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Abstract 

 

Marine planktonic copepods play a key ecological role in pelagic food webs. The 

study of their patterns of activity is fundamental in order to better understand the 

processes involved in the transfer of energy from lower trophic levels to higher-

level consumers in marine ecosystems. This thesis is an attempt to deepen the 

knowledge of the factors that affect the activity patterns of marine copepods. Some 

of these aspects had not been addressed previously and others still required 

further investigation. In particular, this thesis primarily focuses on the study of 

daily and diel patterns of feeding of marine planktonic copepods, and the influence 

of factors like ontogeny, gender, food availability, predation threat, light 

conditions, mutigenerational rearing in the laboratory, and temperature. The 

experimental work carried out in this thesis mostly consisted of laboratory 

incubations using wild and laboratory-reared specimens of the calanoid copepods 

Centropages typicus and Paracartia grani. Among the main findings in this thesis 

are the stage- and gender-specific differences in the feeding patterns of marine 

planktonic copepods. Moreover, we analyzed the role of predation risk and that of 

other factors in the modulation of feeding rhythms, and also evaluated the 

physiological costs related to temperature fluctuations involved in diel vertical 

migration. The new insights obtained in this thesis will certainly increase our 

capability to estimate the grazing impact of copepod populations in plankton 

communities, and will allow us to obtain better estimates of energy transfer in 

marine pelagic food webs. 
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Resumen 

 

Los copépodos planctónicos desempeñan un papel ecológico clave en las redes 

tróficas pelágicas marinas. El estudio de sus patrones de actividad es fundamental 

para comprender mejor los procesos involucrados en la transferencia de energía 

desde los niveles tróficos inferiores a los consumidores superiores en los 

ecosistemas marinos. Esta tesis es un intento de profundizar en el conocimiento 

sobre los factores que modulan los patrones de actividad de los copépodos 

marinos. Algunos de estos aspectos no se habían estudiado previamente y otros 

aún requerían más investigación. En particular, esta tesis se centra principalmente 

en el estudio de los patrones diarios de alimentación de los copépodos 

planctónicos marinos y la influencia de factores como la ontogenia, el género, la 

disponibilidad de alimento, la amenaza de depredación, las condiciones de luz, la 

crianza multigeneracional en el laboratorio y la temperatura. El trabajo 

experimental llevado a cabo en esta tesis ha consistido mayoritariamente en 

incubaciones de laboratorio utilizando especímenes salvajes y de laboratorio de 

los copépodos calanoideos Centropages typicus y Paracartia grani. Entre los 

principales hallazgos en esta tesis destacan las diferencias en los patrones de 

alimentación entre estadios de desarrollo y entre sexos de copépodos planctónicos 

marinos. También se analiza el papel del riesgo de depredación y el de otros 

factores en la modulación de los ritmos de alimentación y se evalúan los costes 

fisiológicos relacionados con las fluctuaciones de temperatura implicadas en la 

migración vertical diaria. Los nuevos conocimientos obtenidos en esta tesis 

aumentarán nuestra capacidad para estimar el impacto de la depredación de las 

poblaciones de copépodos en las comunidades de plancton y nos permitirán 

obtener mejores estimaciones de la transferencia energética en las redes tróficas 

pelágicas marinas. 
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Resum 

 

Els copèpodes planctònics tenen un paper ecològic clau en les xarxes tròfiques 

pelàgiques marines. L'estudi dels seus patrons d'activitat és fonamental per a 

comprendre millor els processos involucrats en la transferència d'energia des dels 

nivells tròfics inferiors cap als consumidors superiors en els ecosistemes marins. 

Aquesta tesi és un intent d’aprofundir en el coneixement sobre els factors que 

modulen els patrons d'activitat dels copèpodes marins. Alguns d'aquests aspectes 

no s'havien estudiat prèviament i altres encara requerien més investigació. En 

particular, aquesta tesi se centra principalment en l'estudi dels patrons diaris 

d'alimentació dels copèpodes planctònics marins i la influència de factors com 

l'ontogènia, el gènere, la disponibilitat d'aliment, l'amenaça de depredació, les 

condicions de llum, la criança multigeneracional al laboratori i la temperatura. El 

treball experimental dut a terme en aquesta tesi ha consistit majoritàriament en 

incubacions de laboratori utilitzant espècimens salvatges i de laboratori dels 

copèpodes calanoids Centropages typicus i Paracartia grani. Entre les principals 

troballes en aquesta tesi destaquen les diferències en els patrons d'alimentació 

entre estadis de desenvolupament i entre sexes de copèpodes planctònics marins. 

També s'analitza el paper del risc de depredació i el d'altres factors en la 

modulació dels ritmes d'alimentació i s'avaluen els costos fisiològics relacionats 

amb les fluctuacions de temperatura implicades en la migració vertical diària. Els 

nous coneixements obtinguts en aquesta tesi augmentaran la nostra capacitat per 

estimar l'impacte de la depredació de les poblacions de copèpodes en les 

comunitats de plàncton i ens permetran obtenir millors estimes de la transferència 

energètica en les xarxes tròfiques pelàgiques marines. 
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1. General introduction 

 

1.1. Zooplankton: a general overview 

The term “zooplankton” refers to the heterotrophic organisms that live drifting in 

the water, from small protozoans of some micrometres (protozooplankton) to 

animals (metazooplankton) that may reach sizes from one millimetre or less (e.g. 

copepods) to a few meters (e.g. some jellyfish) (Fig. 1). These organisms belong to 

plankton because they do not conduct large-scale displacements against water 

currents, either because of their small size or their limited swimming activity. 

Among the metazooplankton, there are animals that spend their whole life in the 

plankton, such as cladocerans, copepods, or krill, and others that are components 

of the plankton only during their early life stages, such as the larvae of many 

molluscs, echinoderms, and fishes. Hence, zooplankton communities usually 

consist of highly diverse assemblages of species with a wide variety of forms, sizes, 

and trophic roles (Fig. 1). 

 

 

Fig. 1. Marine planktonic food web showing the high diversity of forms and trophic 

roles within plankton communities. The major trophic interactions among groups 

are indicated. Figure by Albert Calbet. 

 

Zooplankton are a vital trophic link between primary producers (i.e. 

phytoplankton) and larger animals (e.g. fish, whales) in pelagic food webs (Runge 
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1988, Turner 2004) (Fig. 2). Protozooplankton (e.g. ciliates, heterotrophic 

flagellates) are considered the major grazers of phytoplankton in marine systems 

(Calbet & Landry 2004, Schmoker et al. 2013) and, unlike most metazoan 

zooplankton, are capable to feed on the tiny plankton (e.g. bacteria, small 

phytoplankton). Moreover, some protozoan grazers can perform photosynthesis 

and act as primary producers (mixoplankton). Among the metazoan components 

of zooplankton, copepods dominate the marine communities from tropical to polar 

regions. Their numerical dominance across seas and oceans is so flagrant that 

these small crustaceans have been pointed out as the most abundant metazoans on 

Earth (Humes 1994). Copepods typically represent 55-95% of the total abundance, 

and 25-80% of the biomass of the net zooplankton (Longhurst 1985, Atkinson et al. 

1996, Steinberg et al. 2008). In certain geographical locations, copepods can even 

make up to 96-98% of the biomass (Ward & Shreeve 1999). Planktonic copepods 

act as important consumers of both phytoplankton and protozooplankton, and 

represent a fundamental prey item for larger zooplankton (e.g. krill) and other 

animals like fish (Runge 1988, Atkinson 1996, Turner 2004, Calbet & Saiz 2005) 

(Fig. 1, 2). Besides copepods, other relevant groups in the metazooplankton 

include crustaceans like krill, amphipods and decapod larvae, and non-crustacean 

organisms like salps, doliolids, larvaceans, and chaetognaths. The feeding habits of 

metazoan zooplankton are highly diverse, going from herbivory through omnivory 

to carnivory, occasional feeding on detritus and faecal material, and even 

parasitism of other organisms. 

 

Zooplankton communities can contribute significantly to the regeneration of 

nutrients within the euphotic layers through excretion (Alcaraz et al. 2010). 

Moreover, zooplankton contribute to the biological pump (carbon export from 

surface to depth through biological processes) either through the production of 

sinking material (e.g. faecal pellets, carcasses, moults), or by the active process of 

vertical migration (Longhurst et al. 1990, Le Borgne & Rodier 1997, Steinberg et al. 

2000) (Fig. 2). Hence, the ecological role of zooplankton is fundamental for the 

structure and functioning of pelagic ecosystems. 
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Fig. 2. The biological pump in the ocean. Zooplankton feed on small plankton (e.g. 

bacteria, phytoplankton) and other zooplankton in euphotic layers, and contribute 

to the vertical export of carbon to deeper layers through sinking material (faecal 

pellets, carcasses, moults), and the active process of vertical migration. Extracted 

from Steinberg & Landry (2017). 

 

1.2. Characteristics of marine planktonic copepods 

a) Taxonomy and diversity 

Copepods (subclass Copepoda) are small crustaceans belonging to phylum 

Arthropoda, subphylum Crustacea, class Hexanauplia (WoRMS Editorial Board 

2020). All the copepods are aquatic and can be found in marine, brackish and 

freshwater environments. There are approximately 13000 species of copepods 

described, among which ca. 2800 species live in fresh waters (Boxshall & Defaye 

2008). Their life style is very diverse, from free to parasitic, from planktonic to 

benthic forms (Boxshall & Defaye 2008). Marine planktonic copepods with a free 

(non-parasitic) mode of life account for up to 2692 species belonging to 342 

genera, 74 families, and 9 orders (Razouls et al. 2020). Among the different orders 
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(Calanoida, Platycopioida, Misophrioida, Mormonilloida, Cyclopoida, 

Siphonostomatoida, Harpacticoida, Monstrilloida, Thaumatopsylloida), Calanoida 

is the richest with about 1800 species (Mauchline 1998). 

 

b) Morphology 

Marine planktonic copepods may reach adult sizes that range between 0.1 and 17 

mm depending on the species, sex, and habitat (Hirst & Kiørboe 2014, Brun et al. 

2017), although most species show typical adult body lengths of 0.5-2 mm 

(Mauchline 1998). Like other arthropods, copepods have an external skeleton 

(exoskeleton), a segmented body, and pairs of jointed appendages (Fig. 3). Some 

body segments might be externally fused and, therefore, the external and internal 

segmentations might differ (Mauchline 1998). The body can be divided into an 

anterior part (prosome) and a posterior part (urosome). The prosome is usually 

broader than the urosome, and contains a single eye, the mouth, two pairs of 

antennae (the first pair being longer than the second one), several paired 

mouthparts (mandibles, maxillae, maxillipeds), and 4-5 pairs of swimming legs 

(Fig. 3). The first antennae are mainly used for sensory perception and mating, the 

second antennae and the mouthparts are involved in feeding and locomotion, and 

the swimming legs are mostly used for locomotion and copulation (Gill & Crisp 

1985, Paffenhöfer 1998, Van Duren & Videler 2003). The urosome has several 

segments with no appendages, including a sexual segment for reproduction and an 

anal segment for defecation (Fig. 3). 

 

c) Life cycle 

Planktonic copepods go through a very complex development process from eggs to 

adults, which normally includes 6 larval (naupliar) stages, and 6 copepodite stages, 

the last copepodite being the sexually-active adult form (Gilbert & Williamson 

1983) (Fig. 4). Moving from one development stage to the next implies severe 

morphological transformations, and the moult of the exoskeleton to allow the 

corresponding increase in size and weight (Vidal 1980a). Nauplii have a piriform 

body with no apparent segmentation, and contains only the first three pairs of 

appendages (first and second antennae, and mandibles) (Fig. 4). The body of 

copepodites is more elongated and already shows a clear distinction between the 
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prosome and the urosome (Fig. 4). New segments and legs are added through the 

different copepodite stages until getting the final adult morphology. Adults 

frequently show sexual dimorphism (Gilbert & Williamson 1983). The most 

prominent sexual differences are the body size (females are usually larger), and 

the morphological modifications that males have in their antennae and fifth legs 

for copulation (Gilbert & Williamson 1983, Ohtsuka & Huys 2001, Hirst & Kiørboe 

2014). 

 

 

Fig. 3. Dorsal and ventral views of a planktonic copepod. The body is segmented 

and the anterior part (prosome) is wider than the posterior part (urosome). The 

prosome contains a single eye, the mouth, and several pairs of appendages with 

different functions (antennae, mouthparts, legs). The urosome has no appendages. 

Extracted from Castro & Huber (2019). 

 

d) Sensory perception 

Planktonic copepods can use their photo-, mechano-, and chemosensory systems 

to perceive signals from the environment. They have two sensory organs in the 

head involved in photoreception: the nauplius eye and the Gicklhorn's organ 

(Elofsson 1970, Frase & Richter 2020). Planktonic copepods may follow light cues 

to alter their vertical distribution through the water column and avoid predators 

generating shadows (Stearns & Forward 1984, Buskey et al. 1986). The 

mechanoreceptors and chemoreceptors are mainly located along the first antennae 
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(Strickler & Bal 1973, Gill 1986, Bundy & Paffenhöfer 1993, Hartline et al. 1996), 

which can act as pure mechanoreceptors, pure chemoreceptors, or receptors with 

a dual function (Weatherby et al. 1994, Lenz et al. 1996, Uttieri et al. 2008). 

Further mechano- and chemoreceptors can be also found in the mouthparts, the 

integumental organs along the body, and probably the frontal filaments (Elofsson 

1971, Friedman & Strickler 1975, Nishida 1989, Paffenhöfer & Loyd 2000). 

Planktonic copepods largely rely on mechanoreception and chemoreception to 

locate and select prey, find mates, and avoid predators, among other purposes (van 

Duren & Videler 1996, Kiørboe 2013, Heuschele & Selander 2014). The sensitivity 

of copepods to perceive environmental cues can differ among species, sex and life 

stages (Yen et al. 1992, Fields & Yen 1997, Kiørboe et al. 1999, Ohtsuka & Huys 

2001). For instance, copepodites and adults can respond to lower fluid 

deformation rates than earlier stages and, therefore, can detect predators at larger 

distances (Kiørboe et al. 1999, Bradley et al. 2013). Also, males may have their 

chemosensory system enhanced to detect the pheromones released by females 

(Boxshall & Huys 1998, Ohtsuka & Huys 2001). 

 

 

 

Fig. 4. Life cycle of a planktonic copepod. From eggs (E) to adult females (F), 

planktonic copepods go through multiple larval (nauplii, N1-6) and juvenile 

(copepodites, C1-C5) stages. Figure on the left extracted from Baumgartner & 

Tarrant (2017). Photo on the right (Paracartia grani) by Marine Zooplankton 

Ecology Group (ICM). 
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e) Behaviour 

Planktonic copepods can be herbivores, omnivores, or carnivores with varying 

plasticity (Paffenhöfer 1988, Kleppel 1993, Saiz & Calbet 2011). They may also 

feed on detritus and bacteria (Boak & Goulder 1983, Roman 1984). According to 

their foraging strategy, planktonic copepods could be classified as ambush feeders 

(copepods that remain still or passively sinking, and wait for motile prey to attack), 

feeding-current feeders (copepods that produce feeding currents with their 

appendages to capture prey), and cruise feeders (copepods that swim actively to 

encounter prey) (Kiørboe 2011). Their feeding strategy largely determines their 

swimming behaviour, alternating periods of no motion, sinking, jumps, or active 

swimming (Tiselius & Jonsson 1990). Factors such as sex, life stage, food 

conditions, and predation risk may also affect the swimming patterns of planktonic 

copepods (Van Duren & Videler 1995, Paffenhöfer et al. 1996, van Duren & Videler 

1996, Tiselius et al. 1997). For instance, males generally show a more active 

swimming activity in order to find mates, often guided by pheromone trails 

released by females (Uchima & Murano 1988, van Duren & Videler 1996, 

Weissburg et al. 1998, Bagøien & Kiørboe 2005). After mate encounters, males may 

use their first antennae to grasp females and their modified fifth legs for copulation 

(Blades 1977, Uchima & Murano 1988, Buskey 1998). Depending on the species, 

fertilized females may carry their eggs or release them to the environment 

(Kiørboe & Sabatini 1994). 

 

1.3. Diel activity rhythms in marine planktonic copepods 

Marine planktonic copepods are known to show day-night differences in their 

patterns of activity (i.e. diel rhythms). Among the diel activity rhythms, the diel 

patterns of vertical distribution along the water column (i.e. diel vertical 

migration) are the best studied, followed by the diel patterns of feeding. 

 

a) Diel vertical migration 

Many copepod species conduct vertical displacements through the water column 

on a daily basis, typically staying in upper waters at night and moving to deeper, 

darker layers during the daytime (Roe 1984, Dagg et al. 1989, Peterson et al. 1990, 

Atkinson et al. 1992) (Fig. 5). The distances covered in vertical migrations are 
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highly variable among species and life stages. Generally, the amplitudes of 

migration increase from small to larger stages/sizes (Huntley & Brooks 1982, 

Atkinson et al. 1992). In some cases, vertical migrations imply movements of up to 

several hundreds of meters through the water column (Wiebe et al. 1992, Al-

Mutairi & Landry 2001). This migratory phenomenon plays a fundamental 

ecological role in the active export of nutrients from shallow to deeper layers by 

copepods and other zooplankton (Longhurst et al. 1990, Le Borgne & Rodier 1997, 

Steinberg et al. 2000). 

 

 

Fig. 5. Diel vertical migration of copepods. Migrating copepods typically remain 

deeper during the daytime and ascend to upper layers at night. Extracted from 

Castro & Huber (2019). 

 

The adaptive value of diel vertical migration has been extensively discussed in the 

past. One of the main drivers that seems to trigger this migratory behaviour is the 

avoidance of visual predators during daylight hours (Bollens & Frost 1989a, 1991, 

Neill 1990, Frost & Bollens 1992). In this respect, migrant copepods may show 

different migration patterns depending on the abundance of predators (Bollens & 

Frost 1989a, Frost & Bollens 1992, Hays et al. 1996), the type of predator (Ohman 

1990, Ghan et al. 1998), the predator cue (Bollens & Frost 1989b), and the size- 
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and stage-specific vulnerability to predation (Neill 1992, Ohman & Romagnan 

2016). Despite the adaptive benefits of vertical migration (e.g. avoidance of 

predators), migrant zooplankton may face important changes in environmental 

conditions through the water column (e.g. food, temperature) that normally imply 

metabolic disadvantages compared to non-migrating conditions in food-enriched 

upper, warmer layers (Orcutt & Porter 1983, Stich & Lampert 1984, Frost 1988, 

Lampert et al. 1988, Loose & Dawidowicz 1994). Therefore, the diel migration 

patterns of planktonic copepods fundamentally reflect a trade-off between eating 

and growing on the one hand, and not being eaten on the other hand. 

 

b) Diel feeding rhythms 

Marine planktonic copepods frequently show higher feeding activity at night (Fig. 

6). In some cases, the copepod feeding rhythms are a consequence of nocturnal 

forays into food-rich upper layers during diel vertical migration (Gauld 1953, Dagg 

et al. 1989, 1998, Atkinson et al. 1992, Tang et al. 1994). However, planktonic 

copepods may show diel rhythms of feeding in the absence of vertical migration 

(Hayward 1980, Head et al. 1985, Durbin et al. 1995), and even at low food 

concentrations (Durbin et al. 1990, Calbet et al. 1999). Therefore, copepod feeding 

rhythms seem to have an adaptive significance beyond vertical migration, although 

the factors that trigger and/or modulate them are still poorly investigated.  

 

Wild copepods can show stronger feeding rhythms than those grown in the 

laboratory for many generations (Calbet et al. 1999). The weakening or absence of 

feeding rhythms in laboratory-reared copepods have been ultimately attributed to 

the lack of potential predators in the environment. In this regard, feeding in 

copepods implies higher motility and conspicuousness, which increases their 

detectability and vulnerability to predation, particularly during the daylight hours 

(Tsuda et al. 1998, Torgersen 2001). As it happens with vertical migration, 

predation risk likely plays an important role in the diel feeding behaviour of 

planktonic copepods (Bollens & Stearns 1992, Cieri & Stearns 1999), although the 

effects of predator cues on copepod feeding behaviour still remain questionable 

(Kiørboe et al. 2018). Considering the potential role of predation threat, it is likely 

that the diel feeding behaviour of planktonic copepods is highly determined by 
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stage-specific predation vulnerability. However, there are no previous studies that 

compared the diel feeding patterns of early and late stages of planktonic copepods 

to confirm or reject this hypothesis. Also, environmental factors such as food 

availability (Hassett & Blades-Eckelbarger 1995, Calbet et al. 1999) and 

seasonality (Durbin et al. 1995, Irigoien et al. 1998), or even endogenous 

components (Stearns 1986, Olsen et al. 2000), seem to affect the intensity of 

copepod feeding rhythms, but their actual influence has not been fully determined. 

Thus, further investigation is still required in order to identify the driving factors 

that trigger and/or modulate the diel feeding rhythms of marine planktonic 

copepods. This thesis is an attempt to investigate those factors affecting the diel 

feeding behaviour of marine planktonic copepod (see Chapters 4.2 and 4.3). 

 

 

Fig. 6. Feeding activity of a marine planktonic copepod through a day-night cycle. 

Many copepod species show a higher feeding activity during night hours. Extracted 

from Stearns (1986). 

 

c) Other diel rhythms 

Besides migration and feeding, marine planktonic copepods may exhibit diel 

rhythmicity in other activities that are not directly addressed in this thesis. For 
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instance, planktonic copepods can show important diel variations in their 

locomotion patterns (Harris 1963, Champalbert 1978) and respiration rates 

(Cervetto et al. 1993, Pavlova 1994), with peaks of maximum and minimum 

intensity at different times of the day depending on the species. Also, planktonic 

copepods usually show a night-skewed egg-laying behaviour, with increasing egg 

production rates particularly at the end of the night (Stearns et al. 1989, Cervetto 

et al. 1993, Hopcroft & Roff 1996). 

 

1.4. Driving factors of patterns of activity in marine planktonic copepods 

a) Food availability 

Food availability is a major factor affecting the feeding patterns of planktonic 

copepods (Frost 1972, Fernández 1979, Kiørboe et al. 1982), which implies 

indirect effects on other functional traits such as development time, growth rate, 

egg production, or body size (Vidal 1980a b, Klein Breteler & Gonzalez 1988, Ban 

1994, Klein Breteler et al. 1995). Considering the key ecological role of planktonic 

copepods in pelagic food webs, the study of copepod feeding rates across a range 

of food concentrations (feeding functional response) is essential knowledge to 

improve our capability to estimate energy fluxes through secondary production in 

marine ecosystems (Buitenhuis et al. 2006, Gentleman & Neuheimer 2008, Wollrab 

& Diehl 2015). 

 

Generally, the ingestion rates of copepods increase with food concentration and 

become steady above food saturation conditions (Fig. 7). At low food availability 

copepods may show foraging efforts (e.g. clearance rates) that are higher (Holling 

Type II response) or lower (Holling Type III response) than at intermediate food 

concentrations (Holling 1966) (Fig. 7). Copepods with a more passive foraging 

strategy (e.g. ambush feeders) frequently exhibit Holling Type II responses, 

whereas other copepods with a feeding mode that requires higher energy demands 

(e.g. feeding-current feeders or cruise feeders) usually show Holling Type III 

responses (Kiørboe 2011, Kiørboe et al. 2018). 
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Fig. 7. Clearance and ingestion rates of a marine planktonic copepod across a 

range of food concentrations (feeding functional response). Above: Holling Type II 

response. Below: Holling Type III response. Extracted from Kiørboe et al. (2018). 

 

The feeding functional responses of copepods have been determined for a wide 

variety of copepods and prey, particularly calanoids within the genera Acartia 

(Støttrup & Jensen 1990, Durbin & Durbin 1992, Saiz & Kiørboe 1995) and Calanus 

(Frost 1972, Fernández 1979, Durbin et al. 1995). However, former research that 

addressed feeding functional responses of planktonic copepods mostly focused on 

adult females, whereas the reports on early stages and males are much scarcer. 

This clear unbalance is unfortunate considering the ecological relevance and 

numerical dominance of early copepod stages in marine plankton communities 

(Ianora & Buttino 1990, Calbet et al. 2001, Lučić et al. 2003, Turner 2004), and that 

males may represent up to 50% of the adult populations (Kouwenberg 1993, 

Kiørboe 2006). Previous attempts to determine ontogenetic changes in the feeding 

functional responses of marine planktonic copepods either excluded adults 

(Fernández 1979, Almeda et al. 2010) or copepodites (Saiz et al. 2014). The only 
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complete analysis of feeding functional responses that covered the entire copepod 

development was conducted with the freshwater species Cyclops vicinus (Santer & 

van den Bosch 1994). The lack of a similar complete record using a marine 

planktonic copepod species motivated that this thesis included an analysis of the 

variations in the feeding functional response of marine planktonic copepods 

through naupliar, copepodite, and adult stages (males and females) across a broad 

range of prey densities (see Chapter 4.1). 

 

Food availability may affect not only the daily feeding patterns of marine 

planktonic copepods, but also their diel patterns (i.e. feeding rhythms). Unlike the 

feeding functional responses, there are only a few studies that addressed the 

effects of food availability on the intensity of copepod feeding rhythms. For 

instance, Hassett & Blades-Eckelbarger (1995) found that the intensity of feeding 

rhythms (i.e. day-night differences in feeding activity) became larger at lower food 

availability. Calbet et al. (1999), however, reported that lower food availability did 

not affect or led to weaker feeding rhythms. Given this controversy, this thesis also 

included experiments to provide new insights about how food availability may 

influence the diel feeding behaviour of marine planktonic copepods (see Chapter 

4.3). 

 

b) Predation risk 

The presence of predators can induce a wide variety of responses in marine 

planktonic copepods that, besides mortality per se, may affect their patterns of 

activity (non-lethal effects of predators). Among the different predator-induced 

responses, copepods may alter their vertical distribution through the water 

column (Bollens & Frost 1989a, Bollens et al. 1994, Cohen & Forward 2005), 

diminish their feeding activity (Wong 1988, Bollens & Stearns 1992, Saiz et al. 

1993, Cieri & Stearns 1999), modify their growth and development rates (Bjaerke 

et al. 2014), change their swimming behaviour (Wong 1988, van Duren & Videler 

1996), or delay their reproduction onset (Heuschele et al. 2014). In some cases, the 

antipredator behaviour of planktonic copepods can be triggered chemically 

through the exposure to predator exudates (van Duren & Videler 1996, Cieri & 

Stearns 1999, Cohen & Forward 2005, Lasley-Rasher & Yen 2012, Bjaerke et al. 
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2014). However, other studies found no evidence of predator exudate effects on 

the behaviour of marine copepods (Bollens & Frost 1989a, Bollens et al. 1994, 

Kiørboe et al. 2018). Therefore, the role of predator chemical cues on copepod 

performance still remains debatable. In this respect, most former research 

addressing predator effects largely relied on predator chemical cues as predatory 

signals, making no possible to detect antipredator responses of copepods that are 

not chemically triggered. In this thesis, the effects of predators on the activity 

patterns of marine planktonic copepods are further explored, using both freely-

swimming predators and predator exudates (see Chapters 4.2 and 4.3). 

 

c) Temperature 

There is an extensive bulk of literature about the influence of temperature on 

functional traits of marine planktonic copepods. Temperature can affect copepod 

fitness through effects on growth and development rates (Vidal 1980a b, Uye 1988, 

Huntley & Lopez 1992), body size (Huntley & Lopez 1992, Ban 1994), feeding 

activity (Fernández 1978, Kiørboe et al. 1982, Dam & Peterson 1988), swimming 

patterns (Gill & Crisp 1985), reproductive output (Ban 1994, Saiz et al. 1998, 

Holste & Peck 2006), and respiration rates (Fernández 1978, Vidal 1980c, Hirche 

1987, Ikeda et al. 2001). Despite the large number of studies addressing 

temperature effects on copepod performance, there are only a few that considered 

effects of fluctuations of temperature (Lock & McLaren 1970, Vuorinen 1987, Zhou 

& Sun 2017). In this regard, many planktonic copepods are daily exposed to 

temperature fluctuations through diel vertical migration (Wiebe et al. 1992, Saiz et 

al. 1999, Al-Mutairi & Landry 2001), and their temperature-dependent 

performance might not be inferred from the study of average temperature effects 

according to the mathematical property of non-linear averaging known as 

“Jensen’s inequality” (Ruel & Ayres 1999). This issue is of renewed interest given 

the increased thermal variability predicted in future climate scenarios, which may 

be detrimental to copepod performance. Among other goals, this thesis aims to 

assess experimentally the physiological costs associated to temperature 

fluctuations experienced during diel vertical migration (see Chapter 4.4.). 
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d) Other factors 

Besides food availability, predation risk, and temperature, there are other relevant 

environmental factors that can affect the patterns of activity and fitness of 

planktonic copepods. Some of them would be food quality (Cowles et al. 1988, 

Jónasdóttir 1994, Klein Breteler et al. 1999), prey size (Frost 1972, Berggreen et al. 

1988), toxin presence (Dutz 1998, Koski et al. 1999), salinity (Lance 1963, Holste & 

Peck 2006), turbulence (Saiz et al. 1992, Saiz & Kiørboe 1995), or oxygen 

concentration (Stalder & Marcus 1997, Marcus et al. 2004). As the effects of these 

factors on copepod performance are not directly investigated in this thesis, further 

information on them will not be provided here. 

 

1.5. Ecology of the species of study: Centropages typicus and Paracartia grani 

The experiments carried out in this thesis were conducted using wild and 

laboratory-reared specimens of the calanoid copepods Centropages typicus and 

Paracartia grani. These marine planktonic copepods reach adult sizes of about 1 

mm, although little variations can be found depending on the geographical location 

(Halsband-Lenk et al. 2002, Boyer et al. 2013). C. typicus is one the best studied 

species among marine planktonic copepods (Mauchline 1998). This copepod 

species plays a fundamental ecological role in coastal waters of the Mediterranean 

Sea, the North Sea, and several areas of the East and North Atlantic Ocean, reaching 

abundances of up to several hundreds of individuals per cubic meter (Ianora & 

Buttino 1990, Halsband-Lenk et al. 2002, Bonnet et al. 2007, Mazzocchi et al. 

2007). Lough & Kristiansen (2015) reported that C. typicus is likely the main prey 

item for juveniles of cod in coastal environments of the Northwest Atlantic. P. grani 

shows a geographical range that is similar to that of C. typicus, being present in 

neritic waters of the Mediterranean Sea, the North Sea, and the East and North 

Atlantic (Boyer et al. 2012). However, its distribution is often limited to semi-

enclosed water bodies (e.g. lagoons, harbours), where it may also reach 

abundances of several hundreds of individuals per cubic meter (Rodríguez 1983, 

Sautour & Castel 1993, Boyer et al. 2012, 2013). The wide geographical 

distribution, the important ecological role, and the similarities between P. grani 

and other well-studied species (e.g. Acartia tonsa) make C. typicus and P. grani 

good model species of study. 
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2. Objectives and underlying hypotheses 

 

Marine planktonic copepods play a fundamental ecological role in pelagic 

communities. Therefore, the study of their patterns of activity is essential 

knowledge to better understand the transfer of energy through secondary 

production in marine ecosystems. This thesis is an attempt to deepen the 

knowledge of the factors that affect the activity patterns of marine copepods. Thus, 

the main goals of this thesis can be outlined in the following objectives and 

underlying hypotheses: 

 

Objective 1. To report and analyse the ontogenetic changes in the daily and diel 

patterns of feeding of marine planktonic copepods. 

Our hypothesis is that the severe morphological and behavioural changes 

occurring through copepod development may motivate important ontogenetic 

variations in their patterns of feeding. The Chapter 4.1 of this thesis provides a 

complete analysis of the ontogenetic changes in the feeding functional response of 

marine planktonic copepods using naupliar, copepodite and adult (males and 

female) stages across a broad range of prey concentrations. Additionally, the 

Chapter 4.2 of this thesis includes the comparison between the diel feeding 

patterns of nauplii and adults. 

 

Objective 2. To determine the importance of exogenous cues in the diel feeding 

patterns of marine planktonic copepods. 

The relevance of exogenous and/or endogenous components in the diel feeding 

behaviour of planktonic copepods remains unclear. If exogenous factors are 

important, we hypothesize that the feeding rhythms of wild copepods would be 

weakened or loss through the first generations of rearing in the laboratory. 

However, if copepod rhythms mostly follow endogenous cues, we would expect 

that the feeding rhythms would be maintained with little changes through 

multigenerational laboratory rearing. The Chapter 4.2 of this thesis includes the 

tracking of changes in the diel feeding patterns of marine planktonic copepods 

from wild specimens through the next generations in the laboratory in order to 
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provide new insights about the exogenous and/endogenous character of copepod 

feeding rhythms. 

 

Objective 3. To determine the role of predation risk in the diel feeding behaviour of 

marine planktonic copepods. 

The indirect effects of predation on copepod feeding behaviour are still poorly 

studied. Feeding in copepods implies higher motility and conspicuousness, which 

is associated to higher predation risk, particularly during daylight hours. 

Therefore, we hypothesize that predation risk plays a fundamental role in shaping 

the diel feeding patterns of planktonic copepods. The Chapters 4.2 and 4.3 of this 

thesis further explore the importance of predation threat on the diel feeding 

behaviour of marine planktonic copepods, using wild and laboratory-reared 

copepods exposed to freely-swimming predators and predator exudates. 

 

Objective 4. To analyse the influence of factors other than predation threat on 

copepod feeding rhythms.  

The diel activity patterns of planktonic copepods might be influenced by 

environmental factors other than predation threat. We hypothesize that factors 

such as food availability, which determines the foraging activity of copepods, and 

seasonal photoperiod, which establishes the timing of day-night cycles, may also 

modulate the intensity of copepod feeding rhythms. The Chapter 4.3 of this thesis 

deepens into the influence of seasonal photoperiod (i.e. daytime length) and prey 

availability on the diel feeding behaviour of planktonic copepods. 

 

Objective 5. To determine the physiological costs of diel temperature fluctuations 

during vertical migration in marine planktonic copepods. 

Many copepod species are daily exposed to diel temperature fluctuations through 

vertical migration. The temperature-dependent performance of migrant copepods, 

however, might not be necessarily inferred from average temperature effects. Our 

hypothesis is that migrant copepods may have physiological mechanisms to 

compensate temperature fluctuations during vertical migration. The Chapter 4.4 of 

this thesis deepens into the capability of marine planktonic copepods to cope with 

diel temperature fluctuations involved in vertical migration, providing new 
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insights about the susceptibility of these animals to the increased thermal 

variability predicted in future climates. 
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4. Publications 

 

4.1. Ontogenetic changes in the feeding functional response of the marine 

copepod Paracartia grani 

 

Reference: 

Olivares, M.; Saiz, E.; Calbet, A. (2019). Ontogenetic changes in the feeding 

functional response of the marine copepod Paracartia grani. Marine Ecology 

Progress Series, 616, pp. 25-35. https://doi.org/10.3354/meps12928 

 

Authors: Manuel Olivares1, Enric Saiz1, Albert Calbet1 

1Institut de Ciències del Mar (ICM, CSIC), Pg. Marítim de la Barceloneta 37-49, E-

08003 Barcelona, Spain 

 

a) Abstract 

The feeding activity of copepods is crucial for the structure and functioning of 

marine ecosystems. Quantification of feeding rates of different copepod life stages 

across a range of prey densities (functional response) is essential knowledge for 

improvement of plankton dynamic models. In this study, we conducted 

experiments to compare the feeding functional responses of nauplii, copepodites, 

and adults of the marine copepod Paracartia grani (formerly Acartia grani) when 

grazing on the flagellate Rhodomonas salina. We found that all copepod stages 

followed a sigmoid curve in their functional responses (Holling Type III model), 

indicating a metabolic threshold constraining foraging effort at low prey densities. 

Maximum clearance rates of nauplii and copepodites increased with body mass 

with a power scaling factor of 1, but maximum clearance rates of adults did not 

follow the pattern observed for juvenile stages, likely because of the relatively 

small prey size used in the experiments. Copepod maximum ingestion rates, 

however, showed allometric scaling along ontogeny that was closer to the typical 

0.75 power law and seemed to not be so dependent on prey size. The insights 

obtained from our study highlight stage-specific differences in copepod feeding 

activity, and can help improve our capability to estimate the energy flow through 

copepods in marine food webs. 
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b) Introduction 

Zooplankton constitute the main link between primary producers (phytoplankton) 

and higher trophic levels in marine food webs (Calbet 2001, Calbet & Saiz 2005). 

They are a key component of the biological pump and play a major role in nutrient 

recycling in the photic layer (Steinberg et al. 2000, Alcaraz et al. 2010, Turner 

2015). Within marine mesozooplankton, copepods typically account for 35−70% of 

the biomass and represent more than 90% of the abundance (Longhurst 1985). 

Consequently, the resource exploitation conducted by copepods is crucial for the 

structure and functioning of marine ecosystems. 

 

Functional responses of copepods are defined as the relationship between their 

vital rates (e.g. feeding rates, egg production rates) and prey availability (Solomon 

1949, Holling 1966). Because of the major role of copepods in the zooplankton, 

copepod functional responses have great implications for plankton population 

dynamics (Runge 1988, Gentleman & Neuheimer 2008, Kiørboe et al. 2018). The 

quantification of functional responses in both field and laboratory studies enables 

the development of mathematical models to forecast the response of plankton 

communities to changing species densities (Morozov 2010, Morozov et al. 2012). 

These predictive models are intrinsically very sensitive to the parameterization of 

functional responses (e.g. the shape of the functional response) and for this reason, 

the proper analysis of copepod functional responses becomes an imperative task 

to improve our capability to assess potential variations in the future composition 

of plankton communities and the biogeochemical fluxes that occur through them 

(Gentleman & Neuheimer 2008, Wollrab & Diehl 2015, Egilmez & Morozov 2016). 

 

Traditionally, the study of feeding activity patterns in copepods has been limited 

mostly to adults, particularly females. In this respect, feeding functional responses 

have been well documented for adults of key marine copepod species using a wide 

variety of prey types, and the records are much more numerous for females than 

for males (Støttrup & Jensen 1990, Isari & Saiz 2011, Gonçalves et al. 2014, Saiz et 

al. 2014). Females have been preferred over males in grazing experiments mainly 

because of their longer life span, higher abundances in natural populations, and 

fundamental role in recruitment (Kouwenberg 1993, Kiørboe 2006, Kiørboe et al. 
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2015). However, evidence of distinct feeding behaviours between the sexes (e.g. 

lower feeding rates in males) demonstrates that gender differences should be 

taken into account when analysing feeding activity patterns in marine copepods 

(Lampitt 1978, Uye & Kayano 1994, Saage et al. 2009, Chen et al. 2010, van 

Someren Gréve et al. 2017b). 

 

Similar to males, juvenile copepods (i.e. nauplii and copepodites) have been greatly 

neglected in previous research addressing copepod feeding patterns. Juvenile 

copepods outnumber adults throughout the year in plankton communities 

(Webber & Roff 1995, Calbet et al. 2001, Turner 2004). They play a key ecological 

role as major grazers of phytoplankton and small heterotrophs. Therefore, 

studying their feeding activity is fundamental to evaluating the grazing pressure on 

the smaller plankton fraction in marine ecosystems (Lučić et al. 2003, Turner 

2004, Almeda et al. 2011). The first investigations that focused attention on the 

feeding patterns of the early stages of copepods focused on their rates of grazing 

on phytoplankton (Mullin & Brooks 1967, Paffenhöfer 1971, Fernández 1979). In 

response to increasing interest in this topic, further investigations were carried 

out on other aspects, such as their foraging behaviour, prey size spectrum, and 

prey selection (Berggreen et al. 1988, Paffenhöfer 1998, Henriksen et al. 2007, 

Helenius & Saiz 2017). In terms of feeding functional responses, Fernández (1979) 

was the first author to provide empirical data on naupliar grazing rates of Calanus 

pacificus across a wide range of prey types and food concentrations. Since then, 

feeding functional responses have been described for juvenile copepod stages of 

other genera, such as Acartia/ Paracartia (Henriksen et al. 2007, Ismar et al. 2008, 

Helenius & Saiz 2017), Oithona (Henriksen et al. 2007, Almeda et al. 2010, Saiz et 

al. 2014), and Centropages (López et al. 2007). 

 

Despite this valuable information, we think that the current literature on marine 

copepods has not completely addressed the changes in feeding functional response 

through the entire copepod life cycle. For instance, Almeda et al. (2010) analysed 

feeding functional responses up to early copepodites, and Saiz et al. (2014) worked 

with nauplii and adults but not with copepodites. Berggreen et al. (1988) reported 

changes in the prey size spectrum of Acartia tonsa from nauplii to adults, but in 
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their study, the feeding functional responses were not analysed. Thus, it appears 

that we still lack a complete record regarding how feeding functional patterns 

change through ontogeny in marine copepods. To the best of our knowledge, only 

Santer & van den Bosch (1994) have studied this issue, with the freshwater species 

Cyclops vicinus. 

 

Thus, the main goal of this study was to assess ontogenetic changes in the feeding 

functional response of marine copepods. To accomplish our objective, we 

conducted grazing experiments in the laboratory with different development 

stages of the calanoid copepod Paracartia grani (formerly Acartia grani) and a 

broad range of prey concentrations of the flagellate Rhodomonas salina. P. grani is 

a common neritic species that has been observed from high to middle latitudes in 

the eastern Atlantic and across the Mediterranean Sea (Boyer et al. 2012). In our 

study, we compared feeding functional patterns among different P. grani life stages 

(nauplii, copepodites, adults) and sexes (males and females). We expected that the 

values of the fundamental parameters defining the feeding functional response 

(maximum clearance and ingestion rates, half-saturation constants) would be 

influenced by changes along ontogeny in the allometric scaling of metabolic 

requirements (Ikeda et al. 2001, Saiz & Calbet 2007) and variations in 

morphological and behavioural traits (Paffenhöfer 1998). 

