
The effects of climate change on population dynamics of 

the marine copepod Oithona similis 

 

 

 

Submitted by Louise Elisabeth Cornwell to the University of Exeter                           

as a thesis for the degree of                                                                                  

Doctor of Philosophy in Biological Sciences                                                                

In June 2020 

 

In collaboration with                                                                                             

Plymouth Marine Laboratory 

and the 

British Antarctic Survey 

 

This thesis is available for library use on the understanding that it is copyright 

material and that no quotation from the thesis may be published without proper 

acknowledgement. 

 

I certify that all material in this thesis which is not my own work has been identified 

and that no material has previously been submitted and approved for the award of a 

degree by this or any other university. 

 

 

                        Signature: 



i 
 

Abstract 

Marine copepods are fundamental to biogeochemical carbon cycling and energy 

transfer through pelagic food webs. The rapid rate at which oceans are changing 

makes it increasingly important that we understand how copepod populations 

interact with their environment. My thesis addresses this by combining field and 

laboratory studies to examine the direct and indirect effects of temperature on the 

cyclopoid copepod Oithona similis, a key component of marine ecosystems across 

the globe. 

To begin, I used time series data from English Channel station L4 to compare the 

population dynamics of O. similis with those of the contrasting calanoid copepod 

Calanus helgolandicus. A major result from this comparison was that seasonal 

trends in population density and egg production were decoupled in both species due 

to trait-based differences in how the environment impacts these key life history 

events. To gain a more thorough understanding of O. similis population dynamics, I 

then supplemented time series analysis with high-resolution sampling. With this 

approach, I found that O. similis has maintained stable population densities at L4 

over the last 30 years, despite high climatic variability. My finding contrasts with the 

strong decline in copepod densities across the North Atlantic in recent decades. To 

test the extent to which populations respond differently to increased temperature, I 

conducted laboratory experiments on O. similis from L4 and the Southern Ocean. 

From these experiments, I found only partial support for the hypothesis that 

temperature responses are determined by the level of climatic variability experienced 

in situ, and evidence that food availability is a more important driver. Finally, I 

performed a global meta-analysis exploring how temperature effects on body size 

differ among populations. Strong variability in temperature-size responses was 

discovered both within and among populations, particularly those from high latitudes.  

My thesis provides new insight into how key life history events of population growth, 

reproduction and mortality interact with the environment and ultimately shape 

population dynamics. My results have important implications for traditional modelling 

approaches that overlook the effects of multiple environmental factors and inter-

population variability when predicting ecological responses to climate change. 
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1. An introduction to the impact of climatic variability on marine 

copepods: a review of the current knowledge status and thesis aims 

 

Marine copepods are some of the most abundant metazoans on Earth (Humes, 

1994) and provide a key link between primary producers and higher trophic levels, 

including commercially exploited fish. The oceans in which copepods currently thrive 

are warming at unprecedented rates (IPCC, 2014; 2019), and considering the 

fundamental role of copepods in marine ecosystems, it is important to understand 

how they respond to these changes. The present chapter begins with an overview of 

the ecological significance of marine planktonic copepods (section 1.1) and the 

current status of climatic variability at local to global scales (section 1.2). The 

physiological and ecological effects of temperature on marine planktonic copepods 

are then described, with examples from field and laboratory studies, and existing 

knowledge gaps are identified (section 1.3). I then introduce my study organism, 

Oithona similis (section 1.4) and conclude by outlining my thesis aims and rationale 

(section 1.5).  
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1.1 The role of planktonic copepods in marine ecosystems 

Large calanoid and small cyclopoid copepods typically dominate zooplankton 

communities in terms of biomass and density, respectively (Atkinson, 1996; Hopcroft 

et al., 2005), and in some regions, smaller species also contribute greatly to biomass 

(Turner, 2004; Svensen et al., 2011). Copepods are major components of marine 

food webs across the globe, exerting strong grazing pressure on lower trophic levels 

(Atkinson, 1996; Svensen et al., 2011) and as important prey for fish and other 

planktivores (Turner, 2004). Grazing by copepods can therefore induce strong 

cascading effects across trophic levels (Zӧllner et al., 2009). Furthermore, small 

copepods provide a key link between the microbial food web and larger zooplankton 

(Nielsen and Sabatini, 1996; Turner, 2004; Böttjer et al., 2010). Indeed, some 

species and life stages have even been reported to exhibit bacterivory (Turner and 

Tester, 1992; Roff et al., 1995). Copepods also contribute substantially to the ocean 

carbon cycle via the release and subsequent transfer of organic matter through the 

water column (Frangoulis et al., 2004; Turner, 2015), with many large and lipid-rich 

species vertically migrating across depths of tens to thousands of meters on diel or 

seasonal scales. For example, overwintering Calanus finmarchicus in the North 

Atlantic sequesters carbon at an amount equivalent to the sinking flux of marine 

detritus (Jónasdóttir et al., 2015).  

