100.000

Temperature X 
Salinity

1.  0.84440086 37.041 37.041

2.  0.57693100 25.308 62.348

3.  0.33652519 14.762 77.110

4.  0.19422663 8.520 85.630

5.  0.15228063 6.680 92.310

6.  0.09117075 3.999 96.310

7.  0.05127028 2.249 98.559

8.  0.02061209 0.904 99.463

9.  0.01041069 0.457 99.920

 10.  0.00183204 0.080 100.000
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Table A11: Results of Canonical Variance Analysis grouped after combination of temperature and salinity treatment; bold 
p-values indicate significance (p < 0.05)

P-values from permutation tests (10000 permutation rounds) for Mahalanobis distances among groups:

15 °C /  
20 PSU

15 °C /  
25 PSU

15 °C /  
32 PSU

18 °C /  
20 PSU

18 °C /  
25 PSU

18 °C /  
32 PSU

21 °C /  
20 PSU

21 °C /  
25 PSU

21 °C /  
32 PSU

24 °C /  
20 PSU

24 °C /  
25 PSU

15 °C /  
25 PSU 0.0027

15 °C /  
32 PSU <.0001 0.0024

18 °C /  
20 PSU <.0001 0.0001 0.0030

18 °C /  
25 PSU 0.0008 0.0668 0.0045 0.7061

18 °C /  
32 PSU <.0001 0.0002 0.0152 0.1106 0.3250

21 °C /  
20 PSU 0.0005 0.1510 0.0009 0.1896 0.7564 0.0051

21 °C /  
25 PSU <.0001 <.0001 0.0001 0.0950 0.3150 0.0013 0.0019

21 °C /  
32 PSU <.0001 0.0004 0.0128 0.0007 0.0035 0.0133 0.0011 0.0007

24 °C /  
20 PSU 0.0072 0.0191 <.0001 0.0011 0.0084 <.0001 0.1150 <.0001 <.0001

24 °C /  
25 PSU <.0001 0.0014 0.0713 0.2422 0.3201 0.0002 0.1922 0.1806 0.0022 0.0239

24 °C /  
32 PSU <.0001 <.0001 <.0001 <.0001 <.0001 0.0030 <.0001 <.0001 0.0005 <.0001 <.0001

P-values from permutation tests (10000 permutation rounds) for Procrustes distances among groups:

15 °C /  
25 PSU 0.0488

15 °C /  
32 PSU 0.0001 0.0057

18 °C /  
20 PSU 0.0002 0.0033 0.0168

18 °C /  
25 PSU 0.0065 0.2792 0.0119 0.4201

18 °C /  
32 PSU 0.0008 0.0061 0.0087 0.0614 0.5268

21 °C /  
20 PSU 0.0071 0.3232 0.0018 0.3853 0.8619 0.0439

21 °C /  
25 PSU 0.0001 0.0017 0.0042 0.4963 0.8047 0.1430 0.2411

21 °C /  
32 PSU <.0001 0.0009 0.0111 0.0088 0.0444 0.0624 0.0129 0.0090

24 °C /  
20 PSU 0.0124 0.0896 <.0001 0.0007 0.0044 <.0001 0.0472 <.0001 <.0001

24 °C /  
25 PSU 0.0003 0.0681 0.0868 0.6137 0.2958 0.0081 0.6185 0.1609 0.0049 0.0681

24 °C /  
32 PSU <.0001 <.0001 <.0001 0.0002 0.0011 0.0072 0.0010 <.0001 0.0273 <.0001 <.0001
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General Discussion
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 The aim of this thesis was to understand how climate driven environmental variables affect 

early life history stages of marine invertebrates with the brachyuran crab C. maenas from the 

North Sea – a population actually and potentially affected by climate change – as a model species. 

A multidisciplinary approach was chosen to analyze interacting responses in terms of life history, 

development, morphology, anatomy and physiology, in a marine organism on an ecological relevant 

range of temperature and salinity. Through a laboratory approach, this thesis focused on responses in 

the larval phase, which is considered the most sensitive phase of the life cycle of marine invertebrates 

(Anger 2001). 

 In the following sections I highlight important findings of each chapter and discuss them in 

the general context of population persistence with respect to climate change. The first section covers 

results on organogenesis in early life history stages of decapod crustaceans (Chapter II) and discusses 

anatomical structures allowing for osmo- and thermotolerance. The second section covers the results 

of larval exposure to multiple stressors temperature and salinity (Chapter III) in context of stressor 

interaction and ontogenetic changes in thermo- and osmotolerance during larval development and 

complete life history. Further, aspects on phenotypic plasticity and intrapopulation variability are 

discussed and finally linked to potential consequences of multiple stressors on early life history stages 

of marine invertebrates on population persistence and connectivity. Finally, I present perspectives for 

future research with questions arisen from the present thesis, and summarize the main conclusions of 

this thesis.