 

c) Material and methods 

Experimental cultures 

For the experiments, the cryptophyte Rhodomonas salina was used as prey 

(equivalent spherical diameter [ESD]: 6.9 µm, carbon [C] content: 38 pg cell−1, 

nitrogen [N] content: 7.2 pg cell−1; Helenius & Saiz 2017). A culture of R. salina was 

grown in f/2 medium (Guillard 1983) and kept in the exponential growth phase by 

diluting 1/3 of the culture daily. For the copepods, a cohort of Paracartia grani was 

obtained from a stock culture maintained at the Instituto de Ciencias del Mar (ICM, 

CSIC) for more than 10 yr (Saiz et al. 2015). To produce the cohort, eggs were 

siphoned out from the bottom of the copepod stock culture and inoculated into 20 l 

polycarbonate tanks filled with 0.1 µm filtered seawater. Approximately 24 h after 

the egg addition, unhatched eggs were removed from the bottom with a siphon to 
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ensure the uniformity of the cohort. The abundance of copepods in the cohort tank 

started with ca. 15 000 nauplii, and decreased as copepods were taken out for 

experiments (ca. 1000 adults by the end). The cohort was fed ad libitum at 

concentrations ranging from 7 (nauplii) to 20 (adults) ppm of R. salina. R. salina is 

a nutritionally sufficient prey that has been commonly used in the maintenance of 

Acartia cultures (Støttrup & Jensen 1990, Broglio et al. 2003, Saiz et al. 2015). Both 

the phytoplankton and the copepod cultures used for the experiments were kept in 

the laboratory in a cold room at 19 ± 1°C and under a 10 h light:14 h dark 

photoperiod. 

 

Functional response experiments 

In total, 6 feeding functional response experiments were carried out successively 

using different copepod life stages from the same P. grani cohort, encompassing 2 

experiments conducted with nauplii, 2 experiments with copepodites, and 2 

experiments with adults (one with males and one with females). Prior to each 

experiment, copepods were collected from the cohort using a 60 µm (nauplii and 

copepodites) or a 200 µm (adults) mesh and placed in filtered seawater for 2.5−3 h 

while setting up the experiment. For each functional response experiment, 6 prey 

concentrations of exponentially growing R. salina were prepared. The range of 

prey concentrations was based on previous knowledge (Calbet & Alcaraz 1997, 

Helenius & Saiz 2017) to cover limiting to satiating food conditions (500−12 000 

cells ml−1 for NII– III, 500−14 000 cells ml−1 for NV–VI, 500− 16 000 cells ml−1 for 

CI– II, 1000−20 000 cells ml−1 for CIII– IV, and 1000−24 000 cells ml−1 for adults). 

Prey concentrations were measured with a Beckman Coulter Multisizer III particle 

counter. A total of 8 bottles were filled with each  prey  concentration:  2 served as 

initial bottles (only prey), 3 as control bottles (only prey), and 3 as experimental 

bottles (prey and copepods). Bottle volumes ranged from 72 ml for early nauplii to 

620 ml for adults. All bottles were filled following a 3-step procedure (one-third of 

the bottle was sequentially filled each time) to ensure homogeneity of prey 

densities among bottles. Inorganic nutrients (5 ml l−1 of f/2 solution, i.e. a final 

concentration equivalent to f/400) were also added to each bottle to compensate 

for any differential effect of copepod nutrient excretion on algal growth. Once the 

bottles were filled with the prey suspensions, the copepods were added to the 
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bottles either as aliquots (nauplii and copepodites) or individually with a pipette 

(adults). For the aliquots, the concentration of nauplii/copepodites in the filtered 

seawater was estimated on the basis of replicated counts of subsamples drawn 

with an automatic pipette, and then the aliquot volume of the copepod suspension 

required to reach the desired copepod concentration was added to each 

experimental bottle. To compensate for dilution in the experimental bottles, the 

same volume of filtered seawater was added to the initial and control bottles. 

Copepod adults were transferred to suspensions of the respective prey 

concentration to avoid any dilution effects, and then they were individually 

removed and transferred to the experimental bottles. Given that different copepod 

stages (sizes) and different prey concentrations were tested, the number of 

copepods added to each bottle was adjusted based on unpublished previous data 

to result in a reduction of ca. 30% of the prey concentration during incubation. 

Thus, the number of individuals incubated in the bottles ranged from low to high 

copepod abundance across the different prey concentrations (80−240 NII– III, 

40−160 NV–VI, 40−220 CI– II, 25−90 CIII– IV, 10−35 adult males, and 10−30 adult 

females). All bottles were sealed with plastic film to avoid air bubbles and capped. 

The initial bottles were sacrificed at the very beginning of the incubation periods 

to assess actual initial prey concentrations using the Coulter counter. Some extra 

copepods were preserved in 4% formaldehyde for measurement of initial copepod 

size. Control and experimental bottles were mounted on a rotating plankton wheel 

(0.2 rpm) and incubated for 20−24 h at 19 ± 1°C and under a 10 h light:14 h dark 

cycle (photosynthetically active radiation [PAR] 15−34 µmol m−2 s−1). After the 

incubations, suspensions from control and experimental bottles were filtered 

through a submerged sieve with a 60 µm (nauplii and copepodites) or a 200 µm 

(adults) mesh to separate copepods from prey. The final prey concentrations in 

each bottle were measured, as they were for the initial bottles, with the Coulter 

counter. The experimental copepods were checked for activity under a 

stereomicroscope and then fixed with formaldehyde (4% final concentration) for 

quantification, stage determination, and final body size measurements. Prey sizes 

were calculated as the geometric mean between initial and final prey volumes 

measured with the particle counter. Initial and final copepod sizes were 

determined by photographing 30−40 nauplii or copepodites and 20−25 adults with 
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an inverted microscope and measuring their body (nauplii) or prosome 

(copepodites, adults) lengths with ImageJ software (Schneider et al. 2012). 

Copepod sizes were calculated for each prey concentration as the arithmetic mean 

between their initial and final mean lengths. 

 

Table 1. Parameters of the feeding functional responses of Paracartia grani on 

Rhodomonas salina. Maximum clearance rates (Fmax), maximum ingestion rates 

(Imax), half-saturation constants (Km), and prey concentrations at which 90% of the 

maximum ingestion rates were reached (C90) are shown for the different copepod 

stages and sizes (N: nauplii; C: copepodites; Ad: adults). Means ± SE are provided 

Copepod 
stage 

Copepod 
size 

(µm) 

Fmax 
(ml ind.−1 

d−1) 

Imax 
(cells ind.−1 

d−1) 

Imax 

(% body C 
d−1) 

Km 
(cells 
ml−1) 

C90 
(cells 
ml−1) 

NII–III 139 ± 2 0.36 ± 
0.02 

1623 ± 46 213 ± 6.5 2272 ± 
138 

6815 

NV–VI 238 ± 2 1.29 ± 
0.06 

5623 ± 185 207 ± 6.5 2188 ± 
136 

6563 

CI–II 457 ± 3 6.25 ± 
0.34 

21649 ± 
659 

265 ± 7.6 1733 ± 
120 

5198 

CIII–IV 632 ± 2 15.7 ± 
0.98 

52761 ± 
1290 

195 ± 5.4 1684 ± 
121 

5051 

Ad males 922 ± 1 8.98 ± 
0.46 

67772 ± 
1858 

68 ± 1.9 3773 ± 
243 

11318 

Ad 
females 

1052 ± 3 15.9 ± 
0.57 

218457 ± 
6401 

124 ± 3.3 6877 ± 
368 

20632 

 

Data analysis 

Average prey concentrations and copepod feeding rates (clearance and ingestion 

rates) were determined according to equations in Frost (1972). 

 

Holling Type III curves were fitted to copepod feeding rates as a function of prey 

concentration using the software package SigmaPlot v.14.0. Curve fitting was 

carried out by non-linear regression following the equations in Helenius & Saiz 

(2017): 

 
F = 

ImaxC

C2 + Km
2
 (1) 

and 

 
I = 

ImaxC2

C2 + Km
2
 (2) 

where F is the clearance rate, I is the ingestion rate, Imax is the maximum ingestion 

rate, C is the prey concentration, and Km is the half-saturation constant. Estimates 
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of Imax, Km and prey concentration at which 90% of the maximum ingestion rate 

was reached (C90) were obtained directly from the Holling Type III model. 

Maximum clearance rates (Fmax) were calculated as described in Helenius & Saiz 

(2017): 

 
Fmax = 

Imax

2Km
 (3) 

 

Carbon-specific feeding rates were calculated using the conversion factor 0.221 

pg C µm−3 for R. salina (Helenius & Saiz 2017) and the length−weight 

relationships for P. grani: W = 3.24 × 10−7 L2.34 for nauplii and W = 1.12 × 10−10 

L3.58 for later stages (E. Saiz et al. unpubl. data), where W is the copepod mass in 

µg C, and L is the body (nauplii) or prosome (copepodites and adults) length in 

µm. 

 

The relationships between copepod body mass and maximum feeding rates 

(clearance and ingestion rates) were adjusted to a power function. The power fits 

were obtained from linear regression after log transformation of the variables 

using the software KaleidaGraph 4.5.4. To improve the robustness of the fitting, 

for this analysis, we added additional estimates of Imax of P. grani obtained from 

unpublished experiments (M. Olivares et al. unpubl. data) conducted under 

similar conditions. 

 

d) Results 

The average size of the copepods used in the functional response experiments 

ranged from 139 µm in early nauplii to 1052 µm in adult females (Table 1). Mean 

prey size was similar in all experiments (range 7.1−7.4 µm ESD). All stages of 

Paracartia grani showed a Holling Type III feeding functional response when 

grazing on Rhodomonas salina. Clearance rates peaked at an intermediate prey 

concentration and decreased at lower and higher concentrations (Fig. 1). Fmax 

increased with stage/size, from 0.36 ml ind.−1 d−1 for early nauplii to 15.9 ml ind.−1 

d−1 for adult females; the Fmax values for adult males were, however, lower than the 

estimates for late copepodites and females (Table 1). Ingestion rates increased 

with prey concentration following a sigmoid curve and became steady after 
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reaching food saturation (Fig. 1). Imax increased from ca. 1600 cells ind.−1 d−1 (ca. 

0.08 µg C ind.−1 d−1) in early nauplii to ca. 218 000 cells ind.−1 d−1 (ca. 9.12 µg C 

ind.−1 d−1) in adult females (Table 1). The Imax values for females were 

approximately 3 times higher than those of males. 

 

 

Fig. 1. Functional responses of (a) nauplii II–III, (b) nauplii V–VI, (c) copepodites 

I–II, (d) copepodites III–IV, (e) adult males, and (f) adult females of Paracartia 

grani feeding on Rhodomonas salina. Holling Type III curves were fitted to the 

clearance and ingestion rates as a function of the average prey concentration. 

Data in brackets are excluded from the model 

 

Fig. 2 shows the power fits between copepod body mass and copepod Fmax (r2 = 

0.991, p < 0.01; Fig. 2a) and Imax (r2 = 0.967, p < 0.001; Fig. 2b). Fmax of nauplii and 

copepodites increased with body mass with a scaling factor of 1.09 ± 0.07, whereas 
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the fit between body mass and Imax had an exponent of 0.83 ± 0.05 considering all 

copepod life stages. Fmax of adults did not follow the general pattern observed for 

nauplii and copepodites. 

 

 

Fig. 2. (a) Maximum clearance rates (Fmax) and (b) maximum ingestion rates (Imax) 

of Paracartia grani feeding on Rhodomonas salina with increasing copepod body 

mass (W). Power function fits and corresponding equations are shown. Note that 

for the clearance rates, only data on nauplii and copepodites are used for the fit. 

For the ingestion rates, data from the functional response experiments (■) and 

additional unpublished trials (▲) are pooled together 
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In terms of mass-specific rates, the maximum daily ingestion ranged from ca. 

210% of the body carbon in nauplii to 265% of the body carbon in early 

copepodites and then declined to 68 and 124% of the body carbon in adult males 

and females, respectively (Fig. 3, Table 1). Adults became satiated at much higher 

prey concentrations than copepodites and nauplii: Km values were 3773 cells ml−1 

(ca. 170 µg C l−1) and 6877 cells ml−1 (ca. 290 µg C l−1) for males and females, 

respectively, and less than 2300 cells ml−1 (ca. 110 µg C l−1) for juvenile stages 

(Table 1). The Km values for copepodites (CI–II and CIII–IV) were lower than those 

for nauplii. The food concentrations at which 90% of satiation (i.e. the maximum 

ingestion rate) was attained (C90) followed a similar pattern to that of Km: 

decreasing from nauplii to copepodites and substantially increasing in adults 

(Table 1). 

 

e) Discussion 

Ontogenetic changes in the feeding functional response 

We examined changes in the feeding functional response of the marine copepod 

Paracartia grani through ontogeny and focused on relevant ecological aspects, 

such as the shape and key parameters of the functional response (i.e. Imax, Fmax, Km). 

Previous studies have also addressed ontogenetic changes in feeding patterns of 

marine copepods, but they focused on other aspects of feeding, such as the prey 

size spectrum (Berggreen et al. 1988), or did not analyse functional responses 

through the whole developmental range from nauplii to adults (Almeda et al. 2010, 

Saiz et al. 2014). 

 

The functional response of an organism shows its capability to exploit 

environmental resources and the potential flux of energy into secondary 

production (somatic growth, egg production). We found that the feeding functional 

response of P. grani grazing on Rhodomonas salina consistently followed a Holling 

Type III pattern in all life stages. Holling Type III responses have been traditionally 

linked to predator−prey systems where predators may control prey densities by 

switching to alternative prey types according to relative prey abundances, 

exploiting the more abundant resources and thereby ensuring a basal level of prey 

diversity in the system (Gismervik & Andersen 1997, Van Leeuwen et al. 2007).  
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Fig. 3. Carbon-specific functional responses of (a) nauplii and (b) copepodites and 

adults of Paracartia grani feeding on Rhodomonas salina. Holling Type III curves 

were fitted to the carbon-specific ingestion rates as a function of the average prey 

concentration. Means and SE bars are shown. Data in brackets are excluded from 

the model 

 

However, Holling Type III responses are not restricted to multiple-prey systems, as 

they have been reported in numerous single-prey experiments (Kiørboe et al. 

2018). In our study, we conducted experiments with one algal species and inferred 



45 
 

a clear Type III response in all cases. The interpretation of Type III responses in 

single-prey scenarios is that predators stop actively searching for prey when the 

energy gained by feeding would not compensate for the energy invested in 

capturing prey (in our study, this threshold would correspond to approximately 

2000 cells ml−1 for nauplii and copepodites, and 4000−6000 cells ml−1 for adults). 

Accordingly, this foraging strategy has been proposed to be adaptive for copepods 

associated with productive environments where prey availability is high, such as 

coastal environments (Paffenhöfer & Stearns 1988). A recent analysis by Kiørboe 

et al. (2018) noted that in single-prey environments, Holling Type III responses are 

more typical of copepods with feeding strategies that involve higher metabolic 

costs (for instance, creating feeding currents to enhance the encounter rate with 

prey), while less active swimmers, such as ambush-feeding copepods, generally 

show a Holling Type II response. Adults of Acartia species (sensu lato) normally 

produce feeding currents when feeding on relatively small prey (Jonsson & Tiselius 

1990, Saiz & Kiørboe 1995). The fact that we observed the same feeding functional 

pattern throughout the whole ontogeny of P. grani suggests that active foraging 

occurs not only in adults but also in the juvenile stages of this marine species. 

Nauplii of P. grani are known to perform continuous hopping movements during 

foraging and show a Type III response for a wide range of prey types (Henriksen et 

al. 2007, Helenius & Saiz 2017). There are no detailed reports regarding the 

underlying mechanisms involved in P. grani nauplii feeding, but in the case of the 

related species Acartia tonsa, nauplii are able to detect a prey item remotely and 

then capture it by using temporary feeding currents generated by the second 

antennae and mandibles (Paffenhöfer et al. 1996, Bruno et al. 2012). 

 

Although previous studies (Almeda et al. 2010, Saiz et al. 2014) and our results 

indicate that the feeding functional response follows the same pattern through 

copepod development, Santer & van den Bosch (1994) reported ontogenetic 

differences in the freshwater copepod species Cyclops vicinus. They found that the 

naupliar and early copepodite stages of C. vicinus exhibited a Holling Type II 

response, whereas late copepodites and adults responded in more of a rectilinear 

pattern. However, their observations must be taken with caution because the 

rectilinear response in late copepodites and adults might be a consequence of not 
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reaching satiating conditions in the experimental food concentrations. Moreover, it 

is often difficult to accurately distinguish between Type II and Type III responses 

in data sets, either because very low food concentrations might not be included in 

the experimental range or because the large variance in counts at low 

concentrations masks a Type III response. 

 

Changes in Fmax through ontogeny 

The Fmax that we estimated for nauplii II-III (0.36 ml ind.−1 d−1) was very similar 

to the value reported by Helenius & Saiz (2017) for the same copepod species, 

stage, and prey species (0.33 ml ind.−1 d−1). These values were also comparable to 

the Fmax estimated by Henriksen et al. (2007) for P. grani nauplii II-III grazing on 

larger prey organisms (0.39 and 0.41 ml ind.−1 d−1 for Thalassiosira weissflogii 

and Heterocapsa sp., respectively). 

 

The Fmax of P. grani increased with body mass from nauplii to late copepodites to 

the power of 1.09, which is in accordance with the scaling factor of 0.93 

determined for the clearance rates of the closely related species A. tonsa when 

grazing on Rhodomonas baltica (Berggreen et al. 1988) and the value of 1 

reported for Fmax across various zooplankton taxa (Kiørboe 2011, Kiørboe & 

Hirst 2014). Fmax describes the capability of a predator to locate and capture prey 

at low prey densities when factors such as handling time or gut filling are not 

relevant. Compared to nauplii, copepodites have more developed feeding 

appendages that can produce larger and stronger feeding currents to capture 

prey and scan larger volumes of water (Paffenhöfer 1971). Therefore, higher 

feeding efficiency in copepodites may result in a steeper increase in Fmax with 

body mass compared to the typical allometric scaling factor of 0.75 found for 

other parameters, such as Imax (see Section 4.3). 

 

The Fmax of adults did not follow the general pattern observed in juvenile stages, 

as the Fmax of males and females (ca. 9 and 16 ml ind.−1 d−1, respectively) were not 

higher than that of late copepodites (ca.  16 ml ind.−1 d−1). We think that this 

discordance in adult clearance rates is due to the relatively small size of the prey, 

R. salina. It is known that the optimal prey size of marine copepods changes with 



47 
 

body size and through ontogeny (Berggreen et al. 1988, Landry & Fagerness 

1988, Saiz et al. 2014). It could be argued that the use of the same prey type 

throughout development may affect the interpretation of our results. In fact, our 

estimates of the Fmax for adult females were 4−7 times lower than those 

previously reported for P. grani females feeding on larger prey organisms, such 

as T. weissflogii (ca. 13 µm ESD, 70 ml female−1 d−1; Saiz et al. 1992), Heterocapsa 

sp. (ca. 13 µm ESD, 66 ml female−1 d−1; Isari et al. (2013), and Oxyrrhis marina (ca. 

17 µm ESD, 111 ml ind.−1 d−1; Calbet et al. (2007). In Table 1, we can also see that 

adults showed the highest Km and C90 values through development, indicating 

that the discrepancy between optimal prey size and predator size was the 

greatest among all life stages. Therefore, it is likely that if we had used larger 

prey in the experiments with adults, Fmax would have conformed to the power-of-

1 scaling pattern throughout development. 

 

Changes in Imax through ontogeny 

Although the Imax that we estimated for nauplii II-III was comparable to the value 

reported by Helenius & Saiz (2017) for the same copepod species, stage, and prey 

species (1623 and 1234 cells ind.−1 d−1, respectively), our estimate of the carbon-

specific Imax (ca. 213% body C d−1) was much higher than the value found in their 

study (74% body C d−1). This large difference in mass-specific rates relies mostly 

on the fact that the carbon biomass that we extrapolated for our nauplii (34 ng C 

ind.−1) was substantially lower than the measured biomass in their study (62 ng C 

ind.−1), even though the average naupliar sizes were very similar (139 and 143 µm, 

respectively). Our estimate, nonetheless, was closer to the maximum daily 

ingestions reported by Henriksen et al. (2007) for P. grani nauplii feeding on T. 

weissflogii and Heterocapsa sp. (185 and 299% body C d−1, respectively). In this 

regard, Henriksen et al. (2007) determined that P. grani nauplii, with an average 

body length of 165 µm, contained 40 ng C animal−1, which indicates that the carbon 

content values measured by Helenius & Saiz (2017) might have been anomalously 

high. 

 

The maximum daily ration that we estimated for adult females (124% body C) 

fell within the range of 103−188% d−1 found in the literature for the closely 



48 
 

related species A. tonsa at same experimental temperature and when provided 

with the same prey species (Kiørboe et al. 1985, Toudal & Riisgård 1987, 

Støttrup & Jensen 1990, Thor & Wendt 2010). This value was also close to the 

specific rates reported for P. grani feeding on other prey, such as Heterocapsa sp. 

(ca. 13 µm ESD, 147% d−1; Isari et al. 2013) and Oxyrrhis marina (ca. 17 µm ESD, 

149% d−1; Calbet et al. 2007). It is worth noting that across prey sizes, maximum 

mass-specific ingestion rates show a much narrower range of variability in 

comparison with Fmax, which can differ by a factor of up to 7 (see Section 4.2). In 

this regard, Frost (1972) previously reported that the Fmax of Calanus pacificus 

varied between 91 and 223 ml ind.−1 d−1 across a range of prey diameters 

between 11 and 87 µm, whereas Imax remained fairly constant between 24.2 and 

27.1 µg C ind.−1 d−1. Fmax is very dependent on the predators’ perception of prey, 

which is particularly sensitive to prey size and motility (Saiz et al. 2014, Almeda 

et al. 2018). In contrast, Imax appears to be not greatly influenced by prey size 

(Frost 1972) and is more constrained by factors such as copepod gut volume, 

digestion time, and gut turnover rate (Hassett & Landry 1988, Henriksen et al. 

2007). Handling times, as a parameter in Holling equations, are typically also 

considered for the satiation effect, but in copepods they are generally too short to 

constrain food intake (Tiselius et al. 2013, Kiørboe et al. 2016). The fact that 

specific Imax values are not very dependent on prey size helps to explain the 

exponent of 0.83 in our allometric analysis. This exponent, although slightly 

higher, was not significantly different from the expected value of 0.75 (t-test, p > 

0.05) according to the 3/4 power law accepted for most organisms, including 

marine calanoid copepods (West & Brown 2005, Saiz & Calbet 2007, Kiørboe & 

Hirst 2014). Thus, it appears that the use of a single prey size in our experiments 

did not result in any substantial bias in the estimation of Imax. 

 

In relation to sex differences, mass-specific Imax values for males were ca. 1.8 

times lower than those of females (68 and 124% of body C d−1, respectively). Sex-

related differences in feeding rates have been previously reported for the same 

copepod species (Saiz et al. 1992) and other copepod species (Saage et al. 2009, 

van Someren Gréve et al. 2017b). On the one hand, some authors have attributed 

the relatively lower feeding rates of males to size differences between the sexes 
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(Bautista et al. 1988, van Someren Gréve et al. 2017b). However, our allometric 

analysis (Fig. 2) shows that Imax values for P. grani males were lower than 

expected for a copepod of their size. In fact, the feeding rates of late copepodites 

were also higher than those of males. On the other hand, previous studies state 

that in some copepod species, adult males are more active swimmers than 

females and spend a substantial fraction of their time searching for a mate to the 

detriment of feeding (Kiørboe 2007, Almeda et al. 2017, van Someren Gréve et al. 

2017a). We do not know whether sex-related differences in swimming activity 

could explain the low feeding rates found in P. grani males, but it seems unlikely 

given that the males and females of the related species A. tonsa appear to display 

similar swimming patterns (Bagøien & Kiørboe 2005). We think that the 

differences in maximum feeding rates between the sexes may not rely on their 

swimming behaviour but rather on differences in the allocation of energy to the 

reproductive process. In this regard, P. grani females can exhibit high 

reproductive output under optimal food conditions that would require higher 

ingestion rates (Saiz et al. 2015, Saiz et al. 2017). 

 

f) Conclusions 

Our study provides empirical data about the ontogenetic changes that marine 

copepods show in the exploitation of food resources. The insights obtained can 

help improve modelling capabilities to estimate energy transfer through copepod 

populations with different stage compositions in pelagic food webs. We have 

shown that the functional response of the copepod Paracartia grani when feeding 

on Rhodomonas salina followed a common pattern (Holling Type III) from early 

nauplii to adults. Fmax increased with body mass with a power scaling factor of 1, 

except for the adult stages, which deviated from that common allometric trend, 

presumably due to the relatively small prey size. Imax scaled to body mass with a 

factor of 0.8, close to the typical value of 0.75 found in many animals. In this case, 

prey size did not seem to substantially affect our estimates of Imax along ontogeny. 

We suggest that future studies addressing feeding activity of copepods should also 

consider the changes in prey size spectrum along ontogeny. In addition, we think 

that plankton dynamic models would benefit from assessments in multiple 
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resource scenarios, in which selectivity patterns and switching responses can 

modulate the foraging behaviour of marine copepods. 
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a) Abstract 

Marine planktonic copepods frequently exhibit diel feeding cycles coupled with 

vertical migrations. However, copepod feeding rhythms can be influenced by 

factors others than different food availability between layers. In this study, we 

determined the changes in the diel feeding behaviour of two marine copepod 

species (Centropages typicus and Paracartia grani) through multigenerational 

laboratory rearing, ontogeny, and upon the exposure to predator chemical cues. 

The wild females of both C. typicus and P. grani showed marked feeding rhythms 

with higher ingestion rates at night. The diel rhythms of C. typicus were 

maintained in the first laboratory-reared generation (F1), suggesting maternal 

effects, but disappeared in the following generations. The P. grani females of a 

long-term culture (> 10 years) also showed no differences in their day–night 

feeding activity. Ontogenetic variations were detected in the F1 generation of C. 

typicus: feeding rhythms were absent in naupliar stages, but adults fed more 

intensely at night. In the case of the cultured P. grani, in general none of the stages 

showed feeding rhythms. Laboratory-reared C. typicus (8–11 generations) did not 

recover back the natural cyclic feeding when exposed to jellyfish and fish exudates, 

indicating that either predation risk does not significantly affect their diel feeding 

activity or predator-induced responses in marine copepods might not involve 

chemical signalling. Our study confirms that feeding-related functional traits of 

marine copepods can experience quick multigenerational changes in the 
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laboratory; consequently, cultured copepods might not be good models for studies 

involving their diel feeding behaviour. 

 

b) Introduction 

Zooplankton are the main link between primary producers and higher trophic 

levels in pelagic systems (Turner 2004). They play a major role in nutrient 

recycling within the photic layer (Alcaraz et al. 1994) and contribute significantly 

to the vertical carbon export to deeper waters, either through sinking faecal 

pellets and carcasses, or through the active process of diel vertical migration 

(Longhurst et al. 1990; Longhurst and Harrison 1989; Zhang and Dam 1997). In 

terms of abundance and biomass, copepods commonly represent a large bulk 

within migrant mesozooplankton (Longhurst 1985). Migrant copepods typically 

feed in food-enriched upper layers at night and return to deeper waters during the 

daytime (Atkinson et al. 1992; Dagg et al. 1989). Thus, diel vertical migrations are 

frequently coupled with other activity rhythms (e.g. diel feeding cycles). However, 

feeding rhythms may also appear in non-migrant copepods and are not strictly 

linked to upward migrations into food-rich layers (Head et al. 1985; Stearns 

1986). Therefore, the ultimate causes for copepod feeding rhythms might differ 

from those of vertical migrations. 

 

Diel activity patterns of zooplankton are driven by light intensity changes and 

other factors such as predation risk, food availability, UV radiation, or temperature 

(Ringelberg 1995; Stearns and Forward 1984; Williamson et al. 2011). The 

relative importance of these factors to shape zooplankton diel patterns, however, 

depends on the species and habitats. In particular, levels of exposure and 

vulnerability to predators seem to highly influence the diel activity patterns of 

marine copepods. In this regard, Bollens and Frost (1989b) linked the amplitude 

of vertical migration in Calanus pacificus to the abundance of predatory fish. Also, 

Bollens and Frost (1991) and Bollens and Stearns (1992) found that the diel 

migrations and feeding rhythms of Acartia hudsonica became more pronounced in 

the presence of fish. Hence, even though prey availability and endogenous 

rhythmicity have been also proposed as driving factors of copepod diel rhythms 

(Huntley and Brooks 1982; Stearns 1986), the weakening or absence of diel 
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rhythmicity in the activity of cultured copepods have been ultimately attributed to 

the lack of potential predators in the environment (Calbet et al. 1999). In this 

respect, the tracking of multigenerational changes in the diel behaviour of 

laboratory-reared marine copepods can provide new insights about the exogenous 

and/or endogenous causes that shape their diel activity patterns. 

 

Copepods have mechanical and chemical sensors in their antennae that can be 

used to remotely detect predators (Hartline et al. 1996). However, it is not clear 

whether predator chemicals are really responsible for the predator-induced 

changes in copepod diel rhythms or, instead, other cues are involved. Cieri and 

Stearns (1999) and Cohen and Forward (2005b) found that the exposure to 

predator exudates induced, respectively, a lower daytime feeding in Acartia tonsa 

and A. hudsonica, and modifications in the vertical migration patterns of 

Calanopia americana. Contrarily, Bollens and Frost (1989a) and Bollens et al. 

(1994) reported that migration-related responses of A. hudsonica upon predator 

exposure did not involve chemical signalling. Therefore, the effects of predator 

chemical cues on copepod diel rhythms still remain debatable. In some cases the 

absence of responses to predator exudates could be argued with a lack of 

phenotypic plasticity in copepod populations (Kiørboe et al. 2018). In this respect, 

copepods reared in the laboratory in the absence of predators for several 

generations would be a good model to test the long-term phenotypic plasticity of 

copepod populations to respond to predation threat. 

 

The diel behaviour of copepods can show significant changes through 

development. In relation to vertical migrations, Osgood and Frost (1994) and 

Fortier et al. (2001) reported that certain species show diel large-scale 

movements to deeper layers only during late stages, whereas early stages remain 

near the surface or are evenly distributed through the water column. Also, 

Atkinson et al. (1992) and Huntley and Brooks (1982) found that five species of 

copepods increased the amplitude of their vertical movements from nauplii to 

adults. Hence, smaller stages with lower swimming capacity might depend more 

on their reduced size to avoid visual predation, whereas larger stages would need 

to compensate their increased predation susceptibility during the daytime 
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through downward migrations to deeper, darker layers (Buskey 1994; Neill 

1992). It is not known, however, whether changes through development in diel 

migration patterns of marine copepods are associated to variations in their diel 

feeding behaviour. Although large marine copepods usually show higher feeding 

activity at night, it may well be that early development stages, closer in size to 

protozoan microzooplankton, find more advantageous to follow reverse diel 

feeding rhythms to avoid predation by adult copepods (Arias et al. 2017; Jakobsen 

and Strom 2004). Therefore, it can be hypothesized that copepod nauplii might 

show diel feeding patterns that are different from those of copepodites and 

adults. 

 

Because of the key ecological role of copepods in aquatic ecosystems, the study of 

their feeding patterns and factors that modulate their diel behaviour is essential 

knowledge to improve our capability to determine the energy flux into secondary 

production in marine and freshwater environments. For that purpose, in this 

study we analysed the effects of multigenerational laboratory rearing, ontogeny 

and exposure to predator exudates on the diel feeding behaviour of two marine 

calanoid copepod species (Centropages typicus and Paracartia grani). Firstly, we 

monitored variations in the day and night feeding rates of field-collected (wild) 

and laboratory-reared descendant copepods. Secondly, we compared the diel 

feeding patterns of different copepod life stages from the same generation. 

Finally, we tested whether the presence of predator exudates (from both visual 

and non-visual predators) could trigger back diel feeding rhythms in copepod 

populations that had lost their natural rhythmic feeding after multiple-generation 

rearing. 

 

c) Material and methods 

Prey cultures 

The algae Rhodomonas salina and Heterocapsa sp., and the heterotrophic 

dinoflagellate Oxyrrhis marina were used as prey for copepod cultures and 

experiments. The algae were grown in f/2 medium (Guillard 1983) and 

maintained in the exponential growth phase by diluting 1/3 of the cultures daily. 

O. marina was grown in Guillard’s trace metal stock solution (Guillard 1983) and 
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fed with R. salina. Cultures of O. marina were unfed for two days before the 

experiments to ensure that R. salina had been depleted when the copepod 

incubations started. All phytoplankton and microzooplankton were maintained in 

a climate-controlled room at 19 ± 1 °C and 10 h: 14 h light: dark photoperiod 

(average PAR during the daytime: 90 μmol m-2 s-1 for algae, 10 μmol m-2 s-1 for O. 

marina). 

 

Copepod collection and cultures 

Wild and laboratory-reared copepods of the species Centropages typicus and 

Paracartia grani were used for experiments. Wild specimens (F0 generation) 

were collected with a Juday-Bogorov plankton net fitted with 200-μm mesh in 

coastal waters off Barcelona (C. typicus, May 2017) and the harbour of El Masnou, 

a town located 20 km north of Barcelona (P. grani, October 2018). In the 

laboratory, adults of both species were sorted out with a pipette under a 

stereomicroscope and kept in 15-L polycarbonate tanks with 0.1-μm filtered 

seawater and food. Copepods were fed ad libitum with either O. marina (> 8 ppm, 

C. typicus) or R. salina (> 5 ppm, P. grani) for 1–2 days before experiments. The 

temperature and light regimes were those found at sea during sampling: 16 ± 1 °C 

and 13.5 h: 10.5 h light: dark cycle for C. typicus, and 19 ± 1 °C and 10 h: 14 h light: 

dark cycle for P. grani. 

 

For laboratory-reared copepods, up to 11 new generations of C. typicus (F1–F11, 

approx. 1 month per generation) were produced from the eggs spawned by the 

collected wild specimens (F0) and the following generations (batches of 10,000–

20,000 eggs per generation). Eggs were siphoned out from copepod tank bottoms 

and placed in new tanks with filtered seawater at same temperature and light 

conditions as the original cultures. These cohorts were fed ad libitum with R. 

salina and O. marina during naupliar stages, and with O. marina and Heterocapsa 

sp. during copepodite and adult stages. In the case of P. grani, the laboratory-

reared cohort was obtained from a copepod stock culture kept at our institute for 

more than 10 years (Fn generation). This cohort was fed with R. salina through 

the entire development. 

 



60 
 

Experiments to assess the effect of multigenerational rearing on copepod feeding 

rhythms 

The presence and magnitude of diel feeding rhythms (i.e. differences between day 

and night feeding rates) were analysed in wild (F0) and laboratory-reared (F1, F3, 

F5, F6, F8, F11) females of C. typicus, and wild (F0) and laboratory-reared (Fn) 

females of P. grani. In the case of C. typicus, two independent experiments were 

carried out for each studied generation, except for F5 (only one experiment). 

 

Experiments consisted of paired day and night incubations with copepods and 

prey. Prior to incubations, copepods were collected from the stock cultures using 

a 200-μm sieve and transferred to filtered seawater for 1.5 h to ensure complete 

gut evacuation. Prey suspensions of O. marina (experiments with C. typicus) or R. 

salina (experiments with P. grani) were prepared at satiating or near satiation 

concentrations (Olivares et al. 2019; van Someren Gréve et al. 2017) using a 

Beckman Coulter Multisizer III particle counter. Two–three initial bottles (only 

prey), 3–4 control bottles (only prey) and 3–4 experimental bottles (prey and 

copepods) were filled with the prey suspensions; then, copepods were 

transferred into the experimental bottles using a wide-mouth pipette. The 

number of copepods per bottle was determined to ensure a ca. 20% decrease in 

the prey concentration by the end of the incubations. The prey and copepod 

concentrations in the experiments, as well as bottle volumes, can be found in 

Table 1. All the bottles were sealed with plastic wrap before capped to avoid air 

bubbles. Control and experimental bottles were mounted on a rotating plankton 

wheel (0.2 rpm; average PAR 21 μmol m-2 s-1 in the daytime incubations) and let 

incubate for 8–9 h in the respective day and night periods. Initial bottles were 

processed at the beginning of the incubations to determine the actual initial prey 

concentrations with the Coulter counter. At the end of the incubations, the 

contents of control and experimental bottles were sieved through a submerged 

200-μm mesh to separate copepods from prey. Prey concentrations were then 

measured with the Coulter counter as for the initial bottles. Copepods were 

checked for survival and then fixed in 4% formaldehyde solution for counting and 

size determination. Average prey sizes were calculated as the geometric mean 

between initial and final volumes registered with the Coulter counter. Preserved 
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copepods were photographed and prosome lengths were measured using the 

software package ImageJ (Schneider et al. 2012). The average prey and copepod 

sizes in the experiments are shown in Table 1. 

 

Table 1 Size and concentration of copepods (Centropages typicus, Paracartia 

grani) and prey (Oxyrrhis marina, Rhodomonas salina) in the feeding experiments 

Experiment Copepod 
species 

Generation Copepod 
stage 

Copepod 
size 

(μm) 

Prey 
species 

Prey 
ESD 
(μm) 

Prey 
conc. 

(ppm) 

Copepod 
conc. 

(cop 

bottle-1) 

Bottle 
vol. 

(mL) 

Multiple- 
generation 

rearing 

C. typicus F0 Females 977 ± 57 O. 
marina 

16.8 
± 0.4 

9.6 ± 0.4 33 ± 3 620 

        
        

 F1–F11 Females 1032 ± 33 O. 
marina 

17.1 
± 0.5 

9.9 ± 0.4 32 ± 3 620 

        

P. grani F0 Females 845 ± 2 R. salina 7.2 

± 

0.02 

4.7 ± 0.6 15 ± 1 320 

 Fn Females 1054 ± 2 R. salina 7.3 

± 

0.03 

4.6 ± 0.5 12 ± 3 320 

Ontogeny C. typicus F1 NII–III 166 ± 14 R. salina 7.4 

± 

0.20 

3.6 ± 0.4 281 ± 46 72 

  F1 NIV–V 224 ± 18 R. salina 7.4 

± 

0.19 

3.6 ± 0.4 171 ± 39 72 

  F1 Males 964 ± 5 O. 
marina 

16.7 
± 0.5 

9.8 ± 0.4 38 ± 2 620 

         
 F1 Females 1008 ± 7 O. 

marina 
16.7 
± 0.5 

9.7 ± 0.3 29 ± 2 620 

        

P. grani Fn NII–III 144 ± 2 R. salina 7.4 

± 

0.10 

2.3 ± 0.3 244 ± 44 72 

 Fn NIV–V 207 ± 0 R. salina 7.4 

± 

0.09 

2.3 ± 0.3 97 ± 28 72 

 Fn CII–III 573 ± 31 R. salina 7.0 

± 

0.02 

2.5 ± 0.3 56 ± 9 320 

 Fn CIV–V 803 ± 9 R. salina 7.3 

± 

0.07 

2.9 ± 0.2 57 ± 19 320 

 Fn Males 911 ± 10 R. salina 7.3 

± 

0.04 

4.6 ± 0.5 29 ± 5 320 

 Fn Females 1054 ± 2 R. salina 7.3 
± 

0.03 

4.6 ± 0.5 12 ± 3 320 

The volume of the bottles is also provided 

ESD equivalent spherical diameter, N nauplii, C copepodites. Means ± SD are shown 
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Experiments to assess ontogenetic changes in copepod feeding rhythms 

Differences between day and night feeding rates were determined for nauplii II–

III, nauplii IV–V and adults (males and females) of the F1 generation of C. typicus, 

and for nauplii II–III, nauplii IV–V, copepodites II– III, copepodites IV–V, and 

adults (males and females) of the long-term cultured P. grani (Fn generation). The 

experiments with C. typicus were carried out twice for each studied stage. 

 

Experiments were conducted following the methodology described in the 

previous section. Details on prey and predator concentrations and bottle volumes 

are provided in Table 1. The way of adding copepods into experimental bottles 

differed depending on stage. Nauplii and copepodites were added as aliquots, and 

an equivalent volume of filtered seawater was added into the initial and control 

bottles to correct for any dilution effects. Adults were transferred to prey 

suspensions and added individually into the experimental bottles using a pipette. 

In the experiments with nauplii and copepodites, extra copepods were preserved 

in 4% formaldehyde solution at the beginning of the incubations to determine 

initial copepod size. At the end of the incubations, the contents of control and 

experimental bottles were filtered through submerged sieves (37 μm for nauplii, 

60 μm for copepodites and 200 μm for adults) to separate copepods from prey. 

Copepods were preserved, posteriorly photographed, and then total (nauplii) or 

prosome (copepodites, adults) lengths were measured using ImageJ (Schneider et 

al. 2012). In the case of nauplii and copepodites, the arithmetic mean between 

initial and final sizes was computed, whereas only final length was considered for 

adults. The average sizes of prey and copepod stages in the experiments can be 

found in Table 1. 

 

Experiments to assess the effect of the exposure to predator exudates on the feeding 

rhythms of cultured copepods 

We carried out additional incubations in the experiments with the F8 and F11 

females of C. typicus (described previously) to assess the effects of predator 

exudate exposure. These incubations included a control treatment with filtered 

seawater, and a treatment with a mixture of filtered seawater (75%) and water 

with predator exudates (25%). O. marina at 10 ppm was used as food source in all 
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the incubations. In total, two experiments with jellyfish exudates (F8 females) and 

one experiment with fish exudates (F11 females) were conducted. 