The role of copepods in marine ecosystems can vary depending on their functional 

traits. Marine planktonic copepods exhibit two types of reproductive strategy, each 

with different benefits and costs (Kiørboe and Sabatini, 1994). In the sac-spawning 

strategy adopted by all cyclopoid and some calanoid species, eggs are carried by 

the female in either a single or pair of egg sacs until hatching. The broadcast-

spawning strategy typical of most calanoid species involves the release of eggs 

directly into the water column. Generally, sac-spawners have reduced egg mortality 

at the cost of lower rates of egg production compared to broadcast-spawners 

(Kiørboe and Sabatini, 1994). In addition, cyclopoid copepods are reported to have 

lower metabolic demands compared to calanoids (Paffenhӧfer, 1993; Castellani et 

al., 2005a; Almeda et al., 2010; 2011; Isari et al., 2015). The lower metabolic 

demands of cyclopoids could be due to trade-offs in feeding mode (Kiørboe, 2011), 

these copepods being low-energy ambush predators, while calanoids typically adopt 

more active feeding-current strategies. 
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The life cycle of marine copepods follows a developmental sequence beginning with 

an embryonic stage, followed by six naupliar stages (NI–VI), five copepodite stages 

(CI–V) and a final adult stage (CVI). Development time from egg to adult is generally 

a few weeks, with many species completing their life cycle within a year. However, at 

high latitudes some copepods that undergo seasonal diapause as part of their life 

cycle can have generation lengths of several years (Hirche, 1997). The timings of 

important life history events are determined by the environment, and thus copepod 

population dynamics may be greatly affected by present and future climate change. 

 

1.2 Climatic variability and ocean warming 

Temperate coastal sites are characterised by high climatic variability, with sea 

surface temperatures in the Western English Channel ranging from ~ 7°C in spring 

to ~ 18°C in autumn (Smyth et al., 2010). Tropical marine systems can also 

experience temperature fluctuations of a similar magnitude (Gittings et al., 2018). 

High latitude sites typically have more stable climate regimes. Indeed, the annual 

fluctuation in sea temperature rarely exceeds 3°C around the Antarctic Peninsula 

and the Scotia Sea, and is even lower in the high Antarctic (Peck, 2005). Likewise, 

the magnitude of sea surface temperature seasonality in the Arctic is generally below 

4°C (Chepurin and Carton, 2012). However, climatic variability is predicted to 

increase on a global scale, with extreme events such as marine heat waves already 

becoming more frequent (IPCC, 2019).  

Global ocean surface temperatures have increased by ~ 0.4°C since 1970, with the 

resulting sea ice melt contributing to sea level rise, decreased surface salinity and 

increased stratification (IPCC, 2014; 2019). In addition, the reduced solubility of 

oxygen with increased temperature has caused dissolved oxygen concentrations to 

decline, resulting in the global expansion of oxygen minimum zones (IPCC, 2019). 

Representative concentration pathways (RCP) indicate different levels of 

greenhouse gas emissions for the current century. Under the lowest emissions 

scenario (RCP2.6), global warming is maintained below 2°C relative to pre-industrial 

temperatures. Following this are the intermediate reduced emissions scenarios 

RCP4.5 and RCP6.0. The highest emissions scenario (RCP8.5) represents 

circumstances where no action is taken to reduce greenhouse gas emissions. Mean 
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sea surface temperatures between the beginning and end of the century are 

predicted to increase by ~ 0.6°C under RCP2.6 up to ~ 3°C under RCP8.5 (Bopp et 

al., 2013). Most of the North Atlantic has warmed by 0.1 to 0.5°C per decade from 

1983 to 2012 (O’Brien et al., 2017). Over a similar time scale, sea surface 

temperatures in the Western English Channel have increased by ~ 0.6°C per decade 

(Smyth et al., 2010). To improve predictions of how ocean warming will impact 

marine ecosystems, we need to identify the physiological processes driving current 

trends in population dynamics such as shifts in biogeographical range and 

phenological event timing (Richardson, 2008).  