1.  ORGANOGENESIS IN EARLY LIFE HISTORY STAGES OF DECAPOD 

 CRUSTACEANS

 To create a basis for analysis of changes in morphology and anatomy under environmental stress, 

a general description of those features was necessary. X-ray micro-computed tomography combined 

with 3D reconstruction were applied to describe larval internal organization and organogenesis in 

zoeal and megalopal stages of C. maenas. In a multi-methodological approach, we also used cuticular 

autofluorescence to complement existing descriptions of external morphology and classical histology 

to analyze the anatomy of selected organ systems. Results of those analysis demonstrated that despite 

their different life-styles and external morphology, brachyuran larvae are smaller versions of the 

adults when considering their inner organization: the adult bauplan unfolds from organ anlagen 

compressed into miniature organisms. These results also provide an overall picture of seemingly 

gradual organogenesis across larval development and the metamorphic molt, an insight that contrasts 

with the abrupt ecological, nutritional, behavioral, morphological and physiological changes during 

metamorphosis (Wilbur 1980, Nielsen 1998, Anger 2001, 2006).

 Furthermore, several anatomical features potentially allowing for increasing eurytolerance 

during larval development were clearly detected (present study – Chapter III). Anatomical structures, 
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like gills and the antennal gland, allow for osmoregulation in adults of C. maenas and other aquatic 

crustaceans due to ionic exchange (Riegel and Lockwood 1961, Binns 1969, Towle and Weihrauch 

2001, Lucu and Towle 2003, Henry et al. 2012). Gills of adult crustaceans, the principal organs for 

respiration and ion regulation, are featherlike structured (Taylor and Taylor 1992, Davie et al. 2015, 

Lignot and Charmantier 2015). During larval ontogenesis gills become present at Zoea III as small 

buds at the base of embryonic pereiopods for the first time (Cieluch et al. 2004, present study – Chapter 

III). They remained embryonic buds and did not become filamentous during the following zoeal 

development as shown by histological analysis (present study – Chapter III). Additionally, effective 

osmoregulation is mainly based on active ionic exchange of sodium and chloride through specialized 

cells and the key enzyme Na+/K+-ATPase (reviewed by Lucu and Towle 2003). This Na+/K+-ATPase 

had low expression levels in gills of zoeal stages of C. maenas; higher expression levels of Na+/K+-

ATPase were revealed for the first crab instar indicating minor involvement of gills in osmoregulation 

of earlier life history stages of C. maenas (Cieluch et al. 2004). The presented histological results 

are consistent with those of Cieluch et al. (2004) in that zoeal gills are not likely to be involved in 

osmoregulation. 

 Besides gills, antennal glands are of importance for osmoregulation of aquatic decapod 

crustaceans. Antennal glands are the primary excretory organs of crustaceans at the base of their 

second antennae and are involved in regulation of hemolymph volume, acid-base balance, ionic 

composition, excretion of organic compounds, reabsorption of fluid, and nutrients from primary urine 

filtrate (Lignot et al. 2000, Lin et al. 2000, Freire et al. 2008). Each gland is composed of a coelomosac, 

a labyrinth, a nephridial canal, a bladder and a nephropore (Davie et al. 2015, Lignot and Charmantier 

2015). At least the Zoea IV of C. maenas possess antennal glands with identical structure to those 

of adults (Riegel and Lockwood 1961, Binns 1969) including all described compartments and an 

opened nephropore (present study – Chapter II). The presence of a completely developed antennal 

gland might allow for osmoregulation and could serve as an explanation for the slight euryhalinity 

(Cieluch et al. 2004, present study – Chapter III) despite underdeveloped gills. High concentrations 

of Na+/K+-ATPase in the antennal gland of juveniles of the crayfish Astacus leptodactylus support the 

assumption of osmoregulation through the antennal gland already in larval stages (Khodabandeh et 

al. 2005). This might also be the case for C. maenas, but currently evidence for this claim is lacking. 

 Moreover, early life history stages of C. maenas are generally eurythermic with an age-related 

increase in thermotolerance (Naylor 1963, Nagaraj 1993, Cuculescu et al. 1998, Tepolt and Somero 

2014 present study – Chapter III). Similar ontogenetic changes in thermotolerance with general 

narrower tolerance window for temperature in early life history stages of brachyuran crabs were 

verified (deRivera et al. 2007, Baylon 2010, Papadopoulos et al. 2010) and can further be reflected in 

behavior (Ott and Forward Jr. 1976, Forward Jr. 1990b) or food intake (Bermudes and Ritar 2004). The 

increasing thickness of the integument of advanced larval stages is suggested to be responsible for this 

higher thermotolerance due to a potential thermoregulatory function (Baylon 2010), but quantifiable 

measurements need to test this hypothesis. So far, personal observations revealed the integument 

becomes thicker at the megalopa and first juvenile stage as cuticle became less transparent.
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 Lipids are the major energy storage in crustaceans and furthermore important for maintaining 

cellular membranes and can get mobilized to balance additional costs due to e.g. osmoregulation 

(Luvizotto-Santos et al. 2003). Adult brachyuran crabs mobilized lipids during salinity acclimation 

from gills and musculature, while the digestive gland showed no lipid loss (Luvizotto-Santos et al. 