 

Water with jellyfish exudates was obtained from a 400-L aquarium containing 24 

individuals of the jellyfish Aurelia aurita (umbrella diameter 4–6 cm) fed ad 

libitum with brine shrimps. Water with fish exudates was collected from a 2500-L 

tank (turnover rate of 2500 L h-1) with 40 individuals of European bass 

(Dicentrarchus labrax, approx. 1200 g per individual) fed three times a week with 

fodder. The water with predator (jellyfish or fish) exudates was pre-filtered 

through a 20-μm sieve and then vacuum-filtered through a 0.2-μm nucleopore 

filter. Experimental copepods were acclimatized to one of the water types (i.e. 

with or without predator exudates) during four days before the experiments. 

During the acclimation period, 80% of the water was renewed daily in the 

copepod tanks to ensure that copepods were exposed to fresh predator chemical 

cues, as the exudates might degrade within 24 h (Dodson 1988; Loose et al. 

1993). 

 

Data analysis 

Day and night copepod ingestion rates were calculated using the equations from 

Frost (1972). For carbon-specific feeding rates, the conversion factors 0.179 pg C 

μm-3 and 0.221 pg C μm-3 were applied for O. marina and R. salina, respectively 

(Helenius and Saiz 2017; Klein Breteler and Gonzalez 1986). To obtain copepod 

carbon weights, the dry weights of C. typicus were estimated using the length–

weight relationship established for Centropages hamatus by Klein Breteler et al. 

(1982), and carbon weights were calculated as 40% of dry weights (Champalbert 

et al. 1973). In the case of P. grani, copepod carbon weights were obtained 

directly from the length–weight relationship reported for this species in Olivares 

et al. (2019). Total daily ingestions of C. typicus females were computed through 

weighing their day and night ingestion rates by the number of hours in each 

photoperiod. 

 

A significance level of 0.05 was considered for all the statistical tests. Student’s t 

tests were applied to check for significant differences between day and night 
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p 

carbon-specific ingestion rates within generations and life stages. Normality and 

homoscedasticity assumptions were checked with Shapiro–Wilk and Brown–

Forsythe tests, respectively. When datasets did not pass normality or 

homoscedasticity tests, Mann–Whitney rank sum tests or Welch’s t tests were 

applied, respectively. Because of the low number of replicates in the experiments 

with C. typicus, the data from independent experiments of each generation and 

copepod stage were pooled together for statistical tests. Linear regression was 

applied to check for any significant change in total daily ingestions of C. typicus 

females across generations. In the experiments with predator exudates, two-way 

ANOVA tests were run to assess the effect of the factors day/night and 

presence/absence of exudates on the ingestion rates of F8 and F11 females. 

 

d) Results 

Changes in copepod feeding rhythms through multigenerational laboratory rearing 

The day and night ingestion rates of C. typicus females across multiple 

generations (F0–F11) are shown in Fig. 1a. F0 and F1 females showed, 

respectively, 63% and 51% significantly higher ingestion rates at night (two-

tailed Student’s t test, p < 0.01 for F0; two-tailed Mann–Whitney Rank Sum test, p 

< 0.05 for F1; Fig. 1a). Females of later generations (F3–F11), however, did not 

show any significant day–night difference in their feeding rates (two-tailed 

Student’s t tests, p > 0.05 for F3, F6, F8 and F11; two-tailed Mann–Whitney Rank 

Sum test, p > 0.05 for F5; Fig. 1a). Thus, night/day ingestion rate ratios decreased 

from ca. 1.5 in F0 and F1 to ca. 1.0 in the next generations (Fig. 1b). Total daily 

ingestions ranged between 115 and 162% body C d-1 (average 134% body C d-1)  

and did not significantly change across generations (linear regression, p > 0.05; 

Fig. 2). 

 

Regarding the experiments with P. grani (F0 and Fn generations), the mean 

ingestion rates of wild females at night doubled those during the daytime (93.4  

and 46.7 ng Cprey μg Ccop-1 h-1 for night and day, respectively; two-tailed Student’s   

t test, p < 0.001; Fig. 3). The ingestion rates of cultured females were 21% higher 

at night but this day–night difference was not statistically significant (55.5 and 
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45.8 ng Cprey μg Ccop-1 h-1 for night and day, respectively; two-tailed Student’s t 

test, p > 0.05; Fig. 3). 

 

 

Fig. 1 a Day and night ingestion rates, and b night/day ingestion rate ratios of 

wild (F0) and laboratory-reared (F1–F11) females of Centropages typicus. Means 

and SE are shown. Significant differences between day and night ingestion rates 

are denoted with an asterisk (two-tailed Student’s t test, p < 0.01 for F0; two-tailed 

Mann–Whitney Rank Sum test, p < 0.05 for F1). Dashed line indicates no difference 

between average night and day ingestion rates (ratio of 1.0) 
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Fig. 2 Total daily ingestions of wild (F0) and laboratory-reared (F1–F11) females 

of Centropages typicus. Means and SE are shown. Dashed line represents the 

average daily ingestion across generations (134% body C d-1) 

 

Ontogenetic changes in copepod feeding rhythms 

The diurnal and nocturnal feeding rates of nauplii and adults of C. typicus (F1 

generation) are shown in Fig. 4a. The mean ingestion rates of NII–III and NIV–V 

did not show any significant difference between day and night (two-tailed 

Student’s t tests, p > 0.05; Fig. 4a). However, the mean ingestion rates of adults 

were about 50% significantly higher at night for both sexes (two-tailed Mann-

Whitney rank sum test, p < 0.05 for females; one-tailed Welch’s test, p < 0.05 for 

males; Fig. 4a). 

 

In the experiments with the long-term cultured P. grani (Fn generation), in 

general, none of the stages showed any significant difference between their day 

and night feeding rates (two-tailed Student’s t tests, p > 0.05 for CII–III, CIV–V, 

males and females; two-tailed Mann–Whitney Rank Sum test, p > 0.05 for NIV–V; 

Fig. 4b). The only exception was found in nauplii II–III, which exhibited 23% 
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significantly higher ingestion rates at night (day: 85 ± 1.7 ng Cprey μg Ccop-1 h-1, 

night: 105 ± 1.2 ng Cprey μg Ccop-1 h-1; Student’s t test, p < 0.001; Fig. 4b). 

 

 

Fig. 3 Day and night ingestion rates of wild (‘‘WILD’’) and laboratory-reared 

(‘‘LAB’’) females of Paracartia grani. Means and SE are shown. Significant 

differences between day and night ingestion rates are marked with an asterisk 

(two-tailed Student’s t test, p < 0.001). Notice that average copepod sizes were 845 

μm and 1054 μm for wild and cultured specimens, respectively 

 

Effect of exposure to predator exudates on the diel feeding rhythms of cultured 

copepods 

The mean ingestion rates of F8 and F11 females of C. typicus exposed to predator 

exudates ranged between 49.8 and 69.1 ng Cprey μg Ccop-1 h-1 and did not show any 

significant difference to those of the non-exposed females (two-way ANOVA, p > 

0.05; Fig. 5). 
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Fig. 4 Day and night ingestion rates of a nauplii (N) and adults of Centropages 

typicus and b nauplii (N), copepodites (C), and adults of Paracartia grani. Means 

and SE are shown. Dashed line indicates no difference between average day and 

night ingestion rates 
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Fig. 5 Day and night ingestion rates of laboratory-reared females of Centropages 

typicus incubated without predator exudates (‘‘control’’) and with predator 

exudates (‘‘exudates’’). Two experiments with jellyfish exudates and one 

experiment with fish exudates are shown. Means and SE are provided 

 

e) Discussion 

Loss of copepod feeding rhythms through multigenerational rearing 

In our experiments the natural feeding rhythms of the marine copepods C. typicus 

and P. grani were lost through multigenerational laboratory rearing. In the case of 

C. typicus, the absence of rhythms was manifest after only 2–3 generations. Strong 

positive selection can lead to significant genotypic (and phenotypic) shifts in 

copepod populations, especially upon exposure to (or lack of) environmental 

stressors (Jiang et al. 2011; Sun et al. 2014). In our study, the quick loss of diel 

rhythms could reflect a sharp selection of phenotypes that show constant and 

continuous feeding when food availability is high. As evidenced in experiments 

with intermittent food supply (analogous to feeding cycles, i.e. fluctuations in food 

intake), rhythmic feeding might imply certain fitness costs (Calbet and Alcaraz 

1996; Nival et al. 1990). Still, there are copepods that can counteract the negative 
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effects of non-continuous feeding through enhancing food intake after starvation 

periods (Kremer and Kremer 1988; Runge 1980). In this regard, Davis and Alatalo 

(1992) reported that C. typicus is indeed capable to cope with short-term food 

fluctuations (0.5–1 days) in terms of survival, growth, development, and egg 

production rates. In agreement with this hypothesis, we found that total daily 

ingestions of C. typicus females remained invariable across generations regardless 

diel feeding behaviour. Thus, it seems unlikely that a strong phenotype selection 

could have caused the phenotypic shift in our study, as the potential adaptive value 

of non-rhythmic feeding (i.e. higher daily consumption) was not inferred. 

 

Among the factors that can affect diel activity rhythms in copepods, predation 

threat has acquired the highest acknowledgement, especially regarding vertical 

migrations (Bollens and Frost 1989b; Frost and Bollens 1992). In relation to 

feeding patterns, Bollens and Stearns (1992) found that the amplitude of the diel 

feeding rhythms of Acartia hudsonica greatly increased in the presence of 

zooplanktivorous fish. Thus, the loss of feeding rhythms through multigenerational 

rearing could be attributed to the absence of predators in the environment. 

However, if copepod feeding rhythms were exclusively dependent on predator 

exposure, we would not expect to find any day–night difference in the food intake 

of copepods reared in complete predator-free conditions. Yet, we found that the 

first generation of laboratory-reared females (F1) still exhibited a marked diel 

feeding cycle despite of being never exposed to predators. Therefore, other factors 

beyond direct exposure to predators seem to be involved in the modulation of 

copepod diel rhythms. 

 

Light conditions, prey availability or endogenous rhythmicity could also influence 

the diel feeding behaviour of marine copepods. About the former, we tried to 

simulate the light conditions that copepods experience in nature (not only 

photoperiod, but also light intensity). Thus, the average light intensity in the 

daytime incubations (ca. 20 μmol m-2 s-1) was in the range of the typical values 

found at the depth where copepods remain during the daytime in the NW 

Mediterranean (Alcaraz 1988; Estrada 1985). Therefore, we do not think that the 

experimental light conditions could have caused any significant shift in the diel 
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feeding rhythms of copepods. Regarding food conditions, copepods may show 

feeding rhythms even at low prey concentrations (Durbin et al. 1990). Still, higher 

prey availability normally translates into larger amplitudes of both vertical 

migrations and feeding cycles (Calbet et al. 1999; Huntley and Brooks 1982). In 

this regard, we kept copepods well-fed through development and experiments, so 

the magnitude of feeding rhythms should have been kept maximized. We do not 

know, however, whether the lack of rhythmicity in food availability (as it usually 

occurs in nature) could have contributed anyhow to the loss of natural rhythmic 

feeding in copepods. Finally, it is also worth noticing that circadian clocks have 

been reported to drive the expression of activity rhythms in marine copepods, 

particularly in vertical migrations (Cohen and Forward 2005a; Häfker et al. 2017) 

and feeding cycles (Olsen et al. 2000; Stearns 1986). However, the quick 

disappearance of diel feeding rhythms in our experiments suggests that exogenous 

cues may play a more important role in this phenotypic response. 

 

The maintenance of diel feeding rhythms in the first reared generation (F1) of C. 

typicus suggests the non-genetic transmission of certain phenotypes through 

epigenetic mechanisms (Uller 2008). Previous studies with zooplankton 

demonstrated that exposure to non-lethal chemical cues (e.g. predator or 

conspecific cues) can lead to transgenerational changes in the functional traits of 

non-exposed offspring, such as helmet formation or earlier maturation in Daphnia 

(Agrawal et al. 1999; Walsh et al. 2015). Epigenetic mechanisms that mediate non-

genetic inheritance have been already investigated in daphnids (Robichaud et al. 

2012; Schield et al. 2016), but remain largely unexplored in other zooplankton 

groups. A recent study by Guyon et al. (2018) reported epigenetic responses (DNA 

methylation) of copepods to toxic exposure. It seems plausible, therefore, that the 

presence of diel feeding rhythms in the F1 generation of C. typicus could reflect 

epigenetic modifications determined by the external context experienced by 

predecessors (F0) in natural conditions (maternal effects). 

 

Lack of response to predator chemical cues 

We found that the exposure to predator exudates did not induce the recovery of 

diel feeding rhythms in laboratory-reared copepods (F8–F11 generations). If 
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predation threat was pivotal to trigger rhythmic feeding in marine copepods, 

multigenerational rearing could have led to lower intrapopulation plasticity in the 

response to predatory signals (Cousyn et al. 2001). The loss of capacity to react to 

predator chemical cues would bring ecologically relevant consequences for species 

interactions and, at the end, community dynamics (Miner et al. 2005). However, it 

could happen that predator-induced responses of marine copepods might not 

involve chemical signalling. 

 

There is a large bulk of research about the significant effects of kairomones on 

freshwater zooplankton (Lass and Spaak 2003). However, with very few 

exceptions (e.g. Cieri and Stearns (1999), Cohen and Forward (2005b)), the 

attempts to use predator chemical cues to induce behavioural changes in marine 

copepods have failed (Bollens et al. 1994; Kiørboe et al. 2018). This suggests that, 

unlike in freshwater zooplankton, responses of marine zooplankton to predation 

threat might be mediated by non-chemical cues (Kiørboe et al. 2018; Ringelberg 

1995), whereas chemoreception would be more decisive for other purposes such 

as food selection or mate finding (Bagøien and Kiørboe 2005; Buskey et al. 2011; 

Tiselius et al. 2013). We cannot discard, however, that copepod feeding rhythms 

might not be that influenced by predation threat, and/or that the predators 

selected for our experiments (jellyfish Aurelia aurita and fish Dicentrarchus labrax) 

were unsuitable for the goal of our study. Thus, a non-visual predator like A. aurita 

might not alter copepod diel cycles that might be essentially triggered by visually 

guided predators (Bollens and Stearns 1992). Regarding D. labrax, the diet of 

adults certainly shows a lower preference over copepods compared to that of 

juveniles (Rogdakis et al. 2010). In fact, non-lethal effects of predation in copepods 

and other zooplankters are highly predator-specific  (Lüning 1992; Ohman 1990) 

and may affect behaviour in very different ways (Saiz et al. 1993). 

 

Ontogenetic changes in copepod feeding rhythms 

Diel feeding rhythms were absent in naupliar stages but appeared in adults of the 

F1 generation of C. typicus. These ontogenetic variations agreed with diel 

migration patterns, as nauplii either do not migrate or conduct weaker vertical 

migrations compared to late life stages (Atkinson et al. 1992; Fortier et al. 2001; 
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Huntley and Brooks 1982). The higher predation susceptibility of young stages to 

non-visual predators (Titelman 2001), more active at night, makes nocturnal 

feeding much less adaptive to nauplii than to copepodites and adults (Boersma et 

al. 2014; Ohman 1990; Uye and Liang 1998). Moreover, the lower tolerance of 

early stages to fluctuations in food intake (Calbet and Alcaraz 1997) indicates that 

the appearance of feeding rhythms in marine copepods might be dependent on 

stage-specific metabolic requirements. 

 

Regarding the long-term cultured P. grani (> 10 years in the laboratory), in general 

none of the stages showed any difference in their day–night feeding activity. 

Contrarily, wild adults of this species typically show higher feeding rates at night 

(this study; Bautista et al. (1988); Calbet et al. (1999)). As demonstrated in our 

experiments, laboratory-reared copepods might not conserve their natural 

rhythmic feeding behaviour after multigenerational rearing. In the case of nauplii 

II–III, we found an unexpected night-skewed feeding, although the amplitude of 

such a rhythm was low (23% higher ingestion rates at night). We analysed closely 

the initial and final stage compositions in that experiment (data not shown in the 

paper) and found that the stage proportions were really similar at the beginning of 

the day and night incubations (ca. 90% NII and 10% NIII). However, the final stage 

composition differed slightly between incubations (50:50 and 40:60 NII:III 

proportions during the daytime and night incubations, respectively). One could 

speculate that NII ingestion rates could have been comparatively lower if any yolk 

remains were still available. Therefore, the day–night differences found in that 

experiment could be attributed to the larger proportion of NIII at the end of the 

night incubation. 

 

f) Conclusions 

Our study confirms that feeding-related functional traits of marine copepods can 

show rapid multigenerational changes in the laboratory. The quick loss of natural 

rhythmic feeding through rearing suggests that marine copepods might express 

feeding rhythms upon exogenous cues, and not for endogenous causes, which may 

bring concern for the use of cultured copepods in experiments involving their diel 

feeding behaviour. The maintenance of diel rhythms in the first laboratory-reared 
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generation of C. typicus indicates epigenetic mechanisms that mediate the non-

genetic transmission of phenotypic traits (maternal effects). The evidence of 

ontogenetic variations in diel feeding behaviour stands out the importance of age-

related factors, such as size-dependent vulnerability to predation, for the 

appearance of diel rhythms in copepods. Finally, the lack of response to the 

exposure of predator exudates indicates that either predator-induced responses of 

marine copepods might not involve chemical signalling, or factors other than 

predation risk can act as driving factors of copepod feeding rhythms. 
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a) Abstract 

Predators can induce changes in the diel activity patterns of marine copepods. 

Besides vertical migration, diel feeding rhythms have been suggested as an 

antipredator phenotypic response. We conducted experiments to assess the non-

lethal direct effects of the predator Meganyctiphanes norvegica (northern krill) on 

the diel feeding patterns of the calanoid copepod Centropages typicus. We also 

analysed the influence of seasonal photoperiod and prey availability on the 

intensity of copepod feeding rhythms. We did not detect any large effect of krill 

presence on the diel feeding behaviour of copepods, either in day-night differences 

or total daily ingestions. Seasonal photoperiod and prey availability, however, 

significantly affected the magnitude of copepod feeding cycles, with larger diel 

differences in shorter days and at lower prey concentrations. Therefore, the role of 

non-lethal direct effects of predators on the diel feeding activity of marine 

copepods remain debatable and might not be as relevant as in freshwater 

zooplankton. 
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b) Introduction 

Predation threat can trigger a wide variety of responses in animals, such as 

changes in morphology, physiology and/or behaviour (Lima, 1998; Agrawal, 

2001). These predator-induced phenotypic changes have evolved to increase the 

animal’s survival chances, but also bring certain fitness costs in terms of energy 

acquisition and resource allocation (Sih, 1980; Lima and Dill, 1990; Preisser et al., 

2005). Thus, predators can have negative impacts on prey populations not only 

through direct predation (consumptive effects), but also through the so-called non-

consumptive (or non-lethal) effects. Non-lethal effects of predation can even 

represent a higher cost for prey demography than predation itself (Preisser et al., 

2005), and certainly have important ecological implications regarding community 

dynamics (Werner and Peacor, 2003; Schmitz et al., 2004). 

 

Within marine communities, copepods are a vital link between primary producers 

and fish (Runge, 1988) and typically account for the highest abundance and 

biomass among mesozooplankton (Longhurst, 1985). Therefore, non-lethal effects 

of predators on copepod populations can translate into important cascading effects 

in marine food webs (van Someren Gréve et al., 2019). Copepod responses to 

increasing predation risk include changes in their foraging time, swimming speed 

and reproductive output (Saiz et al., 1993; van Duren and Videler, 1996; Lasley-

Rasher and Yen, 2012; Heuschele et al., 2014). Of particular relevance is how 

predation risk can alter copepod diel behaviour. For instance, predation threat 

appears to be the major driver of diel vertical migrations in marine copepods 

(Frost, 1988; Ohman, 1990; Bollens and Frost, 1991; Hylander and Hansson, 

2013). Migrant copepods typically stay in food-enriched upper waters at night, and 

move to deeper, darker layers during the daytime to avoid visual predation. 

 

Besides vertical migration, copepods frequently show other diel activity rhythms 

involving their feeding, spawning and moulting patterns (Ohman, 1988). About the 

former, copepods generally show higher feeding activity at night (Atkinson et al., 

1992; Dagg et al., 1998). Nocturnal feeding is usually coupled to vertical 

migrations, but this feeding behaviour is not necessarily a consequence of staying 

in food-enriched upper layers at night. In fact, rhythmic feeding may also appear in 
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non-migratory copepods (Hayward, 1980; Head et al., 1985). Therefore, diel 

feeding rhythms of marine copepods might confer an adaptive advantage that is 

independent of vertical migration. 

 

Feeding in copepods implies higher motility and conspicuousness, which increases 

their detectability and predation vulnerability (Tsuda et al., 1998;  Uttieri et al., 

2013; Kiørboe et al., 2014). This especially applies to daylight hours when 

copepods are more susceptible to visual predation (Tsuda et al., 1998; Torgersen, 

2001). Thus, feeding rhythms (i.e. lower daytime activity) have been traditionally 

considered an antipredator strategy in copepods (Ohman, 1988). Bollens and 

Stearns (1992) and Cieri and Stearns (1999) found that the planktonic copepods 

Acartia tonsa and Acartia hudsonica showed a lower daytime gut fullness when 

exposed to fish or fish exudates. However, other studies have not found any effect 

of predation threat on the feeding behaviour of marine copepods (Kiørboe et al., 

2018; Olivares et al., 2020). Hence, the predator effects on copepod feeding 

rhythms still remain unclear. Most former research on this topic relied on predator 

exudates as predatory signals, even though marine copepods are known to 

respond to hydromechanical cues generated by predators (Kiørboe et al., 1999; 

Hwang and Strickler, 2001; Buskey et al., 2011). In this respect, further 

experiments with copepods exposed to freely swimming predators are necessary 

to detect predator-induced responses that are not only chemically triggered (e.g. 

Saiz et al. 1993; Tiselius et al. 1997). 

 

The intensity of feeding-related antipredator responses of copepods (e.g. feeding 

rhythms) can depend on other factors besides predation threat. Copepod diel 

rhythms can show great seasonal variations (Durbin et al., 1995; Irigoien et al., 

1998). These seasonal differences could be attributed to changes in the relative 

length of daylight periods associated to a higher predation threat (Lima and 

Bednekoff, 1999). Also, copepods can adapt their foraging behaviour to changing 

food conditions that affect their risk of being predated (Tiselius et al., 1997; Visser, 

2007; van Someren Gréve et al., 2019). However, the effect of increasing food 

availability on copepod feeding rhythms is controversial. For instance, Hassett and 

Blades-Eckelbarger (1995) found that day-night differences in copepod feeding 
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activity became larger at lower prey concentrations, whereas Calbet et al. (1999) 

reported that lower food concentrations did not affect or led to weaker diel feeding 

rhythms in some species. 

 

The main goal of our study was to determine the non-lethal effects of predators on 

the diel feeding behaviour of marine copepods. Additionally, we also analysed the 

influence of seasonal photoperiod and prey availability on the magnitude of 

copepod feeding rhythms. We conducted laboratory experiments with the calanoid 

copepod Centropages typicus and the krill Meganyctiphanes norvegica as predators. 

M. norvegica acts as a key predator and grazer in pelagic communities of the North 

Atlantic with a preference for large and medium-sized copepods (Beyer, 1992; 

Båmstedt and Karlson, 1998; Agersted and Nielsen, 2016), and is a fundamental 

prey item for larger fish, squids and whales (Schmidt, 2010; Simard and Harvey, 

2010; Suca et al., 2018). 

 

c) Method 

Experimental organisms 

The heterotrophic dinoflagellate Oxyrrhis marina, the calanoid copepod 

Centropages typicus and the euphausiid Meganyctiphanes norvegica were used for 

experiments in summer 2018 and autumn 2019. 

 

O. marina was grown in 0.5-μm filtered seawater at 18±0.5°C and fed daily with 

the cryptophyte Rhodomonas salina. R. salina was grown in B medium 

(experiments in 2018, Hansen (1989)) or f/2 medium (experiments in 2019, 

Guillard (1983)). The cultures of O. marina were not fed for 48 h before 

experiments to ensure the absence of R. salina cells during incubations. 

 

Copepods were collected in the Gullmar Fjord (58° 15.7’ N, 11° 26.7’ E, Sweden) 

using a 250-μm mesh plankton net. In the laboratory adult females of C. typicus 

were isolated using a pipette and kept in 8-L polycarbonate tanks with filtered 

seawater and food (O. marina, > 4 ppm). The sorted copepods were maintained at 

14.5±0.5°C under a photoperiod that simulated natural light conditions: 16 h: 8 h 

light: dark in summer, and 10 h: 14 h light: dark in autumn. 



84 
 

 

Krill (M. norvegica) were collected in the deepest part of the fjord (58° 19.0’ N, 11° 

32.6’ E) using an Isaacs-Kidd Midwater Trawl. Upon arrival at the station, the 

specimens were transferred to a 300-L glass fibre flow-through tank at 10°C and 

turnover rate 450 L h-1. Krill were kept in constant darkness and fed daily with 

freshly collected zooplankton from the fjord. 

 

Experimental set-up 

Experiments consisted of day and night incubations of copepods (C. typicus) 

feeding on O. marina in the absence and the presence of predators (krill M. 

norvegica). Before incubations, copepods were collected from their 

maintenance tanks using a 200-μm mesh sieve and placed in filtered 

seawater for ca. 1.5 h to allow gut evacuation. The cell concentration of O. 

marina stock culture was determined with a Z Series Coulter Counter. About 

8 to 10 bottles were filled with filtered seawater and O. marina was added to 

each bottle to obtain final prey concentrations of either 5.5–7 ppm (ca. 1900–

2700 cells mL-1; high food; five experiments) or 1.0 ppm (ca. 250 cells mL-1 ; 

low food; one experiment). The bottle volumes and O.  marina concentrations 

in the experiments are shown in Table I. Four of the bottles were used as 

control bottles (O. marina + copepods) and four to six bottles as experimental 

bottles (O. marina + copepods + krill). A total of 30 copepods and one krill 

were added to each experimental bottle using, respectively, a wide-mouth 

pipette and an aquarium fish net (except for one experiment, with only 20 

copepods per bottle). The copepod densities in the bottles (7.5–13 cop L-1 ) 

were comparable to those that can be found in the Gullmar Fjord (Vargas et 

al., 2002; Tönnesson and Tiselius, 2005). In the case of krill, the experimental 

densities (0.25–0.4 ind L-1 ) were higher than the typical average densities of 

M. norvegica in nature (Onsrud and Kaartvedt, 1998; Tarling et al., 1998), but 

fell within the range of densities reported for dense krill swarms (Nicol, 

1986; Kaartvedt et al., 2005). The bottles were then incubated for 8.5–11.5 h 

in a temperature-controlled room at 14.5±0.5°C  and under the seasonal 

photoperiod specified before (Table I). The bottles were lit from the side to 

diminish vertical heterogeneity in the distribution of O. marina and C. typicus 
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due to small-scale migrations during incubations (Alcaraz et al., 2007; 

Bochdansky et al., 2010; Bollens et al., 2011). After the incubations, the 

contents of the bottles were sieved through a 200-μm mesh to collect 

copepods and krill, and then through a 20-μm mesh to collect copepod faecal 

pellets. The survival of copepods and krill was checked and the number of 

dead copepods was noted. The bottles with dead krill were discarded for data 

analysis (2 out of 30 bottles). The length of krill specimens was measured 

with a ruler. Copepods and faecal pellets were preserved with Lugol’s 

solution for number and size determination. Photos of 20 copepods and 60–

70 faecal pellets were taken per treatment (i.e. with and without krill), and 

the prosome length of copepods and the length and width of faecal pellets 

were measured with the software ImageJ (Schneider et al., 2012). O. marina 

size was obtained from Coulter Counter data registered at the beginning of 

the incubations. 

 

Table I: Temperature, light conditions, concentrations of prey (Oxyrrhis marina) 

and copepods (Centropages typicus) and bottle volumes used in the experiments. 

Mean ± SD are provided 

Experiment Date Temperature 
(°C) 

Photoperiod 
(day: night) 

Irradiance 
(μmol 

photons m-2 
s-1) 

Prey 
conc. 

(ppm) 

Copepods 
per bottle 

Bottle 
volume 

(mL) 

1 12 
Aug 

14.7 ± 0.23 16h: 8h 2.2 ± 0.21 5.5 20 2300 

2 16 
Aug 

14.7 ± 0.23 16h: 8h 2.2 ± 0.21 7.0 30 2300 

3 24 
Aug 

14.7 ± 0.23 16h: 8h 2.2 ± 0.21 6.0 30 2300 

4 18 
Oct 

14.4 ± 0.11 10h:14h 1.7 ± 0.33 6.5 30 4000 

5 25 
Oct 

14.4 ± 0.11 10h:14h 1.7 ± 0.33 1.0 30 4000 

6 28 
Oct 

14.4 ± 0.11 10h:14h 1.7 ± 0.33 6.5 30 4000 

 

The number of replicates was determined based on power calculations and 

published data on variability. For the predation by krill, Lass et al. (2001, Fig. 7C) 

reported day/night differences in gut fullness determined from the number of 

copepod mandibles in the gut. The krill contained 39% more mandibles at night 

and the standard deviation of the gut fullness was ≈25% of the mean. To detect a 
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similar difference with a power = 0.8 required 17 replicates from each of day and 

night (df = 32) in our study. For the faecal pellet production, we used the clearance 

rates in Calbet et al. (1999, Fig. 1) for C. typicus, which were 75% higher at night 

and with a standard deviation 40% of the mean. With a standard deviation = 40% 

and a predicted difference of 50% between day and night, a design with 11 

replicates from each of day and night (df = 20) was required for a power = 0.8. 

Since it was not possible to run all replicates in one experiment, the entire 

experiments were repeated three times in summer and in autumn. 

 

Pilot experiments—correction factors for data analysis 

The krill M. norvegica may feed on small-sized phytoplankton and 

microzooplankton cells (Agersted and Nielsen, 2016), as well as on detritus and 

sediments (Youngbluth et al., 1989; Lass et al., 2001). Therefore, pilot experiments 

were conducted to account for any potential effect of krill on O. marina 

concentration and/or copepod faecal pellet accumulation in the incubations. 

 

To check for krill grazing on O. marina, 11 bottles of 4 L were filled with 

acclimatized filtered seawater and adjusted to 1 ppm of O. marina following the 

same methodology as in the main experiments. Among the 11 bottles, three bottles 

were used as initial bottles (only O. marina), four as control bottles (only O. 

marina) and four as experimental bottles (O. marina and one krill). The organisms 

were added to the bottles as described in the previous section. Control and 

experimental bottles were then incubated for 10 h under the same conditions as in 

the main experiments, and initial and final O. marina concentrations were 

measured with a Coulter counter. 

 

Two incubations were carried out to determine krill grazing on copepod faecal 

pellets. Six bottles (first incubation) or 10 bottles (second incubation) of 4 L were 

filled with acclimatized filtered seawater. Half of the bottles served as control 

bottles (only faecal pellets) and the other half as experimental bottles (faecal 

pellets and one krill). Faecal pellets were collected from copepod tanks by 

siphoning the tank bottoms and removing copepods with a 200-μm mesh. The 

faecal pellet concentration was estimated by counting three subsamples, and then 
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aliquots containing around 350 faecal pellets were added to each bottle. Krill were 

transferred to the experimental bottles using an aquarium net. The bottles were 

then incubated for 10 h in the same conditions as in the main experiments. At the 

end of the incubations, the krill and the faecal pellets were collected using a 20-μm 

mesh. The faecal pellets were fixed in acidic Lugol’s solution for counting and size 

determination. A total of 60 faecal pellets per treatment (i.e. with and without krill) 

were photographed, and length and width measurements were conducted with 

ImageJ (Schneider et al., 2012). 

 

Data analysis 

The feeding activity of copepods was estimated based on their faecal pellet 

production rates (Nejstgaard et al., 2001; Besiktepe and Dam, 2002). The average 

pellet volumes were calculated assuming an ellipsoidal shape. Gut evacuation 

times of copepods (20 min at 14°C, Irigoien (1998)) were subtracted from 

incubation times because copepod guts were empty before incubations. In the 

experimental bottles where krill actively predated on copepods, the average 

number of copepods during incubation was calculated assuming an exponential 

decrease of copepod abundance following the equations in Frost (1972). 

 

The pilot experiments showed that in 10-h incubations the O. marina 

concentrations in the bottles did not change regardless of the absence or the 

presence of krill (two-tailed Student’s t-tests, P > 0.05). However, krill removed 

15% of copepod faecal pellets during incubations (randomized block design (RBD) 

analysis of variance (ANOVA), F(1,13) = 10.76, P < 0.01). Thus, faecal pellet 

production rates of copepods were corrected assuming a pellet removal by krill of 

1.5% per hour. 

 

After data correction, RBD ANOVA tests with experiment as block factor were 

conducted to check for significant effects of the factors day/night and 

absence/presence of predator (krill) on copepod pellet production rates. RBD 

ANOVAs were applied to each set of experiments with the same photoperiod and 

prey concentration (i.e. experiments in summer at high food, and experiments in 

autumn at high food, Table I). For the only experiment at low food availability (1 
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ppm), a two-way ANOVA was used instead. Additionally, a two-way ANOVA was 

conducted to check for significant differences between seasonal photoperiod (16:8 

h vs 10:14 h) and prey availability (high vs low) in the magnitude of copepod 

feeding rhythms (i.e. night/day ratios of pellet production rates). Finally, a two-

way ANOVA was applied to krill predation rates to test significant differences 

between day and night, and between seasons (i.e. photoperiod). All datasets 

passed normality and homoscedasticity assumptions according to Shapiro–Wilk 

and Brown-Forsythe tests, respectively. 

 

d) Results 

The krill Meganyctiphanes norvegica was actively feeding on copepods in our 

experiments. The average predation rates ranged 0.1–0.6 cop krill-1 h-1 and no 

significant differences were detected between day and night, or between seasons 

(two-way ANOVA, F(1,54) = 1.51 and P > 0.05 for day/night, F(1,54) = 3.61 and P > 

0.05 for photoperiod; Fig. 1). The interaction between factors was also not 

significant (two-way ANOVA, F(1,54) = 1.21, P > 0.05). 

 

Table II shows the sizes of copepods and prey, as well as the faecal pellet 

production rates of copepods and the pellet volumes in the incubations. All the krill 

specimens had a body length of ca. 40 mm. The pellet production rates of copepods 

were significantly higher at night in all the experiments (summer at high food: RBD 

ANOVA, F(1,50) = 70.63, P < 0.001; autumn at high food: RBD ANOVA, F(1,27) = 

226.82, P < 0.001; autumn at low food: two-way ANOVA, F(1,13) = 495.75, P < 

0.001; Fig. 2). The presence of predator (krill) did not have any significant effect on 

pellet production rates in any of the experiments at high food (summer: RBD 

ANOVA, F(1,50) = 3.15, P > 0.05; autumn: RBD ANOVA, F(1,27) = 0.04, P > 0.05; Fig. 

2), but had a significant effect in the experiment on 25 October at low food (two-

way ANOVA, F(1,13) = 13.63, P < 0.01; Fig. 2). However, in this last case krill 

caused a decrease of only 12% in the daily production of faecal pellets by 

copepods. No significant interactions between the factors day/night and 

absence/presence of predator were found (summer at high food: RBD ANOVA, 

F(1,50) = 0.91, P > 0.05; autumn at high food: RBD ANOVA, F(1,27) = 0.73, P > 0.05; 

autumn at low food: two-way ANOVA, F(1,13) = 1.19, P > 0.05). 
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Fig. 1. Predation rates of the krill Meganyctiphanes norvegica (mean±SE, n = 

4–6) on the copepod Centropages typicus in experiments conducted in (A) 

summer (16 h:8 h day: night cycle) and (B) autumn (10 h:14 h day: night 

cycle). 

 

The intensity of copepod feeding rhythms (i.e. night/day ratios of pellet 

production rates) were significantly different between seasonal photoperiods 

(two-way ANOVA, F(1,9) = 29.97, P < 0.001) and between food conditions (two-

way ANOVA, F(1,9) = 62.58, P < 0.001). The night/day ratios of pellet production 

were 1.2–1.4 in summer at high prey concentration, 1.6–1.8 in autumn at high 

prey concentration, and 2.3–2.4 in autumn at low prey concentration (Fig. 2). 
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Table II: Sizes of copepods (Centropages typicus) and prey (Oxyrrhis marina), 

faecal pellet production rates of copepods, and pellet volumes in incubations 

without predator (“Control”) and with the predator Meganyctiphanes norvegica 

(“Predator”). Mean ± SE are shown. ESD: equivalent spherical diameter. n.d.: not 

determined. 

    Control Predator 
Date of 

experiment 
Time 

period 
Copepod 

size 
(μm) 

Prey 
size 

(ESD, 
μm3) 

Pellet 
production 

(pellets 
cop-1 h-1) 

Pellet 
volume 
(μm3) 

Pellet 
production 

(pellets 
cop-1 h-1) 

Pellet 
volume 
(μm3) 

12 Aug Day n.d. 16.2 ± 
0.05  

1.5 ± 0.10 183462 ± 
16954 

1.5 ± 0.07 191441 ± 
10065 

 Night n.d. 16.0 ± 
0.08 

1.8 ± 0.18 203021 ± 
12497 

1.8 ± 0.07 223268 ± 
10884 

16 Aug Day 1182 ± 
8.4 

17.6  ± 
0.03 

1.3 ± 0.04 170313 ± 
12730 

1.0 ± 0.03 171732 ± 
12338 

 Night 1168 ± 
8.6 

16.6 ± 
0.01 

1.3 ± 0.06 199182 ± 
8950 

1.4 ± 0.07 189389 ± 
8527 

24 Aug Day 1164 ± 
14.3 

16.5 ± 
0.01 

1.9 ± 0.04 288239 ± 
11924 

1.8 ± 0.06 268105 ± 
10945 

 Night 1186 ± 
10.3 

16.4 ± 
0.03 

2.1 ± 0.05 298799 ± 
16467 

1.9 ± 0.06 311400 ± 
22596 

18 Oct Day 1256 ± 
10.7 

19.2 ± 
0.03 

1.9 ± 0.11 289399 ± 
12370 

1.9 ± 0.16 305818 ± 
13861 

 Night 1225 ± 
13.8 

18.1 ± 
0.02 

2.2 ± 0.09 400043 ± 
22237 

2.3 ± 0.03 428394 ± 
24822 

25 Oct Day 1203 ± 
10.9 

20.4 ± 
0.04 

1.2 ± 0.04 220836 ± 
13482 

1.2 ± 0.06 189468 ± 
10139 

 Night 1205 ± 
14.6 

19.3 ± 
0.08 

1.8 ± 0.07 336411 ± 
19286 

1.6 ± 0.03 331894 ± 
19619 

28 Oct Day 1203 ± 
10.6 

17.4 ± 
0.04 

1.7 ± 0.08 290791 ± 
18121 

1.5 ± 0.04 303520 ± 
22506 

 Night 1212 ± 
14.5 

17.0 ± 
0.02 

1.8 ± 0.05 443893 ± 
24626 

1.9 ± 0.06 412872 ± 
22900 

 

e) Discussion 

Previous studies linked feeding rhythms of wild copepods to nocturnal forays into 

food-enriched upper layers during diel vertical migrations (Baars and Oosterhuis, 

1984; Simard et al., 1985; Besiktepe et al., 2005). In our experiments, given the 

bottle sizes, we did not expect any relevant light-induced spatial heterogeneity in 

the distribution of the copepod prey Oxyrrhis marina (see Methods section) that 

could not be overcome by the swimming activity and the prey detection capability 

of Centropages typicus (Tiselius and Jonsson, 1990; Bundy et al., 1993; Gonçalves 

and Kiørboe, 2015). Therefore, our study suggests that the rhythmic feeding 

behaviour of the copepod C. typicus might have an adaptive significance itself, 

which seems independent of migratory behaviour or changing food conditions 
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(Head et al., 1985; Durbin et al., 1990). As evidenced in our experiments, such 

rhythms do not necessarily imply the complete cessation of feeding during the 

daytime (sensu Dagg et al. (1998)), but a lower foraging activity during daylight 

hours (Atkinson et al., 1996; Olivares et al., 2020). 

 

 

Fig. 2. Day and night faecal pellet production rates (mean±SE, n = 4–6) of 

Centropages typicus feeding on Oxyrrhis marina in the absence of predator 

(“Control”) and in the presence of the predator Meganyctiphanes norvegica 

(“Predator”). Data from experiments in (A) summer (16 h:8 h day: night cycle) and 

(B) autumn (10 h:14 h day: night cycle) are shown. Notice that O. marina 

concentrations were 1 ppm on 25 October, and 5.5–7.0 ppm in the other 

experiments. 
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The diel activity patterns of marine copepods can change upon the presence of 

predators (Ohman, 1988; Bollens and Frost, 1989; Bollens and Stearns, 1992). The 

krill Meganyctiphanes norvegica exert an important predatory pressure on 

copepod populations in the Northeast Atlantic (Beyer, 1992; Båmstedt and 

Karlson, 1998; Onsrud and Kaartvedt, 1998) and can affect their vertical migration 

patterns (Tarling et al., 2002). Because the krill densities in our experiments were 

higher than typical average abundances in nature (Onsrud and Kaartvedt, 1998; 

Tarling et al., 1998), we would expect the predator-induced responses of copepods 

to have been maximized. Still, we did not detect any large effect of krill presence on 

the feeding behaviour of copepods, either in diel feeding patterns or daily food 

intake. In all the cases the presence of krill barely affected the mean daily 

productions of copepod faecal pellets (from -8.7 to 12.2%), and such small 

differences proved to be statistically significant only in one out of the six 

experiments. Given the low variability among replicates in the faecal pellet 

production rates (median of coefficients of variation: 7.8%), any undetected effect 

of krill on copepod feeding activity was small. Thus, the non-lethal direct effects of 

predators on the feeding activity of marine copepods, including diel feeding 

rhythms, could be limited and/or depend on type of predator (Ohman, 1990). 