Metabolic rates generally scale positively with temperature until an upper thermal 

threshold (Gillooly et al., 2001; Ikeda et al., 2001). Ocean warming can thus directly 

impact food web dynamics via increased metabolic demand. Furthermore, 

differences in the strength of temperature scaling between rates of growth and 

development, being stronger in the latter, can result in reduced size at maturity 

(Forster et al., 2011a, b). These effects can transfer through the ecosystem in 

bottom-up and top-down directions. For example, increased prevalence of smaller 

cells at the base of the food web may result in reduced energy transfer to higher 

trophic levels, whereas warming-induced shifts in predation pressure may have 

cascading effects across lower trophic levels (Doney et al., 2012). Ocean warming 

can also affect ecosystems by increasing the strength and duration of water column 

stratification, thus restricting the upwelling of essential nutrients required to initiate 

phytoplankton blooms. These effects at least partly explain the substantial reduction 

in primary productivity in the North Sea over the past few decades, and the 

associated decline in populations of small copepods and fish stocks (Capuzzo et al., 

2018).  

Model predictions of species responses to climate change can vary substantially 

(Beaumont et al., 2016), and even predictions from powerful species distribution 

models based on large datasets can be misleading (Brun et al., 2016a). It is 

therefore important that we increase our understanding of how the combined effects 

of the physical environment, physiological processes and biotic interactions 

determine how organisms respond to climate change. 
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1.3 The physiological and ecological effects of warming 

The thermal tolerance of an individual is determined by the scaling of physiological 

performance with temperature (Huey and Stevenson, 1979), where performance is 

maximal at a thermal optimum and decreases towards both ends of the temperature 

spectrum. Thermal tolerance differs between physiological processes (Angilletta et 

al., 2002), with tolerance ranges for processes such as growth and reproduction 

being typically narrower than for survival (Pörtner, 2001). Selection pressures, such 

as competition or food limitation, can force a population to occur outside their 

thermal optima (Beaugrand and Kirby, 2018) where they are potentially more 

sensitive to temperature fluctuations (Pörtner, 2012). Local adaptation occurs when 

divergent selection results in a population exhibiting higher fitness in its local 

environment compared to migrant populations (Kawecki and Ebert, 2004). Locally 

adapted populations are thus specialised to their environment (Hereford, 2009; 

Sanford and Kelly, 2011), which may come at the cost of a reduced tolerance range. 

Alternatively, generalists may have to undergo an energetic trade-off between 

tolerance range and performance optima to maintain a wider set of physiological 

processes (Chevin et al., 2010; Dam, 2013). 

The balance between energetic uptake and demand determines the thermal 

tolerance of an individual. Positive scaling of metabolic rates with temperature 

(Gillooly et al., 2001; Ikeda et al., 2001) can impose a greater energetic demand on 

maintaining metabolic function. The following sub-sections outline the current 

knowledge status regarding individual- and population-level responses of marine 

planktonic copepods to temperature. To remove the potential confounding effects of 

food limitation, examples only include laboratory experiments in which food was 

provided. Furthermore, experiments exclusively used copepods from the field and in 

an active state. A limitation of using field-caught individuals is that the environment 

experienced prior to sampling is uncertain. However, their physiological responses 

are likely more representative of those exhibited in nature compared to those of 

laboratory-reared individuals.  
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1.3.1 Survival 

High survivability under increased temperature has been reported in some marine 

copepods, primarily adult females. For example, Koski and Kuosa (1999) only 

observed high mortality in Acartia bifilosa adult females after three days at +17°C 

above ambient temperature in the Baltic Sea. Likewise, Pseudocalanus newmani 

adult females from the Pacific coast could tolerate temperatures up to +17°C above 

ambient conditions, and over 80% of the eggs produced by these females survived 

from hatching to maturity up to +12°C (Lee et al., 2003). In a study of Oithona 

davisae from the Black Sea, adult females only exhibited high mortality when 

incubated for 71 days at ambient temperature and subsequently exposed to a +12°C 

temperature rise over several hours (Svetlichny et al., 2016). Females that had 

undergone shorter incubation periods prior to the temperature rise were not 

negatively affected. The high thermal tolerance exhibited by adults may not be 

consistent across life stages, although at present there are few studies that test this. 

In one such study, naupliar stages of Calanus glacialis and C. finmarchicus from 

western Greenland exhibited greater mortality at +5°C above ambient temperature 

(Grenvald et al., 2013).  