2003). Compared to adults, brachyuran larvae have underdeveloped gills and fewer musculature, but 

the digestive gland contains massive lipid inclusion (present study – Chapter II). A high lipid content 

present in the digestive gland of planktonic larvae revealed by histological analysis therefore potentially 

allows for compensation of physiological stress (thermal, osmotic etc.) explaining comparatively high 

survival rates at low salinity (present study – Chapter III). Preliminary results on the lipid content of 

the digestive gland indicated that high salinity and low temperature tended to induce increased lipid 

accumulation, while low salinity and high temperature seemed to cause the opposite. Such pattern 

would suggest increased metabolic costs due to osmoregulation and temperature-induced increase of 

metabolism (see Perspectives – Chapter IV). These preliminary results support the assumption of a 

possible stress compensation through lipid storage of the digestive gland.

2.  EFFECTS OF MULTIPLE STRESSORS ON EARLY LIFE HISTORY STAGES  

 OF DECAPOD CRUSTACEANS

 To assess effects of multiple environmental factors on early life history stages of marine 

invertebrates, zoeal stages of C. maenas were exposed to twelve combinations of ecological relevant 

temperatures and salinities. Larval responses were measured in a multidisciplinary approach 

combining performance with responses on morphological and anatomical levels.

 Early life historystages of C. maenas are slightly eurytolerant to the investigated environmental 

factors temperature and salinity. All planktonic zoeal stages survived temperatures ranging from 

15 – 24 °C and a salinity range from 20 – 32 PSU with differences in larval performance (survival and 

developmental duration), and further morphological traits depending on the ontogenetic stage and 

treatments (Table 1). A negative correlation between temperature and duration of development and 

larval size was revealed, while survival was less affected by changes in temperature (Table 1). Changes 

in salinity had minor effects on duration of development, but a strong correlation with survival; low 

salinity caused generally high mortality (Table 1). Similar responses of brachyuran crab larvae to 

interactions of temperature and salinity were found with increasing temperature causing generally 

a shortened development, and species‘ dependent suboptimal temperatures and salinities causing a 

developmental delay and increased mortality (present study – Chapter III). Furthermore, the size of 

Zoea IV of C. maenas was driven by the interaction of temperature and salinity as well as female of 

origin. Increased temperature and decreased salinity caused reduced growth resulting in smaller size 

of Zoea IV. 

 In a first attempt, to analyze multiple stressor effects on an anatomical level, volumes of the 

heart and digestive gland were calculated with respect to their physiological function. Previous 
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investigations revealed those organ systems to be affected in marine organisms confronted with 

changing environmental factors (Spaargaren 1973, 1974, Taylor 1977, Stickle and Sabourin 1979, De 

Wachter and McMahon 1996, McGaw 1996, Braby and Somero 2006, Díaz et al. 2010). Preliminary 

results on the volume of the digestive gland and heart showed high variability among investigated 

temperature and salinity treatments, but currently do not withstand due to low replicate numbers. 

Overall, all measured response levels were affected by an antagonistic interaction of temperature and 

salinity and showed high variability among females of origin.

Table 1: Summary of temperature and salinity effects on survival rate, duration of development and size of Zoea IV. All 
treatments in comparison to optimal conditions (15 °C / 32 PSU) are presented here. * - significant differences between 
response of treatment and optimal conditions (15 °C / 32 PSU). Grey background - potentially near-future conditions of 
temperature and salinity for the North Sea (Peperzak 2003, Philippart et al. 2011, Quante and Colijn 2016) indicating no 
significant effect on survival, but significant shortening effects on developmental duration.

Changing factor Response

Treatment Temperature Salinity Survival rate Duration of development Size (centroid size)

15 °C / 32 PSU optimal optimal 52.1 % (100 %) 21 days (100 %) 1881.30 (100 %)

15 °C / 25 PSU – ↓ 50.2 % (– 4 %) 27 days (+ 27 %) * 1897.00 (+ 1 %)

15 ° C / 20 PSU – ↓ ↓ 23.1 % (– 56 %) * 31 days (+ 46 %) * 1909.33 (+ 2 %)

18 °C / 32 PSU ↑ – 32.9 % (– 37 %) 18 days (– 16 %) * 1936.15 (+ 3 %)

18 °C / 25 PSU ↑ ↓ 40.2 % (– 23 %) 19 days (– 8 %) 1970.45 (+ 5 %)

18 °C / 20 PSU ↑ ↓ ↓ 31.3 % (– 40 %) * 25 days (+19 %) 1801.71 (– 4 %)

21 °C / 32 PSU ↑ ↑ – 33.9 % (– 35 %) 15 days (– 30 %) * 1905.25 (+ 1 %)

21 °C / 25 PSU ↑ ↑ ↓ 31.9 % (– 39 %) 19 days (– 8 %) * 1876.85 (± 0)

21 °C / 20 PSU ↑ ↑ ↓ ↓ 24.4 % (– 53 %) * 21 days (+ 1 %) 1760.52 (– 6 %)

24 °C / 32 PSU ↑ ↑ ↑ – 42 % (– 20 %) 12 days (– 43 %) * 1844.35 (– 2 %)

24 °C / 25 PSU ↑ ↑ ↑ ↓ 38.3 % (– 27 %) 14 days (– 35 %) * 1818.25 (– 3 %)