 

In our study, M. norvegica showed predation rates that were highly variable among 

individuals. Such a flexible feeding behaviour has been previously observed in 

other experimental studies with M. norvegica predating on copepods (McClatchie, 

1985; Båmstedt and Karlson, 1998; Agersted and Nielsen, 2016). We did not detect 

differences between day and night or between seasons in krill predation rates, but 

given the high variability of predation rates and the sample size in our 

experiments, we cannot discard that certain diel or seasonal differences in the 

feeding activity of krill could have been unnoticed (Torgersen, 2001). Our design 

was based on a power = 0.8 and standard deviations of 25–40% of the mean, but 

we observed a much higher variability than anticipated (median = 94% of the 

mean). It is also possible that the diurnal predation rates of M. norvegica could 

have been enhanced if copepods had been feeding on a more pigmented prey (e.g. 

phytoplankton) that increases copepod susceptibility to visual predation (Juhl et 

al., 1996; Tsuda et al., 1998), instead of an heterotrophic, not pigmented protist. 
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Still, Abrahamsen et al. (2010) reported that M. norvegica might rely more on 

hydromechanical signals than vision to detect active prey like copepods. Actually, 

M. norvegica conduct diel vertical migrations (Onsrud and Kaartvedt, 1998; Onsrud 

et al., 2004) and most encounters between M. norvegica and copepods might take 

place at night when visual predation is limited. Particularly in the Gullmar Fjord, 

populations of M. norvegica remain deeper during the daytime and ascend to 

layers above 30 m only at night (Spicer and Strömberg, 2002). Thus, copepods may 

find more advantageous to modify their diel antipredator feeding behaviour upon 

the presence of other visual predators like fish that occur in upper, more 

illuminated layers during daylight hours (Øresland and André, 2008). 

 

We found that seasonal photoperiod and prey availability had a significant 

influence on the diel feeding behaviour of copepods. The feeding rhythms were 

less pronounced in summer (16 h of light) than in autumn (10 h light). The diel 

rhythms of marine copepods are usually flexible over seasons (Båmstedt, 1984; 

Williams and Conway, 1984; Frost, 1988; Durbin et al., 1995). Frost (1988) 

suggested that such variations between seasons are independent of prey 

availability, metabolic balance or thermal stratification, but driven by predation 

risk. In this regard, the seasonal photoperiod defines the relative time that 

copepods are exposed to a higher visual predation risk. As periods of higher 

predation vulnerability become relatively longer, copepods might diminish their 

antipredator behaviour to optimize the trade-off between eating and not being 

eaten (Lima and Bednekoff, 1999). Clearly, copepods must lower the intensity of 

their feeding rhythms when safe periods (i.e. dark periods) are too short for 

feeding to meet metabolic demands. 

 

Regarding prey availability, the hunger/satiation hypothesis affirms that higher 

food availability normally results in larger amplitudes of vertical migration 

(Huntley and Brooks, 1982; Verheye and Field, 1992), which would enhance 

copepod feeding rhythms if food conditions in upper layers are better (Simard et 

al., 1985; Peterson et al., 1990; Besiktepe et al., 2005). We found that the diel 

rhythms of C. typicus in the laboratory were more intense at low food 

concentrations. Low-food conditions decrease encounter rates with prey and 
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copepods must swim for longer times and cover larger distances to feed (Saiz et 

al., 1992), thus increasing their risk of being detected by predators (Uttieri et al., 

2013; Kiørboe et al., 2014). Under these conditions, copepods would instead 

enhance their nocturnal feeding activity because foraging during the daylight 

hours would be too risky for them. We cannot strictly test this hypothesis since we 

only conducted one low-food experiment, but our findings are in agreement with 

those of Hassett and Blades-Eckelbarger (1995), who found that the diel feeding 

cycles of Acartia tonsa were more pronounced in the low-food treatment. In 

contrast, Calbet et al. (1999) reported that at lower food concentrations the diel 

feeding rhythms of C. typicus remained invariable and those of A. grani even 

vanished. Hence, the effect of food availability on copepod nocturnal feeding 

remains unclear and might be species-specific and/or depend on environmentally 

determined previous life history. 

 

f) Conclusions 

Our study is one of the few works that addressed direct effects of predators on 

copepod feeding rhythms using freely swimming predators instead of predator 

exudates. Still, we did not detect any large effect of the predator Meganyctiphanes 

norvegica on the diel feeding behaviour of the marine calanoid Centropages typicus, 

whereas effects of other factors such as seasonal photoperiod and prey availability 

emerged. Therefore, the non-lethal direct effects of predators on the feeding 

activity of marine copepods might not be as relevant as in freshwater zooplankton, 

and it will require further effort to assess their role in plankton trophic 

interactions in marine systems. 
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a) Abstract 

Migrant zooplankton usually face fluctuating environmental conditions through 

vertical migration. In our study, we investigated the physiological costs of diel 

temperature fluctuations of vertical migration in the neritic marine copepod 

Centropages typicus, and checked whether the direct effects of fluctuating 

temperature on copepod performance may differ from those of average 

temperature conditions (Jensen’s inequality). We exposed this copepod species to 

four temperature regimes reflecting different migratory patterns (including 

fluctuating temperature caused by vertical migration), and determined the rates of 

egestion, egg production, and respiration. We found that the physiological 

performance of C. typicus was not significantly different between fluctuating and 

average temperature conditions, thus indicating that differences between varying 

and average temperature effects might not emerge in migrant zooplankton 

exposed to thermal variations of moderate magnitude (5 °C). The copepods 

exposed to fluctuating temperature mimicking vertical migration showed a better 

performance (e.g. higher egg production) than those exposed to constant depth 

(cold) conditions; however, no significant differences were detected when 

compared to constant surface (warm) conditions. Our study indicates that neritic 

marine copepods experiencing daily moderate temperature fluctuations through 

vertical migration may not suffer physiological costs associated to this behaviour. 
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In this sense, these animals might have physiological mechanisms to compensate 

diel temperature fluctuations, which would represent a particularly relevant 

preadaptation to cope with the increased thermal variability predicted in future 

climates. 

 

b) Introduction 

Zooplankton represent a vital trophic link between primary producers and fish in 

aquatic ecosystems (Turner, 2004; Sommer & Sommer, 2006). Many species of 

zooplankton conduct diel vertical migrations, frequently staying in upper waters at 

night and moving to deeper, darker layers during the daytime (Haney, 1988). This 

migratory behaviour results in adaptive benefits such as a lower mortality risk 

from visual predation, or the protection against damaging UV radiation during 

daylight hours (Bollens & Frost, 1989, 1991; Williamson et al., 2011). However, 

migrant zooplankton typically face different conditions of temperature and food 

availability through the water column that might affect their fitness (Geller, 1986; 

Loose & Dawidowicz, 1994; Pearre, 2003). McLaren (1963) and Enright (1977) 

initially suggested that feeding in upper, warmer layers at night and resting in 

deeper, colder waters during the daytime could provide an energy bonus to invest 

in growth and reproduction. Experimental studies, however, demonstrated that 

fluctuating environmental conditions experienced by diel migrators (mostly 

Daphnia) usually imply detrimental metabolic costs compared to non-migrating 

conditions in upper layers (Swift, 1976; Orcutt & Porter, 1983; Stich & Lampert, 

1984; Lampert et al., 1988; Loose & Dawidowicz, 1994). In this respect, migrant 

zooplankton might be better adapted to cope with fluctuating conditions of vertical 

migration than non-migrants, thus optimizing the trade-offs derived from their 

migratory behaviour (Stich & Lampert, 1984). 

 

Changes in temperature during vertical migration could have even a more 

significant impact than varying food conditions on the life history traits of 

zooplankton (Loose & Dawidowicz, 1994; Winder et al., 2003). Generally, 

zooplankton exposed to diel temperature fluctuations show a physiological 

performance that is intermediate between the performances at the lower and 

upper thermal limits (Vuorinen, 1987; Reichwaldt et al., 2005). The effects of 
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fluctuating temperature on animals, however, might not be necessarily inferred 

from the study of average temperature effects according to the mathematical 

property of nonlinear averaging known as Jensen’s inequality (Ruel & Ayres, 1999). 

The differences between fluctuating and average temperature effects predicted by 

Jensen’s inequality have been indeed confirmed for a wide variety of physiological 

processes in animals, particularly in insects (Colinet et al., 2015), but still remain 

poorly documented in aquatic organisms facing wide temperature fluctuations on 

a daily basis, such as migrant zooplankton. In this regard, Orcutt and Porter (1983) 

found that the life history parameters of Daphnia parvula could be positively 

affected by fluctuating temperature of vertical migration in comparison to constant 

mean temperature conditions. Lock and McLaren (1970), however, reported that 

the female lengths of the copepod Pseudocalanus minutus did not show any 

significant difference between varying and average temperature regimes. The 

recent increasing awareness of Jensen’s inequality among biologists has certainly 

improved our capability to determine the physiological performance of organisms 

under natural conditions of short-term temperature fluctuations (Denny, 2017; 

Morash et al., 2018). Despite the growing number of studies, most of the recent 

literature about the effects of fluctuating temperature on zooplankton has focused 

on freshwater cladocerans (Mikulski et al., 2017; Isanta Navarro et al., 2019; Hahn 

& von Elert, 2020), whereas such effects remain largely unexplored in other 

important zooplankton groups like copepods (Zhou & Sun, 2017). 

 

Copepods are among the most abundant mesozooplankton worldwide, particularly 

in pelagic systems (Longhurst, 1985; Boxshall & Defaye, 2008). Many copepod 

species face temperature fluctuations through vertical migration in both 

freshwater and marine environments (Roe, 1984; Geller, 1986; Atkinson et al., 

1992). It is well known that temperature can affect copepod fitness regarding their 

rates of growth and development (Vidal, 1980; Huntley & Lopez, 1992), feeding 

(Kiørboe et al., 1982; Durbin & Durbin, 1992), egg production (Hirche et al., 1997; 

Koski & Kuosa, 1999), and oxygen consumption (Hirche, 1987; Ikeda et al., 2001). 

Considering the current lack of records, the study of the effects of temperature 

fluctuations on copepod performance is essential knowledge to improve our 

capability to estimate energy fluxes within aquatic food webs, as well as provide 
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insights about the susceptibility of copepods to future climate change scenarios 

(Vasseur et al., 2014). 

 

In our study, we aimed to determine the physiological costs of diel temperature 

fluctuations involved in vertical migration in the neritic marine copepod 

Centropages typicus, and examine the different effects that might emerge between 

varying and average temperature conditions (Jensen’s inequality). We exposed this 

copepod species to four temperature regimes reflecting different migratory 

patterns, and analysed functional traits related to feeding, reproduction and basal 

metabolism. The range of temperatures used corresponded to those experienced 

by this species in the NW Mediterranean throughout the extent of its vertical 

migration (Alcaraz, 1985; Saiz et al., 1992, 1999). Additionally, we checked 

whether the physiological performance of copepods under fluctuating temperature 

conditions could be predicted accurately from their performance in the upper and 

lower thermal limits. 

 

c) Materials and methods 

Prey and copepod cultures 

The dinoflagellate Oxyrrhis marina was used as copepod food in copepod cultures 

and experiments. O. marina was grown in 0.1-μm filtered seawater fed with the 

algae Rhodomonas salina. The stock culture of R. salina was grown in f/2 medium 

(Guillard, 1983). The O. marina cultures were not supplied with food for 48 h 

before experiments to ensure the absence of R. salina cells during incubations. All 

the O. marina and R. salina cultures were kept in a temperature-controlled room at 

19±0.5 °C and a 10 h: 14 h light: dark cycle.  

 

Eggs from the calanoid copepod C. typicus were obtained from a copepod stock 

culture kept at the Institut de Ciències del Mar (ICM, CSIC). This copepod line was 

collected in waters off Barcelona and isolated in May 2017. C. typicus may reach 

abundances of several hundreds of individuals per cubic meter in coastal waters of 

the Mediterranean Sea, the North Sea, and different areas of the East and North 

Atlantic Ocean (Ianora & Buttino, 1990; Calbet et al., 2001; Halsband-Lenk et al., 

2002; Bonnet et al., 2007). Around 25000 eggs were siphoned out from the tank 
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bottom of the copepod stock culture and placed in a new tank with 15 L of 0.1-μm 

filtered seawater. The new copepod cohort was fed with O. marina and kept at the 

same temperature and photoperiod conditions as specified for the prey cultures. 

During the development process of the cohort, the volume of the copepod culture 

was increased from 15 L (nauplii) to 20-28 L (copepodites) and 32 L (adults). At 

the moment of the experiments, there were about 10000-12000 adults (1:1 sex 

ratio) in the tank. 

 

Copepod acclimation to temperature regimes before experiments  

Four open 72-L baths containing 33 L of filtered seawater were set at different 

temperature regimes using Teco water temperature conditioners (models TK2000 

and TK500). The four temperature regimes were selected according to the typical 

temperatures that copepods (C. typicus) may experience in the Western 

Mediterranean in spring (Alcaraz, 1985; Saiz et al., 1999). The temperature 

regimes included one treatment with fluctuating temperature that simulated diel 

vertical migration (DVM, 10 h at 14 °C during the daytime, and 14 h at 19 °C at 

night), and three treatments with constant temperatures: 14 °C (equivalent to 24 h 

at depth), 19 °C (equivalent to 24 h at the surface), and 17 °C (average DVM 

conditions considering the actual time spent at each temperature).  

 

Four 4-L Nalgene bottles with filtered seawater were placed in each bath. In the 

case of fluctuating temperature treatment (DVM), the temperature of the Teco 

temperature-conditioner was manually switched to 14 and 19 °C at 8:30 and 

18:30, respectively. Previous checks showed that the 5 °C temperature shifts in the 

temperature of the Nalgene bottle contents were fully reflected within a 2-h 

timeframe, with most of the variation (4 °C) occurring within the first hour. Adult 

copepods were collected from the main copepod tank with a 335-μm mesh sieve, 

and 160 individuals (1:1 sex ratio) were added to each Nalgene bottle. The 

copepods were acclimated to the different temperature regimes and fed ad libitum 

with O. marina (>5ppm, van Someren Gréve et al., (2017)) for 5-7 days before the 

experiments (Hirche et al., 1997). The prey concentrations in the Nalgene bottles 

were controlled daily by removing 2 L from each bottle and adding new water and 

O. marina to reach concentrations of 11-11.5 ppm. The O. marina concentrations 
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from stock cultures and Nalgene bottles were determined with a Multisizer III 

Coulter counter. During the acclimation period, copepods were under a 10 h: 14 h 

light: dark cycle. 

 

Experimental set-up and sample processing  

Two consecutive experiments were conducted on 7 and 9 July 2019 at Institut de 

Ciències del Mar (ICM, CSIC) using copepods that were temperature-acclimated for 

5 and 7 days, respectively. The experiments consisted of 24-h incubations to 

determine the carbon and nitrogen contents as well as the rates of feeding, egg 

production, and respiration of C. typicus at the four temperature regimes specified 

before (i.e. DVM, 14 °C, 17 °C, 19 °C). Before the incubations, the copepods were 

collected from the Nalgene bottles with a 335-μm mesh sieve and placed in 250-

mL bottles with temperature-conditioned filtered seawater for ca. 2 h until been 

transferred to the experimental bottles. 

 

The feeding activity of copepods was assessed according to their egestion 

(defecation) rates (Nejstgaard et al., 2001; Besiktepe & Dam, 2002). The rates of 

egestion and egg production were analysed in the same incubation bottles (620 

mL), whereas the respiration rates were determined in separate bottles (67 mL). 

For egestion and egg production rates, a suspension of O. marina (ESD: 18.7±0.8 

μm) at 8.5 ppm (ca. 2200-2800 cells mL-1) was prepared using the Coulter Counter. 

Sixteen 620-mL Pyrex bottles (4 bottles per temperature treatment) were filled 

with the prey suspension, and eight females of C. typicus were added to each bottle 

using a wide-mouth glass pipette. The bottles were then incubated for 24 h in the 

corresponding temperature treatments. At the end of the incubations, the bottle 

contents were sieved through a 200-μm mesh to collect copepods, and then 

through a 20-μm mesh to collect eggs and faecal pellets. Copepod survival was 

checked under a stereomicroscope, and the number of dead animals was noted 

(only one dead copepod in two out of thirty-two bottles considering both 

experiments). Copepods, eggs and faecal pellets were then fixed in either 4% 

formalin solution (copepods) or 2% acidic Lugol’s solution (eggs and faecal pellets) 

for counting and size determination. The faecal pellets and eggs were counted 

using a stereomicroscope. Photos of 15-20 copepod females and 180-200 faecal 
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pellets were taken for each temperature treatment using an inverted microscope. 

The prosome length of copepods, and the length and width of faecal pellets were 

measured with the software ImageJ (Schneider et al., 2012). An ellipsoidal shape 

was assumed to calculate average pellet volumes.  

 

The respiration rates of copepods were estimated based on the decrease of water 

oxygen saturation in the incubation bottles. Oxygen concentration in the water was 

measured with a PreSens 4-channel oxygen meter fitted with PSt3 probes. 

Temperature-conditioned filtered seawater at 89-98% oxygen saturation was used 

to fill thirty-two 67-mL incubation bottles (eight bottles per treatment). Half of the 

bottles (four per treatment) served as control bottles (only water), and the other 

half as experimental bottles (water with copepods). Twelve females of C. typicus 

were pipetted into each experimental bottle and all the bottles were incubated for 

24 h. The copepod densities in the bottles should not affect the respiration rates of 

copepods (Nival et al., 1972; Svetlichny et al., 2012). After the incubations, the 

oxygen saturation in the water was measured for each bottle. The final oxygen 

saturations in the experimental bottles (i.e. bottles with copepods) were on 

average 84% and never fell below 77%. The copepods from the bottles were then 

sieved with a 200-μm mesh and their survival was checked under a 

stereomicroscope (one dead copepod in three out of thirty-two bottles in the two 

experiments). Subsequently, the copepods were fixed in formalin (4 %) for 

counting, photographing and size measurements.  

 

Finally, the carbon and nitrogen contents of copepods were determined using 

twenty-one pre-combusted GF/C filters in each experiment: one filter served as the 

filter blank (only filter), four filters as the water blanks (filter with water, one 

replicate per temperature treatment), and sixteen filters as the filters with 

copepods (ten females per filter, four replicates per temperature treatment). The 

filters were kept in Eppendorf vials, let dry at 60 °C for 48 h, and the carbon and 

nitrogen contents were determined with a FlashEA1112 Elemental Analyser. 
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Data analysis and statistics 

The Q10 coefficients for the rates of egestion, egg production, and respiration of C. 

typicus were estimated based on the rates measured in the three temperature-

fixed treatments (i.e., 14, 17, and 19 °C). The Q10 coefficients were calculated 

through the equation Q10=e
(

10Ea

RT2 )
 (Raven & Geider, 1988), where Ea is the activation 

energy (J mol-1), R is the constant gas (8.3145 J K-1 mol-1), and T is the mean 

temperature (K) of the temperature range used to determine the Q10 coefficient. 

The activation energies of the different processes were obtained following the 

steps specified in Alcaraz et al. (2013).  

 

Statistical tests were performed using the software IBM SPSS Statistics 26. 

Randomized block design (RBD) ANOVA tests (carbon contents, nitrogen contents, 

and molar C:N ratios of copepods), and a RBD MANOVA test (rates of egestion, egg 

production, and respiration) with experiment as block factor were applied to 

detect significant differences among temperature treatments. When temperature 

had a significant effect, Dunnett’s tests were run to check for significant differences 

between DVM (i.e. treatment with diel temperature fluctuations) and the other 

treatments with fixed temperature. All the datasets met the assumptions of 

normality and homogeneity of variance according to Shapiro-Wilk and Levene’s 

tests, respectively. 

 

Finally, the rates of egestion, egg production, and respiration of copepods in the 

treatments with fixed temperature of 14 and 19 °C were used to predict the 

expected copepod physiological performance in the DVM treatment (i.e. diel 

fluctuations between 14 and 19 °C). For that purpose, the rates at 14 °C and those 

at 19 °C were weighted, respectively, by the time lengths of the day and night 

periods (10 and 14 h, respectively). Z-tests were then run to check for significant 

differences between the predicted and the observed rates of egestion, egg 

production, and respiration of copepods in DVM conditions. 

 

d) Results 

Table 1 shows the prosome lengths, the carbon and nitrogen contents, and the 

molar C:N ratios of C. typicus in the different temperature treatments. As expected, 
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the prosome lengths were very similar in all the treatments (overall mean: 

1019±3.5 μm), as the copepods originated from the same cohort and developed 

until adults under the same conditions. The average carbon contents seemed to 

decrease with temperature from 7.2±0.23 μg C cop-1 at 14 °C to 6.4±0.36 μg C cop-1 

at 19 °C, although no significant differences were detected among temperature 

treatments (RBD ANOVA, F(3, 27)=1.326, p>0.05). The average nitrogen contents 

showed significant differences among treatments (RBD ANOVA, F(3, 27)=3.535, 

p<0.05) with higher values at 14 °C (ca. 2.0 μg N cop-1) than in the other 

treatments (ca. 1.7 μg N cop-1). The nitrogen contents were significantly different 

between DVM (i.e. fluctuating temperature of vertical migration) and 14 °C 

(Dunnett’s test, p<0.05), but not between DVM and 17 or 19 °C (Dunnett’s tests, 

p>0.05). The average molar C:N ratios of copepods ranged 4.2-4.6 and showed 

significant differences among temperatures (RBD ANOVA, F(3, 27)=7.605, 

p<0.001). The C:N ratios in DVM (4.6±0.07) were significantly higher than at 14 °C 

(4.2±0.05) (Dunnett’s test, p<0.001), but no significant differences were detected 

compared to 17 or 19 °C (Dunnett’s tests, p>0.05). 

 

Table 1. Prosome lengths, carbon (C) and nitrogen (N) contents, and molar C:N 

ratios of Centropages typicus in different temperature treatments. DVM: 

simulation of diel vertical migration (10 h at 14 °C and 14 h at 19 °C). Data from 

the two experiments were pooled. Means ± SE are provided. Significant differences 

with DVM are indicated with an asterisk (Dunnett’s test, p<0.05 for N, p<0.001 for 

C:N ratio) 

Temperature Prosome length (μm) C (μg) N (μg) C:N ratio 
DVM 1024 ± 5.1 6.6 ± 0.35 1.7 ± 0.09 4.6 ± 0.07 
14 °C 1019 ± 6.3 7.2 ± 0.23 2.0 ± 0.06* 4.2 ± 0.05* 
17 °C 1018 ± 4.7 6.7 ± 0.31 1.7 ± 0.08 4.5 ± 0.04 
19 °C 1014 ± 7.7 6.4 ± 0.36 1.7 ± 0.09 4.5 ± 0.06 

 

The faecal pellet volumes, and the rates of egestion, egg production, and 

respiration of copepods in the experiments are shown in Table 2. The egestion 

rates were significantly different among temperature treatments (RBD MANOVA, 

F(3, 27)=2.960, p<0.05), and increased about 20% from 14 °C to 17-19 °C 

(Q10=1.4) (Fig. 1a). However, no significant differences were detected between 

DVM and the other temperatures (Dunnett’s tests, p>0.05) (Fig. 1a). The egg 
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production rates showed significant differences among treatments (RBD MANOVA, 

F(3, 27)=18.723, p<0.001), increasing with temperature from 60±3.9 eggs cop-1 d-1 

at 14 °C to 91±3.4 eggs cop-1 d-1 at 19 °C (Q10=2.3) (Fig. 1b). The egg production 

rates in DVM (85±2.1 eggs cop-1 d-1) were significantly higher than those at 14 °C 

(Dunnett’s test, p<0.001), but not statistically different to those at 17 or 19 °C 

(Dunnett’s tests, p>0.05) (Fig. 1b). The respiration rates also showed significant 

differences among temperature treatments (RBD MANOVA, F(3, 27)=9.445, 

p<0.001) and increased from 0.129±0.007 μmol O2 cop-1 d-1 at 14 °C to 

0.179±0.008 μmol O2 cop-1 d-1 at 19 °C (Q10=2.0) (Fig. 1c). The patterns of 

respiration rates were similar to those of egg production: the respiration rates in 

DVM (0.175±0.010 μmol O2 cop-1 d-1) were significantly higher than at 14 °C 

(Dunnett’s test, p<0.001), but no statistical differences were detected compared to 

the rates at 17 or 19 °C (Dunnett’s tests, p>0.05) (Fig. 1c). When considering the 

carbon contents of copepods (i.e. weight-specific rates), the dependence on 

temperature was stronger in all the physiological processes with Q10 coefficients of 

1.8 for egestion, 2.9 for egg production, and 2.5 for respiration. 

 

Table 2. Faecal pellet (FP) volumes, and rates of egestion, egg production, and 

respiration of Centropages typicus in different temperature treatments. DVM: 

simulation of diel vertical migration (10 h at 14 °C and 14 h at 19 °C). Data from 

the two experiments were pooled. Means ± SE are provided. Significant differences 

with DVM are indicated with an asterisk (Dunnett’s tests, p<0.001) 

Temperature 
treatment 

FP volume  
(μm3) 

Egestion 
rate 

(FP cop-1  
d-1) 

Egestion rate 
(μm3 cop-1  

d-1) 

Egg production 
rate 

(eggs cop-1 d-1) 

Respiration 
rate 

(μmol O2 cop-1 
d-1) 

DVM 124383 ± 
5406 

36 ± 1.3 4513995 ± 
152369 

85 ± 2.1 0.175 ± 0.010 

14 °C 133014 ± 
9033 

32 ± 1.4 4255466 ± 
245192 

60 ± 3.9* 0.129 ± 0.007* 

17 °C 133374 ± 
5211 

39 ± 2.5 5232905 ± 
308786 

77 ± 3.2 0.175 ± 0.005 

19 °C 123448 ± 
7733 

41 ± 2.6 5004039 ± 
317118 

91 ± 3.4 0.179 ± 0.008 

 

The predicted rates of egestion, egg production and respiration in DVM based on 

the rates observed at 14 and 19 °C and the times spent at each temperature were 

comparable to the actual rates observed in the DVM treatment (Table 3). In the 
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case of egg production and respiration rates, the average predicted values were a 

bit lower than those observed, although such small differences were not 

statistically significant (Z-tests, p>0.05). 

 

Fig. 1. Rates of egestion (a), egg production (b), and respiration (c) of Centropages 

typicus under different temperature treatments. DVM: simulation of diel vertical 

migration (10 h at 14 °C and 14 h at 19 °C). Means ± SE bars from the two 

experiments are shown. Asterisks indicate significant differences with DVM 

(Dunnett’s tests, p<0.001) 
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Table 3. Observed and predicted rates of egestion, egg production and respiration 

of Centropages typicus under fluctuating temperature conditions of diel vertical 

migration. The observed values refer to measurements obtained in the DVM 

treatment (10 h at 14 °C and 14 h at 19 °C), and the predicted values are 

calculated according to the rates measured at 14 °C and 19 °C and the number of 

hours at each temperature in the DVM treatment. Data from the two experiments 

are shown. Means ± SE are provided. The SE of the predicted values were 

calculated following error propagation rules 

Experiment Estimate Egestion rate 
(μm3 cop-1 d-1) 

Egg production rate 
(eggs cop-1 d-1) 

Respiration rate 
(μmol O2 cop-1 d-1) 

Exp 1 Observed 4499994 ± 
241660 

81 ± 3.0 0.169 ± 0.016 

 Predicted 4836966 ± 
381999 

74 ± 3.9 0.156 ± 0.007 

Exp 2 Observed 4527997 ± 
223187 

88 ± 1.9 0.181 ± 0.015 

 Predicted 4547302 ± 
212647 

82 ± 3.0 0.160 ± 0.009 

 

e) Discussion 

The temperature range used in our experiments (14-19 °C) represented the typical 

thermal conditions that the copepod C. typicus may experience during vertical  

migration in the north-western Mediterranean (Alcaraz, 1985; Saiz et al., 1999). 

The Q10 coefficients that we obtained for the rates of egg production and 

respiration (2.3 and 2.0, respectively) were similar to those reported in previous 

studies for this species (Fernández, 1978; Halsband-Lenk et al., 2002). In the case 

of the egestion rates, however, the dependence on temperature was lower than 

expected (Q10=1.4). It is surprising the little effect found here, as there is an 

extensive bulk of literature about the significant correlation between temperature 

and rates of ingestion and gut evacuation in planktonic copepods (Fernández, 

1978; Kiørboe et al., 1982; Dam & Peterson, 1988; Durbin & Durbin, 1992). In this 

sense, the egestion rates of copepods are documented as a good proxy for their 

ingestion rates (Nejstgaard et al., 2001; Besiktepe & Dam, 2002). However, 

temperature can also affect the absorption efficiency of copepods (i.e. the portion 

of ingested food that is digested and absorbed; Almeda et al. (2011)), likely 

affecting the degree of packaging of the non-absorbed food remains. Therefore, it 

appears that, unfortunately, the egestion rates of copepods might not be the best 
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parameter to determine the temperature dependence of their feeding activity. For 

that reason, egestion rates are not further considered in the discussion, even 

though these results do not contradict any of our conclusions.  

 

In our study, we did not detect differences between varying and average 

temperature effects on copepod performance predicted by Jensen’s inequality, as 

the rates of egg production and respiration of C. typicus exposed to fluctuating 

temperature (10 h at 14 °C and 14 h at 19 °C) were similar to those at 17 °C. Even 

though Lock and McLaren (1970) also found no evidence of Jensen’s inequality 

when analysing changes in the female lengths of P. minutus in the thermal range 8-

12 °C, other studies with zooplankton indicate that different outcomes between 

varying and average temperature regimes may appear upon wider temperature 

fluctuations (Orcutt & Porter, 1983). The existing literature on this matter is still 

scarce, but it seems that the physiological performance of migrant zooplankton 

under temperature variations could be estimated through the study of average 

temperature effects as long as the amplitude of thermal variations is moderate. 

According to our results, average estimates based on the physiological 

performances at the upper and lower thermal limits and the times spent at each 

temperature would prove also suitable. Although migrant zooplankton may 

experience diel temperature fluctuations of relatively small amplitude (i.e. up to 5-

6 °C) (Saiz & Alcaraz, 1990; Cooke et al., 2008; Almén et al., 2014), other diel 

migrators from both marine and freshwater environments face temperature 

changes of 10 °C or more when moving between layers (Loose & Dawidowicz, 

1994; Svetlichny et al., 2000; Al-Mutairi & Landry, 2001). In that case, differences 

between fluctuating and average temperature effects might emerge, and 

estimating the temperature-dependent performance of migrant zooplankton 

through the study of fixed temperature effects may become more challenging. 

 

In our experiments, the copepods exposed to the regime of temperature 

fluctuations experienced through diel vertical migration showed a better 

performance (e.g. higher egg production) than those at constant, deep-water 

temperature (14 °C), but no differences were detected compared to those kept at 

constant surface temperature (19 °C). Therefore, our results indicate that 
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copepods do not necessarily suffer physiological costs from daily temperature 

fluctuations involved in vertical migration, at least those species like C. typicus that 

may experience a moderate range of temperature variation. In this respect, 

migrant zooplankton may have adaptive physiological mechanisms to compensate 

diel temperature fluctuations. Recent proteomic analyses indicate that migrant 

copepods experience distinct physiological shifts derived from their migratory 

behaviour (Maas et al., 2018). In our study, the carbon and nitrogen contents of 

copepods under temperature fluctuations did not differ from those at 17 or 19 °C, 

indicating that any temperature-induced adjustment in the copepod physiology 

might imply the expression of alternative protein variants, or the modulation of the 

protein environment (Clarke, 2003). In copepods of relatively small size such as 

Centropages spp., changes in the synthesis and accumulation of small amounts of 

triglycerides might also happen upon temperature variations (Båmstedt, 1986), 

although we think that such modifications in the lipid content would barely affect 

the copepod carbon: nitrogen ratios. In larger copepods with a greater capacity to 

accumulate lipid reserves (e.g. seasonal migrators), however, temperature-induced 

changes in the storage and composition of lipid compounds may play an important 

role to cope with temperature and pressure variations during vertical migration 

(Pond et al., 2014). In this regard, Zhou and Sun (2017) reported that diel 

temperature fluctuations could promote lipid accumulation in Calanus sinicus, and 

Hassett and Crockett (2009) found that Calanus finmarchicus was the only copepod 

among five species that showed changes in cholesterol levels across different 

temperatures. 

 

Our study demonstrates that the temperature fluctuations involved in vertical 

migration might not imply metabolic disadvantages in migrant zooplankton, at 

least in marine copepods that experience temperature changes within a moderate 

range (5 °C). However, we did not consider diel changes in other environmental 

variables besides temperature that can also affect copepod performance. For 

instance, diel migrators may face important variations in food availability and 

oxygen saturation through the water column (Saiz et al., 1992; Atkinson et al., 

1996; Saltzman & Wishner, 1997; Wishner et al., 1998). In this regard, previous 

studies showed that the copepods C. typicus and Paracartia grani were capable to 
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deal successfully with short-term fluctuations in food intake (Davis & Alatalo, 

1992; Calbet & Alcaraz, 1996; Olivares et al., 2020). The effects of changing 

temperature on zooplankton, however, can covariate with those of other 

environmental variables (Koussoroplis & Wacker, 2016), and the joint effects of 

varying temperature and other parameters during vertical migration might indeed 

traduce into physiological costs compared to non-migrating conditions (Stich & 

Lampert, 1984; Svetlichny et al., 2000). In addition, vertical displacements of diel 

migrators require an additional energetic investment for swimming activity 

(Alcaraz et al., 2007), although such energy requirements seem to be highly 

variable among zooplankton, and could represent from negligible to relatively high 

costs (Torres & Childress, 1983; Morris et al., 1985; Dawidowicz & Loose, 1992). 

Hence, the assessment of metabolic disadvantages of vertical migration in 

zooplankton goes beyond the study of the effects of diel temperature variations 

and will require further exploration in order to determine the overall energetic 

balance derived from this migratory behaviour. 

 

The absence of physiological costs in C. typicus upon short-term temperature 

fluctuations is especially relevant within a climate change context, as an increased 

thermal variability in future climates is foreseen (Easterling et al., 2000; Wang & 

Dillon, 2014). In fact, it is argued that enhanced temperature variability may 

represent a greater threat to species than global warming itself (Vasseur et al., 

2014), although there might be certain groups such as zooplankton that could 

benefit from increasing temperature variations (Drake, 2005). Still, former 

research that evaluated climate-driven temperature impacts on terrestrial and 

aquatic organisms mostly relied on the effects of mean temperatures (Thompson 

et al., 2013), and the influence of temperature fluctuations on their fitness remain 

understudied despite their critical role in future climates (Dowd et al., 2015). 

 

f) Conclusion 

Our study provides novel evidence about how neritic marine copepods may not 

suffer physiological costs from diel temperature fluctuations involved in vertical 

migration. In this sense, marine copepods might have adaptive mechanisms to 

optimize the trade-offs derived from their migratory behaviour, thus diminishing 
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the energetic costs traditionally associated to vertical migration. This potential 

capability of marine copepods may be useful to confront the negative impacts of 

the increased thermal variations expected with climate change. 

 

g) Acknowledgements 

We would like to thank Kaiene Griffell for assisting with the maintenance of 

phytoplankton cultures. This study was framed within the project ZOOTHERM 

(CTM2017-84288-R), and is a contribution of the Marine Zooplankton Ecology 

Group (2017SGR 87). Manuel Olivares is supported financially by a FPU Grant 

(FPU15/01747) from the Spanish Ministry of Education, Culture and Sport. 

 

h) References 

Al-Mutairi, H., & M. R. Landry, 2001. Active export of carbon and nitrogen at station ALOHA by diel 

migrant zooplankton. Deep-Sea Research II 48: 2083–2103.  

Alcaraz, M., 1985. Vertical distribution of zooplankton biomass during summer stratification in the 

Western Mediterranean In Gibbs, P. E. (ed), Proceedings of the 19th European Marine 

Biology Symposium. Cambridge University Press, Cambridge: 135–143.  

Alcaraz, M., R. Almeda, E. Saiz, A. Calbet, C. M. Duarte, S. Agustí, R. Santiago, & A. Alonso, 2013. 

Effects of temperature on the metabolic stoichiometry of Arctic zooplankton. 

Biogeosciences 10: 689–697.  

Alcaraz, M., E. Saiz, & A. Calbet, 2007. Centropages behaviour: Swimming and vertical migration. 

Progress in Oceanography 72: 121–136.  

Almeda, R., A. Calbet, M. Alcaraz, E. Saiz, I. Trepat, L. Arin, J. Movilla, & V. Saló, 2011. Trophic role 

and carbon budget of metazoan microplankton in northwest Mediterranean coastal waters. 

Limnology and Oceanography 56: 415–430.  

Almén, A. K., A. Vehmaa, A. Brutemark, & J. Engström-Öst, 2014. Coping with climate change? 

Copepods experience drastic variations in their physicochemical environment on a diurnal 

basis. Journal of Experimental Marine Biology and Ecology 460: 120–128.  

Atkinson, A., P. Ward, & E. J. Murphy, 1996. Diel periodicity of subantarctic copepods: relationships 

between vertical migration, gut fullness and gut evacuation rate. Journal of Plankton 

Research 18: 1387–1405.  

Atkinson, A., P. Ward, R. Williams, & S. A. Poulet, 1992. Feeding rates and diel vertical migration of 

copepods near South Georgia: comparison of shelf and oceanic sites. Marine Biology 114: 

49–56.  

Båmstedt, U., 1986. Chemical composition and energy content In E. D. S. Corner and S. C. M. O’Hara 

(ed), The biological chemistry of marine copepods. Oxford University Press, Oxford: 1–58.  



117 
 

Besiktepe, S., & H. G. Dam, 2002. Coupling of ingestion and defecation as a function of diet in the 

calanoid copepod Acartia tonsa. Marine Ecology Progress Series 229: 151–164.  

Bollens, S. M., & B. W. Frost, 1989. Zooplanktivorous fish and variable diel vertical migration in the 

marine planktonic copepod Calanus pacificus. Limnology and Oceanography 34: 1072–

1083.  

Bollens, S. M., & B. W. Frost, 1991. Diel vertical migration in zooplankton: rapid individual response 

to predators. Journal of Plankton Research 13: 1359–1365.  

Bonnet, D., R. Harris, A. Lopez-Urrutia, C. Halsband-Lenk, W. Greve, L. Valdes, H. J. Hirche, M. Engel, 

M. T. Alvarez-Ossorio, & K. Wiltshire, 2007. Comparative seasonal dynamics of Centropages 

typicus at seven coastal monitoring stations in the North Sea, English Channel and Bay of 

Biscay. Progress in Oceanography 72: 233–248.  

Boxshall, G. A., & D. Defaye, 2008. Global diversity of copepods (Crustacea: Copepoda) in 

freshwater. Hydrobiologia 595: 195–207.  

Calbet, A., & M. Alcaraz, 1996. Effects of constant and fluctuating food supply on egg production 

rates of Acartia grani (Copepoda: Calanoida). Marine Ecology Progress Series 140: 33–39.  

Calbet, A., S. Garrido, E. Saiz, M. Alcaraz, & C. M. Duarte, 2001. Annual zooplankton succession in 

coastal NW Mediterranean waters: the importance of the smaller size fractions. Journal of 

Plankton Research 23: 319–331. 

Clarke, A., 2003. Costs and consequences of evolutionary temperature adaptation. Trends in 

Ecology & Evolution 18: 573–581. 

Colinet, H., B. J. Sinclair, P. Vernon, & D. Renault, 2015. Insects in fluctuating thermal environments. 

Annual Review of Entomology 60: 123–140.  

Cooke, S. L., C. E. Williamson, D. M. Leech, W. J. Boeing, & L. Torres, 2008. Effects of temperature and 

ultraviolet radiation on diel vertical migration of freshwater crustacean zooplankton. 

Canadian Journal of Fisheries and Aquatic Sciences 65: 1144–1152.  

Dam, H. G., & W. T. Peterson, 1988. The effect of temperature on the gut clearance rate constant of 

planktonic copepods. Journal of Experimental Marine Biology and Ecology 123: 1–14.  

Davis, C. S., & P. Alatalo, 1992. Effects of constant and intermittent food supply on life-history 

parameters in a marine copepod. Limnology and Oceanography 37: 1618–1639.  

Dawidowicz, P., & C. J. Loose, 1992. Cost of swimming by Daphnia during diel vertical migration. 

Limnology and Oceanography 37: 665–669.  

Denny, M., 2017. The fallacy of the average: on the ubiquity, utility and continuing novelty of 

Jensen’s inequality. Journal of Experimental Biology 220: 139–146.  

Dowd, W. W., F. A. King, & M. W. Denny, 2015. Thermal variation, thermal extremes and the 

physiological performance of individuals. Journal of Experimental Biology 218: 1956–1967.  

Drake, J. M., 2005. Population effects of increased climate variation. Proceedings of the Royal 

Society B 272: 1823–1827.  

Durbin, E. G., & A. G. Durbin, 1992. Effects of temperature and food abundance on grazing and short‐

term weight change in the marine copepod Acartia hudsonica. Limnology and 

Oceanography 37: 361–378.  



118 
 

Easterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T. R. Karl, & L. O. Mearns, 2000. Climate 

extremes: observations, modeling, and impacts. Science 289: 2068–2074.  