In contrast to the previous examples, results from a study conducted over a period of 

several months show high adult mortality at temperature increases on a scale 

relative to climate predictions. Adult Pseudocalanus sp. from the Baltic Sea exhibited 

increased mortality across treatments up to +6°C above the decadal average 

temperature (Isla et al., 2008). In fact, mortality increased substantially at just +2°C, 

taking 52 days to reach 50% of cumulative mortality at the control temperature, and 

35 and 29 days at +2 and +6°C, respectively. There is also evidence that some low 

latitude populations may already be negatively affected by seasonal warming. 

Halsband-Lenk et al. (2002) reported that the thermal optima for survival for calanoid 

copepods from the North Sea were ≤ 10°C and only slightly higher (10 to 15°C) for 

those from the Mediterranean. While the thermal optima exhibited by the North Sea 

copepods are well within the surface temperature range (0 to 20°C) at the sampling 

site, those for the Mediterranean copepods are very close to the lower end of the 

ambient temperature range (13 to 26°C). These results indicate that the 

Mediterranean populations may be occurring near their upper thermal tolerance 

thresholds, increasing their sensitivity to future warming.  
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Overall, adult females of some marine copepods appear resilient to short-term 

exposure to temperatures higher than predicted for the year 2100, although this 

cannot be generalised across populations or to other life stages. Laboratory studies 

have so far focused on adult female and late copepodite stages, partly due to the 

predominance of strong female-biased sex ratios in the field (Hirst et al., 2010), and 

so relatively little is known regarding the temperature responses of adult males and 

early life stages.  Furthermore, most experiments have been conducted over days or 

weeks, leaving much uncertainty regarding the long-term and inter-generational 

effects of increased temperature. 

 

1.3.2 Metabolism  

Following the general rule for ectotherms (Gillooly et al., 2001; Ikeda et al., 2001), 

metabolic rates of marine copepods typically increase with temperature, providing 

food is not limiting, until an upper tolerance threshold. At temperatures exceeding 

this threshold, metabolic depression may occur (Pörtner, 2001; 2002; Sokolova, 

2013). Reduced oxygen demand resulting from metabolic depression could explain 

the results of the following study on adult Pseudocalanus sp. from the Baltic Sea. 

Over ~ 120 days, oxygen consumption increased with temperature up to +6°C above 

the control temperature, but with further warming oxygen consumption either 

stabilised or declined (Isla et al., 2008).  

The metabolic rates associated with energetic loss and gain, such as respiration and 

ingestion, respectively, can scale differently with temperature. In a study on adult 

females and late stage copepodites of the Arctic species Calanus glacialis, Alcaraz 

et al. (2014) reported that the thermal optimum for ingestion was ~ 3.5°C lower than 

for respiration. Thus, the rate of energetic uptake began to decline at temperatures 

where losses were still increasing, indicating potential failure to sustain energetic 

demand. Another study found that late stage copepodites of C. glacialis exhibited a 

linear increase in rates of ingestion and faecal pellet production with temperature up 

to ~ +7.5°C above control conditions (Grote et al., 2015). In this case, decreased 

assimilation efficiency with warming was suggested to explain the stronger increase 

in faecal pellet production compared to ingestion, with less energy allocated towards 

growth and reproduction. These examples show that for marine copepods, the 
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positive correlation between metabolic rates and temperature may be maintained at 

temperatures higher than those predicted for the year 2100. However, the scaling of 

these rates with temperature will differ between metabolic processes, potentially 

resulting in metabolic mismatch.  

 

1.3.3 Reproductive output  

Reproductive output is here defined in terms of egg production and offspring viability, 

two major factors determining population recruitment success. Studies so far 

conducted on marine pelagic copepods indicate that temperatures predicted for the 

year 2100 have either minor or positive effects on reproductive output, on the 

condition that food is not limiting. For example, egg production rate (EPR) of Acartia 

bifilosa increased up to +11°C above ambient temperature in the Baltic Sea, and by 

the third day of the experiment there was no difference in EPR between ambient and 

+11°C treatments (Koski and Kuosa, 1999). However, ocean warming may 

negatively impact the reproductive output of populations from lower latitudes. 

Evidence for this comes from the relatively low thermal optimum for reproduction in 

Mediterranean Temora stylifera, at just 15°C, despite temperatures reaching ~ 26°C 

in the field (Halsband-Lenk et al., 2002).  