24 °C / 20 PSU ↑ ↑ ↑ ↓ ↓ 18.4 % (– 65 %) * 19 days (– 9 %) 1734.13 (– 7 %)

2.1 Interaction of multiple stressors

 The interaction of temperature and salinity revealed to be of antagonistic type with moderate 

high temperatures of up to 21 °C completely weakening the negative impact of low salinity on 

survival in zoeae of C. maenas. The response of zoeae to extreme temperatures (24 °C) combined 

with low salinity (20 PSU) was antagonistic. This type of interaction is advantageous for larvae 

of C. maenas as this means decreased stress for early life history stages (Byrne and Przeslawski 

2013). Furthermore, these results imply that early life history stages of C. maenas should be able 
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to cope with near-future changes in temperature and salinity as they are predicted to not exceed the 

tested range of temperature and salinity (Peperzak 2003, Philippart et al. 2011, Quante and Colijn 

2016) (Table 1). More generally, these results are contrary to the general statement of the interaction 

between temperature and salinity being most often synergistic in marine systems (Crain et al. 2008, 

Przeslawski et al. 2015). Otherwise, similar antagonistic interactive effects of temperature were shown 

for echinoderm larvae in combination with acidification with increased temperature ameliorating the 

negative effect of acidification on calcification (Byrne 2012). 

 Interactions of environmental factors (like pH, CO2, oxygen, salinity) alter the thermal 

tolerance window of marine ectotherm species (reviewed by Pörtner et al. 2005, and Pörtner 2012). 

Exposure of aquatic ectotherms to toxic metals for example can induce a reduction of the aerobic 

scope through metal-induced elevation of basal metabolic costs resulting in a shift of the upper 

thermal limits to lower values (Sokolova and Lannig 2008). Similarly, the interactions of elevated 

seawater CO2 and temperature extremes can cause a narrowing of the thermal tolerance window 

of organisms exposed to high CO2 levels as shown for bivalves and brachyuran crabs by causing a 

respirational and cardial breakdown (Pörtner et al. 2005, Walther et al. 2010, Schiffer et al. 2014, 

Lesser 2016). Regardless of the exact physiological and molecular mechanisms, multiple stressor 

interactions can induce negative effects on temperature stress tolerance resulting in narrower thermal 

tolerance range (Pörtner 2009, 2012, Sokolova et al. 2012). For zoeae of C. maenas, temperature did 

not cause significant variations in survival if combined with seawater or slightly decreased salinity, 

even when temperature was higher than the optimum (15 °C) (Table 1). Otherwise, exposure of zoeal 

stages of C. maenas to high temperature (24 °C) combined with low salinity (20 PSU) had strong 

effects resulting in highest mortality, delayed development and least growth for larvae reared at these 

conditions (Table 1). Furthermore, low salinity caused significant higher mortality in combination 

with optimal temperatures (Table 1). These salinity-dependent responses to high and low temperature 

indicated a shift of upper thermal limits to cooler temperatures for larvae of C. maenas exposed to 

low salinity and further a general narrowing of thermal tolerance range (Fig. 1). Similar results of 

low salinity shifting upper thermal tolerance limits towards lower temperatures were recently shown 

for adults of C. maenas (Muñoz et al. 2017). A reduction of the tolerance range of temperature by 

interactive effects potentially have negative effects on stress tolerance in aquatic ectotherms with 

potential consequences for organisms fitness (Sokolova and Lannig 2008, Sokolova et al. 2012).
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Figure 1: Effects of interaction of multiple stressor on thermal tolerance range of zoeal stages of C. maenas. Exposure to 
low salinity narrows the tolerance spectrum of temperature (dashed line).

2.2 Ontogenetic changes in tolerance

 In general, the tolerance range to environmental factors in marine invertebrates can vary with 

life stage and organisms‘ size and is for marine crustaceans generally the narrowest during planktonic 

larval development (Charmantier 1998, Anger 2001, Sokolova et al. 2012). Results on thermal and 

osmotic tolerance range of the present study exclusively refer to zoeal stages of C. maenas, but can 

support these statements. Zoeae are more sensitive to environmental stress than their adults: larvae 

were just slightly euryhaline (Anger et al. 1998, Torres et al. 2002, Anger 2003, Cieluch et al. 2004, 

Torres et al. 2011, present study – Chapter III) as well as slightly eurythermal (Dawirs 1985, deRivera 

2007, present study – Chapter III) compared to euryhaline and eurythermal adults (Siebers et al. 

1982, Compere et al. 1989, Lucu and Flik 1999, Rainbow and Black 2001, Jost et al. 2012, Tepolt 

and Somero 2014). Zoeae showed a significant effect of low salinity (20 PSU) on survival (present 

study – Chapter III), while adults can cope with and survive salinities of 1.4 PSU (Siebers et al. 