Enright, J. T., 1977. Diurnal vertical migration: Adaptive significance and timing. Part 1. Selective 

advantage: A metabolic model. Limnology and Oceanography 22: 856–872.  

Fernández, F., 1978. Metabolismo y alimentación en copépodos planctónicos del Mediterráneo: 

Respuesta a la temperatura. Investigacion Pesquera 42: 97–139.  

Geller, W., 1986. Diurnal vertical migration of zooplankton in a temperate great lake (L. Constance): 

A starvation avoidance mechanism?. Archiv für Hydrobiologie 74: 1–60.  

Guillard, R. R. L., 1983. Culture of phytoplankton for feeding marine invertebrates In Berg Jr., C. J. 

(ed), Culture of marine invertebrate animals: selected readings. Hutchinson Ross 

Publishing, Stroudsburg, PA, p 108-132: 29–60.  

Hahn, M. A., & E. von Elert, 2020. The impact of diel vertical migration on fatty acid patterns and 

allocation in Daphnia magna. PeerJ 8: e8809.  

Halsband-Lenk, C., H. J. Hirche, & F. Carlotti, 2002. Temperature impact on reproduction and 

development of congener copepod populations. Journal of Experimental Marine Biology 

and Ecology 271: 121–153.  

Haney, J. F., 1988. Diel patterns of zooplankton behavior. Bulletin of Marine Science 43: 583–603.  

Hassett, R. P., & E. L. Crockett, 2009. Habitat temperature is an important determinant of 

cholesterol contents in copepods. Journal of Experimental Biology 212: 71–77.  

Hirche, H. J., 1987. Temperature and plankton - II. Effect on respiration and swimming activity in 

copepods from the Greenland Sea. Marine Biology 94: 347–356.  

Hirche, H. J., U. Meyer, & B. Niehoff, 1997. Egg production of Calanus finmarchicus: Effect of 

temperature, food and season. Marine Biology 127: 609–620.  

Huntley, M. E., & M. D. G. Lopez, 1992. Temperature-dependent production of marine copepods: a 

global synthesis. American Naturalist 140: 201–242.  

Ianora, A., & I. Buttino, 1990. Seasonal cycles in population abundances and egg production rates in 

the planktonic copepods Centropages typicus and Acartia clausi. Journal of Plankton 

Research 12: 473–481.  

Ikeda, T., Y. Kanno, K. Ozaki, & A. Shinada, 2001. Metabolic rates of epipelagic marine copepods as a 

function of body mass and temperature. Marine Biology 139: 587–596.  

Isanta Navarro, J., M. Fromherz, M. Dietz, B. Zeis, A. Schwarzenberger, & D. Martin-Creuzburg, 2019. 

Dietary polyunsaturated fatty acid supply improves Daphnia performance at fluctuating 

temperatures, simulating diel vertical migration. Freshwater Biology 64: 1859–1866.  

Kiørboe, T., F. Møhlenberg, & H. Nicolajsen, 1982. Ingestion rate and gut clearance in the planktonic 

copepod Centropages hamatus (Lilljeborg) in relation to food concentration and 

temperature. Ophelia 21: 181–194.  

Koski, M., & H. Kuosa, 1999. The effect of temperature, food concentration and female size on the 

egg production of the planktonic copepod Acartia bifilosa. Journal of Plankton Research 21: 

1779–1789.  



119 
 

Koussoroplis, A. M., & A. Wacker, 2016. Covariance modulates the effect of joint temperature and 

food variance on ectotherm life-history traits. Ecology Letters 19: 143–152.  

Lampert, W., R. D. Schmitt, & P. Muck, 1988. Vertical migration of freshwater zooplankton: test of 

some hypotheses predicting a metabolic advantage. Bulletin of Marine Science 43: 620–

640.  

Lock, A. R., & I. A. McLaren, 1970. The effect of varying and constant temperatures on the size of a 

marine copepod. Limnology and Oceanography 15: 638–640.  

Longhurst, A. R., 1985. The structure and evolution of plankton communities. Progress in 

Oceanography. , 1–35.  

Loose, C. J., & P. Dawidowicz, 1994. Trade-offs in diel vertical migration by zooplankton: the costs of 

predator avoidance. Ecology 75: 2255–2263.  

Maas, A. E., L. Blanco-Bercial, A. Lo, A. M. Tarrant, & E. Timmins-Schiffman, 2018. Variations in 

copepod proteome and respiration rate in association with diel vertical migration and 

circadian cycle. Biological Bulletin 235: 30–42.  

McLaren, I. A., 1963. Effects of temperature on growth of zooplankton, and the adaptive value of 

vertical migration. Journal of the Fisheries Research Board of Canada 20: 685–727.  

Mikulski, A., M. Grzesiuk, A. Rakowska, P. Bernatowicz, & J. Pijanowska, 2017. Thermal shock in 

Daphnia: cost of diel vertical migrations or inhabiting thermally-unstable waterbodies. 

Fundamental and Applied Limnology 190: 213–220.  

Morash, A. J., C. Neufeld, T. J. MacCormack, & S. Currie, 2018. The importance of incorporating 

natural thermal variation when evaluating physiological performance in wild species. 

Journal of Experimental Biology 221: jeb164673.  

Morris, M. J., G. Gust, & J. J. Torres, 1985. Propulsion efficiency and cost of transport for copepods: a 

hydromechanical model of crustacean swimming. Marine Biology 86: 283–295.  

Nejstgaard, J. C., L. J. Naustvoll, & A. Sazhin, 2001. Correcting for underestimation of 

microzooplankton grazing in bottle incubation experiments with mesozooplankton. Marine 

Ecology Progress Series 221: 59–75.  

Nival, P., S. Nival, & I. Palazzoli, 1972. Données sur la respiration de différents organismes communs 

dans le plancton de Villefranche-sur-Mer. Marine Biology 17: 63–76. 

Olivares, M., A. Calbet, & E. Saiz, 2020. Effects of multigenerational rearing, ontogeny and predation 

threat on copepod feeding rhythms. Aquatic Ecology 54: 697–709.  

Orcutt, J. D., & K. G. Porter, 1983. Diel vertical migration by zooplankton: Constant and fluctuating 

temperature effects on life history parameters of Daphnia. Limnology and Oceanography 

28: 720–730.  

Pearre, S., 2003. Eat and run? The hunger/satiation hypothesis in vertical migration: history, 

evidence and consequences. Biological Reviews of the Cambridge Philosophical Society 78: 

1–79.  

Pond, D. W., G. A. Tarling, & D. J. Mayor, 2014. Hydrostatic pressure and temperature effects on the 

membranes of a seasonally migrating marine copepod. PLoS ONE 9: e111043.  

Raven, J. A., & R. J. Geider, 1988. Temperature and algal growth. New Phytologist 110: 441–461.  



120 
 

Reichwaldt, E. S., I. D. Wolf, & H. Stibor, 2005. Effects of a fluctuating temperature regime 

experienced by Daphnia during diel vertical migration on Daphnia life history parameters. 

Hydrobiologia 543: 199–205.  

Roe, H. S. J., 1984. The diel migrations and distributions within a mesopelagic community in the 

North East Atlantic. 4. The copepods. Progress in Oceanography 13: 353–388.  

Ruel, J. J., & M. P. Ayres, 1999. Jensen’s inequality predicts effects of environmental variation. 

Trends in Ecology & Evolution 14: 361–366.  

Saiz, E., & M. Alcaraz, 1990. Pigment gut contents of copepods and deep phytoplankton maximum in 

the Western Mediterranean. Journal of Plankton Research 12: 665–672.  

Saiz, E., A. Calbet, X. Irigoien, & M. Alcaraz, 1999. Copepod egg production in the western 

Mediterranean: response to food availability in oligotrophic environments. Marine Ecology 

Progress Series 187: 179–189.  

Saiz, E., V. Rodriguez, & M. Alcaraz, 1992. Spatial distribution and feeding rates of Centropages 

typicus in relation to frontal hydrographic structures in the Catalan Sea (Western 

Mediterranean). Marine Biology 112: 49–56.  

Saltzman, J., & K. F. Wishner, 1997. Zooplankton ecology in the eastern tropical Pacific oxygen 

minimum zone above a seamount: 2. Vertical distribution of copepods. Deep-Sea Research I 

44: 931–954.  

Schneider, C. A., W. S. Rasband, & K. W. Eliceiri, 2012. NIH Image to ImageJ: 25 years of image 

analysis. Nature Methods 9: 671–675.  

Sommer, U., & F. Sommer, 2006. Cladocerans versus copepods: the cause of contrasting top-down 

controls on freshwater and marine phytoplankton. Oecologia 147: 183–194.  

Stich, H. B., & W. Lampert, 1984. Growth and reproduction of migrating and non-migrating Daphnia 

species under simulated food and temperature conditions of diurnal vertical migration. 

Oecologia 61: 192–196.  

Svetlichny, L., A. Khanaychenko, E. Hubareva, & L. Aganesova, 2012. Partitioning of respiratory 

energy and environmental tolerance in the copepods Calanipeda aquaedulcis and 

Arctodiaptomus salinus. Estuarine, Coastal and Shelf Science 114: 199–207.  

Svetlichny, L. S., E. S. Hubareva, F. Erkan, & A. C. Gucu, 2000. Physiological and behavioral aspects of 

Calanus euxinus females (Copepoda: Calanoida) during vertical migration across 

temperature and oxygen gradients. Marine Biology 137: 963–971.  

Swift, M. C., 1976. Energetics of vertical migration in Chaoborus trivittatus larvae. Ecology 57: 900–

914. 

Thompson, R. M., J. Beardall, J. Beringer, M. Grace, & P. Sardina, 2013. Means and extremes: building 

variability into community-level climate change experiments. Ecology Letters 16: 799–806.  

Torres, J. J., & J. J. Childress, 1983. Relationship of oxygen consumption to swimming speed in 

Euphausia pacifica - 1. Effects of temperature and pressure. Marine Biology 74: 79–86.  

Turner, J. T., 2004. The importance of small planktonic copepods and their roles in pelagic marine 

food webs. Zoological Studies 43: 255–266.  



121 
 

van Someren Gréve, H., R. Almeda, M. Lindegren, & T. Kiørboe, 2017. Gender-specific feeding rates 

in planktonic copepods with different feeding behavior. Journal of Plankton Research 39: 

631–644.  

Vasseur, D. A., J. P. DeLong, B. Gilbert, H. S. Greig, C. D. G. Harley, K. S. McCann, V. Savage, T. D. 

Tunney, & M. I. O’Connor, 2014. Increased temperature variation poses a greater risk to 

species than climate warming. Proceedings of the Royal Society B 281: 20132612.  

Vidal, J., 1980. Physioecology of zooplankton. II. Effects of phytoplankton concentration, 

temperature, and body size on the development and molting rates of Calanus pacificus and 

Pseudocalanus sp. Marine Biology 56: 135–146.  

Vuorinen, I., 1987. Vertical migration of Eurytemora (Crustacea, Copepoda): a compromise between 

the risks of predation and decreased fecundity. Journal of Plankton Research 9: 1037–1046.  

Wang, G., & M. E. Dillon, 2014. Recent geographic convergence in diurnal and annual temperature 

cycling flattens global thermal profiles. Nature Climate Change 4: 988–992.  

Williamson, C. E., J. M. Fischer, S. M. Bollens, E. P. Overholt, & J. K. Breckenridge, 2011. Toward a 

more comprehensive theory of zooplankton diel vertical migration: Integrating ultraviolet 

radiation and water transparency into the biotic paradigm. Limnology and Oceanography 

56: 1603–1623.  

Winder, M., M. Boersma, & P. Spaak, 2003. On the cost of vertical migration: are feeding conditions 

really worse at greater depths?. Freshwater Biology 48: 383–393.  

Wishner, K. F., M. M. Gowing, & C. Gelfman, 1998. Mesozooplankton biomass in the upper 1000 m in 

the Arabian Sea: overall seasonal and geographic patterns, and relationship to oxygen 

gradients. Deep-Sea Research II 45: 2405–2432.  

Zhou, K., & S. Sun, 2017. Effect of diurnal temperature difference on lipid accumulation and 

development in Calanus sinicus (Copepoda: Calanoida). Chinese Journal of Oceanology and 

Limnology 35: 745–753. 

 

  



122 
 

4.5. Summary of the results 

 

Chapter 4.1. Ontogenetic changes in the feeding functional response of the marine 

copepod Paracartia grani 

The type of feeding functional response of the planktonic copepod Paracartia grani 

feeding on the flagellate Rhodomonas salina was a Holling Type III function from 

the early stages (nauplii) to the adults. The foraging effort (i.e. clearance rate) 

peaked at intermediate food concentrations, whereas the ingestion rates increased 

with food concentration following a sigmoid curve until becoming steady above 

saturating food conditions. The maximum clearance and ingestion rates increased 

with body mass following power scaling factors of approximately 1 from nauplii to 

copepodites, and 0.75 from nauplii to adults, respectively. Gender also affected the 

main parameters of the feeding functional response, with maximum clearance and 

ingestion rates that were 2-3 times higher in females than in males. 

 

Chapter 4.2. Effects of multigenerational rearing, ontogeny and predation threat on 

copepod feeding rhythms 

The wild specimens of Centropages typicus and P. grani showed higher feeding 

activity at night, but their diel feeding rhythms were quickly lost through 

multigenerational laboratory rearing. The exposure to predator exudates (jellyfish 

Aurelia aurita and fish Dicentrarchus labrax) to copepods reared 8-11 generations 

in the laboratory did not trigger back the natural rhythmic feeding of C. typicus. 

Moreover, the diel feeding patterns of C. typicus showed changes through 

development, with no day-night differences in the feeding activity of nauplii, but 

night-skewed feeding in adults. Gender did not affect the intensity of the feeding 

rhythms in C. typicus adults. 

 

Chapter 4.3. Non-lethal effects of the predator Meganyctiphanes norvegica and 

influence of seasonal photoperiod and food availability on the diel feeding behaviour 

of the copepod Centropages typicus 

The wild specimens of C. typicus showed diel feeding rhythms with higher feeding 

activity at night, but we could not detect any large effect of the euphausiid predator 

M. norvegica on the diel feeding behaviour of copepods. Other factors such as 
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seasonal photoperiod (i.e. daytime length) and food availability, however, seemed 

to have an influence on the intensity of copepod feeding rhythms. The largest day-

night differences in feeding activity were found in shorter days (autumn vs. 

summer) and lower prey availability (limited vs. saturation conditions). 

 

Chapter 4.4. The neritic marine copepod Centropages typicus does not suffer 

physiological costs from diel temperature fluctuations involved in vertical migration 

The adult females of C. typicus exposed to the fluctuating temperature conditions 

mimicking vertical migration (14 °C during the daytime and 19 °C at night) showed 

a better performance (e.g. higher egg production) than those exposed to constant 

depth conditions (14 °C); however, no significant differences were detected when 

compared to constant average and surface conditions (17 and 19 °C, respectively). 
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5. General discussion 

 

This thesis deepens into the patterns of activity of marine planktonic copepods and 

the driving factors of such patterns, especially those that affect the daily and diel 

patterns of feeding. The following discussion is a compilation of the 

interpretations, the contextualization, and the contributions of the major findings 

of this thesis based on its objectives and underlying hypotheses. 

 

5.1. Ontogenetic changes in the feeding patterns of marine planktonic 

copepods. 

The literature on the feeding patterns of marine planktonic copepods is already 

extensive. However, most former research only referred to adult females, whereas 

the patterns of feeding of early stages and males remain understudied. This fact is 

unfortunate considering the key ecological role of small copepods as the main link 

between phyto- and microzooplankton, and higher trophic levels in pelagic 

communities (Lučić et al. 2003, Turner 2004). This thesis further explored the 

ontogenetic changes in the feeding patterns of marine planktonic copepods, 

including the analysis of the feeding functional responses (Chapter 4.1) and diel 

feeding rhythms (Chapter 4.2). We initially hypothesized that differences through 

development in the metabolic requirements (Ikeda et al. 2001, Almeda et al. 2011), 

the morphological and behavioural traits (Van Duren & Videler 1995, Paffenhöfer 

et al. 1996, Paffenhöfer 1998), and the vulnerability to predation (Buskey 1994) 

could imply important ontogenetic variations in the daily and diel feeding patterns 

of marine planktonic copepods. 

 

In Chapter 4.1 we provided a complete analysis of the ontogenetic variations in the 

feeding functional response of the marine calanoid Paracartia grani. All the 

development stages from early nauplii to adults showed Holling Type III responses 

(Holling 1966). The low foraging efforts (i.e. clearance rates) observed at low food 

concentrations may reflect a lower efficiency in catching prey when prey are 

scarce (Paffenhöfer & Stearns 1988), but also the decrease of copepods’ feeding 

activity when capturing prey is energetically more costly than the energy gained 
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by feeding. This implies that in environments with multiple prey, copepods may 

switch among prey types and foraging strategies depending on the relative prey 

abundances to obtain the greatest profit (Jonsson & Tiselius 1990, Kiørboe et al. 

1996, Gismervik & Andersen 1997, van Leeuwen et al. 2007). In accordance with 

these assumptions, Holling Type III responses are typically found in planktonic 

copepods with feeding modes that require higher energy demands (Kiørboe et al. 

2018). The feeding mechanisms of the adults of P. grani, although less investigated 

that in other species, show similarities to those of closely-related Acartia species 

(e.g. Acartia tonsa) that actively produce feeding currents when feeding on small-

sized prey (Tiselius & Jonsson 1990, Saiz & Kiørboe 1995). In the case of P. grani 

nauplii, they typically conduct hopping movements when foraging and may also 

produce weak feeding currents to finally capture their prey (Henriksen et al. 2007, 

Bruno et al. 2012). Therefore, we think that despite the profound changes in 

morphology and behaviour occurring through copepod development, the 

maintenance of active feeding modes along ontogeny determined the consistency 

of Holling Type III responses across different life stages. 

 

As predicted, we also found important ontogenetic variations in the feeding 

patterns of copepods, particularly those referring to maximum clearance and 

ingestion rates (Fmax and Imax, Chapter 4.1), half-saturation constants (Km, Chapter 

4.1), and diel rhythms (Chapter 4.2). The Fmax of P. grani increased with body mass 

from early nauplii to late copepodites with a power scaling factor of ca. 1. This 

factor is higher than the typical 0.75 power factor found for other feeding-related 

parameters of copepods, such as the ingestion rates (Saiz & Calbet 2007). The 

steeper increase with body mass in the case of Fmax may reflect the profound 

ontogenetic changes enhancing the foraging efficiency from nauplii to copepodites 

(e.g. increase in size, development of feeding appendages, increased sensitivity to 

hydromechanical signals) (Kiørboe et al. 1999, Almeda et al. 2018). In the case of 

adults, however, the Fmax did not follow the same pattern showed by nauplii and 

copepodites, which is likely a consequence of their lower feeding efficiency when 

feeding on small-sized prey, like the R. salina offered in our experiments 

(Paffenhöfer 1971, Berggreen et al. 1988, Landry & Fagerness 1988, Saiz et al. 

2014). Unlike the Fmax, the Imax increased with body mass more closely to the 
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universal 0.75 power law defined for animal physiological processes (West & 

Brown 2005, Saiz & Calbet 2007, Kiørboe & Hirst 2014). In fact, this pattern was 

observed along the entire ontogeny from early nauplii to adults of P. grani, which 

suggests that predator : prey size ratio could be less relevant to determine Imax 

than Fmax in planktonic copepods (Frost 1972, Støttrup & Jensen 1990). 

 

In Chapter 4.2 we found that the diel feeding patterns of C. typicus clearly differed 

between nauplii and adults. Whereas the naupliar stages did not reflect day-night 

differences in their feeding activity, adults (males and females) fed more intensely 

at night. This finding is in agreement with our initial hypothesis that the diel 

feeding behaviour of planktonic copepods could be modulated by factors that are 

size- or stage-dependent, such as predation vulnerability (Landry 1978, Fancett & 

Kimmerer 1985, Buskey 1994, Kiørboe et al. 1999, Suchman & Sullivan 2000). In 

this regard, early stages could use their small size as a refuge from visual 

predation, whereas larger copepods would need to increase their survival chances 

during daylight hours through other ways like diel vertical migration and/or 

feeding rhythms (Bollens & Stearns 1992, Neill 1992, Hays et al. 1994, Ohman & 

Romagnan 2016). Small stages, moreover, might suffer from a high predation 

pressure by non-visual predators that are more active at night (e.g. large 

copepods) (Landry 1978, Boersma et al. 2014). Consequently, nocturnal feeding 

would be less adaptive for nauplii than for adults. This fact, together with the 

consideration that nauplii are more susceptible to food intake fluctuations than 

later stages (Calbet & Alcaraz 1997), may explain the ontogenetic variations in the 

diel feeding patterns of planktonic copepods. 

 

Finally, it is worth mentioning that certain similarities and differences were found 

in the feeding patterns of males and females. In Chapters 4.1 and 2.2 the feeding 

rates of P. grani and C. typicus were significantly higher in females than in males. 

However, the intensity of the diel feeding rhythms barely differed between 

genders (approximately 50% higher feeding activity at night). The lower feeding 

rates of males could not be only explained by differences in size, and may be 

attributed to other factors, such as the longer times spent in the search of females 

(Kiørboe 2007, van Someren Gréve et al. 2017). Still, in the case of some planktonic 
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copepods like Acartia and related species, the sexual differences in swimming 

behaviour might not be that prominent (Kiørboe & Bagøien 2005). More likely, 

other factors such as the different energy allocation in reproduction might help 

explain the different feeding activity observed between males and females (Saiz et 

al. 2017).  

 

We can conclude that stage- and gender-specific differences in the feeding patterns 

of marine planktonic copepods should be highly considered in future research. 

From the outcome of this thesis, it is evident that evaluations of the grazing impact 

of copepod populations, either conducted experimentally or in situ, must consider 

the age structure and sex ratio of copepod populations, and the stage-specific vital 

rates, in order to provide more reliable estimates. 

 

5.2. Driving factors of diel feeding rhythms in marine planktonic copepods 

The Chapters 4.2 and 2.3 focused on identifying factors that are involved in 

shaping the diel feeding behaviour of marine planktonic copepods. As a first 

approach, in Chapter 4.2 we tracked the changes in the diel feeding patterns of C. 

typicus from wild specimens through the first laboratory-reared generations to 

assess the relevance of exogenous components. We hypothesized that if feeding 

rhythms were primarily environmentally-determined, the intensity of feeding 

rhythms of wild copepods would be weakened or loss through the first generations 

reared in the laboratory. Indeed, we found that the diel feeding rhythms of wild 

copepods, with higher feeding activity at night, were quickly lost through 

multigenerational laboratory rearing. Despite the previous studies that pointed out 

to endogenous rhythmicity in the diel feeding patterns of copepods (Stearns 1986, 

Olsen et al. 2000), our findings suggest that the environmental change from sea to 

laboratory conditions produced the quick variation in the diel feeding behaviour of 

copepods (Bollens & Stearns 1992, Calbet et al. 1999, Cieri & Stearns 1999). 

However, it is remarkable that the first laboratory-reared generation of copepods 

(F1) showed feeding rhythms that resembled those of the wild specimens. The 

maintenance of feeding rhythms after one generation in the laboratory suggests 

that epigenetic factors could be involved in shaping the diel feeding patterns of 

copepods, as the environmental conditions experienced by the predecessors in the 
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sea could have influenced the phenotypic variants of the offspring in the laboratory 

(maternal effects) (Uller 2008). Although the non-genetic inheritance of 

phenotypic traits and epigenetic modifications have been investigated in some 

zooplankton like daphnids (Agrawal et al. 1999, Robichaud et al. 2012, Walsh et al. 

2015, Schield et al. 2016), this is still a largely unexplored, but promising field in 

planktonic copepods (Guyon et al. 2018). 

 

In all the experiments conducted in this thesis, the wild specimens of C. typicus and 

P. grani showed diel rhythmicity in their feeding activity (i.e. higher ingestion rates 

at night), regardless of the limiting or saturating food conditions. This finding 

opposes Gauld’s hypothesis (Gauld 1953), which postulates that copepod feeding 

rhythms reflect fluctuations in food availability during vertical migration. 

Predation risk has been traditionally considered one of the major driving factors of 

diel vertical migration (Bollens & Frost 1989, 1991, Neill 1990, Frost & Bollens 

1992), and it might be also involved in the appearance of feeding rhythms (Bollens 

& Stearns 1992, Cieri & Stearns 1999). In copepods, the risk of being predated is 

usually enhanced during daylight hours (Tsuda et al. 1998, Torgersen 2001) and, 

consequently, our initial hypothesis was that the diel feeding rhythms could 

emerge from restricting the foraging activity to safer periods (i.e. night). However, 

all the experimental attempts in this thesis to confirm the role of predation risk in 

triggering copepod feeding rhythms led to negative results. Firstly, in Chapter 4.2 

the exposure to chemical cues of the predators Aurelia aurita (jellyfish) and 

Dicentrarchus labrax (fish) did not trigger back the diel feeding rhythms in 

copepods that had lost their natural rhythmic feeding through multigenerational 

laboratory rearing. In this respect, the effects of predator chemical cues on 

zooplankton have proved to be less relevant in marine than in freshwater 

environments (Lass & Spaak 2003). This does not necessarily imply that predation 

risk does not have any influence on the feeding behaviour of marine copepods, but 

that the predator-induced responses of marine copepods might not be chemically-

mediated, but follow other predatory signals (Bollens & Frost 1989, Bollens et al. 

1994). Still, in Chapter 4.3 we also found that the physical presence of the predator 

Meganyctiphanes norvegica (krill) did not have any large effects on the feeding 

rhythms of freshly-collected copepods. Thus, it seems that the predator effects on 
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copepod feeding rhythms, if any, could be limited and/or highly predator-specific 

(Wong 1988, Ohman 1990). 

 

In Chapter 4.3 we found that external factors other than predation threat affected 

the intensity of feeding rhythms in C. typicus. Copepods showed feeding rhythms of 

higher amplitude in autumn (10 h light) than in summer (16 h of light), suggesting 

that copepods may lower the intensity of their feeding rhythms when safe periods 

(i.e. dark periods) are too short for feeding to meet metabolic demands. Also, in 

our experiments we detected that a lower prey availability enhanced the day-night 

differences in the feeding activity of copepods. This pattern could be attributed to 

the higher predation risk associated to foraging when copepods need to swim for 

longer times and cover larger distances to find and capture prey (Saiz et al. 1992, 

Uttieri et al. 2013, Kiørboe et al. 2014). This pattern is in accordance with the 

findings by Hassett & Blades-Eckelbarger (1995), but not with those by Calbet et 

al. (1999), who reported that the copepod feeding rhythms were maintained or 

weakened at lower food availability. Hence, the effects of food conditions on 

copepod feeding rhythms still remain debatable. 

 

As a conclusion, it can be said that the different outcomes of this thesis suggest that 

the diel feeding behaviour of planktonic copepods are primarily environmentally-

determined. Although predation risk is accepted as a major driving factor of diel 

vertical migration, in this thesis we could not confirm any fundamental role of 

predation threat in the diel feeding patterns of copepods. We cannot fully discard, 

however, that the appearance of rhythmic feeding as an antipredator response of 

copepods could be predator-specific. Moreover, additional environmental factors 

such as food availability and seasonal photoperiod proved to influence the diel 

feeding behaviour of planktonic copepods. 

 

5.3. The effects of temperature fluctuations on the patterns of activity of 

marine planktonic copepods. 

There is a large bulk of literature addressing the effects of temperature on the 

activity patterns of marine planktonic copepods. However, little is known about 

the effects of temperature fluctuations, even though most planktonic copepods 
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may be daily exposed to temperature variations through diel vertical migration. In 

Chapter 4.4 we found that the neritic marine copepod C. typicus exposed to diel 

temperature fluctuations of vertical migration (10 h at 14 °C and 14 h at 19 °C) 

showed rates of egg production and respiration that were significantly higher than 

at constant depth temperature (14 °C); however, no significant differences were 

detected when compared to the rates of copepods under average or surface 

conditions (17 and 19 °C, respectively). Our findings indicate that marine copepods 

like C. typicus that experience moderate temperature fluctuations through vertical 

migration (i.e. differences of 5 °C) do not necessarily suffer physiological costs 

derived from their migratory behaviour. In this sense, these animals might have 

physiological mechanisms to compensate diel temperature fluctuations. According 

to recent proteomic analyses, migrant copepods experience physiological shifts 

through vertical migration (Maas et al. 2018). The physiological mechanisms that 

copepods may have to compensate temperature fluctuations could involve the 

expression of protein variants, or the modification of the protein environment 

(Clarke 2003). However, this is still a field that requires further research, as the 

effects of fluctuating temperature of copepod performance are still poorly 

documented (Lock & McLaren 1970, Vuorinen 1987, Zhou & Sun 2017). Moreover, 

the investigation of the adaptive mechanisms of copepods to deal with 

temperature fluctuations should be of high interest in a climate change context, as 

an increased thermal variability is predicted in future climate scenarios (Easterling 

et al. 2000, Wang & Dillon 2014). In this respect, zooplankton that are adapted to 

diel temperature fluctuations might even benefit from the increasing thermal 

variations (Drake 2005). 

 

The previous studies that addressed the energetic balance of diel vertical 

migration in zooplankton mostly focused on Daphnia and concluded that the 

fluctuating conditions of temperature and food during migration were less 

favourable than non-migrating conditions (Orcutt & Porter 1983, Stich & Lampert 

1984, Lampert et al. 1988, Loose & Dawidowicz 1994). Based on our findings in 

Chapter 4.4, marine planktonic copepods might be capable to cope successfully 

with diel temperature fluctuations when the temperature range is moderate (5 °C). 

Regarding fluctuations in food availability, in Chapter 4.2 we found that adults of C. 
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typicus were capable of maintaining their total daily ingestions regardless of their 

diel feeding behaviour (i.e. feeding rhythms), supporting that planktonic copepods 

could overcome short-term fluctuations in food intake (Davis & Alatalo 1992, 

Calbet & Alcaraz 1996). However, other factors involved in diel vertical migration 

like the energy investment in locomotion (Torres & Childress 1983, Morris et al. 

1985, Dawidowicz & Loose 1992), as well as the joint effects of the different 

environmental factors (Stich & Lampert 1984, Svetlichny et al. 2000, Koussoroplis 

& Wacker 2016) might be also relevant and should be considered for an overall 

energetic balance of diel vertical migration in planktonic copepods. 
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6. Conclusions 

 

1. Marine planktonic copepods may show important stage- and gender-specific 

differences in their daily and diel patterns of feeding. Therefore, future studies 

addressing the grazing impact of copepod populations should highly consider the 

age structure and the sex ratio of the populations to obtain more reliable 

estimates. 

 

2. The diel feeding rhythms of marine planktonic copepods seem primarily 

environmentally-determined, and the quick loss of natural rhythmic feeding 

through multigenerational laboratory rearing may bring concern for the use of 

cultured copepods in experiments involving their diel feeding behaviour. 

 

3. The role of predation risk in the diel feeding behaviour of marine planktonic 

copepods remains an open question. However, other external factors such as food 

availability or photoperiod might be involved in the modulation of the intensity of 

copepod feeding rhythms. 

 

4. Marine planktonic copepods may not suffer physiological costs from 

temperature fluctuations through diel vertical migration when the range of 

temperature variations is moderate (e.g. 5 °C). In this sense, marine copepods 

might have adaptive mechanisms to optimize the trade-offs derived from their 

migratory behaviour. 

  



134 
 

  



135 
 

7. General bibliography 

 

Agrawal AA, Laforsch C, Tollrian R (1999) Transgenerational induction of defences 

in animals and plants. Nature 401:60–63.  

Al-Mutairi H, Landry MR (2001) Active export of carbon and nitrogen at station 

ALOHA by diel migrant zooplankton. Deep-Sea Res II 48:2083–2103.  

Alcaraz M, Almeda R, Calbet A, Saiz E, Duarte CM, Lasternas S, Agustí S, Santiago R, 

Movilla J, Alonso A (2010) The role of arctic zooplankton in biogeochemical 

cycles: respiration and excretion of ammonia and phosphate during 

summer. Polar Biol 33:1719–1731.  

Almeda R, Augustin CB, Alcaraz M, Calbet A, Saiz E (2010) Feeding rates and gross 

growth efficiencies of larval developmental stages of Oithona davisae 

(Copepoda, Cyclopoida). J Exp Mar Bio Ecol 387:24–35.  

Almeda R, Calbet A, Alcaraz M, Saiz E, Trepat I, Arin L, Movilla J, Saló V (2011) 

Trophic role and carbon budget of metazoan microplankton in northwest 

Mediterranean coastal waters. Limnol Oceanogr 56:415–430.  

Almeda R, van Someren Gréve H, Kiørboe T (2018) Prey perception mechanism 

determines maximum clearance rates of planktonic copepods. Limnol 

Oceanogr 63:2695–2707.  

Atkinson A (1996) Subantarctic copepods in an oceanic, low chlorophyll 

environment: ciliate predation, food selectivity and impact on prey 

populations. Mar Ecol Prog Ser 130:85–96.  

Atkinson A, Shreeve RS, Pakhomov EA, Priddle J, Blight SP, Ward P (1996) 

Zooplankton response to a phytoplankton bloom near South Georgia, 

Antarctica. Mar Ecol Prog Ser 144:195–210.  

Atkinson A, Ward P, Williams R, Poulet SA (1992) Feeding rates and diel vertical 

migration of copepods near South Georgia: comparison of shelf and oceanic 

sites. Mar Biol 114:49–56.  

Bagøien E, Kiørboe T (2005) Blind dating-mate finding in planktonic copepods. I. 

Tracking the pheromone trail of Centropages typicus. Mar Ecol Prog Ser 

300:105–115.  



136 
 

Ban S (1994) Effect of temperature and food concentration on post-embryonic 

development, egg production and adult body size of calanoid copepod 

Eurytemora affinis. J Plankton Res 16:721–735. 

Baumgartner MF, Tarrant AM (2017) The physiology and ecology of diapause in 

marine copepods. Ann Rev Mar Sci 9:387–411.  

Berggreen U, Hansen B, Kiørboe T (1988) Food size spectra, ingestion and growth 

of the copepod Acartia tonsa during development: implications for 

determination of copepod production. Mar Biol 99:341–352.  

Bjaerke O, Andersen T, Titelman J (2014) Predator chemical cues increase growth 

and alter development in nauplii of a marine copepod. Mar Ecol Prog Ser 

510:15–24.  

Blades PI (1977) Mating behavior of Centropages typicus (Copepoda: Calanoida). 

Mar Biol 40:57–64.  

Boak AC, Goulder R (1983) Bacterioplankton in the diet of the calanoid copepod 

Eurytemora sp. in the Humber Estuary. Mar Biol 73:139–149.  

Boersma M, Wesche A, Hirche H-J (2014) Predation of calanoid copepods on their 

own and other copepods’ offspring. Mar Biol 161:733–743.  

Bollens SM, Frost BW (1991) Diel vertical migration in zooplankton: rapid 

individual response to predators. J Plankton Res 13:1359–1365.  

Bollens SM, Frost BW (1989a) Predator-induced diel vertical migration in a 

planktonic copepod. J Plankton Res 11:1047–1065.  

Bollens SM, Frost BW (1989b) Zooplanktivorous fish and variable diel vertical 

migration in the marine planktonic copepod Calanus pacificus. Limnol 

Oceanogr 34:1072–1083.  

Bollens SM, Frost BW, Cordell JR (1994) Chemical, mechanical and visual cues in 

the vertical migration behavior of the marine planktonic copepod Acartia 

hudsonica. J Plankton Res 16:555–564.  

Bollens SM, Stearns DE (1992) Predator-induced changes in the diel feeding cycle 

of a planktonic copepod. J Exp Mar Bio Ecol 156:179–186.  

Bonnet D, Harris R, Lopez-Urrutia A, Halsband-Lenk C, Greve W, Valdes L, Hirche 

HJ, Engel M, Alvarez-Ossorio MT, Wiltshire K (2007) Comparative seasonal 

dynamics of Centropages typicus at seven coastal monitoring stations in the 

North Sea, English Channel and Bay of Biscay. Prog Oceanogr 72:233–248.  



137 
 

Le Borgne R, Rodier M (1997) Net zooplankton and the biological pump: a 

comparison between the oligotrophic and mesotrophic equatorial Pacific. 

Deep-Sea Res II 44:2003–2023. 

Boxshall GA, Defaye D (2008) Global diversity of copepods (Crustacea: Copepoda) 

in freshwater. Hydrobiologia 595:195–207.  

Boxshall GA, Huys R (1998) The ontogeny and phylogeny of copepod antennules. 

Philos Trans R Soc B 353:765–786.  

Boyer S, Arzul I, Bonnet D (2012) Some like it hot: Paracartia grani (Copepoda: 

Calanoida) arrival in the Thau lagoon (south of France-Mediterranean Sea). 

Mar Biodivers Rec 5:1–5.  

Boyer S, Bouvy M, Bonnet D (2013) What triggers Acartia species egg production 

in a Mediterranean lagoon? Estuar Coast Shelf Sci 117:125–135.  

Bradley CJ, Strickler JR, Buskey EJ, Lenz PH (2013) Swimming and escape behavior 

in two species of calanoid copepods from nauplius to adult. J Plankton Res 

35:49–65.  

Brun P, Payne MR, Kiørboe T (2017) A trait database for marine copepods. Earth 

Syst Sci Data 9:99–113.  

Bruno E, Andersen Borg CM, Kiørboe T (2012) Prey detection and prey capture in 

copepod nauplii. PLoS One 7:e47906.  

Buitenhuis E, Le Quéré C, Aumont O, Beaugrand G, Bunker A, Hirst A, Ikeda T, 

O’Brien T, Piontkovski S, Straile D (2006) Biogeochemical fluxes through 

mesozooplankton. Global Biogeochem Cy 20:GB2003.  

Bundy MH, Paffenhöfer GA (1993) Innervation of copepod antennules investigated 

using laser scanning confocal microscopy. Mar Ecol Prog Ser 102:1–14.  

Buskey EJ (1998) Components of mating behavior in planktonic copepods. J Mar 

Syst 15:13–21.  

Buskey EJ (1994) Factors affecting feeding selectivity of visual predators on the 

copepod Acartia tonsa: locomotion, visibility and escape responses. 

Hydrobiologia 293:447–453.  

Buskey EJ, Mann CG, Swift E (1986) The shadow response of the estuarine copepod 

Acartia tonsa (Dana). J Exp Mar Bio Ecol 103:65–75.  



138 
 

Calbet A, Alcaraz M (1996) Effects of constant and fluctuating food supply on egg 

production rates of Acartia grani (Copepoda: Calanoida). Mar Ecol Prog Ser 

140:33–39.  

Calbet A, Alcaraz M (1997) Growth and survival rates of early developmental 

stages of Acartia grani (Copepoda: Calanoida) in relation to food 

concentration and fluctuations in food supply. Mar Ecol Prog Ser 147:181–

186.  

Calbet A, Garrido S, Saiz E, Alcaraz M, Duarte CM (2001) Annual zooplankton 

succession in coastal NW Mediterranean waters: the importance of the 

smaller size fractions. J Plankton Res 23:319–331.  

Calbet A, Landry MR (2004) Phytoplankton growth, microzooplankton grazing, and 

carbon cycling in marine systems. Limnol Oceanogr 49:51–57.  

Calbet A, Saiz E (2005) The ciliate-copepod link in marine ecosystems. Aquat 

Microb Ecol 38:157–167.  

Calbet A, Saiz E, Irigoien X, Alcaraz M, Trepat I (1999) Food availability and diel 

feeding rhythms in the marine copepods Acartia grani and Centropages 

typicus. J Plankton Res 21:1009–1015.  

Castro P, Huber ME (2019) Marine Biology, 11th ed. McGraw-Hill Education, New 

York.  

Cervetto G, Gaudy R, Pagano M, Saint-Jean L, Verriopoulos G, Arfi R, Leveau M 

(1993) Diel variations in Acartia tonsa feeding, respiration and egg 

production in a Mediterranean coastal lagoon. J Plankton Res 15:1207–

1228.  

Champalbert G (1978) Rythmes d’activité natatoire de quelques copépodes 

hyponeustoniques (Anomalocera patersoni Templeton, Pontella 

mediterranea Claus, Labidocera wollastoni Lubbock) en fonction des 

conditions d’éclairement et de pression. J Exp Mar Bio Ecol 35:233–249.  

Cieri MD, Stearns DE (1999) Reduction of grazing activity of two estuarine 

copepods in response to the exudate of a visual predator. Mar Ecol Prog Ser 

177:157–163.  

Clarke A (2003) Costs and consequences of evolutionary temperature adaptation. 

Trends Ecol Evol 18:573–581.  



139 
 

Cohen JH, Forward RB (2005) Photobehavior as an inducible defense in the marine 

copepod Calanopia americana. Limnol Oceanogr 50:1269–1277.  

Cowles TJ, Olson RJ, Chisholm SW (1988) Food selection by copepods: 

discrimination on the basis of food quality. Mar Biol 100:41–49.  

Dagg MJ, Frost BW, Newton J (1998) Diel vertical migration and feeding in adult 

female Calanus pacificus, Metridia lucens and Pseudocalanus newmani 

during a spring bloom in Dabob Bay, a fjord in Washington USA. J Mar Syst 

15:503–509.  

Dagg MJ, Frost BW, Walser WE (1989) Copepod diel migration, feeding, and the 

vertical flux of pheopigments. Limnol Oceanogr 34:1062–1071.  

Dam HG, Peterson WT (1988) The effect of temperature on the gut clearance rate 

constant of planktonic copepods. J Exp Mar Bio Ecol 123:1–14.  

Davis CS, Alatalo P (1992) Effects of constant and intermittent food supply on life-

history parameters in a marine copepod. Limnol Oceanogr 37:1618–1639.  

Dawidowicz P, Loose CJ (1992) Cost of swimming by Daphnia during diel vertical 

migration. Limnol Oceanogr 37:665–669.  

Drake JM (2005) Population effects of increased climate variation. Proc R Soc B 

272:1823–1827.  

Durbin AG, Durbin EG, Wlodarczyk E (1990) Diel feeding behavior in the marine 

copepod Acartia tonsa in relation to food availability. Mar Ecol Prog Ser 

68:23–45.  

Durbin EG, Campbell RG, Gilman SL, Durbin AG (1995) Diel feeding behavior and 

ingestion rate in the copepod Calanus finmarchicus in the southern Gulf of 

Maine during late spring. Cont Shelf Res 15:539–570.  

Durbin EG, Durbin AG (1992) Effects of temperature and food abundance on 

grazing and short‐term weight change in the marine copepod Acartia 

hudsonica. Limnol Oceanogr 37:361–378.  

van Duren LA, Videler JJ (1996) The trade-off between feeding, mate seeking and 

predator avoidance in copepods: behavioural responses to chemical cues. J 

Plankton Res 18:805–818.  

van Duren LA, Videler JJ (2003) Escape from viscosity: the kinematics and 

hydrodynamics of copepod foraging and escape swimming. J Exp Biol 

206:269–279.  



140 
 

van Duren LA, Videler JJ (1995) Swimming behaviour of developmental stages of 

the calanoid copepod Temora longicornis at different food concentrations. 

Mar Ecol Prog Ser 126:153–161.  

Dutz J (1998) Repression of fecundity in the neritic copepod Acartia clausi exposed 

to the toxic dinoflagellate Alexandrium lusitanicum: relationship between 

feeding and egg production. Mar Ecol Prog Ser 175:97–107.  

Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR, Mearns LO (2000) 

Climate extremes: observations, modeling, and impacts. Science 289:2068–

2074.  

Elofsson R (1970) A presumed new photoreceptor in copepod crustaceans. 

Zeitschrift für Zellforschung und Mikroskopische Anatomie 109:316–326.  

Elofsson R (1971) The ultrastructure of a chemoreceptor organ in the head of 

copepod crustaceans. Acta Zool 52:299–315.  

Fancett MS, Kimmerer WJ (1985) Vertical migration of the demersal copepod 

Pseudodiaptomus as a means of predator avoidance. J Exp Mar Bio Ecol 

88:31–43.  

Fernández F (1978) Metabolismo y alimentación en copépodos planctónicos del 

Mediterráneo: Respuesta a la temperatura. Investig Pesq 42:97–139.  

Fernández F (1979) Nutrition studies in the nauplius larva of Calanus pacificus 

(Copepoda: Calanoida). Mar Biol 53:131–147.  

Fields DM, Yen J (1997) The escape behavior of marine copepods in response to a 

quantifiable fluid mechanical disturbance. J Plankton Res 19:1289–1304.  

Frase T, Richter S (2020) The brain and the corresponding sense organs in 

calanoid copepods – Evidence of vestiges of compound eyes. Arthropod 

Struct Dev 54.  

Friedman MM, Strickler JR (1975) Chemoreceptors and feeding in calanoid 

copepods (Arthropoda: Crustacea). Proc Natl Acad Sci USA 72:4185–4188.  

Frost BW (1972) Effects of size and concentration of food particles on the feeding 

behavior of the marine planktonic copepod Calanus pacificus. Limnol 

Oceanogr 17:805–815.  

Frost BW (1988) Variability and possible adaptive significance of diel vertical 

migration in Calanus pacificus, a planktonic marine copepod. Bull Mar Sci 

43:675–694.  



141 
 

Frost BW, Bollens SM (1992) Variability of diel vertical migration in the marine 

planktonic copepod Pseudocalanus newmani in relation to its predators. Can 

J Fish Aquat Sci 49:1137–1141.  

Gauld DT (1953) Diurnal variations in the grazing of planktonic copepods. J Mar 

Biol Assoc UK 31:461–474.  

Gentleman WC, Neuheimer AB (2008) Functional responses and ecosystem 

dynamics: how clearance rates explain the influence of satiation, food-

limitation and acclimation. J Plankton Res 30:1215–1231. 

Ghan D, Hyatt KD, McPhail JD (1998) Benefits and costs of vertical migration by the 

freshwater copepod Skistodiaptomus oregonensis: testing hypotheses 

through population comparison. Can J Fish Aquat Sci 55:1338–1349.  

Gilbert JJ, Williamson CE (1983) Sexual dimorphism in zooplankton (Copepoda, 

Cladocera, and Rotifera). Annu Rev Ecol Syst 14:1–33.  

Gill CW (1986) Suspected mechano- and chemosensory structures of Temora 

longicornis (Copepoda: Calanoida). Mar Biol 93:449–457.  

Gill CW, Crisp DJ (1985) The effect of size and temperature on the frequency of 

limb beat of Temora longicornis Müller (Crustacea : Copepoda). J Exp Mar 

Bio Ecol 86:185–196.  

Gismervik I, Andersen T (1997) Prey switching by Acartia clausi: experimental 

evidence and implications of intraguild predation assessed by a model. Mar 

Ecol Prog Ser 157:247–259.  

Guyon A, Smith KF, Charry MP, Champeau O, Tremblay LA (2018) Effects of chronic 

exposure to benzophenone and diclofenac on DNA methylation levels and 

reproductive success in a marine copepod. J Xenobiotics 8:7674.  

Halsband-Lenk C, Hirche HJ, Carlotti F (2002) Temperature impact on 

reproduction and development of congener copepod populations. J Exp Mar 

Bio Ecol 271:121–153.  

Harris JE (1963) The role of endogenous rhythms in vertical migration. J Mar Biol 

Assoc UK 43:153–166.  

Hartline DK, Lenz PH, Herren CM (1996) Physiological and behavioral studies of 

escape responses in calanoid copepods. Mar Freshw Behav Phy 27:199–

212. 



142 
 

Hassett RP, Blades-Eckelbarger P (1995) Diel changes in gut-cell morphology and 

digestive activity of the marine copepod Acartia tonsa. Mar Biol 124:59–69.  

Hays GC, Proctor CA, John AWG, Warner AJ (1994) Interspecific differences in the 

diel vertical migration of marine copepods: the implications of size, color, 

and morphology. Limnol Oceanogr 39:1621–1629.  

Hays GC, Warner AJ, Lefevre D (1996) Long-term changes in the diel vertical 

migration behaviour of zooplankton. Mar Ecol Prog Ser 141:149–159.  

Hayward TL (1980) Spatial and temporal feeding patterns of copepods from the 

North Pacific central gyre. Mar Biol 58:295–309.  

Head EJH, Harris LR, Abou Debs C (1985) Effect of daylength and food 

concentration on in situ diurnal feeding rhythms in Arctic copepods. Mar 

Ecol Prog Ser 24:281–288.  

Henriksen CI, Saiz E, Calbet A, Hansen BW (2007) Feeding activity and swimming 

patterns of Acartia grani and Oithona davisae nauplii in the presence of 

motile and non-motile prey. Mar Ecol Prog Ser 331:119–129.  

Heuschele J, Ceballos S, Andersen Borg CM, Bjærke O, Isari S, Lasley-Rasher R, 

Lindehoff E, Souissi A, Souissi S, Titelman J (2014) Non-consumptive effects 

of predator presence on copepod reproduction: insights from a mesocosm 

experiment. Mar Biol 161:1653–1666.  

Heuschele J, Selander E (2014) The chemical ecology of copepods. J Plankton Res 

36:895–913.  

Hirche HJ (1987) Temperature and plankton - II. Effect on respiration and 

swimming activity in copepods from the Greenland Sea. Mar Biol 94:347–

356.  

Hirst AG, Kiørboe T (2014) Macroevolutionary patterns of sexual size dimorphism 

in copepods. Proc R Soc B 281:20140739.  

Holling CS (1966) The functional response of invertebrate predators to prey 

density. Mem Entomol Soc Can 98:5–86.  

Holste L, Peck MA (2006) The effects of temperature and salinity on egg 

production and hatching success of Baltic Acartia tonsa (Copepoda: 

Calanoida): a laboratory investigation. Mar Biol 148:1061–1070.  



143 
 

Hopcroft RR, Roff JC (1996) Zooplankton growth rates: diel egg production in the 

copepods Oithona, Euterpina and Corycaeus from tropical waters. J Plankton 

Res 18:789–803.  

Humes AG (1994) How many copepods? Hydrobiologia 292–293:1–7.  

Huntley M, Brooks ER (1982) Effects of age and food availability on diel vertical 

migration of Calanus pacificus. Mar Biol 71:23–31.  

Huntley ME, Lopez MDG (1992) Temperature-dependent production of marine 

copepods: a global synthesis. Am Nat 140:201–242.  

Ianora A, Buttino I (1990) Seasonal cycles in population abundances and egg 

production rates in the planktonic copepods Centropages typicus and 

Acartia clausi. J Plankton Res 12:473–481.  

Ikeda T, Kanno Y, Ozaki K, Shinada A (2001) Metabolic rates of epipelagic marine 

copepods as a function of body mass and temperature. Mar Biol 139:587–

596. 

Irigoien X, Head R, Klenke U, Meyer-Harms B, Harbour D, Niehoff B, Hirche HJ, 

Harris R (1998) A high frequency time series at weathership M, Norwegian 

Sea, during the 1997 spring bloom: feeding of adult female Calanus 

finmarchicus. Mar Ecol Prog Ser 172:127–137.  

Jónasdóttir SH (1994) Effects of food quality on the reproductive success of Acartia 

tonsa and Acartia hudsonica: laboratory observations. Mar Biol 121:67–81.  

Jonsson PR, Tiselius P (1990) Feeding behaviour, prey detection and capture 

efficiency of the copepod Acartia tonsa feeding on planktonic ciliates. Mar 

Ecol Prog Ser 60:35–44.  

Kiørboe T (2013) Attack or attacked: the sensory and fluid mechanical constraints 

of copepods’ predator-prey interactions. Integr Comp Biol 53:821–831.  

Kiørboe T (2011) How zooplankton feed: mechanisms, traits and trade-offs. Biol 

Rev Camb Philos Soc 86:311–339.  

Kiørboe T (2007) Mate finding, mating, and population dynamics in a planktonic 

copepod Oithona davisae: there are too few males. Limnol Oceanogr 

52:1511–1522.  

Kiørboe T (2006) Sex, sex-ratios, and the dynamics of pelagic copepod populations. 

Oecologia 148:40–50.  



144 
 

Kiørboe T, Bagøien E (2005) Motility patterns and mate encounter rates in 

planktonic copepods. Limnol Oceanogr 50:1999–2007.  

Kiørboe T, Hirst AG (2014) Shifts in mass scaling of respiration, feeding, and 

growth rates across life-form transitions in marine pelagic organisms. Am 

Nat 183:E118-30.  

Kiørboe T, Jiang H, Goncalves RJ, Nielsen LT, Wadhwa N (2014) Flow disturbances 

generated by feeding and swimming zooplankton. Proc Natl Acad Sci USA 

111:11738–11743.  

Kiørboe T, Møhlenberg F, Nicolajsen H (1982) Ingestion rate and gut clearance in 

the planktonic copepod Centropages hamatus (Lilljeborg) in relation to food 

concentration and temperature. Ophelia 21:181–194.  

Kiørboe T, Sabatini M (1994) Reproductive and life cycle strategies in egg-carrying 

cyclopoid and free-spawning calanoid copepods. J Plankton Res 16:1353–

1366.  

Kiørboe T, Saiz E, Tiselius P, Andersen KH (2018) Adaptive feeding behavior and 

functional responses in zooplankton. Limnol Oceanogr 63:308–321.  

Kiørboe T, Saiz E, Viitasalo M (1996) Prey switching behaviour in the planktonic 

copepod Acartia tonsa. Mar Ecol Prog Ser 143:65–75.  

Kiørboe T, Saiz E, Visser A (1999) Hydrodynamic signal perception in the copepod 

Acartia tonsa. Mar Ecol Prog Ser 179:97–111.  

Klein Breteler WCM, Gonzalez SR (1988) Influence of temperature and food 

concentration on body size, weight and lipid content of two calanoid 

copepod species. Hydrobiologia 167–168:201–210.  

Klein Breteler WCM, Gonzalez SR, Schogt N (1995) Development of Pseudocalanus 

elongatus (Copepoda, Calanoida) cultured at different temperature and food 

conditions. Mar Ecol Prog Ser 119:99–110.  

Klein Breteler WCM, Schogt N, Baas M, Schouten S, Kraay GW (1999) Trophic 

upgrading of food quality by protozoans enhancing copepod growth: role of 

essential lipids. Mar Biol 135:191–198.  

Kleppel GS (1993) On the diets of calanoid copepods. Mar Ecol Prog Ser 99:183–

195.  



145 
 

Koski M, Engström J, Viitasalo M (1999) Reproduction and survival of the calanoid 

copepod Eurytemora affinis fed with toxic and non-toxic cyanobacteria. Mar 

Ecol Prog Ser 186:187–197.  

Koussoroplis AM, Wacker A (2016) Covariance modulates the effect of joint 

temperature and food variance on ectotherm life-history traits. Ecol Lett 

19:143–152.  

Kouwenberg JHM (1993) Sex ratio of calanoid copepods in relation to population 

composition in the Northwestern Mediterranean. Crustaceana 64:281–299.  

Lampert W, Schmitt RD, Muck P (1988) Vertical migration of freshwater 

zooplankton: test of some hypotheses predicting a metabolic advantage. 

Bull Mar Sci 43:620–640.  

Lance J (1963) The salinity tolerance of some estuarine planktonic copepods. 

Limnol Oceanogr 8:440–449.  

Landry MR (1978) Predatory feeding behavior of a marine copepod, Labidocera 

trispinosa. Limnol Oceanogr 23:1103–1113.  

Landry MR, Fagerness VL (1988) Behavioral and morphological influences on 

predatory interactions among marine copepods. Bull Mar Sci 43:509–529.  

Lasley-Rasher RS, Yen J (2012) Predation risk suppresses mating success and 

offspring production in the coastal marine copepod Eurytemora herdmani. 

Limnol Oceanogr 57:433–440.  

Lass S, Spaak P (2003) Chemically induced anti-predator defences in plankton: a 

review. Hydrobiologia 491:221–239.  

van Leeuwen E, Jansen VAA, Bright PW (2007) How population dynamics shape 

the functional response in a one-predator-two-prey system. Ecology 

88:1571–1581.  

Lenz PH, Weatherby TM, Weber W, Wong KK (1996) Sensory specialization along 

the first antenna of a calanoid copepod, Pleuromamma xiphias (Crustacea). 

Mar Freshw Behav Phy 27:213–221.  

Lock AR, McLaren IA (1970) The effect of varying and constant temperatures on 

the size of a marine copepod. Limnol Oceanogr 15:638–640.  

Longhurst AR (1985) The structure and evolution of plankton communities. Prog 

Oceanogr 15:1–35.  



146 
 

Longhurst AR, Bedo AW, Harrison WG, Head EJH, Sameoto DD (1990) Vertical flux 

of respiratory carbon by oceanic diel migrant biota. Deep-Sea Res 37:685–

694.  

Loose CJ, Dawidowicz P (1994) Trade-offs in diel vertical migration by 

zooplankton: the costs of predator avoidance. Ecology 75:2255–2263.  

Lough RG, Kristiansen T (2015) Potential growth of pelagic juvenile cod in relation 

to the 1978-2006 winter-spring zooplankton on the Northeast US 

continental shelf. ICES J Mar Sci 72:2549–2568.  

Lučić D, Njire J, Morović M, Precali R, Fuks D, Bolotin J (2003) Microzooplankton in 

the open waters of the northern Adriatic Sea from 1990 to 1993: the 

importance of copepod nauplii densities. Helgol Mar Res 57:73–81.  

Maas AE, Blanco-Bercial L, Lo A, Tarrant AM, Timmins-Schiffman E (2018) 

Variations in copepod proteome and respiration rate in association with 

diel vertical migration and circadian cycle. Biol Bull 235:30–42.  

Marcus NH, Richmond C, Sedlacek C, Miller GA, Oppert C (2004) Impact of hypoxia 

on the survival, egg production and population dynamics of Acartia tonsa 

Dana. J Exp Mar Bio Ecol 301:111–128.  

Mauchline J (1998) The biology of calanoid copepods. Blaxter JHS, Southward AJ, 

Tyler PA (eds) Academic Press, San Diego.  

Mazzocchi MG, Christou ED, Capua I Di, Fernández de Puelles ML, Fonda-Umani S, 

Molinero JC, Nival P, Siokou-Frangou I (2007) Temporal variability of 

Centropages typicus in the Mediterranean Sea over seasonal-to-decadal 

scales. Prog Oceanogr 72:214–232.  

Morris MJ, Gust G, Torres JJ (1985) Propulsion efficiency and cost of transport for 

copepods: a hydromechanical model of crustacean swimming. Mar Biol 

86:283–295.  

Neill WE (1990) Induced vertical migration in copepods as a defence against 

invertebrate predation. Nature 345:524–526.  

Neill WE (1992) Population variation in the ontogeny of predator-induced vertical 

migration of copepods. Nature 356:54–57.  

Nishida S (1989) Distribution, structure and importance of the cephalic dorsal 

hump, a new sensory organ in calanoid copepods. Mar Biol 101:173–185.  



147 
 

Ohman MD (1990) The demographic benefits of diel vertical migration by 

zooplankton. Ecol Monogr 60:257–281.  

Ohman MD, Romagnan JB (2016) Nonlinear effects of body size and optical 

attenuation on Diel Vertical Migration by zooplankton. Limnol Oceanogr 

61:765–770.  

Ohtsuka S, Huys R (2001) Sexual dimorphism in calanoid copepods: morphology 

and function. Hydrobiologia 453/454:441–466.  

Olsen EM, Jørstad T, Kaartvedt S (2000) The feeding strategies of two large marine 

copepods. J Plankton Res 22:1513–1528.  

Orcutt JD, Porter KG (1983) Diel vertical migration by zooplankton: Constant and 

fluctuating temperature effects on life history parameters of Daphnia. 

Limnol Oceanogr 28:720–730.  

Paffenhöfer GA (1988) Feeding rates and behavior of zooplankton. Bull Mar Sci 

43:430–445.  

Paffenhöfer GA (1971) Grazing and ingestion rates of nauplii, copepodids and 

adults of the marine planktonic copepod Calanus helgolandicus. Mar Biol 

11:286–298.  

Paffenhöfer GA (1998) On the relation of structure, perception and activity in 

marine planktonic copepods. J Mar Syst 15:457–473. 

Paffenhöfer GA, Loyd PA (2000) Ultrastructure of cephalic appendage setae of 

marine planktonic copepods. Mar Ecol Prog Ser 203:171–180.  

Paffenhöfer GA, Stearns DE (1988) Why is Acartia tonsa (Copepoda: Calanoida) 

restricted to nearshore environments? Mar Ecol Prog Ser 42:33–38.  

Paffenhöfer GA, Strickler JR, Lewis KD, Richman S (1996) Motion behavior of 

nauplii and early copepodid stages of marine planktonic copepods. J 

Plankton Res 18:1699–1715.  

Pavlova E V. (1994) Diel changes in copepod respiration rates. Hydrobiologia 292–

293:333–339.  

Peterson WT, Painting SJ, Hutchings L (1990) Diel variations in gut pigment 

content, diel vertical migration and estimates of grazing impact for 

copepods in the southern Benguela upwelling region in October 1987. J 

Plankton Res 12:259–281.  



148 
 

Razouls C, De Bovée F, Kouwenberg J, Desreumaux N (2020) Diversity and 

Geographic Distribution of Marine Planktonic Copepods. Sorbonne 

University, CNRS. http://copepodes.obs-banyuls.fr/en (accessed 3 August 

2020)  

Robichaud NF, Sassine J, Beaton MJ, Lloyd VK (2012) The epigenetic repertoire of 

Daphnia magna includes modified histones. Genet Res Int 2012:174860.  

Rodríguez J (1983) Estudio de una comunidad planctónica nerítica en el Mar de 

Alborán: II. Ciclo del zooplancton. Bol Inst Esp Ocean 1:19–44.  

Roe HSJ (1984) The diel migrations and distributions within a mesopelagic 

community in the North East Atlantic. 4. The copepods. Prog Oceanogr 

13:353–388.  

Roman MR (1984) Utilization of detritus by the copepod, Acartia tonsa. Limnol 

Oceanogr 29:949–959.  

Ruel JJ, Ayres MP (1999) Jensen’s inequality predicts effects of environmental 

variation. Trends Ecol Evol 14:361–366.  

Runge JA (1988) Should we expect a relationship between primary production and 

fisheries? The role of copepod dynamics as a filter of trophic variability. 

Hydrobiologia 167/168:61–71.  

Saiz E, Alcaraz M, Paffenhöfer GA (1992) Effects of small-scale turbulence on 

feeding rate and gross-growth efficiency of three Acartia species 

(Copepoda: Calanoida). J Plankton Res 14:1085–1097. 

Saiz E, Calbet A (2011) Copepod feeding in the ocean: scaling patterns, 

composition of their diet and the bias of estimates due to microzooplankton 

grazing during incubations. Hydrobiologia 666:181–196.  

Saiz E, Calbet A (2007) Scaling of feeding in marine calanoid copepods. Limnol 

Oceanogr 52:668–675.  

Saiz E, Calbet A, Fara A, Berdalet E (1998) RNA content of copepods as a tool for 

determining adult growth rates in the field. Limnol Oceanogr 43:465–470.  

Saiz E, Calbet A, Griffell K (2017) Sex-dependent effects of caloric restriction on the 

ageing of an ambush feeding copepod. Sci Rep 7:12662.  

Saiz E, Calbet A, Irigoien X, Alcaraz M (1999) Copepod egg production in the 

western Mediterranean: response to food availability in oligotrophic 

environments. Mar Ecol Prog Ser 187:179–189.  



149 
 

Saiz E, Griffell K, Calbet A, Isari S (2014) Feeding rates and prey : predator size 

ratios of the nauplii and adult females of the marine cyclopoid copepod 

Oithona davisae. Limnol Oceanogr 59:2077–2088.  

Saiz E, Kiørboe T (1995) Predatory and suspension feeding of the copepod Acartia 

tonsa in turbulent environments. Mar Ecol Prog Ser 122:147–158.  

Saiz E, Tiselius P, Jonsson PR, Verity P, Paffenhöfer GA (1993) Experimental 

records of the effects of food patchiness and predation on egg production of 

Acartia tonsa. Limnol Oceanogr 38:280–289.  

Santer B, van den Bosch F (1994) Herbivorous nutrition of Cyclops vicinus: the 

effect of a pure algal diet on feeding, development, reproduction and life 

cycle. J Plankton Res 16:171–195.  

Sautour B, Castel J (1993) Distribution of zooplankton populations in Marennes-

Oleron Bay (France), structure and grazing impact of copepod communities. 

Oceanol Acta 16:279–290.  

Schield DR, Walsh MR, Card DC, Andrew AL, Adams RH, Castoe TA, Bunce M (2016) 

EpiRADseq: scalable analysis of genomewide patterns of methylation using 

next‐generation sequencing. Methods Ecol Evol 7:60–69.  

Schmoker C, Hernández-León S, Calbet A (2013) Microzooplankton grazing in the 

oceans: impacts, data variability, knowledge gaps and future directions. J 

Plankton Res 35:691–706.  

van Someren Gréve H, Almeda R, Lindegren M, Kiørboe T (2017) Gender-specific 

feeding rates in planktonic copepods with different feeding behavior. J 

Plankton Res 39:631–644.  

Stalder LC, Marcus NH (1997) Zooplankton responses to hypoxia: behavioral 

patterns and survival of three species of calanoid copepods. Mar Biol 

127:599–607.  

Stearns D, Tester P, Walker R (1989) Diel changes in the egg production rate of 

Acartia tonsa (Copepoda, Calanoida) and related environmental factors in 

two estuaries. Mar Ecol Prog Ser 52:7–16.  

Stearns DE (1986) Copepod grazing behavior in simulated natural light and its 

relation to nocturnal feeding. Mar Ecol Prog Ser 30:65–76.  



150 
 

Stearns DE, Forward RB (1984) Copepod photobehavior in a simulated natural 

light environment and its relation to nocturnal vertical migration. Mar Biol 

82:91–100.  

Steinberg DK, Carlson CA, Bates NR, Goldthwait SA, Madin LP, Michaels AF (2000) 

Zooplankton vertical migration and the active transport of dissolved 

organic and inorganic carbon in the Sargasso Sea. Deep-Sea Res I 47:137–

158.  

Steinberg DK, Cope JS, Wilson SE, Kobari. T. (2008) A comparison of mesopelagic 

mesozooplankton community structure in the subtropical and subarctic 

North Pacific Ocean. Deep-Sea Res II 55:1615– 1635.  

Steinberg DK, Landry MR (2017) Zooplankton and the ocean carbon cycle. Ann Rev 

Mar Sci 9:413–444.  

Stich HB, Lampert W (1984) Growth and reproduction of migrating and non-

migrating Daphnia species under simulated food and temperature 

conditions of diurnal vertical migration. Oecologia 61:192–196.  

Støttrup JG, Jensen J (1990) Influence of algal diet on feeding and egg-production of 

the calanoid copepod Acartia tonsa Dana. J Exp Mar Bio Ecol 141:87–105.  

Strickler JR, Bal AK (1973) Setae of the first antennae of the copepod Cyclops 

scutifer (Sars): their structure and importance. Proc Natl Acad Sci USA 

70:2656–2659.  

Suchman CL, Sullivan BK (2000) Effect of prey size on vulnerability of copepods to 

predation by the scyphomedusae Aurelia aurita and Cyanea sp. J Plankton 

Res 22:2289–2306.  

Svetlichny LS, Hubareva ES, Erkan F, Gucu AC (2000) Physiological and behavioral 

aspects of Calanus euxinus females (Copepoda: Calanoida) during vertical 

migration across temperature and oxygen gradients. Mar Biol 137:963–971.  

Tang KW, Chen QC, Wong CK (1994) Diel vertical migration and gut pigment 

rhythm of Paracalanus parvus, P. crassirostris, Acartia erythraea and 

Eucalanus subcrassus (Copepoda, Calanoida) in Tolo Harbour, Hong Kong. 

Hydrobiologia 292–293:389–396.  

Tiselius P, Jonsson P (1990) Foraging behaviour of six calanoid copepods: 

observations and hydrodynamic analysis. Mar Ecol Prog Ser 66:23–33.  



151 
 

Tiselius P, Jonsson PR, Kuurtvedt S, Olsen EM, Jørstud T (1997) Effects of copepod 

foraging behavior on predation risk: An experimental study of the 

predatory copepod Pareuchaeta norvegica feeding on Acartia clausi and A. 

tonsa (Copepoda). Limnol Oceanogr 42:164–170.  

Torgersen T (2001) Visual predation by the euphausiid Meganyctiphanes 

norvegica. Mar Ecol Prog Ser 209:295–299.  

Torres JJ, Childress JJ (1983) Relationship of oxygen consumption to swimming 

speed in Euphausia pacifica - 1. Effects of temperature and pressure. Mar 

Biol 74:79–86.  

Tsuda A, Saito H, Hirose T (1998) Effect of gut content on the vulnerability of 

copepods to visual predation. Limnol Oceanogr 43:1944–1947.  

Turner JT (2004) The importance of small planktonic copepods and their roles in 

pelagic marine food webs. Zool Stud 43:255–266.  

Uchima M, Murano M (1988) Mating behavior of the marine copepod Oithona 

davisae. Mar Biol 99:39–45.  

Uller T (2008) Developmental plasticity and the evolution of parental effects. 

Trends Ecol Evol 23:432–438.  

Uttieri M, Brown ER, Boxshall GA, Mazzocchi MG (2008) Morphology of antennular 

sensors in Clausocalanus furcatus (Copepoda: Calanoida). J Mar Biol Assoc 

UK 88:535–541.  

Uttieri M, Cianelli D, Zambianchi E (2013) Behaviour-dependent predation risk in 

swimming zooplankters. Zool Stud 52:32.  

Uye S ichi (1988) Temperature-dependent development and growth of Calanus 

sinicus (Copepoda: Calanoida) in the laboratory. Hydrobiologia 167–

168:285–293. 

Vidal J (1980a) Physioecology of zooplankton. I. Effects of phytoplankton 

concentration, temperature, and body size on the growth rate of Calanus 

pacificus and Pseudocalanus sp. Mar Biol 56:111–134.  

Vidal J (1980b) Physioecology of zooplankton. II. Effects of phytoplankton 

concentration, temperature, and body size on the development and molting 

rates of Calanus pacificus and Pseudocalanus sp. Mar Biol 56:135–146.  



152 
 

Vidal J (1980c) Physioecology of zooplankton. III. Effects of phytoplankton 

concentration, temperature, and body size on the metabolic rate of Calanus 

pacificus. Mar Biol 56:195–202.  

Vuorinen I (1987) Vertical migration of Eurytemora (Crustacea, Copepoda): a 

compromise between the risks of predation and decreased fecundity. J 

Plankton Res 9:1037–1046.  

Walsh MR, Cooley IV F, Biles K, Munch SB (2015) Predator-induced phenotypic 

plasticity within- and across-generations: a challenge for theory? Proc R Soc 

B 282:20142205.  

Wang G, Dillon ME (2014) Recent geographic convergence in diurnal and annual 

temperature cycling flattens global thermal profiles. Nat Clim Change 

4:988–992.  

Ward P, Shreeve RS (1999) The spring mesozooplankton community at South 

Georgia: a comparison of shelf and oceanic sites. Polar Biol 22:289–301.  

Weatherby TM, Wong KK, Lenz PH (1994) Fine structure of the distal sensory 

setae on the first antennae of Pleuromamma xiphias Giesbrecht (Copepoda). 

J Crustac Biol 14:670–685.  

Weissburg MJ, Doall MH, Yen J (1998) Following the invisible trail: kinematic 

analysis of mate-tracking in the copepod Temora longicornis. Philos Trans R 

Soc B 353:701–712.  

West GB, Brown JH (2005) The origin of allometric scaling laws in biology from 

genomes to ecosystems: towards a quantitative unifying theory of biological 

structure and organization. J Exp Biol 208:1575–1592.  

Wiebe PH, Copley NJ, Boyd SH (1992) Coarse-scale horizontal patchiness and 

vertical migration of zooplankton in Gulf Stream warm-core ring 82-H. 

Deep-Sea Res 39:S247–S278.  

Wollrab S, Diehl S (2015) Bottom-up responses of the lower oceanic food web are 

sensitive to copepod mortality and feeding behavior. Limnol Oceanogr 

60:641–656.  

Wong CK (1988) Effects of competitors, predators, and prey on the grazing 

behavior of herbivorous calanoid copepods. Bull Mar Sci 43:573–582.  

WoRMS Editorial Board (2020) World Register of Marine Species. 

http://www.marinespecies.org (accessed 5 August 2020)  



153 
 

Yen J, Lenz PH, Gassie D V., Hartline DK (1992) Mechanoreception in marine 

copepods: electrophysiological studies on the first antennae. J Plankton Res 

14:495–512.  

Zhou K, Sun S (2017) Effect of diurnal temperature difference on lipid 

accumulation and development in Calanus sinicus (Copepoda: Calanoida). 

Chin J Oceanol Limnol 35:745–753. 

  



154 
 

  



155 
 

8. Annex (published papers) 

 

The following annex contains the papers published within the frame of this Ph. D. 

thesis: 

 

· Olivares, M.; Saiz, E.; Calbet, A. (2019). Ontogenetic changes in the feeding 

functional response of the marine copepod Paracartia grani. Marine Ecology 

Progress Series, 616, pp. 25-35. https://doi.org/10.3354/meps12928 

 

· Olivares, M.; Calbet, A.; Saiz, E. (2020). Effects of multigenerational rearing, 

ontogeny and predation threat on copepod feeding rhythms. Aquatic Ecology, 54, 

pp. 697-709. https://doi.org/10.1007/s10452-020-09768-8 

 

· Olivares, M.; Tiselius, P.; Calbet, A.; Saiz, E. (2020). Non-lethal effects of the 

predator Meganyctiphanes norvegica and influence of seasonal photoperiod and 

food availability on the diel feeding behaviour of the copepod Centropages typicus. 

Journal of Plankton Research, 42(6), pp. 742-751. 

https://doi.org/10.1093/plankt/fbaa051 

 

 

 



 



MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 616: 25–35, 2019
https://doi.org/10.3354/meps12928

Published May 9

1.  INTRODUCTION

Zooplankton constitute the main link between pri-
mary producers (phytoplankton) and higher trophic
levels in marine food webs (Calbet 2001, Calbet &
Saiz 2005). They are a key component of the biologi-
cal pump and play a major role in nutrient recycling
in the photic layer (Steinberg et al. 2000, Alcaraz et
al. 2010, Turner 2015). Within marine mesozooplank-
ton, copepods typically account for 35−70% of the
biomass and represent more than 90% of the abun-
dance (Longhurst 1985). Consequently, the resource
exploitation conducted by copepods is crucial for the
structure and functioning of marine ecosystems.

Functional responses of copepods are defined as the
relationship between their vital rates (e.g. feeding
rates, egg production rates) and prey availability
(Solomon 1949, Holling 1966). Because of the major

role of copepods in the zooplankton, copepod func-
tional responses have great implications for plankton
population dynamics (Runge 1988, Gentleman &
Neuheimer 2008, Kiørboe et al. 2018). The quantifica-
tion of functional responses in both field and labora-
tory studies enables the development of mathematical
models to forecast the response of plankton communi-
ties to changing species densities (Morozov 2010, Mo-
rozov et al. 2012). These predictive models are in -
trinsically very sensitive to the parameterization of
functional responses (e.g. the shape of the functional
response) and for this reason, the proper analysis of
copepod functional responses becomes an imperative
task to improve our capability to assess potential
 variations in the future composition of plankton com-
munities and the biogeochemical fluxes that occur
through them (Gentleman & Neuheimer 2008, Wollrab
& Diehl 2015, Egilmez & Morozov 2016).
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Traditionally, the study of feeding activity patterns
in copepods has been limited mostly to adults, partic-
ularly females. In this respect, feeding functional re -
sponses have been well documented for adults of key
marine copepod species using a wide variety of prey
types, and the records are much more numerous for
females than for males (Støttrup & Jensen 1990, Isari
& Saiz 2011, Gonçalves et al. 2014, Saiz et al. 2014).
Females have been preferred over males in grazing
experiments mainly because of their longer life span,
higher abundances in natural populations, and
 fundamental role in recruitment (Kouwenberg 1993,
Kiørboe 2006, Kiørboe et al. 2015). However, evi-
dence of distinct feeding behaviours between the
sexes (e.g. lower feeding rates in males) demon-
strates that gender differences should be taken into
account when analysing feeding activity patterns in
marine copepods (Lampitt 1978, Uye & Kayano 1994,
Saage et al. 2009, Chen et al. 2010, van Someren
Gréve et al. 2017b).

Similar to males, juvenile copepods (i.e. nauplii
and copepodites) have been greatly neglected in
previous research addressing copepod feeding pat-
terns. Juvenile copepods outnumber adults through-
out the year in plankton communities (Webber & Roff
1995, Calbet et al. 2001, Turner 2004). They play a
key ecological role as major grazers of phytoplankton
and small heterotrophs. Therefore, studying their
feeding activity is fundamental to evaluating the
grazing pressure on the smaller plankton fraction in
marine ecosystems (Lučić et al. 2003, Turner 2004,
Almeda et al. 2011). The first investigations that
focused attention on the feeding patterns of the early
stages of copepods focused on their rates of grazing
on phytoplankton (Mullin & Brooks 1967, Paffen-
höfer 1971, Fernández 1979). In response to increas-
ing interest in this topic, further investigations were
carried out on other aspects, such as their foraging
behaviour, prey size spectrum, and prey selection
(Berggreen et al. 1988, Paffenhöfer 1998, Henriksen
et al. 2007, Helenius & Saiz 2017). In terms of feeding
functional responses, Fernández (1979) was the first
author to provide empirical data on naupliar grazing
rates of Calanus pacificus across a wide range of prey
types and food concentrations. Since then, feeding
functional responses have been described for juve-
nile copepod stages of other genera, such as Acartia/
Paracartia (Henriksen et al. 2007, Ismar et al. 2008,
Helenius & Saiz 2017), Oithona (Henriksen et al.
2007, Almeda et al. 2010, Saiz et al. 2014), and Centro -
pages (López et al. 2007).

Despite this valuable information, we think that the
current literature on marine copepods has not com-

pletely addressed the changes in feeding functional
response through the entire copepod life cycle. For
instance, Almeda et al. (2010) analysed feeding func-
tional responses up to early copepodites, and Saiz
et al. (2014) worked with nauplii and adults but not
with copepodites. Berggreen et al. (1988) reported
changes in the prey size spectrum of Acartia tonsa
from nauplii to adults, but in their study, the feeding
functional responses were not analysed. Thus, it
appears that we still lack a complete record regard-
ing how feeding functional patterns change through
ontogeny in marine copepods. To the best of our
knowledge, only Santer & van den Bosch (1994)
have studied this issue, with the freshwater species
Cyclops vicinus.

Thus, the main goal of this study was to assess
onto genetic changes in the feeding functional re -
sponse of marine copepods. To accomplish our ob -
jective, we conducted grazing experiments in the
laboratory with different development stages of the
calanoid copepod Paracartia grani (formerly Acartia
grani) and a broad range of prey concentrations of
the flagellate Rhodomonas salina. P. grani is a com-
mon neritic species that has been observed from high
to middle latitudes in the eastern Atlantic and across
the Mediterranean Sea (Boyer et al. 2012). In our study,
we compared feeding functional patterns among
 different P. grani life stages (nauplii, copepodites,
adults) and sexes (males and females). We expected
that the values of the fundamental parameters defin-
ing the feeding functional response (maximum clear-
ance and ingestion rates, half-saturation constants)
would be influenced by changes along ontogeny in
the allometric scaling of metabolic requirements
(Ikeda et al. 2001, Saiz & Calbet 2007) and variations
in morphological and behavioural traits (Paffenhöfer
1998).

2.  MATERIALS AND METHODS

2.1.  Experimental cultures

For the experiments, the cryptophyte Rhodomonas
salina was used as prey (equivalent spherical diame-
ter [ESD]: 6.9 µm, carbon [C] content: 38 pg cell−1,
nitrogen [N] content: 7.2 pg cell−1; Helenius & Saiz
2017). A culture of R. salina was grown in f/2 medium
(Guillard 1983) and kept in the exponential growth
phase by diluting 1/3 of the culture daily. For the
copepods, a cohort of Paracartia grani was obtained
from a stock culture maintained at the Instituto de
Ciencias del Mar (ICM, CSIC) for more than 10 yr
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(Saiz et al. 2015). To produce the cohort, eggs were
siphoned out from the bottom of the copepod stock
culture and inoculated into 20 l polycarbonate tanks
filled with 0.1 µm filtered seawater. Approximately
24 h after the egg addition, unhatched eggs were
removed from the bottom with a siphon to ensure the
uniformity of the cohort. The abundance of copepods
in the cohort tank started with ca. 15 000 nauplii, and
decreased as copepods were taken out for experi-
ments (ca. 1000 adults by the end). The cohort was
fed ad libitum at concentrations ranging from 7 (nau-
plii) to 20 (adults) ppm of R. salina. R. salina is a nutri-
tionally sufficient prey that has been commonly used
in the maintenance of Acartia cultures (Støttrup &
Jensen 1990, Broglio et al. 2003, Saiz et al. 2015).
Both the phytoplankton and the copepod cultures
used for the experiments were kept in the laboratory
in a cold room at 19 ± 1°C and under a 10 h light:14 h
dark photoperiod.