1982, Compere et al. 1989). Similar for temperature, zoeal stages of C. maenas can cope with at least 

temperatures between 15 – 24 °C (present study – Chapter III), while adults can survive temperature 

between 4 – 36 °C (Fig. 2). The adult temperature tolerance spectrum is likely to exceed the tolerance 

range of larval stages, as increased temperatures (21 and 24 °C) also caused an increase in mortality 

(Table 1) (present study – Chapter III). Therefore, planktonic zoeal stages possess narrower tolerance 

windows for temperature and salinity compared to later life history stages as an adaptation to habitat 

changes during life history (Fig. 2) (present study – Chapter III).

 For other brachyuran species, ovigerous females and Megalopa were shown to possess the 

narrowest tolerance range during life history (Walther et al. 2010, Storch et al. 2011, Schiffer et al. 

2014). The tolerance ranges of species are linked with species-specific energetics (Freitas et al. 2010, 

Byrne 2012) and therefore differ between species explaining differences in sensitivity and tolerance 

spectra among different species and life stages.
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Figure 2: Summary of ontogenetic changes in tolerance spectrum of temperature and salinity of C. maenas. Thermo- and 
osmotolerance spectrum gradually increases with life history stage - for illustration, the tolerance ranges of temperature 
and salinity (long-term exposure) of adults and zoeae are mentioned (boxes on the right side) (Siebers et al. 1982, Compere 
et al. 1989, Dawirs 1985, Nagaraj 1993, present study - Chapter III). Early life history stages possess narrower tolerance 
ranges, while benthic adults possess wider tolerance spectra. Tolerance ranges of temperature and salinity (long-term 
exposure) on megalopal and juvenile stages were not available. During ontogeny, salinity and temperature can narrow 
thermal and osmotic tolerance of zoeal stages, juveniles and adults (dashed line). (adapted by Walther et al. 2010 and 
Schiffer et al. 2014)

2.3 Phenotypic plasticity

 The present study revealed plastic responses of zoeal stages of C. maenas in dependence of 

environmental temperature and salinity. Low salinity caused a developmental delay during zoeal 

development of C. maenas. Such a delay of development can be interpreted as a process reducing 

metabolic costs and, hence, having general greater benefits for species through positive effects on 

survival (Angiletta et al. 2004). Besides the reduction of metabolic costs, a longer pelagic larval duration 

can enhance chances for finding a suitable habitat and constitute a potential escape response (Wilson 

and Meekan 2002). Therefore, plastic responses to e.g. low salinity can contribute to maintaining 

a certain degree of population connectivity and persistence regardless of habitat heterogeneity as 

lengthening the larval period may favor connectivity among benthic habitats (Giménez 2003). On the 

other hand, a developmental delay also increases the time of exposure to potential harmful conditions 

(e.g. predation, UV, radiation, food limitation) and furthermore increases the risk of ‘over-drift‘ 

(Morgan 1995, Pechenik 1999). Potential disadvantageous consequences of delayed development are 
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therefore higher mortality rates and reduced benthic recruitment (Keppel et al. 2012).

 Zoea IV of C. maenas with a longer pelagic phase tended to be larger (Table 1) which in 

turn might be beneficial at / after settlement in competition, predation and predation avoidance. 

Comparable environmental-induced changes in shape, allowed for higher feeding rates in planktonic 

echinoderm larvae and hence for compensation of potential higher metabolic costs under stressful 

environmental conditions (Hart and Strathmann 1994, George 1999, Byrne et al. 2008, Soars et al. 

2009, O‘Donnell et al. 2010). This might also be the case for C. maenas as larger larvae potentially 

consume a different prey spectrum potentially entailing benefits through competition avoidance and 

increased food uptake. Furthermore, changes in morphology during larval development might also 

provide a possible survival benefit by prevention of predation due to bigger size and longer spines of 

Zoea IV (Shirley et al. 1987, present study – Chapter III).

 Phenotypic plasticity seems to be a common event for early life history stages of other 

brachyuran crabs as seen in form of thermotolerance and number of larval stages in response to their 

experienced environment (Díaz and Bevilacqua 1987, Giménez and Torres 2002, Storch et al. 2009). 

Further, phenotypic plasticity was also shown numerous times for adult crustacean species (Kappes 

and Sinsch 2002, Haye et al. 2010, Terossi et al. 2010, Kelly et al. 2012). Also, adults of C. maenas 

generally display generally high variability of its phenotype, e.g. in thermotolerance (Kelley et al. 

2011, Tepolt and Somero 2014), morphology (Bentley et al. 2002, Smith 2004, Lye et al. 2005, Brian 

et al. 2006, Silva et al. 2010, Kelley et al. 2015) and camouflage pigmentation (Todd et al. 2006, 

2012, Stevens et al. 2014) depending on local environmental cues like temperature or substrate. This 

variability of C. maenas is interpreted as phenotypic plasticity as all compared phenotypes displayed 

no or just minor differences in genotype (Roman and Palumbi 2004, Domingues et al. 2010). 

  The environmental driven intraspecific variability in larval developmental duration, size, 

shape (present study – Chapter III) should increase survival and the likelihood of successful larval 

recruitment across populations and encourage population persistence (Hadfield and Strathmann 

1996). Nevertheless, trade-offs between phenotypic responses and genotypic responses will most 

likely determine the capacity of a species and its populations to adjust to a rapidly changing climate 

(Chown et al. 2010, Chevin et al. 2013).

2.4 Intrapopulation variability

 The present study offers the opportunity to examine the magnitude of intrapopulation variation in 

multiple stressor responses in larvae of a marine crustacean. This study revealed a significant maternal 

influence on larval performance and morphology in C. maenas and indicated general intrapopulation 

variability, as shown by the random structure of the best models fitted through general least squares 

(present study – Chapter III). Within this population, the overall antagonistic pattern in survival was 

consistent among broods (Table 2) as it occurred in larvae hatching from 9 out of 10 females. For 

duration of development the response was mainly of opposing direction and antagonistic in 8 out of 

ten broods (Table 2). 
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Table 2: Interaction types and classification for temperature-salinity response in Zoea IV of C. maenas. a : response on 
increased temperature, b: response on decreased salinity, a x b: response on interaction of increased temperature and 
decreased salinity. The direction of individual stressor effects (a) or (b) and interaction effect (a x b) are coded as positive 
(+) or negative (–). Double-sign symbols (– –) indicate the direction of a cumulative effect (a x b) if it is greater than the sum 
of individual effects and greater than any individual effect in the same direction or has an interaction effect that is greater 
than both in absolute terms. Directional interaction classes are +synergistic (S+), –synergistic (S–), simply synergistic 
(S) (classification for multiplicative model), +antagonistic (A+), and –antagonistic (A–) or simply anatagonistic (A) 
(classification for multiplicative model). For analyzing the type of interaction on survival the multiplicative model was 
applied, for developmental duration the additive model (from Piggott et al. 2015 and Schäfer and Piggott 2018).

Survival rate Duration of development

Female Optimal a b a x b Classification a b a x b Classification

1 15 °C / 25 PSU – – + A – + – A+

2 15 °C / 32 PSU – – + A – + – A+

3 15 °C / 25 PSU – – + A – + – – S–

4 21 °C / 25 PSU – – + A – + – A+

5 24 °C / 25 PSU – – + A + + – A+

6 21 °C / 25 PSU – – + A + + + S+

7 15 °C / 32 PSU – – + A – + – A+

8 15 °C / 32 PSU – – + A – + + A–

9 15 °C / 25 PSU – – – S – + + A–

10 18 °C / 25 PSU – – + A – + – A+

all 15 °C / 32 PSU _ _ + A – + – A+

  Additional, comparison between survival and developmental duration of hatches from 

experimental period 2016 and 2017 indicated important interannual differences. Larvae hatching from 

females collected in 2016 showed generally higher survival and enhanced development compared to 

offspring of 2017 (Fig. 3). These differences revealed further intrapopulation variability as a response 

to environmental factors.
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Figure 3: Bow-Whisker-Plots of cumulative survival rate and duration of development for Zoea IV between experimental 
periods 2016 & 2017 showing interannual variability. Discriminated by temperature treatment (left panels) and by 
salinity treatment (right panels). Different letters show treatments significantly differing to each other (p < 0.05), n.s. - no 
significant differences.

 The observed intrapopulation variability may be the consequence of maternal effects associated 

with, for instance, temperature, salinity or food conditions at the time of production of oocytes or 

embryogenesis. Temperature and salinity experienced by brachyuran crabs females pre-oviposition 

can affect egg size, egg biomass and embryonic developmental duration and in consequence affect 

larval body mass and survival (Giménez and Anger 2001, Fischer and Thatje 2009, Rey et al. 2017). 

Larval body mass and developmental duration is also highly correlated with female size as shown 

for the shrimp Palaemon serratus (González-Ortegón and Giménez 2014, González-Ortegón et al. 

2018). For the crab Neohelice granulata high maternal energy investment (high initial egg biomass) 

resulted in high larval biomass followed by higher larval survival, faster development and less larval 

stages (Giménez and Anger 2003). Hence, these effects are a direct result of the allocation of maternal 

reserves into eggs (González-Ortegón and Giménez 2014, González-Ortegón et al. 2018). Similar 

results were shown for the sea urchin Strongylocentrotus droebachiensis with maternal nutrition 

determining maternal investment per offspring and hence directly affecting larval growth rate and 

developmental duration (Bertram and Strathmann 1998). After oviposition, embryos are directly 

exposed to their environment only separated by a permeable membrane and therefore exposed to 
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fluctuations in salinity and temperature (Goudeau and Lachaise 1983). For instance, for larvae of the 

crab Neohelice granulata, embryonic experienced salinity directly affected survival of first larval stage 

and ultimately determined juvenile size (Giménez and Anger 2003). Similar results were shown for the 

sea star Patiriella regularis (Byrne et al. 2013), the oyster Saccostrea glomerata (Parker et al. 2009) 

and the brachyuran crab Hyas aranaeus (Schiffer et al. 2013, 2014) with warming and acidification 

during embryonic development directly affecting larval size, mortality and developmental time.