2.2.  Functional response experiments

In total, 6 feeding functional response experiments
were carried out successively using different cope-
pod life stages from the same P. grani cohort, encom-
passing 2 experiments conducted with nauplii, 2
experiments with copepodites, and 2 experiments
with adults (one with males and one with females).
Prior to each experiment, copepods were collected
from the cohort using a 60 µm (nauplii and cope-
podites) or a 200 µm (adults) mesh and placed in
 filtered seawater for 2.5−3 h while setting up the
experiment. For each functional response experi-
ment, 6 prey concentrations of exponentially grow-
ing R. salina were prepared. The range of prey con-
centrations was based on previous knowledge (Cal bet
& Alcaraz 1997, Helenius & Saiz 2017) to cover limit-
ing to satiating food conditions (500−12000 cells ml−1

for NII–III, 500−14 000 cells ml−1 for NV–VI, 500−
16 000 cells ml−1 for CI–II, 1000−20 000 cells ml−1 for
CIII–IV, and 1000−24 000 cells ml−1 for adults). Prey
concentrations were measured with a Beckman
Coulter Multisizer III particle counter. A total of 8
bottles were filled with each prey concentration:
2 served as initial bottles (only prey), 3 as control bot-
tles (only prey), and 3 as experimental bottles (prey
and copepods). Bottle volumes ranged from 72 ml for
early nauplii to 620 ml for adults. All bottles were
filled following a 3-step procedure (one-third of the
bottle was sequentially filled each time) to ensure
homogeneity of prey densities among bottles. Inor-
ganic nutrients (5 ml l−1 of f/2 solution, i.e. a final

 concentration equivalent to f/400) were also added to
each bottle to compensate for any differential effect
of copepod nutrient excretion on algal growth. Once
the bottles were filled with the prey suspensions, the
copepods were added to the bottles either as aliquots
(nauplii and copepodites) or individually with a
pipette (adults). For the aliquots, the concentration of
nauplii/copepodites in the filtered seawater was esti-
mated on the basis of replicated counts of subsam-
ples drawn with an automatic pipette, and then the
aliquot volume of the copepod suspension required
to reach the desired copepod concentration was
added to each experimental bottle. To compensate
for dilution in the experimental bottles, the same vol-
ume of filtered seawater was added to the initial and
control bottles. Copepod adults were transferred to
suspensions of the respective prey concentration to
avoid any dilution effects, and then they were indi-
vidually removed and transferred to the experi -
mental bottles. Given that different copepod stages
(sizes) and different prey concentrations were tested,
the number of copepods added to each bottle was
adjusted based on unpublished previous data to
result in a reduction of ca. 30% of the prey con -
centration during incubation. Thus, the number of
individuals incubated in the bottles ranged from low
to high copepod abundance across the different prey
concentrations (80−240 NII–III, 40−160 NV–VI, 40−
220 CI–II, 25−90 CIII–IV, 10−35 adult males, and
10−30 adult females). All bottles were sealed with
plastic film to avoid air bubbles and capped. The
 initial bottles were sacrificed at the very beginning of
the incubation periods to assess actual initial prey
concentrations using the Coulter counter. Some extra
copepods were preserved in 4% formaldehyde for
measurement of initial copepod size. Control and
experimental bottles were mounted on a rotating
plankton wheel (0.2 rpm) and incubated for 20−24 h
at 19 ± 1°C and under a 10 h light:14 h dark cycle
(photosynthetically active radiation [PAR] 15−34 µmol
m−2 s−1). After the incubations, suspensions from con-
trol and experimental bottles were filtered through a
submerged sieve with a 60 µm (nauplii and cope-
podites) or a 200 µm (adults) mesh to separate cope-
pods from prey. The final prey concentrations in each
bottle were measured, as they were for the initial bot-
tles, with the Coulter counter. The experimental
copepods were checked for activity under a stereo-
microscope and then fixed with formaldehyde (4%
final concentration) for quantification, stage determi-
nation, and final body size measurements. Prey sizes
were calculated as the geometric mean between
 initial and final prey volumes measured with the par-
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ticle counter. Initial and final copepod sizes were
determined by photographing 30−40 nauplii or cope-
podites and 20−25 adults with an inverted micro-
scope and measuring their body (nauplii) or prosome
(copepodites, adults) lengths with ImageJ software
(Schneider et al. 2012). Copepod sizes were calcu-
lated for each prey concentration as the arithmetic
mean between their initial and final mean lengths.

2.3.  Data analysis

Average prey concentrations and copepod feeding
rates (clearance and ingestion rates) were deter-
mined according to equations in Frost (1972).

Holling Type III curves were fitted to copepod
feeding rates as a function of prey concentration
using the software package SigmaPlot v.14.0. Curve
fitting was carried out by non-linear regression fol-
lowing the equations in Helenius & Saiz (2017):

                   
(1)

and

                 
(2)

where F is the clearance rate, I is the ingestion rate,
Imax is the maximum ingestion rate, C is the prey con-
centration, and Km is the half-saturation constant.
Estimates of Imax, Km and prey concentration at which
90% of the maximum ingestion rate was reached
(C90) were obtained directly from the Holling Type III
model. Maximum clearance rates (Fmax) were calcu-
lated as described in Helenius & Saiz (2017):

                   
(3)

Carbon-specific feeding rates were calculated
using the conversion factor 0.221 pg C µm−3 for

R. salina (Helenius & Saiz 2017) and the length−
weight relationships for P. grani: W = 3.24 × 10−7 L2.34

for  nauplii and W = 1.12 × 10−10 L3.58 for later stages
(E. Saiz et al. unpubl. data), where W is the copepod
mass in µg C, and L is the body (nauplii) or prosome
(copepodites and adults) length in µm.

The relationships between copepod body mass and
maximum feeding rates (clearance and ingestion
rates) were adjusted to a power function. The power
fits were obtained from linear regression after log
transformation of the variables using the software
KaleidaGraph 4.5.4. To improve the robustness of the
fitting, for this analysis, we added additional esti-
mates of Imax of P. grani obtained from un published
experiments (M. Olivares et al. unpubl. data) con-
ducted under similar conditions.

3.  RESULTS

The average size of the copepods used in the func-
tional response experiments ranged from 139 µm in
early nauplii to 1052 µm in adult females (Table 1).
Mean prey size was similar in all experiments (range
7.1−7.4 µm ESD). All stages of Paracartia grani
showed a Holling Type III feeding functional re -
sponse when grazing on Rhodomonas salina. Clear-
ance rates peaked at an intermediate prey concentra-
tion and decreased at lower and higher concentrations
(Fig. 1). Fmax increased with stage/size, from 0.36 ml
ind.−1 d−1 for early nauplii to 15.9 ml ind.−1 d−1 for
adult females; the Fmax values for adult males were,
however, lower than the estimates for late copepo -
dites and females (Table 1). Ingestion rates increased
with prey concentration following a sigmoid curve
and became steady after reaching food saturation
(Fig. 1). Imax increased from ca. 1600 cells ind.−1 d−1

(ca. 0.08 µg C ind.−1 d−1) in early nauplii to ca. 218 000
cells ind.−1 d−1 (ca. 9.12 µg C ind.−1 d−1) in adult
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Copepod Copepod size Fmax Imax Imax Km C90

stage (µm) (ml ind.−1 d−1) (cells ind.−1 d−1) (% body C d−1) (cells ml−1) (cells ml−1)

NII–III 139 ± 2 0.36 ± 0.02 1623 ± 46 213 ± 6.5 2272 ± 138 6815
NV–VI 238 ± 2 1.29 ± 0.06 5623 ± 185 207 ± 6.5 2188 ± 136 6563
CI–II 457 ± 3 6.25 ± 0.34 21649 ± 659 265 ± 7.6 1733 ± 120 5198
CIII–IV 632 ± 2 15.7 ± 0.98 52761 ± 1290 195 ± 5.4 1684 ± 121 5051
Ad males 922 ± 1 8.98 ± 0.46 67772 ± 1858 68 ± 1.9 3773 ± 243 11318
Ad females 1052 ± 3 15.9 ± 0.57 218457 ± 6401 124 ± 3.3 6877 ± 368 20632

Table 1. Parameters of the feeding functional responses of Paracartia grani on Rhodomonas salina. Maximum clearance rates
(Fmax), maximum ingestion rates (Imax), half-saturation constants (Km), and prey concentrations at which 90% of the maximum in-
gestion rates were reached (C90) are shown for the different copepod stages and sizes (N: nauplii; C: copepodites; Ad: adults). 

Means ± SE are provided
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females (Table 1). The Imax values for females were
approximately 3 times higher than those of males.

Fig. 2 shows the power fits between copepod body
mass and copepod Fmax (r2 = 0.991, p < 0.01; Fig. 2a)
and Imax (r2 = 0.967, p < 0.001; Fig. 2b). Fmax of nauplii
and copepodites increased with body mass with a
scaling factor of 1.09 ± 0.07, whereas the fit between
body mass and Imax had an exponent of 0.83 ± 0.05
considering all copepod life stages. Fmax of adults did
not follow the general pattern observed for nauplii
and copepodites.

In terms of mass-specific rates, the maximum daily
ingestion ranged from ca. 210% of the body carbon

in nauplii to 265% of the body carbon in early cope-
podites and then declined to 68 and 124% of the
body carbon in adult males and females, respectively
(Fig. 3, Table 1). Adults became satiated at much
higher prey concentrations than copepodites and
nauplii: Km values were 3773 cells ml−1 (ca. 170 µg C
l−1) and 6877 cells ml−1 (ca. 290 µg C l−1) for males and
females, respectively, and less than 2300 cells ml−1

(ca. 110 µg C l−1) for juvenile stages (Table 1). The Km

values for copepodites (CI–II and CIII–IV) were lower
than those for nauplii. The food concentrations at
which 90% of satiation (i.e. the maximum ingestion
rate) was attained (C90) followed a similar pattern to
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Fig. 1. Functional responses of (a) nauplii II–III, (b) nauplii V–VI, (c) copepodites I–II, (d) copepodites III–IV, (e) adult males,
and (f) adult females of Paracartia grani feeding on Rhodomonas salina. Holling Type III curves were fitted to the clearance 

and ingestion rates as a function of the average prey concentration. Data in brackets are excluded from the model
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that of Km: decreasing from nauplii to copepodites
and substantially increasing in adults (Table 1).

4.  DISCUSSION

4.1.  Ontogenetic changes in the feeding functional
response

We examined changes in the feeding functional
response of the marine copepod Paracartia grani
through ontogeny and focused on relevant ecological
aspects, such as the shape and key parameters of
the functional response (i.e. Imax, Fmax, Km). Previous
studies have also addressed ontogenetic changes in
feeding patterns of marine copepods, but they
focused on other aspects of feeding, such as the prey
size spectrum (Berggreen et al. 1988), or did not ana-
lyse functional responses through the whole devel-
opmental range from nauplii to adults (Almeda et al.
2010, Saiz et al. 2014).

The functional response of an organism shows its
capability to exploit environmental resources and the
potential flux of energy into secondary production
(somatic growth, egg production). We found that the
feeding functional response of P. grani grazing on
Rhodomonas salina consistently followed a Holling
Type III pattern in all life stages. Holling Type III
responses have been traditionally linked to preda-
tor−prey systems where predators may control prey
densities by switching to alternative prey types ac -
cording to relative prey abundances, exploiting the
more abundant resources and thereby ensuring a
basal level of prey diversity in the system (Gismervik
& Andersen 1997, Van Leeuwen et al. 2007). How-
ever, Holling Type III responses are not restricted to
multiple-prey systems, as they have been reported
in numerous single-prey experiments (Kiørboe et al.
2018). In our study, we conducted experiments with
one algal species and inferred a clear Type III re -
sponse in all cases. The interpretation of Type III
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responses in single-prey scenarios is that predators
stop actively searching for prey when the energy
gained by feeding would not compensate for the
energy invested in capturing prey (in our study,
this threshold would correspond to approximately
2000 cells ml−1 for nauplii and copepodites, and 4000−
6000 cells ml−1 for adults). Accordingly, this foraging
strategy has been proposed to be adaptive for cope-
pods associated with productive environments where
prey availability is high, such as coastal environ-
ments (Paffenhöfer & Stearns 1988). A recent analy-
sis by Kiørboe et al. (2018) noted that in single-prey
environments, Holling Type III responses are more
typical of copepods with feeding strategies that
involve higher metabolic costs (for instance, creating
feeding currents to enhance the encounter rate with
prey), while less active swimmers, such as ambush-
feeding copepods, generally show a Holling Type II
response. Adults of Acartia species (sensu lato) nor-
mally produce feeding currents when feeding on
 relatively small prey (Jonsson & Tiselius 1990, Saiz &
Kiørboe 1995). The fact that we observed the same
feeding functional pattern throughout the whole onto -
geny of P. grani suggests that active foraging occurs
not only in adults but also in the juvenile stages of
this marine species. Nauplii of P. grani are known to
perform continuous hopping movements during for-
aging and show a Type III response for a wide range
of prey types (Henriksen et al. 2007, Helenius &
Saiz 2017). There are no detailed reports regarding
the underlying mechanisms involved in P. grani
 nauplii feeding, but in the case of the related species
Acartia tonsa, nauplii are able to detect a prey item
remotely and then capture it by using temporary
feeding  currents generated by the second antennae
and mandibles (Paffenhöfer et al. 1996, Bruno et al.
2012).

Although previous studies (Almeda et al. 2010, Saiz
et al. 2014) and our results indicate that the feeding
functional response follows the same pattern through
copepod development, Santer & van den Bosch (1994)
reported ontogenetic differences in the  freshwater
copepod species Cyclops vicinus. They found that
the naupliar and early copepodite stages of C. vici-
nus exhibited a Holling Type II response, whereas
late copepodites and adults responded in more of a
rectilinear pattern. However, their observations must
be taken with caution because the rectilinear re -
sponse in late copepodites and adults might be a con-
sequence of not reaching satiating conditions in the
experimental food concentrations. Moreover, it is
often difficult to accurately distinguish between Type
II and Type III responses in data sets, either because

very low food concentrations might not be included
in the experimental range or because the large vari-
ance in counts at low concentrations masks a Type III
response.

4.2.  Changes in Fmax through ontogeny

The Fmax that we estimated for nauplii II-III (0.36 ml
ind.−1 d−1) was very similar to the value reported by
Helenius & Saiz (2017) for the same copepod species,
stage, and prey species (0.33 ml ind.−1 d−1). These
values were also comparable to the Fmax estimated by
Henriksen et al. (2007) for P. grani nauplii II-III graz-
ing on larger prey organisms (0.39 and 0.41 ml ind.−1

d−1 for Thalassiosira weissflogii and Heterocapsa sp.,
respectively).

The Fmax of P. grani increased with body mass from
nauplii to late copepodites to the power of 1.09,
which is in accordance with the scaling factor of 0.93
determined for the clearance rates of the closely re -
lated species A. tonsa when grazing on Rhodo monas
baltica (Berggreen et al. 1988) and the value of 1
reported for Fmax across various zooplankton taxa
(Kiørboe 2011, Kiørboe & Hirst 2014). Fmax describes
the capability of a predator to locate and capture
prey at low prey densities when factors such as han-
dling time or gut filling are not relevant. Compared
to nauplii, copepodites have more developed feeding
appendages that can produce larger and stronger
feeding currents to capture prey and scan larger vol-
umes of water (Paffenhöfer 1971). Therefore, higher
feeding efficiency in copepodites may result in a
steeper increase in Fmax with body mass compared to
the typical allometric scaling factor of 0.75 found for
other parameters, such as Imax (see Section 4.3).

The Fmax of adults did not follow the general pat-
tern observed in juvenile stages, as the Fmax of males
and females (ca. 9 and 16 ml ind.−1 d−1, respectively)
were not higher than that of late copepodites (ca.
16 ml ind.−1 d−1). We think that this discordance in
adult clearance rates is due to the relatively small
size of the prey, R. salina. It is known that the optimal
prey size of marine copepods changes with body size
and through ontogeny (Berggreen et al. 1988, Landry
& Fagerness 1988, Saiz et al. 2014). It could be
argued that the use of the same prey type throughout
development may affect the interpretation of our
results. In fact, our estimates of the Fmax for adult
females were 4−7 times lower than those previously
reported for P. grani females feeding on larger prey
organisms, such as T. weissflogii (ca. 13 µm ESD,
70 ml female−1 d−1; Saiz et al. 1992), Heterocapsa sp.
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(ca. 13 µm ESD, 66 ml female−1 d−1; Isari et al. (2013),
and Oxyrrhis marina (ca. 17 µm ESD, 111 ml ind.−1

d−1; Calbet et al. (2007). In Table 1, we can also see
that adults showed the highest Km and C90 values
through development, indicating that the discrep-
ancy between optimal prey size and predator size
was the greatest among all life stages. Therefore, it is
likely that if we had used larger prey in the experi-
ments with adults, Fmax would have conformed to the
power-of-1 scaling pattern throughout development.

4.3.  Changes in Imax through ontogeny

Although the Imax that we estimated for nauplii II-III
was comparable to the value reported by Helenius &
Saiz (2017) for the same copepod species, stage, and
prey species (1623 and 1234 cells ind.−1 d−1, respec-
tively), our estimate of the carbon-specific Imax (ca.
213% body C d−1) was much higher than the value
found in their study (74% body C d−1). This large dif-
ference in mass-specific rates relies mostly on the
fact that the carbon biomass that we extrapolated for
our nauplii (34 ng C ind.−1) was substantially lower
than the measured biomass in their study (62 ng C
ind.−1), even though the average naupliar sizes were
very similar (139 and 143 µm, respectively). Our esti-
mate, nonetheless, was closer to the maximum daily
ingestions reported by Henriksen et al. (2007) for P.
grani nauplii feeding on T. weissflogii and Hetero-
capsa sp. (185 and 299% body C d−1, respectively). In
this regard, Henriksen et al. (2007) determined that
P. grani nauplii, with an average body length of
165 µm, contained 40 ng C animal−1, which indicates
that the carbon content values measured by Helenius
& Saiz (2017) might have been anomalously high.

The maximum daily ration that we estimated for
adult females (124% body C) fell within the range of
103−188% d−1 found in the literature for the closely
related species A. tonsa at same experimental tem-
perature and when provided with the same prey
 species (Kiørboe et al. 1985, Toudal & Riisgård 1987,
Støttrup & Jensen 1990, Thor & Wendt 2010). This
value was also close to the specific rates reported for
P. grani feeding on other prey, such as Heterocapsa
sp. (ca. 13 µm ESD, 147% d−1; Isari et al. 2013) and
Oxyrrhis marina (ca. 17 µm ESD, 149% d−1; Calbet et
al. 2007). It is worth noting that across prey sizes,
maximum mass-specific ingestion rates show a much
narrower range of variability in comparison with Fmax,
which can differ by a factor of up to 7 (see Section
4.2). In this regard, Frost (1972) previously reported
that the Fmax of Calanus pacificus varied between 91

and 223 ml ind.−1 d−1 across a range of prey diameters
between 11 and 87 µm, whereas Imax remained fairly
constant between 24.2 and 27.1 µg C ind.−1 d−1. Fmax

is very dependent on the predators’ perception of
prey, which is particularly sensitive to prey size and
motility (Saiz et al. 2014, Almeda et al. 2018). In con-
trast, Imax appears to be not greatly influenced by
prey size (Frost 1972) and is more constrained by fac-
tors such as copepod gut volume, digestion time, and
gut turnover rate (Hassett & Landry 1988, Henriksen
et al. 2007). Handling times, as a parameter in
Holling equations, are typically also considered for
the satiation effect, but in copepods they are gener-
ally too short to constrain food intake (Tiselius et al.
2013, Kiørboe et al. 2016). The fact that specific Imax

values are not very dependent on prey size helps to
explain the exponent of 0.83 in our allometric ana -
lysis. This exponent, although slightly higher, was
not significantly different from the expected value of
0.75 (t-test, p > 0.05) according to the 3/4 power law
ac cep ted for most organisms, including marine cala -
noid copepods (West & Brown 2005, Saiz &  Calbet
2007, Kiørboe & Hirst 2014). Thus, it appears that the
use of a single prey size in our experiments did not
result in any substantial bias in the estimation of Imax.

In relation to sex differences, mass-specific Imax val-
ues for males were ca. 1.8 times lower than those of
females (68 and 124% of body C d−1, respectively).
Sex-related differences in feeding rates have been
previously reported for the same copepod species
(Saiz et al. 1992) and other copepod species (Saage et
al. 2009, van Someren Gréve et al. 2017b). On the
one hand, some authors have attributed the relatively
lower feeding rates of males to size differences be -
tween the sexes (Bautista et al. 1988, van Someren
Gréve et al. 2017b). However, our allometric analysis
(Fig. 2) shows that Imax values for P. grani males were
lower than expected for a copepod of their size. In
fact, the feeding rates of late copepodites were also
higher than those of males. On the other hand, previ-
ous studies state that in some copepod species, adult
males are more active swimmers than females and
spend a substantial fraction of their time searching
for a mate to the detriment of feeding (Kiørboe 2007,
Almeda et al. 2017, van Someren Gréve et al. 2017a).
We do not know whether sex-related differences in
swimming activity could explain the low feeding
rates found in P. grani males, but it seems unlikely
given that the males and females of the related spe-
cies A. tonsa appear to display similar swimming pat-
terns (Bagøien & Kiørboe 2005). We think that the
differences in maximum feeding rates between the
sexes may not rely on their swimming behaviour but
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rather on differences in the allocation of energy to
the reproductive process. In this regard, P. grani
females can exhibit high reproductive output under
optimal food conditions that would require higher
ingestion rates (Saiz et al. 2015, Saiz et al. 2017).

5.  CONCLUSIONS

Our study provides empirical data about the onto-
genetic changes that marine copepods show in the ex-
ploitation of food resources. The insights obtained can
help improve modelling capabilities to estimate en-
ergy transfer through copepod populations with dif-
ferent stage compositions in pelagic food webs. We
have shown that the functional response of the cope-
pod Paracartia grani when feeding on Rhodo monas
salina followed a common pattern (Holling Type III)
from early nauplii to adults. Fmax increased with body
mass with a power scaling factor of 1, except for the
adult stages, which deviated from that common allo-
metric trend, presumably due to the relatively small
prey size. Imax scaled to body mass with a factor of 0.8,
close to the typical value of 0.75 found in many ani-
mals. In this case, prey size did not seem to substan-
tially affect our estimates of Imax along ontogeny. We
suggest that future studies addressing feeding activity
of copepods should also consider the changes in prey
size spectrum along ontogeny. In addition, we think
that plankton dynamic models would benefit from as-
sessments in multiple resource scenarios, in which se-
lectivity patterns and switching responses can modu-
late the foraging behaviour of marine copepods.

Acknowledgements. We thank Kaiene Griffell for assisting
with culture maintenance. This study was framed within the
project FERMI (CGL2014-59227-R, MINECO/AEI/FEDER,
UE) and is a contribution of the Marine Zooplankton Ecol-
ogy Group (2017 SGR 87). M.O. was supported financially
by an FPU grant (FPU15/01747) from the Spanish Ministry
of Education, Culture and Sport.

LITERATURE CITED

Alcaraz M, Almeda R, Calbet A, Saiz E and others (2010)
The role of Arctic zooplankton in biogeochemical cycles: 
respiration and excretion of ammonia and phosphate
during summer. Polar Biol 33: 1719−1731 

Almeda R, Augustin CB, Alcaraz M, Calbet A, Saiz E (2010)
Feeding rates and gross growth efficiencies of larval
developmental stages of Oithona davisae (Copepoda,
Cyclopoida). J Exp Mar Biol Ecol 387: 24−35 

Almeda R, Calbet A, Alcaraz M, Saiz E and others (2011)
Trophic role and carbon budget of metazoan micro-
plankton in northwest Mediterranean coastal waters.
Limnol Oceanogr 56: 415−430 

Almeda R, van Someren Gréve H, Kiørboe T (2017) Behavior
is a major determinant of predation risk in zooplankton.
Ecosphere 8: e01668 

Almeda R, van Someren Gréve H, Kiørboe T (2018) Prey
perception mechanism determines maximum clearance
rates of planktonic copepods. Limnol Oceanogr 63: 
2695−2707 

Bagøien E, Kiørboe T (2005) Blind dating-mate finding in
planktonic copepods. III. Hydromechanical communica-
tion in Acartia tonsa. Mar Ecol Prog Ser 300: 129−133 

Bautista B, Rodríguez V, Jiménez F (1988) Short-term feed-
ing rates of Acartia grani in natural conditions:  diurnal
variation. J Plankton Res 10: 907−920 

Berggreen U, Hansen B, Kiørboe T (1988) Food size spectra,
ingestion and growth of the copepod Acartia tonsa dur-
ing development:  implications for determination of cope-
pod production. Mar Biol 99: 341−352 

Boyer S, Arzul I, Bonnet D (2012) Some like it hot:  Paracartia
grani (Copepoda:  Calanoida) arrival in the Thau lagoon
(south of France—Mediterranean Sea). Mar Biodivers
Rec 5: e74 
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Abstract Marine planktonic copepods frequently

exhibit diel feeding cycles coupled with vertical

migrations. However, copepod feeding rhythms can

be influenced by factors others than different food

availability between layers. In this study, we deter-

mined the changes in the diel feeding behaviour of two

marine copepod species (Centropages typicus and

Paracartia grani) through multigenerational labora-

tory rearing, ontogeny, and upon the exposure to

predator chemical cues. The wild females of both C.

typicus and P. grani showed marked feeding rhythms

with higher ingestion rates at night. The diel rhythms

of C. typicus were maintained in the first laboratory-

reared generation (F1), suggesting maternal effects,

but disappeared in the following generations. The P.

grani females of a long-term culture ([ 10 years) also

showed no differences in their day–night feeding

activity. Ontogenetic variations were detected in the

F1 generation of C. typicus: feeding rhythms were

absent in naupliar stages, but adults fed more intensely

at night. In the case of the cultured P. grani, in general

none of the stages showed feeding rhythms. Labora-

tory-reared C. typicus (8–11 generations) did not

recover back the natural cyclic feeding when exposed

to jellyfish and fish exudates, indicating that either

predation risk does not significantly affect their diel

feeding activity or predator-induced responses in

marine copepods might not involve chemical sig-

nalling. Our study confirms that feeding-related func-

tional traits of marine copepods can experience quick

multigenerational changes in the laboratory; conse-

quently, cultured copepods might not be good models

for studies involving their diel feeding behaviour.

Keywords Diel rhythms � Functional traits � Marine

copepods � Nauplii � Predator exudates

Introduction

Zooplankton are the main link between primary

producers and higher trophic levels in pelagic systems

(Turner 2004). They play a major role in nutrient

recycling within the photic layer (Alcaraz et al. 1994)

and contribute significantly to the vertical carbon

export to deeper waters, either through sinking faecal

pellets and carcasses, or through the active process of

diel vertical migration (Longhurst et al. 1990; Long-

hurst and Harrison 1989; Zhang and Dam 1997). In

terms of abundance and biomass, copepods commonly

represent a large bulk within migrant mesozooplank-

ton (Longhurst 1985). Migrant copepods typically

feed in food-enriched upper layers at night and return
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Institut de Ciències del Mar (ICM, CSIC), Pg. Marı́tim de

la Barceloneta 37-49, 08003 Barcelona, Spain

e-mail: molivares@icm.csic.es

123

Aquat Ecol (2020) 54:697–709

https://doi.org/10.1007/s10452-020-09768-8(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0002-7473-6323
http://orcid.org/0000-0003-1069-212X
http://orcid.org/0000-0003-2611-0067
http://crossmark.crossref.org/dialog/?doi=10.1007/s10452-020-09768-8&amp;domain=pdf
https://doi.org/10.1007/s10452-020-09768-8


to deeper waters during the daytime (Atkinson et al.

1992; Dagg et al. 1989). Thus, diel vertical migrations

are frequently coupled with other activity rhythms

(e.g. diel feeding cycles). However, feeding rhythms

may also appear in non-migrant copepods and are not

strictly linked to upward migrations into food-rich

layers (Head et al. 1985; Stearns 1986). Therefore, the

ultimate causes for copepod feeding rhythms might

differ from those of vertical migrations.

Diel activity patterns of zooplankton are driven by

light intensity changes and other factors such as

predation risk, food availability, UV radiation, or

temperature (Ringelberg 1995; Stearns and Forward

1984; Williamson et al. 2011). The relative impor-

tance of these factors to shape zooplankton diel

patterns, however, depends on the species and habi-

tats. In particular, levels of exposure and vulnerability

to predators seem to highly influence the diel activity

patterns of marine copepods. In this regard, Bollens

and Frost (1989b) linked the amplitude of vertical

migration in Calanus pacificus to the abundance of

predatory fish. Also, Bollens and Frost (1991) and

Bollens and Stearns (1992) found that the diel

migrations and feeding rhythms of Acartia hudsonica

became more pronounced in the presence of fish.

Hence, even though prey availability and endogenous

rhythmicity have been also proposed as driving factors

of copepod diel rhythms (Huntley and Brooks 1982;

Stearns 1986), the weakening or absence of diel

rhythmicity in the activity of cultured copepods have

been ultimately attributed to the lack of potential

predators in the environment (Calbet et al. 1999). In

this respect, the tracking of multigenerational changes

in the diel behaviour of laboratory-reared marine

copepods can provide new insights about the exoge-

nous and/or endogenous causes that shape their diel

activity patterns.

Copepods have mechanical and chemical sensors in

their antennae that can be used to remotely detect

predators (Hartline et al. 1996). However, it is not

clear whether predator chemicals are really responsi-

ble for the predator-induced changes in copepod diel

rhythms or, instead, other cues are involved. Cieri and

Stearns (1999) and Cohen and Forward (2005b) found

that the exposure to predator exudates induced,

respectively, a lower daytime feeding in Acartia tonsa

and A. hudsonica, and modifications in the vertical

migration patterns of Calanopia americana. Contrar-

ily, Bollens and Frost (1989a) and Bollens et al. (1994)

reported that migration-related responses of A. hud-

sonica upon predator exposure did not involve chem-

ical signalling. Therefore, the effects of predator

chemical cues on copepod diel rhythms still remain

debatable. In some cases the absence of responses to

predator exudates could be argued with a lack of

phenotypic plasticity in copepod populations (Kiørboe

et al. 2018). In this respect, copepods reared in the

laboratory in the absence of predators for several

generations would be a good model to test the long-

term phenotypic plasticity of copepod populations to

respond to predation threat.

The diel behaviour of copepods can show signif-

icant changes through development. In relation to

vertical migrations, Osgood and Frost (1994) and

Fortier et al. (2001) reported that certain species show

diel large-scale movements to deeper layers only

during late stages, whereas early stages remain near

the surface or are evenly distributed through the water

column. Also, Atkinson et al. (1992) and Huntley and

Brooks (1982) found that five species of copepods

increased the amplitude of their vertical movements

from nauplii to adults. Hence, smaller stages with

lower swimming capacity might depend more on their

reduced size to avoid visual predation, whereas larger

stages would need to compensate their increased

predation susceptibility during the daytime through

downward migrations to deeper, darker layers (Bus-

key 1994; Neill 1992). It is not known, however,

whether changes through development in diel migra-

tion patterns of marine copepods are associated to

variations in their diel feeding behaviour. Although

large marine copepods usually show higher feeding

activity at night, it may well be that early development

stages, closer in size to protozoan microzooplankton,

find more advantageous to follow reverse diel feeding

rhythms to avoid predation by adult copepods (Arias

et al. 2017; Jakobsen and Strom 2004). Therefore, it

can be hypothesized that copepod nauplii might show

diel feeding patterns that are different from those of

copepodites and adults.

Because of the key ecological role of copepods in

aquatic ecosystems, the study of their feeding patterns

and factors that modulate their diel behaviour is

essential knowledge to improve our capability to

determine the energy flux into secondary production in

marine and freshwater environments. For that purpose,

in this study we analysed the effects of multigenera-

tional laboratory rearing, ontogeny and exposure to
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predator exudates on the diel feeding behaviour of two

marine calanoid copepod species (Centropages typi-

cus and Paracartia grani). Firstly, we monitored

variations in the day and night feeding rates of field-

collected (wild) and laboratory-reared descendant

copepods. Secondly, we compared the diel feeding

patterns of different copepod life stages from the same

generation. Finally, we tested whether the presence of

predator exudates (from both visual and non-visual

predators) could trigger back diel feeding rhythms in

copepod populations that had lost their natural rhyth-

mic feeding after multiple-generation rearing.

Materials and methods

Prey cultures

The algae Rhodomonas salina and Heterocapsa sp.,

and the heterotrophic dinoflagellate Oxyrrhis marina

were used as prey for copepod cultures and experi-

ments. The algae were grown in f/2 medium (Guillard

1983) and maintained in the exponential growth phase

by diluting 1/3 of the cultures daily. O. marina was

grown in Guillard’s trace metal stock solution (Guil-

lard 1983) and fed with R. salina. Cultures of O.

marina were unfed for two days before the experi-

ments to ensure that R. salina had been depleted when

the copepod incubations started. All phytoplankton

and microzooplankton were maintained in a climate-

controlled room at 19 ± 1 �C and 10 h: 14 h light:

dark photoperiod (average PAR during the daytime:

90 lmol m-2 s-1 for algae, 10 lmol m-2

s-1 for O. marina).

Copepod collection and cultures

Wild and laboratory-reared copepods of the species

Centropages typicus and Paracartia grani were used

for experiments. Wild specimens (F0 generation) were

collected with a Juday-Bogorov plankton net fitted

with 200-lmmesh in coastal waters off Barcelona (C.

typicus, May 2017) and the harbour of El Masnou, a

town located 20 km north of Barcelona (P. grani,

October 2018). In the laboratory, adults of both

species were sorted out with a pipette under a

stereomicroscope and kept in 15-L polycarbonate

tanks with 0.1-lm filtered seawater and food. Cope-

pods were fed ad libitum with either O. marina

([ 8 ppm,C. typicus) or R. salina ([ 5 ppm, P. grani)

for 1–2 days before experiments. The temperature and

light regimes were those found at sea during sampling:

16 ± 1 �C and 13.5 h: 10.5 h light:dark cycle for C.

typicus, and 19 ± 1 �C and 10 h: 14 h light:dark cycle

for P. grani.

For laboratory-reared copepods, up to 11 new

generations of C. typicus (F1–F11, approx. 1 month

per generation) were produced from the eggs spawned

by the collected wild specimens (F0) and the following

generations (batches of 10,000–20,000 eggs per

generation). Eggs were siphoned out from copepod

tank bottoms and placed in new tanks with filtered

seawater at same temperature and light conditions as

the original cultures. These cohorts were fed ad libitum

with R. salina and O. marina during naupliar stages,

and with O. marina and Heterocapsa sp. during

copepodite and adult stages. In the case of P. grani, the

laboratory-reared cohort was obtained from a copepod

stock culture kept at our institute for more than

10 years (Fn generation). This cohort was fed with R.

salina through the entire development.

Experiments to assess the effect of multigenerational

rearing on copepod feeding rhythms

The presence and magnitude of diel feeding rhythms

(i.e. differences between day and night feeding rates)

were analysed in wild (F0) and laboratory-reared (F1,

F3, F5, F6, F8, F11) females of C. typicus, and wild

(F0) and laboratory-reared (Fn) females of P. grani. In

the case of C. typicus, two independent experiments

were carried out for each studied generation, except

for F5 (only one experiment).

Experiments consisted of paired day and night

incubations with copepods and prey. Prior to incuba-

tions, copepods were collected from the stock cultures

using a 200-lm sieve and transferred to filtered

seawater for 1.5 h to ensure complete gut evacuation.

Prey suspensions of O. marina (experiments with C.

typicus) or R. salina (experiments with P. grani) were

prepared at satiating or near satiation concentrations

(Olivares et al. 2019; van Someren Gréve et al. 2017)

using a Beckman Coulter Multisizer III particle

counter. Two–three initial bottles (only prey), 3–4

control bottles (only prey) and 3–4 experimental

bottles (prey and copepods) were filled with the prey

suspensions; then, copepods were transferred into the

experimental bottles using a wide-mouth pipette. The
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number of copepods per bottle was determined to

ensure a ca. 20% decrease in the prey concentration by

the end of the incubations. The prey and copepod

concentrations in the experiments, as well as bottle

volumes, can be found in Table 1. All the bottles were

sealed with plastic wrap before capped to avoid air

bubbles. Control and experimental bottles were

mounted on a rotating plankton wheel (0.2 rpm;

average PAR 21 lmol m-2 s-1 in the daytime incu-

bations) and let incubate for 8–9 h in the respective

day and night periods. Initial bottles were processed at

the beginning of the incubations to determine the

actual initial prey concentrations with the Coulter

counter. At the end of the incubations, the contents of

control and experimental bottles were sieved through a

submerged 200-lm mesh to separate copepods from

prey. Prey concentrations were then measured with the

Coulter counter as for the initial bottles. Copepods

were checked for survival and then fixed in 4%

formaldehyde solution for counting and size

determination. Average prey sizes were calculated as

the geometric mean between initial and final volumes

registered with the Coulter counter. Preserved cope-

pods were photographed and prosome lengths were

measured using the software package ImageJ (Sch-

neider et al. 2012). The average prey and copepod

sizes in the experiments are shown in Table 1.

Experiments to assess ontogenetic changes

in copepod feeding rhythms

Differences between day and night feeding rates were

determined for nauplii II–III, nauplii IV–V and adults

(males and females) of the F1 generation of C. typicus,

and for nauplii II–III, nauplii IV–V, copepodites II–

III, copepodites IV–V, and adults (males and females)

of the long-term cultured P. grani (Fn generation). The

experiments with C. typicus were carried out twice for

each studied stage.

Table 1 Size and concentration of copepods (Centropages typicus, Paracartia grani) and prey (Oxyrrhis marina, Rhodomonas

salina) in the feeding experiments

Experiment Copepod

species

Generation Copepod

stage

Copepod

size (lm)

Prey

species

Prey ESD

(lm)

Prey

conc.

(ppm)

Copepod

conc.

(cop

bottle-1)

Bottle

vol.

(mL)

Multiple-

generation

rearing

C. typicus F0 Females 977 ± 57 O.

marina

16.8 ± 0.4 9.6 ± 0.4 33 ± 3 620

F1–F11 Females 1032 ± 33 O.

marina

17.1 ± 0.5 9.9 ± 0.4 32 ± 3 620

P. grani F0 Females 845 ± 2 R. salina 7.2 ± 0.02 4.7 ± 0.6 15 ± 1 320

Fn Females 1054 ± 2 R. salina 7.3 ± 0.03 4.6 ± 0.5 12 ± 3 320

Ontogeny C. typicus F1 NII–III 166 ± 14 R. salina 7.4 ± 0.20 3.6 ± 0.4 281 ± 46 72

F1 NIV–V 224 ± 18 R. salina 7.4 ± 0.19 3.6 ± 0.4 171 ± 39 72

F1 Males 964 ± 5 O.

marina

16.7 ± 0.5 9.8 ± 0.4 38 ± 2 620

F1 Females 1008 ± 7 O.

marina

16.7 ± 0.5 9.7 ± 0.3 29 ± 2 620

P. grani Fn NII–III 144 ± 2 R. salina 7.4 ± 0.10 2.3 ± 0.3 244 ± 44 72

Fn NIV–V 207 ± 0 R. salina 7.4 ± 0.09 2.3 ± 0.3 97 ± 28 72

Fn CII–III 573 ± 31 R. salina 7.0 ± 0.02 2.5 ± 0.3 56 ± 9 320

Fn CIV–V 803 ± 9 R. salina 7.3 ± 0.07 2.9 ± 0.2 57 ± 19 320

Fn Males 911 ± 10 R. salina 7.3 ± 0.04 4.6 ± 0.5 29 ± 5 320

Fn Females 1054 ± 2 R. salina 7.3 ± 0.03 4.6 ± 0.5 12 ± 3 320

The volume of the bottles is also provided

ESD equivalent spherical diameter, N nauplii, C copepodites. Means ± SD are shown
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Experiments were conducted following the

methodology described in the previous section. Details

on prey and predator concentrations and bottle

volumes are provided in Table 1. The way of adding

copepods into experimental bottles differed depending

on stage. Nauplii and copepodites were added as

aliquots, and an equivalent volume of filtered seawater

was added into the initial and control bottles to correct

for any dilution effects. Adults were transferred to

prey suspensions and added individually into the

experimental bottles using a pipette. In the experi-

ments with nauplii and copepodites, extra copepods

were preserved in 4% formaldehyde solution at the

beginning of the incubations to determine initial

copepod size. At the end of the incubations, the

contents of control and experimental bottles were

filtered through submerged sieves (37 lm for nauplii,

60 lm for copepodites and 200 lm for adults) to

separate copepods from prey. Copepods were pre-

served, posteriorly photographed, and then total

(nauplii) or prosome (copepodites, adults) lengths

were measured using ImageJ (Schneider et al. 2012).

In the case of nauplii and copepodites, the arithmetic

mean between initial and final sizes was computed,

whereas only final length was considered for adults.

The average sizes of prey and copepod stages in the

experiments can be found in Table 1.

Experiments to assess the effect of the exposure

to predator exudates on the feeding rhythms of

cultured copepods

We carried out additional incubations in the experi-

ments with the F8 and F11 females of C. typicus

(described previously) to assess the effects of predator

exudate exposure. These incubations included a

control treatment with filtered seawater, and a treat-

ment with a mixture of filtered seawater (75%) and

water with predator exudates (25%). O. marina at

10 ppm was used as food source in all the incubations.

In total, two experiments with jellyfish exudates (F8

females) and one experiment with fish exudates (F11

females) were conducted.

Water with jellyfish exudates was obtained from a

400-L aquarium containing 24 individuals of the

jellyfish Aurelia aurita (umbrella diameter 4–6 cm)

fed ad libitum with brine shrimps. Water with fish

exudates was collected from a 2500-L tank (turnover

rate of 2500 L h-1) with 40 individuals of European

bass (Dicentrarchus labrax, approx. 1200 g per indi-

vidual) fed three times a week with fodder. The water

with predator (jellyfish or fish) exudates was pre-

filtered through a 20-lm sieve and then vacuum-

filtered through a 0.2-lm nucleopore filter. Experi-

mental copepods were acclimatized to one of the water

types (i.e. with or without predator exudates) during

four days before the experiments. During the accli-

mation period, 80% of the water was renewed daily in

the copepod tanks to ensure that copepods were

exposed to fresh predator chemical cues, as the

exudates might degrade within 24 h (Dodson 1988;

Loose et al. 1993).

Data analysis

Day and night copepod ingestion rates were calculated

using the equations from Frost (1972). For carbon-

specific feeding rates, the conversion factors

0.179 pg C lm-3 and 0.221 pg C lm-3 were applied

for O. marina and R. salina, respectively (Helenius

and Saiz 2017; Klein Breteler and Gonzalez 1986). To

obtain copepod carbon weights, the dry weights of C.

typicus were estimated using the length–weight rela-

tionship established for Centropages hamatus by

Klein Breteler et al. (1982), and carbon weights were

calculated as 40% of dry weights (Champalbert et al.

1973). In the case of P. grani, copepod carbon weights

were obtained directly from the length–weight rela-

tionship reported for this species in Olivares et al.

(2019). Total daily ingestions of C. typicus females

were computed through weighing their day and night

ingestion rates by the number of hours in each

photoperiod.

A significance level of 0.05 was considered for all

the statistical tests. Student’s t tests were applied to

check for significant differences between day and

night carbon-specific ingestion rates within genera-

tions and life stages. Normality and homoscedasticity

assumptions were checked with Shapiro–Wilk and

Brown–Forsythe tests, respectively. When datasets

did not pass normality or homoscedasticity tests,

Mann–Whitney rank sum tests or Welch’s t tests were

applied, respectively. Because of the low number of

replicates in the experiments with C. typicus, the data

from independent experiments of each generation and

copepod stage were pooled together for statistical

tests. Linear regression was applied to check for any

significant change in total daily ingestions of C.
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typicus females across generations. In the experiments

with predator exudates, two-way ANOVA tests were

run to assess the effect of the factors day/night and

presence/absence of exudates on the ingestion rates of

F8 and F11 females.