 Results of these studies reveal strong maternal effects on larval quality and performance and, 

therefore, might be a potential source of the described variability within the North Sea population of 

C. maenas. For this study, berried females with eggs in late embryonic stages (grayish-brown) were 

collected in the field to ensure most natural embryonic development, while oviposition and embryonic 

development occurred under field conditions and without measurements that allowed for estimation 

of maternal effects. Hence, prospective investigations should include estimations of, for example, 

maternal nutritional state, embryonic biochemistry, and their respective environment to bring some 

answers on maternal effects in larval traits.

 Another potential source of offspring variability is intrapopulation genetic variation. In 

general, adults of C. maenas possess high phenotypic variation with comparatively low levels of 

genetic variability within the species‘ native range (Roman and Palumbi 2004); only populations of 

the Faroer Islands and Iceland appear to be genetically isolated, through a deep water barrier, from 

continental populations (Roman and Palumbi 2004, Brian et al. 2006, Pascoal et al. 2009, Silva et 

al. 2010). Roman and Palumbi (2004) reported high genetic similarity among populations (2.1 % 

diversity among populations), and high genetic diversity within populations (80.5 %). This high 

genetic variation might perhaps be reflected in larval traits driving year to year survival. Nevertheless, 

the causes for intrapopulation variability in response to multiple stressors or overall larvae survival 

shown here cannot be determined from the current study.

2.5 Population persistence & connectivity

 Developmental failure of larval stages in meroplanktonic species will cause recruitment failure 

with negative effects for marine populations, communities and complete ecosystems (Przeslawski 

et al. 2008, Brierley and Kingsford 2009, Hofmann and Todgham 2010). With the present study, 

environmental factors were shown to influence larval survival and developmental duration in C. 

maenas. These two parameters are, among others, of importance for a species‘ population persistence 

and further population connectivity (Sponaugle et al. 2002). For instance, low survival in zoeae as 

seen for the combination of high temperature with low salinity entails low settlement rates followed 

by decreased recruitment success, a critical factor for persistence of a population (Thorson 1966, 

Sponaugle et al. 2002). Likewise, larval developmental duration, equivalent to pelagic larval duration 

(PLD), was affected by temperature and salinity in C. maenas. PLD is known to directly determine 

population connectivity (Cowen et al. 2000, Kinlan and Gaines 2003, Shanks et al. 2003, Shanks 

2009, Selkoe and Toonen 2011, Faurby and Barber 2012). Hence, any environmental induced changes 
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in developmental duration of planktonic zoeae (PLD) of C. maenas will have direct consequences 

for the species‘ population connectivity due to alterations of larval dispersal ability. In summary, 

the effects of environmental change on larval development of C. maenas potentially exceeds the 

individual level and might have extensive consequences for population persistence and connectivity 

among populations.

3.  PERSPECTIVES 

  The present study answered questions of climate change effects on early life history stages of 

C. maenas, but immediately a multitude of new questions emerged. To create a holistic knowledge on 

multiple stressors affecting larval quality in C. maenas further aspects estimating larval quality are in 

need to be studied. 

Are the effects of multiple stressors on performance of early life history stages in marine 

invertebrates also going to be reflected at the biochemical level?

  One question arising from the present thesis concerns changes in biochemical and elemental 

composition of larval stages of C. maenas. The trade-off between energy demands for osmoregulation 

and protection against high temperature under combined osmotic and thermal stress might have 

consequences on metabolism / physiology and might be reflected in physiological and anatomical 

changes. To assess the effect of multiple stressors on the larval quality of C. maenas zoeae, changes 

in biomass growth, biochemical and elemental composition, and furthermore anatomy by analyzing 

the lipid inclusions, the main energy source (Anger et al. 1989), of the digestive gland should be in 

focus of future research. 

 Preliminary results showed a strong effect of low salinity on the Zoea IV of C. maenas causing 

decreased dry mass and C- and N-content (Fig. 4). Further preliminary results revealed temperature 

and salinity affecting anatomy and lipid inclusions of the digestive gland (Fig. 5). High salinity and 

low temperature seem to induce increased lipid accumulation, while low salinity and high temperature 

seems to cause the opposite and furthermore generate increased lumen of the digestive gland.
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Figure 4: Preliminary results showing changes in biomass of Zoea IV reared under osmotic and thermal stress. Asterisks 
indicate significant differences between salinities. Values shown as mean ± standard error (Torres et al. in prep).

Figure 5: Semi-thin sections of Zoea IV, reared in different temperature and salinity treatments showing the digestive 
gland with lipid inclusions. A - C: digestive gland (DG) surrounding the pyloric stomach with dark lipid inclusions. A‘ - 
C‘: digestive gland (DG) opening into the midgut (MG), epithelia of DG contains dark lipid inclusions. A / A‘ - 18 °C / 
20 PSU; B / B‘ - 18 °C / 32 PSU; C / C‘ - 24 °C / 32 PSU. DG - digestive gland, MG - midgut. Scale bars represent 100µm

Is the behavior of early life history stages of marine invertebrates going to be affected by 

changes in multiple stressors?