Results

Changes in copepod feeding rhythms through

multigenerational laboratory rearing

The day and night ingestion rates ofC. typicus females

across multiple generations (F0–F11) are shown in

Fig. 1a. F0 and F1 females showed, respectively, 63%

and 51% significantly higher ingestion rates at night

(two-tailed Student’s t test, p\ 0.01 for F0; two-tailed

Mann–Whitney Rank Sum test, p\ 0.05 for F1;

Fig. 1a). Females of later generations (F3–F11),

however, did not show any significant day–night

difference in their feeding rates (two-tailed Student’s

t ests, p[ 0.05 for F3, F6, F8 and F11; two-tailed

Mann–Whitney Rank Sum test, p[ 0.05 for F5;

Fig. 1a). Thus, night/day ingestion rate ratios

decreased from ca. 1.5 in F0 and F1 to ca. 1.0 in the

next generations (Fig. 1b). Total daily ingestions

ranged between 115 and 162% body C d-1 (average

134% body C d-1) and did not significantly change

across generations (linear regression, p[ 0.05;

Fig. 2).

Regarding the experiments with P. grani (F0 and

Fn generations), the mean ingestion rates of wild

females at night doubled those during the daytime

(93.4 and 46.7 ng Cprey lg Ccop
-1 h-1 for night and

day, respectively; two-tailed Student’s t test,

p\ 0.001; Fig. 3). The ingestion rates of cultured

females were 21% higher at night but this day–night

difference was not statistically significant (55.5 and

45.8 ng Cprey lg Ccop
-1 h-1 for night and day, respec-

tively; two-tailed Student’s t test, p[ 0.05; Fig. 3).

Ontogenetic changes in copepod feeding rhythms

The diurnal and nocturnal feeding rates of nauplii and

adults of C. typicus (F1 generation) are shown in

Fig. 4a. The mean ingestion rates of NII–III and NIV–

V did not show any significant difference between day

and night (two-tailed Student’s t tests, p[ 0.05;

Fig. 4a). However, the mean ingestion rates of adults
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were about 50% significantly higher at night for both

sexes (two-tailed Mann–Whitney rank sum test,

p\ 0.05 for females; one-tailed Welch’s test,

p\ 0.05 for males; Fig. 4a).

In the experiments with the long-term cultured P.

grani (Fn generation), in general, none of the stages

showed any significant difference between their day

and night feeding rates (two-tailed Student’s t tests,

p[ 0.05 for CII–III, CIV–V, males and females; two-

tailed Mann–Whitney Rank Sum test, p[ 0.05 for

NIV–V; Fig. 4b). The only exception was found in

nauplii II–III, which exhibited 23% significantly

higher ingestion rates at night (day: 85 ± 1.7 ng

Cprey lg Ccop
-1 h-1, night: 105 ± 1.2 ng Cprey

lg Ccop
-1 h-1; Student’s t test, p\ 0.001; Fig. 4b).

Effect of exposure to predator exudates on the diel

feeding rhythms of cultured copepods

The mean ingestion rates of F8 and F11 females of C.

typicus exposed to predator exudates ranged between

49.8 and 69.1 ng Cprey lg Ccop
-1 h-1 and did not show

any significant difference to those of the non-exposed

females (two-way ANOVA, p[ 0.05; Fig. 5).

Discussion

Loss of copepod feeding rhythms through

multigenerational rearing

In our experiments the natural feeding rhythms of the

marine copepods C. typicus and P. grani were lost

through multigenerational laboratory rearing. In the

case of C. typicus, the absence of rhythms was

manifest after only 2–3 generations. Strong positive

selection can lead to significant genotypic (and

phenotypic) shifts in copepod populations, especially

upon exposure to (or lack of) environmental stressors

(Jiang et al. 2011; Sun et al. 2014). In our study, the

quick loss of diel rhythms could reflect a sharp

selection of phenotypes that show constant and

continuous feeding when food availability is high.

As evidenced in experiments with intermittent food

supply (analogous to feeding cycles, i.e. fluctuations in

food intake), rhythmic feeding might imply certain

fitness costs (Calbet and Alcaraz 1996; Nival et al.

1990). Still, there are copepods that can counteract the

negative effects of non-continuous feeding through
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enhancing food intake after starvation periods (Kre-

mer and Kremer 1988; Runge 1980). In this regard,

Davis and Alatalo (1992) reported that C. typicus is

indeed capable to cope with short-term food fluctua-

tions (0.5–1 days) in terms of survival, growth,

development, and egg production rates. In agreement

with this hypothesis, we found that total daily

ingestions of C. typicus females remained invariable

across generations regardless diel feeding behaviour.

Thus, it seems unlikely that a strong phenotype

selection could have caused the phenotypic shift in

our study, as the potential adaptive value of non-

rhythmic feeding (i.e. higher daily consumption) was

not inferred.

Among the factors that can affect diel activity

rhythms in copepods, predation threat has acquired the

highest acknowledgement, especially regarding verti-

cal migrations (Bollens and Frost 1989b; Frost and

Bollens 1992). In relation to feeding patterns, Bollens

and Stearns (1992) found that the amplitude of the diel

feeding rhythms of Acartia hudsonica greatly

increased in the presence of zooplanktivorous fish.

Thus, the loss of feeding rhythms through multigen-

erational rearing could be attributed to the absence of

predators in the environment. However, if copepod

feeding rhythms were exclusively dependent on

predator exposure, we would not expect to find any

day–night difference in the food intake of copepods

reared in complete predator-free conditions. Yet, we

found that the first generation of laboratory-reared

females (F1) still exhibited a marked diel feeding

cycle despite of being never exposed to predators.

Therefore, other factors beyond direct exposure to

predators seem to be involved in the modulation of

copepod diel rhythms.

Light conditions, prey availability or endogenous

rhythmicity could also influence the diel feeding

behaviour of marine copepods. About the former, we

tried to simulate the light conditions that copepods

experience in nature (not only photoperiod, but also

light intensity). Thus, the average light intensity in the

daytime incubations (ca. 20 lmol m-2 s-1) was in the

range of the typical values found at the depth where

copepods remain during the daytime in the NW

Mediterranean (Alcaraz 1988; Estrada 1985). There-

fore, we do not think that the experimental light

conditions could have caused any significant shift in

the diel feeding rhythms of copepods. Regarding food

conditions, copepods may show feeding rhythms even

at low prey concentrations (Durbin et al. 1990). Still,

higher prey availability normally translates into larger

amplitudes of both vertical migrations and feeding

cycles (Calbet et al. 1999; Huntley and Brooks 1982).

In this regard, we kept copepods well-fed through

development and experiments, so the magnitude of

feeding rhythms should have been kept maximized.

We do not know, however, whether the lack of

rhythmicity in food availability (as it usually occurs in

nature) could have contributed anyhow to the loss of

natural rhythmic feeding in copepods. Finally, it is

also worth noticing that circadian clocks have been

reported to drive the expression of activity rhythms in

marine copepods, particularly in vertical migrations

(Cohen and Forward 2005a; Häfker et al. 2017) and

feeding cycles (Olsen et al. 2000; Stearns 1986).

However, the quick disappearance of diel feeding

rhythms in our experiments suggests that exogenous

cues may play a more important role in this phenotypic

response.

The maintenance of diel feeding rhythms in the first

reared generation (F1) of C. typicus suggests the non-

genetic transmission of certain phenotypes through

epigenetic mechanisms (Uller 2008). Previous studies

with zooplankton demonstrated that exposure to non-

lethal chemical cues (e.g. predator or conspecific cues)

can lead to transgenerational changes in the functional

traits of non-exposed offspring, such as helmet

formation or earlier maturation in Daphnia (Agrawal

et al. 1999;Walsh et al. 2015). Epigenetic mechanisms

that mediate non-genetic inheritance have been
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already investigated in daphnids (Robichaud et al.

2012; Schield et al. 2016), but remain largely unex-

plored in other zooplankton groups. A recent study by

Guyon et al. (2018) reported epigenetic responses

(DNA methylation) of copepods to toxic exposure. It

seems plausible, therefore, that the presence of diel

feeding rhythms in the F1 generation of C. typicus

could reflect epigenetic modifications determined by

the external context experienced by predecessors (F0)

in natural conditions (maternal effects).

Lack of response to predator chemical cues

We found that the exposure to predator exudates did

not induce the recovery of diel feeding rhythms in

laboratory-reared copepods (F8–F11 generations). If

predation threat was pivotal to trigger rhythmic

feeding in marine copepods, multigenerational rearing

could have led to lower intrapopulation plasticity in

the response to predatory signals (Cousyn et al. 2001).

The loss of capacity to react to predator chemical cues

would bring ecologically relevant consequences for

species interactions and, at the end, community

dynamics (Miner et al. 2005). However, it could

happen that predator-induced responses of marine

copepods might not involve chemical signalling.

There is a large bulk of research about the

significant effects of kairomones on freshwater zoo-

plankton (Lass and Spaak 2003). However, with very

few exceptions (e.g. Cieri and Stearns (1999), Cohen

and Forward (2005b)), the attempts to use predator

chemical cues to induce behavioural changes in

marine copepods have failed (Bollens et al. 1994;

Kiørboe et al. 2018). This suggests that, unlike in

freshwater zooplankton, responses of marine zoo-

plankton to predation threat might be mediated by

non-chemical cues (Kiørboe et al. 2018; Ringelberg

1995), whereas chemoreception would be more deci-

sive for other purposes such as food selection or mate

finding (Bagøien and Kiørboe 2005; Buskey et al.

2011; Tiselius et al. 2013). We cannot discard,

however, that copepod feeding rhythms might not be

that influenced by predation threat, and/or that the

predators selected for our experiments (jellyfish

Aurelia aurita and fish Dicentrarchus labrax) were

unsuitable for the goal of our study. Thus, a non-visual

predator like A. aurita might not alter copepod diel

cycles that might be essentially triggered by visually

guided predators (Bollens and Stearns 1992).

Regarding D. labrax, the diet of adults certainly

shows a lower preference over copepods compared to

that of juveniles (Rogdakis et al. 2010). In fact, non-

lethal effects of predation in copepods and other

zooplankters are highly predator-specific (Lüning

1992; Ohman 1990) and may affect behaviour in very

different ways (Saiz et al. 1993).

Ontogenetic changes in copepod feeding rhythms

Diel feeding rhythms were absent in naupliar stages

but appeared in adults of the F1 generation of C.

typicus. These ontogenetic variations agreed with diel

migration patterns, as nauplii either do not migrate or

conduct weaker vertical migrations compared to late

life stages (Atkinson et al. 1992; Fortier et al. 2001;

Huntley and Brooks 1982). The higher predation

susceptibility of young stages to non-visual predators

(Titelman 2001), more active at night, makes noctur-

nal feeding much less adaptive to nauplii than to

copepodites and adults (Boersma et al. 2014; Ohman

1990; Uye and Liang 1998). Moreover, the lower

tolerance of early stages to fluctuations in food intake

(Calbet and Alcaraz 1997) indicates that the appear-

ance of feeding rhythms in marine copepods might be

dependent on stage-specific metabolic requirements.

Regarding the long-term cultured P. grani

([ 10 years in the laboratory), in general none of the

stages showed any difference in their day–night

feeding activity. Contrarily, wild adults of this species

typically show higher feeding rates at night (this study;

Bautista et al. (1988); Calbet et al. (1999)). As

demonstrated in our experiments, laboratory-reared

copepods might not conserve their natural rhythmic

feeding behaviour after multigenerational rearing. In

the case of nauplii II–III, we found an unexpected

night-skewed feeding, although the amplitude of such

a rhythm was low (23% higher ingestion rates at

night). We analysed closely the initial and final stage

compositions in that experiment (data not shown in the

paper) and found that the stage proportions were really

similar at the beginning of the day and night incuba-

tions (ca. 90% NII and 10% NIII). However, the final

stage composition differed slightly between incuba-

tions (50:50 and 40:60 NII:III proportions during the

daytime and night incubations, respectively). One

could speculate that NII ingestion rates could have

been comparatively lower if any yolk remains were

still available. Therefore, the day–night differences
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found in that experiment could be attributed to the

larger proportion of NIII at the end of the night

incubation.

Conclusions

Our study confirms that feeding-related functional

traits of marine copepods can show rapid multigener-

ational changes in the laboratory. The quick loss of

natural rhythmic feeding through rearing suggests that

marine copepods might express feeding rhythms upon

exogenous cues, and not for endogenous causes, which

may bring concern for the use of cultured copepods in

experiments involving their diel feeding behaviour.

The maintenance of diel rhythms in the first labora-

tory-reared generation of C. typicus indicates epige-

netic mechanisms that mediate the non-genetic

transmission of phenotypic traits (maternal effects).

The evidence of ontogenetic variations in diel feeding

behaviour stands out the importance of age-related

factors, such as size-dependent vulnerability to pre-

dation, for the appearance of diel rhythms in copepods.

Finally, the lack of response to the exposure of

predator exudates indicates that either predator-in-

duced responses of marine copepodsmight not involve

chemical signalling, or factors other than predation

risk can act as driving factors of copepod feeding

rhythms.
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Predators can induce changes in the diel activity patterns of marine copepods. Besides vertical migration, diel feeding
rhythms have been suggested as an antipredator phenotypic response. We conducted experiments to assess the non-
lethal direct effects of the predator Meganyctiphanes norvegica (northern krill) on the diel feeding patterns of the calanoid
copepodCentropages typicus.We also analysed the influence of seasonal photoperiod and prey availability on the intensity
of copepod feeding rhythms. We did not detect any large effect of krill presence on the diel feeding behaviour of
copepods, either in day-night differences or total daily ingestions. Seasonal photoperiod and prey availability, however,
significantly affected the magnitude of copepod feeding cycles, with larger diel differences in shorter days and at lower
prey concentrations. Therefore, the role of non-lethal direct effects of predators on the diel feeding activity of marine
copepods remain debatable and might not be as relevant as in freshwater zooplankton.
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INTRODUCTION
Predation threat can trigger a wide variety of responses
in animals, such as changes in morphology, physiology
and/or behaviour (Lima, 1998; Agrawal, 2001). These
predator-induced phenotypic changes have evolved to
increase the animal’s survival chances, but also bring
certain fitness costs in terms of energy acquisition and
resource allocation (Sih, 1980; Lima and Dill, 1990;
Preisser et al., 2005). Thus, predators can have negative
impacts on prey populations not only through direct
predation (consumptive effects), but also through the
so-called non-consumptive (or non-lethal) effects. Non-
lethal effects of predation can even represent a higher
cost for prey demography than predation itself (Preisser
et al., 2005), and certainly have important ecological
implications regarding community dynamics (Werner
and Peacor, 2003; Schmitz et al., 2004).

Within marine communities, copepods are a vital link
between primary producers and fish (Runge, 1988) and
typically account for the highest abundance and biomass
among mesozooplankton (Longhurst, 1985). Therefore,
non-lethal effects of predators on copepod populations
can translate into important cascading effects in marine
food webs (van Someren Gréve et al., 2019). Copepod
responses to increasing predation risk include changes in
their foraging time, swimming speed and reproductive
output (Saiz et al., 1993; van Duren and Videler, 1996;
Lasley-Rasher and Yen, 2012; Heuschele et al., 2014).
Of particular relevance is how predation risk can alter
copepod diel behaviour. For instance, predation threat
appears to be the major driver of diel vertical migrations
in marine copepods (Frost, 1988; Ohman, 1990; Bollens
and Frost, 1991; Hylander and Hansson, 2013). Migrant
copepods typically stay in food-enriched upper waters
at night, and move to deeper, darker layers during the
daytime to avoid visual predation.

Besides vertical migration, copepods frequently show
other diel activity rhythms involving their feeding, spawn-
ing and moulting patterns (Ohman, 1988). About the
former, copepods generally show higher feeding activity
at night (Atkinson et al., 1992; Dagg et al., 1998). Noctur-
nal feeding is usually coupled to vertical migrations, but
this feeding behaviour is not necessarily a consequence
of staying in food-enriched upper layers at night. In
fact, rhythmic feeding may also appear in non-migratory
copepods (Hayward, 1980; Head et al., 1985). Therefore,
diel feeding rhythms of marine copepods might confer
an adaptive advantage that is independent of vertical
migration.

Feeding in copepods implies higher motility and con-
spicuousness, which increases their detectability and pre-
dation vulnerability (Tsuda et al., 1998; Uttieri et al., 2013;

Kiørboe et al., 2014). This especially applies to daylight
hours when copepods are more susceptible to visual pre-
dation (Tsuda et al., 1998; Torgersen, 2001). Thus, feeding
rhythms (i.e. lower daytime activity) have been tradi-
tionally considered an antipredator strategy in copepods
(Ohman, 1988). Bollens and Stearns (1992) and Cieri and
Stearns (1999) found that the planktonic copepods Acartia

tonsa and Acartia hudsonica showed a lower daytime gut
fullness when exposed to fish or fish exudates. However,
other studies have not found any effect of predation threat
on the feeding behaviour of marine copepods (Kiørboe
et al., 2018; Olivares et al., 2020). Hence, the predator
effects on copepod feeding rhythms still remain unclear.
Most former research on this topic relied on predator exu-
dates as predatory signals, even though marine copepods
are known to respond to hydromechanical cues generated
by predators (Kiørboe et al., 1999; Hwang and Strickler,
2001; Buskey et al., 2011). In this respect, further experi-
ments with copepods exposed to freely swimming preda-
tors are necessary to detect predator-induced responses
that are not only chemically triggered (e.g. Saiz et al. 1993;
Tiselius et al. 1997).

The intensity of feeding-related antipredator responses
of copepods (e.g. feeding rhythms) can depend on other
factors besides predation threat. Copepod diel rhythms
can show great seasonal variations (Durbin et al., 1995;
Irigoien et al., 1998). These seasonal differences could be
attributed to changes in the relative length of daylight
periods associated to a higher predation threat (Lima and
Bednekoff, 1999). Also, copepods can adapt their foraging
behaviour to changing food conditions that affect their
risk of being predated (Tiselius et al., 1997; Visser, 2007;
van Someren Gréve et al., 2019). However, the effect of
increasing food availability on copepod feeding rhythms
is controversial. For instance, Hassett and Blades-Eckel-
barger (1995) found that day-night differences in copepod
feeding activity became larger at lower prey concentra-
tions, whereas Calbet et al. (1999) reported that lower food
concentrations did not affect or led to weaker diel feeding
rhythms in some species.

The main goal of our study was to determine the non-
lethal effects of predators on the diel feeding behaviour
of marine copepods. Additionally, we also analysed the
influence of seasonal photoperiod and prey availability
on the magnitude of copepod feeding rhythms. We
conducted laboratory experiments with the calanoid
copepod Centropages typicus and the krill Meganyctiphanes

norvegica as predators. M. norvegica acts as a key predator
and grazer in pelagic communities of the North Atlantic
with a preference for large and medium-sized copepods
(Beyer, 1992; Båmstedt and Karlson, 1998; Agersted
and Nielsen, 2016), and is a fundamental prey item for
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larger fish, squids and whales (Schmidt, 2010; Simard and
Harvey, 2010; Suca et al., 2018).

METHOD

Experimental organisms

The heterotrophic dinoflagellate Oxyrrhis marina, the
calanoid copepod Centropages typicus and the euphausiid
Meganyctiphanes norvegica were used for experiments in
summer 2018 and autumn 2019.

O. marina was grown in 0.5-μm filtered seawater at
18± 0.5◦C and fed daily with the cryptophyte Rhodomonas

salina. R. salina was grown in B medium (experiments
in 2018, Hansen (1989)) or f/2 medium (experiments in
2019, Guillard (1983)). The cultures of O. marina were not
fed for 48 h before experiments to ensure the absence of
R. salina cells during incubations.

Copepods were collected in the Gullmar Fjord (58◦
15.7’ N, 11◦ 26.7′ E, Sweden) using a 250-μmmesh plank-
ton net. In the laboratory adult females of C. typicus were
isolated using a pipette and kept in 8-L polycarbonate
tanks with filtered seawater and food (O. marina,> 4 ppm).
The sorted copepods were maintained at 14.5± 0.5◦C
under a photoperiod that simulated natural light condi-
tions: 16 h: 8 h light: dark in summer, and 10 h: 14 h light:
dark in autumn.

Krill (M. norvegica) were collected in the deepest part
of the fjord (58◦ 19.0’ N, 11◦ 32.6′ E) using an Isaacs-
Kidd Midwater Trawl. Upon arrival at the station, the
specimens were transferred to a 300-L glass fibre flow-
through tank at 10◦C and turnover rate 450 L h−1. Krill
were kept in constant darkness and fed daily with freshly
collected zooplankton from the fjord.

Experimental set-up

Experiments consisted of day and night incubations
of copepods (C. typicus) feeding on O. marina in the
absence and the presence of predators (krill M. norvegica).
Before incubations, copepods were collected from their
maintenance tanks using a 200-μmmesh sieve and placed
in filtered seawater for ca. 1.5 h to allow gut evacuation.
The cell concentration of O. marina stock culture was
determined with a Z Series Coulter Counter. About 8
to 10 bottles were filled with filtered seawater and O.

marina was added to each bottle to obtain final prey
concentrations of either 5.5–7 ppm (ca. 1900–2700 cells
mL−1; high food; five experiments) or 1.0 ppm (ca. 250
cells mL−1; low food; one experiment). The bottle volumes
and O. marina concentrations in the experiments are
shown in Table I. Four of the bottles were used as control
bottles (O. marina + copepods) and four to six bottles as

experimental bottles (O. marina + copepods+ krill). A
total of 30 copepods and one krill were added to
each experimental bottle using, respectively, a wide-
mouth pipette and an aquarium fish net (except for
one experiment, with only 20 copepods per bottle). The
copepod densities in the bottles (7.5–13 cop L−1) were
comparable to those that can be found in the Gullmar
Fjord (Vargas et al., 2002; Tönnesson and Tiselius, 2005).
In the case of krill, the experimental densities (0.25–0.4
ind L−1) were higher than the typical average densities
of M. norvegica in nature (Onsrud and Kaartvedt, 1998;
Tarling et al., 1998), but fell within the range of densities
reported for dense krill swarms (Nicol, 1986; Kaartvedt
et al., 2005). The bottles were then incubated for
8.5–11.5 h in a temperature-controlled room at 14.5±
0.5◦C and under the seasonal photoperiod specified
before (Table I). The bottles were lit from the side to
diminish vertical heterogeneity in the distribution of O.

marina and C. typicus due to small-scale migrations during
incubations (Alcaraz et al., 2007; Bochdansky et al., 2010;
Bollens et al., 2011). After the incubations, the contents
of the bottles were sieved through a 200-μm mesh to
collect copepods and krill, and then through a 20-μm
mesh to collect copepod faecal pellets. The survival of
copepods and krill was checked and the number of
dead copepods was noted. The bottles with dead krill
were discarded for data analysis (2 out of 30 bottles).
The length of krill specimens was measured with a
ruler. Copepods and faecal pellets were preserved with
Lugol’s solution for number and size determination.
Photos of 20 copepods and 60–70 faecal pellets were
taken per treatment (i.e. with and without krill), and the
prosome length of copepods and the length and width
of faecal pellets were measured with the software ImageJ
(Schneider et al., 2012). O. marina size was obtained from
Coulter Counter data registered at the beginning of the
incubations.

The number of replicates was determined based on
power calculations and published data on variability. For
the predation by krill, Lass et al. (2001, Fig. 7C) reported
day/night differences in gut fullness determined from
the number of copepod mandibles in the gut. The krill
contained 39%more mandibles at night and the standard
deviation of the gut fullness was ∼25% of the mean. To
detect a similar difference with a power = 0.8 required
17 replicates from each of day and night (df = 32) in our
study. For the faecal pellet production, we used the clear-
ance rates in Calbet et al. (1999, Fig. 1) for C. typicus, which
were 75% higher at night and with a standard deviation
∼40% of the mean. With a standard deviation= 40%
and a predicted difference of 50%between day and night,
a design with 11 replicates from each of day and night
(df = 20) was required for a power = 0.8. Since it was not
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Table I: Temperature, light conditions, concentrations of prey (Oxyrrhis marina) and copepods (Cen-
tropages typicus) and bottle volumes used in the experiments. Mean ± SD are provided

Experiment Date Temperature

(◦C)

Photoperiod

(day: night)

Irradiance (μmol

photons m−2 s−1)

Prey conc. (ppm) Copepods

per bottle

Bottle

volume (mL)

1 12 Aug 14.7 ± 0.23 16 h: 8 h 2.2 ± 0.21 5.5 20 2 300

2 16 Aug 14.7 ± 0.23 16 h: 8 h 2.2 ± 0.21 7.0 30 2 300

3 24 Aug 14.7 ± 0.23 16 h: 8 h 2.2 ± 0.21 6.0 30 2 300

4 18 Oct 14.4 ± 0.11 10 h:14 h 1.7 ± 0.33 6.5 30 4 000

5 25 Oct 14.4 ± 0.11 10 h:14 h 1.7 ± 0.33 1.0 30 4 000

6 28 Oct 14.4 ± 0.11 10 h:14 h 1.7 ± 0.33 6.5 30 4 000

possible to run all replicates in one experiment, the entire
experiments were repeated three times in summer and in
autumn.

Pilot experiments—correction factors for
data analysis

The krill M. norvegica may feed on small-sized phytoplank-
ton and microzooplankton cells (Agersted and Nielsen,
2016), as well as on detritus and sediments (Youngbluth
et al., 1989; Lass et al., 2001). Therefore, pilot experiments
were conducted to account for any potential effect of krill
on O. marina concentration and/or copepod faecal pellet
accumulation in the incubations.

To check for krill grazing on O. marina, 11 bottles
of 4 L were filled with acclimatized filtered seawater
and adjusted to 1 ppm of O. marina following the same
methodology as in the main experiments. Among the 11
bottles, three bottles were used as initial bottles (only O.

marina), four as control bottles (only O. marina) and four
as experimental bottles (O. marina and one krill). The
organisms were added to the bottles as described in the
previous section. Control and experimental bottles were
then incubated for 10 h under the same conditions as
in the main experiments, and initial and final O. marina

concentrations were measured with a Coulter counter.
Two incubations were carried out to determine krill

grazing on copepod faecal pellets. Six bottles (first incu-
bation) or 10 bottles (second incubation) of 4 L were filled
with acclimatized filtered seawater. Half of the bottles
served as control bottles (only faecal pellets) and the
other half as experimental bottles (faecal pellets and one
krill). Faecal pellets were collected from copepod tanks
by siphoning the tank bottoms and removing copepods
with a 200-μm mesh. The faecal pellet concentration
was estimated by counting three subsamples, and then
aliquots containing around 350 faecal pellets were added
to each bottle. Krill were transferred to the experimental
bottles using an aquarium net. The bottles were then
incubated for 10 h in the same conditions as in the main
experiments. At the end of the incubations, the krill and

the faecal pellets were collected using a 20-μm mesh.
The faecal pellets were fixed in acidic Lugol’s solution
for counting and size determination. A total of 60 faecal
pellets per treatment (i.e. with and without krill) were
photographed, and length and width measurements were
conducted with ImageJ (Schneider et al., 2012).

Data analysis

The feeding activity of copepods was estimated based
on their faecal pellet production rates (Nejstgaard et al.,
2001; Besiktepe and Dam, 2002). The average pellet
volumes were calculated assuming an ellipsoidal shape.
Gut evacuation times of copepods (20 min at 14◦C,
Irigoien (1998)) were subtracted from incubation times
because copepod guts were empty before incubations. In
the experimental bottles where krill actively predated on
copepods, the average number of copepods during incu-
bation was calculated assuming an exponential decrease
of copepod abundance following the equations in Frost
(1972).

The pilot experiments showed that in 10-h incubations
the O. marina concentrations in the bottles did not change
regardless of the absence or the presence of krill (two-
tailed Student’s t-tests, P > 0.05). However, krill removed
15% of copepod faecal pellets during incubations
(randomized block design (RBD) analysis of variance
(ANOVA), F(1,13) = 10.76, P < 0.01). Thus, faecal
pellet production rates of copepods were corrected
assuming a pellet removal by krill of 1.5% per hour.

After data correction, RBD ANOVA tests with
experiment as block factor were conducted to check
for significant effects of the factors day/night and
absence/presence of predator (krill) on copepod pellet
production rates. RBD ANOVAs were applied to each
set of experiments with the same photoperiod and prey
concentration (i.e. experiments in summer at high food,
and experiments in autumn at high food, Table I). For
the only experiment at low food availability (1 ppm), a
two-way ANOVA was used instead. Additionally, a two-
way ANOVA was conducted to check for significant
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differences between seasonal photoperiod (16:8 h vs

10:14 h) and prey availability (high vs low) in the
magnitude of copepod feeding rhythms (i.e. night/day
ratios of pellet production rates). Finally, a two-way
ANOVA was applied to krill predation rates to test
significant differences between day and night, and
between seasons (i.e. photoperiod). All datasets passed
normality and homoscedasticity assumptions according
to Shapiro–Wilk and Brown-Forsythe tests, respectively.

RESULTS

The krill Meganyctiphanes norvegica was actively feeding on
copepods in our experiments. The average predation
rates ranged 0.1–0.6 cop krill−1 h−1 and no significant dif-
ferences were detected between day and night, or between
seasons (two-way ANOVA, F(1,54) = 1.51 and P > 0.05
for day/night, F(1,54) = 3.61 and P > 0.05 for photope-
riod; Fig. 1). The interaction between factors was also not
significant (two-way ANOVA, F(1,54) = 1.21, P > 0.05).

Table II shows the sizes of copepods and prey, as
well as the faecal pellet production rates of copepods
and the pellet volumes in the incubations. All the krill
specimens had a body length of ca. 40 mm. The pellet
production rates of copepods were significantly higher
at night in all the experiments (summer at high food:
RBD ANOVA, F(1,50) = 70.63, P < 0.001; autumn at
high food: RBD ANOVA, F(1,27) = 226.82, P < 0.001;
autumn at low food: two-way ANOVA, F(1,13) = 495.75,
P < 0.001; Fig. 2). The presence of predator (krill) did
not have any significant effect on pellet production
rates in any of the experiments at high food (summer:
RBD ANOVA, F(1,50) = 3.15, P > 0.05; autumn: RBD
ANOVA, F(1,27) = 0.04, P > 0.05; Fig. 2), but had a
significant effect in the experiment on 25 October at
low food (two-way ANOVA, F(1,13) = 13.63, P < 0.01;
Fig. 2). However, in this last case krill caused a decrease
of only 12% in the daily production of faecal pellets
by copepods. No significant interactions between the
factors day/night and absence/presence of predator
were found (summer at high food: RBD ANOVA,
F(1,50) = 0.91, P > 0.05; autumn at high food: RBD
ANOVA, F(1,27) = 0.73, P > 0.05; autumn at low food:
two-way ANOVA, F(1,13) = 1.19, P > 0.05).

The intensity of copepod feeding rhythms (i.e.
night/day ratios of pellet production rates) were signifi-
cantly different between seasonal photoperiods (two-way
ANOVA, F(1,9) = 29.97, P < 0.001) and between food
conditions (two-way ANOVA, F(1,9) = 62.58, P < 0.001).
The night/day ratios of pellet production were 1.2–1.4
in summer at high prey concentration, 1.6–1.8 in autumn
at high prey concentration, and 2.3–2.4 in autumn at low
prey concentration (Fig. 2).

Fig. 1. Predation rates of the krill Meganyctiphanes norvegica (mean± SE,
n= 4–6) on the copepod Centropages typicus in experiments conducted in
(A) summer (16 h:8 h day: night cycle) and (B) autumn (10 h:14 h day:
night cycle).

DISCUSSION

Previous studies linked feeding rhythms of wild cope-
pods to nocturnal forays into food-enriched upper layers
during diel vertical migrations (Baars and Oosterhuis,
1984; Simard et al., 1985; Besiktepe et al., 2005). In our
experiments, given the bottle sizes, we did not expect any
relevant light-induced spatial heterogeneity in the distri-
bution of the copepod prey Oxyrrhis marina (see Methods
section) that could not be overcome by the swimming
activity and the prey detection capability of Centropages

typicus (Tiselius and Jonsson, 1990; Bundy et al., 1993;
Gonçalves and Kiørboe, 2015). Therefore, our study sug-
gests that the rhythmic feeding behaviour of the copepod
C. typicus might have an adaptive significance itself, which
seems independent of migratory behaviour or changing
food conditions (Head et al., 1985; Durbin et al., 1990).
As evidenced in our experiments, such rhythms do not
necessarily imply the complete cessation of feeding dur-
ing the daytime (sensu Dagg et al. (1998)), but a lower
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Table II: Sizes of copepods (Centropages typicus) and prey (Oxyrrhis marina), faecal pellet production
rates of copepods and pellet volumes in incubations without predator (“Control”) and with the predator
Meganyctiphanes norvegica (“Predator”). Mean ± SE are shown. ESD: equivalent spherical diameter.
n.d.: not determined

Control Predator

Date of

experiment

Time

period

Copepod size

(μm)

Prey size

(ESD, μm3)

Pellet production

(pellets

cop−1 h−1)

Pellet volume

(μm3)

Pellet production

(pellets

cop−1 h−1)

Pellet volume

(μm3)

12 Aug Day n.d. 16.2 ± 0.05 1.5 ± 0.10 183 462 ± 16 954 1.5 ± 0.07 191 441 ± 10 065

Night n.d. 16.0 ± 0.08 1.8 ± 0.18 203 021 ± 12 497 1.8 ± 0.07 223 268 ± 10 884

16 Aug Day 1 182 ± 8.4 17.6 ± 0.03 1.3 ± 0.04 170 313 ± 12 730 1.0 ± 0.03 171 732 ± 12 338

Night 1 168 ± 8.6 16.6 ± 0.01 1.3 ± 0.06 199 182 ± 8 950 1.4 ± 0.07 189 389 ± 8 527

24 Aug Day 1 164 ± 14.3 16.5 ± 0.01 1.9 ± 0.04 288 239 ± 11 924 1.8 ± 0.06 268 105 ± 10 945

Night 1 186 ± 10.3 16.4 ± 0.03 2.1 ± 0.05 298 799 ± 16 467 1.9 ± 0.06 311 400 ± 22 596

18 Oct Day 1 256 ± 10.7 19.2 ± 0.03 1.9 ± 0.11 289 399 ± 12 370 1.9 ± 0.16 305 818 ± 13 861

Night 1 225 ± 13.8 18.1 ± 0.02 2.2 ± 0.09 400 043 ± 22 237 2.3 ± 0.03 428 394 ± 24 822

25 Oct Day 1 203 ± 10.9 20.4 ± 0.04 1.2 ± 0.04 220 836 ± 13 482 1.2 ± 0.06 189 468 ± 10 139

Night 1 205 ± 14.6 19.3 ± 0.08 1.8 ± 0.07 336 411 ± 19 286 1.6 ± 0.03 331 894 ± 19 619

28 Oct Day 1 203 ± 10.6 17.4 ± 0.04 1.7 ± 0.08 290 791 ± 18 121 1.5 ± 0.04 303 520 ± 22 506

Night 1 212 ± 14.5 17.0 ± 0.02 1.8 ± 0.05 443 893 ± 24 626 1.9 ± 0.06 412 872 ± 22 900

foraging activity during daylight hours (Atkinson et al.,
1996; Olivares et al., 2020).

The diel activity patterns of marine copepods can
change upon the presence of predators (Ohman, 1988;
Bollens and Frost, 1989; Bollens and Stearns, 1992). The
krill Meganyctiphanes norvegica exert an important predatory
pressure on copepod populations in the Northeast
Atlantic (Beyer, 1992; Båmstedt and Karlson, 1998;
Onsrud and Kaartvedt, 1998) and can affect their vertical
migration patterns (Tarling et al., 2002). Because the krill
densities in our experiments were higher than typical
average abundances in nature (Onsrud and Kaartvedt,
1998; Tarling et al., 1998), we would expect the predator-
induced responses of copepods to have been maximized.
Still, we did not detect any large effect of krill presence on
the feeding behaviour of copepods, either in diel feeding
patterns or daily food intake. In all the cases the presence
of krill barely affected the mean daily productions of
copepod faecal pellets (from −8.7 to 12.2%), and such
small differences proved to be statistically significant
only in one out of the six experiments. Given the low
variability among replicates in the faecal pellet production
rates (median of coefficients of variation: 7.8%), any
undetected effect of krill on copepod feeding activity
was small. Thus, the non-lethal direct effects of predators
on the feeding activity of marine copepods, including diel
feeding rhythms, could be limited and/or depend on type
of predator (Ohman, 1990).

In our study, M. norvegica showed predation rates that
were highly variable among individuals. Such a flexi-
ble feeding behaviour has been previously observed in
other experimental studies with M. norvegica predating
on copepods (McClatchie, 1985; Båmstedt and Karlson,

1998; Agersted and Nielsen, 2016). We did not detect
differences between day and night or between seasons
in krill predation rates, but given the high variability of
predation rates and the sample size in our experiments,
we cannot discard that certain diel or seasonal differences
in the feeding activity of krill could have been unnoticed
(Torgersen, 2001). Our design was based on a power= 0.8
and standard deviations of 25–40% of the mean, but
we observed a much higher variability than anticipated
(median= 94% of the mean). It is also possible that the
diurnal predation rates of M. norvegica could have been
enhanced if copepods had been feeding on a more pig-
mented prey (e.g. phytoplankton) that increases copepod
susceptibility to visual predation (Juhl et al., 1996; Tsuda
et al., 1998), instead of an heterotrophic, not pigmented
protist. Still, Abrahamsen et al. (2010) reported that M.

norvegica might relymore on hydromechanical signals than
vision to detect active prey like copepods. Actually, M.

norvegica conduct diel vertical migrations (Onsrud and
Kaartvedt, 1998; Onsrud et al., 2004) and most encoun-
ters between M. norvegica and copepods might take place
at night when visual predation is limited. Particularly in
the Gullmar Fjord, populations of M. norvegica remain
deeper during the daytime and ascend to layers above
30 m only at night (Spicer and Strömberg, 2002). Thus,
copepods may find more advantageous to modify their
diel antipredator feeding behaviour upon the presence of
other visual predators like fish that occur in upper, more
illuminated layers during daylight hours (Øresland and
André, 2008).

We found that seasonal photoperiod and prey avail-
ability had a significant influence on the diel feeding
behaviour of copepods. The feeding rhythms were less
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Fig. 2. Day and night faecal pellet production rates (mean± SE,
n= 4–6) of Centropages typicus feeding on Oxyrrhis marina in the absence
of predator (“Control”) and in the presence of the predator Meganyc-
tiphanes norvegica (“Predator”). Data from experiments in (A) summer
(16 h:8 h day: night cycle) and (B) autumn (10 h:14 h day: night cycle) are
shown. Notice that O. marina concentrations were 1 ppm on 25 October,
and 5.5–7.0 ppm in the other experiments.

pronounced in summer (16 h of light) than in autumn
(10 h light). The diel rhythms of marine copepods are
usually flexible over seasons (Båmstedt, 1984; Williams
and Conway, 1984; Frost, 1988; Durbin et al., 1995). Frost
(1988) suggested that such variations between seasons are
independent of prey availability, metabolic balance or
thermal stratification, but driven by predation risk. In
this regard, the seasonal photoperiod defines the relative
time that copepods are exposed to a higher visual pre-
dation risk. As periods of higher predation vulnerability
become relatively longer, copepods might diminish their
antipredator behaviour to optimize the trade-off between
eating and not being eaten (Lima and Bednekoff, 1999).
Clearly, copepodsmust lower the intensity of their feeding
rhythms when safe periods (i.e. dark periods) are too short
for feeding to meet metabolic demands.

Regarding prey availability, the hunger/satiation
hypothesis affirms that higher food availability normally
results in larger amplitudes of vertical migration (Huntley

and Brooks, 1982; Verheye and Field, 1992), which would
enhance copepod feeding rhythms if food conditions in
upper layers are better (Simard et al., 1985; Peterson
et al., 1990; Besiktepe et al., 2005). We found that the
diel rhythms of C. typicus in the laboratory were more
intense at low food concentrations. Low-food conditions
decrease encounter rates with prey and copepods must
swim for longer times and cover larger distances to
feed (Saiz et al., 1992), thus increasing their risk of
being detected by predators (Uttieri et al., 2013; Kiørboe
et al., 2014). Under these conditions, copepods would
instead enhance their nocturnal feeding activity because
foraging during the daylight hours would be too risky
for them. We cannot strictly test this hypothesis since
we only conducted one low-food experiment, but our
findings are in agreement with those of Hassett and
Blades-Eckelbarger (1995), who found that the diel
feeding cycles of Acartia tonsa were more pronounced in
the low-food treatment. In contrast, Calbet et al. (1999)
reported that at lower food concentrations the diel feeding
rhythms of C. typicus remained invariable and those of A.

grani even vanished. Hence, the effect of food availability
on copepod nocturnal feeding remains unclear andmight
be species-specific and/or depend on environmentally
determined previous life history.

CONCLUSIONS

Our study is one of the few works that addressed direct
effects of predators on copepod feeding rhythms using
freely swimming predators instead of predator exudates.
Still, we did not detect any large effect of the predator
Meganyctiphanes norvegica on the diel feeding behaviour of
the marine calanoid Centropages typicus, whereas effects of
other factors such as seasonal photoperiod and prey avail-
ability emerged. Therefore, the non-lethal direct effects
of predators on the feeding activity of marine copepods
might not be as relevant as in freshwater zooplankton, and
it will require further effort to assess their role in plankton
trophic interactions in marine systems.
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