  Dispersal of pelagic larvae is driven by an interaction of physical (e.g. hydrodynamics, wind, 

temperature, salinity) and biological processes (e.g. foraging, predation) (Cowen and Sponaugle 

2009). This horizontal transport is furthermore facilitated by vertical migration, the controlled 

vertical movement of organisms along the water column in response to ontogenetic, seasonal and 

daily changes (Cohen and Forward Jr. 2009). Several abiotic factors are well known to influence 

vertical migration behavior of pelagic larvae such as tidal stream, Earth‘s rotation (light), gravity, 
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and hydrostatic pressure (Bentley and Sulkin 1977, Sulkin 1984, Bollens and Frost 1989, Forward 

Jr. 1990c, Park et al. 2004, Queiroga and Blanton 2005). The parameters temperature and salinity are 

known to drive behavior of early life history stages in brachyuran crab such as settlement (Forward 

Jr. 1989, 1990c) and induce behavioral changes in photo- and geotaxis (Latz and Forward Jr. 1977) 

and furthermore, influence swimming speed (Epifanio et al. 1999). To assess the effect of multiple 

stressors on the behavior and physical fitness of C. maenas larvae, monitoring their vertical migration 

behavior and swimming speed (as a proxy of physical fitness) under several temperature and salinity 

treatments might provide answers. 

Does larval tolerance to environmental stress vary between populations of C. maenas?

 The present thesis revealed intrapopulation variability in capacity of multiple stressor tolerance 

within the North Sea population of C. maenas. An interesting question arises therefrom: Is there an 

interpopulation variability in multiple stressor tolerance along the native range of C. maenas? The 

species was shown to be highly genetic similar from northern Africa to Norway (except Faroer Islands 

and Iceland: Roman and Palumbi 2004, Brian et al. 2006, Pascoal et al. 2009, Silva et al. 2010). 

Nevertheless, adult morphology of C. maenas were shown to differ between population of Northern 

Britain coast (Brian 2005). Similar, vertical migration behavior of planktonic larvae from the Swedish 

west coast appear to differ from general larval behavioral patterns in C. maenas as a response to 

differing tidal conditions (Queiroga et al. 2002). Therefore, significant intrapopulation phenotypic 

variation occurs in C. maenas, despite high genetic similarity. 

How will early life history stages of less tolerant marine invertebrates species respond to 

multiple stressors?

  C. maenas – even its larvae – are euryhaline and eurytherm and can cope with a wide range of 

salinities and temperatures. Nevertheless, its development is directly affected, driven and changed by 

abiotic environmental factors. Therefore, species with narrower tolerance ranges like Cancer pagurus 

or Hyas araneus, known as stenohaline and stenotherm meroplanktonic species occupying similar 

habitats as C. maenas, should be investigated. For instance, larvae of the economically important 

brachyuran crab C. pagurus only survived temperatures between 15 – 16 °C and no fluctuations in 

salinity, indicating strong stenothermy and stenohalinity and hence, potential vulnerability to climate 

change (Torres et al. 2002, Weiss et al. 2009). 
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General conclusions

  This study provides new information on the morphological and anatomical development in early 

life history stages of brachyuran crabs. It presented successive organogenesis during zoeal development 

reflected in relative gradual anatomical changes despite abrupt changes in morphology, behavior, food 

and physiology during metamorphosis. Gradual anatomical changes in e.g. osmoregulatory structures 

like gills and antennal glands allowed for ontogenetic shifts of sensitivity / tolerance to temperature 

and salinity during zoeal development and successive increase in osmoregulatory capability.

 This study also highlighted direct effects of abiotic factors on performance and quality in 

early life history stages of meroplanktonic invertebrates. Temporal (vertical) and spatial (horizontal) 

changes in distribution of planktonic larvae like zoeae of C. maenas have major potential to change 

a species‘ population structure significantly, and furthermore indirectly affecting whole community 

and ecosystem structures. General high mortality rates combined with higher sensitivity confirm 

planktonic early life history stages to be a bottleneck during the life cycle of C. maenas, especially for 

population persistence and, hence, legitimates future investigations on multiple stressors effects on 

early life history stages of marine invertebrates. Furthermore, this study emphasized the importance 

of measuring a range of ecologically relevant traits in developing larvae to properly characterize their 

relative condition and performance in response to environmental change.

  Overall, C. maenas might be, with regard to population persistence a ,winner‘ of climate change – 

considering the present study and its results exclusively. Planktonic larvae are able to cope with 

wide ranges of temperature and salinity treatments, with remarkable effects in performance only for 

selected and extreme, for the moment less realistic, treatment combinations. Additional environmental 

variables like carbon dioxide levels, pH, pollution level, UV radiation will change and may further 

affect larval development. To identify potential ‘winners and losers’ in a changing ocean with some 

certainty it is crucial to determine a species potential for phenotypic and genotypic adaptation (Byrne 

2011). Hence, success of early life history stages of marine invertebrates is determined by a trade-off 

of multiple factors. Our study emphasizes the need for comprehensive studies of the whole life cycle 

and the inclusion of analysis of multiple traits, organizational and response levels.

 The present study answered a few questions and opened a multitude of new ideas, approaches 

and questions. ,Eco-Devo‘ research on meroplanktonic species seems to be like the Lernean hydra of 

the Greek mythology: For every chopped head off the water monster, a couple of new heads regrow.
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