It is important to interpret experimental results in the context of timing. For instance, 

A. bifilosa sampled from a site in Finland in August, exhibited higher EPR over five 

days at +3°C above ambient temperature (Vehmaa et al., 2012). However, results 

from a pilot study in June, when water temperatures were lower, indicated reduced 

EPR in the +3°C treatment (Vehmaa et al., 2012). In another study on A. bifilosa 

from this site, collected in August of a different year, Vehmaa et al. (2013) reported 

that temperature had no significant effect on EPR, but observed decreased egg 

viability and naupliar development at +3°C. Further evidence of the importance of 

timing on the interpretation of experimental results comes from a study by Mayor et 

al. (2012), investigating the impact of a +2 and +4°C temperature rise on the 

reproductive output of Calanus helgolandicus. Females were sampled on two 

occasions over summer at a site in North East Scotland. Although the first group of 

females exhibited no difference in reproductive output between temperature 
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treatments, in the second group of females, egg and naupliar viability increased with 

temperature. One explanation for these differing temperature responses is that field 

conditions could have changed between sampling events, resulting in each group 

experiencing different conditions prior to sampling.  

In experiments conducted on the sac-spawning calanoid copepod Pseudocalanus 

newmani from the Pacific coast, Lee et al. (2003) observed increased EPR up to 

+12°C above ambient temperature. Similarly, Pseudocalanus sp. from the Baltic Sea 

exhibited increased EPR with temperatures up to +6°C above the decadal average 

temperature (Isla et al., 2008). In a study on the cyclopoid copepod Oithona davisae 

from the Black Sea, Svetlichny et al. (2016) reported that when incubated for 17 

days at ambient temperature and then exposed to a +12°C increase, 85% of females 

still produced eggs several days later. However, when the incubation period was 

extended to 71 days, only 47% of females produced eggs following the temperature 

increase, accompanied by high mortality.  

Reproductive output in broadcast- and sac-spawning species generally remains 

stable or increases with temperature within the range predicted for the year 2100. 

However, the effect of temperature on reproductive output will strongly depend on 

energy budget, and thus food availability. There is also some indication that low 

latitude populations are already limited by seasonal warming, and thus may be 

particularly sensitive to further increases in temperature. 

 

1.3.4 Body size reductions 

In addition to temperature, body size is a major factor driving biological rates in 

ectotherms (Gillooly et al., 2001; Ikeda et al., 2001). The metabolic theory of ecology 

(Brown et al., 2004) states how the impact of temperature and body size on 

metabolic rates at the individual-level drives the transfer of energy throughout the 

ecosystem. The temperature-size (T-S) rule describes the inverse correlation 

between body size and temperature in ectotherms (Atkinson, 1994). Multiple theories 

attempt to explain this correlation, such as constraints on cell growth at increased 

temperatures (Woods, 1999) or the differential impact of temperature on anabolic 

and catabolic processes, such as protein synthesis and glycolysis, respectively (von 



21 
 

Bertalanffy, 1960). Ultimately, the relative rates of growth and development 

determine individual body size, making them fundamental components of the T-S 

rule. Development rates are considered to scale more strongly with temperature 

compared to growth rates (Forster et al., 2011a, b), potentially due to the weaker 

effect of temperature on diffusion during protein synthesis for growth, compared to 

the temperature-dependent enzymatic reactions driving DNA replication required for 

development (van der Have and de Jong, 1996). Increased temperature can 

therefore induce faster rates of development relative to growth, potentially resulting 

in reduced size at maturity. 

Overall reductions in adult body size are predicted to be a major response of many 

ectotherm species to ocean warming (Daufresne et al., 2009; Gardner et al., 2011; 

Sheridan and Bickford, 2011; Ohlberger, 2013; Lefort et al., 2015). Body size 

reductions at the population- and community-level can occur due to decreases in 

body size at maturity, increases in the proportion of early life stages or increased 

dominance of smaller species (Daufresne et al., 2009; Ohlberger, 2013). The scaling 

of body size with temperature differs among populations within a community. 

Therefore, ocean warming may alter size-dependent interactions such as the 

predator-prey size ratio (Twomey et al., 2012; Gibert and DeLong, 2014), potentially 

inducing trophic cascades (Jochum et al., 2012). Furthermore, the differing effects of 

body size and temperature on metabolic rates among populations could cause shifts 

in biological rates, such as growth and energy consumption, within the community 

(Twomey et al., 2012).  

Reduced body size with warming has been reported for calanoid copepods in the 

North Atlantic (Beaugrand, 2009). Likewise, in the northern Adriatic Sea there has 

been a general shift towards smaller copepod species such as Oithona spp. and 

Oncaea spp. with warming in recent decades (Conversi et al., 2009). The mean size 

of dominant copepods Acartia tonsa and A. hudsonica in Long Island Sound has 

decreased over the last few decades, with a concomitant increase in the proportion 

of small species and disappearance of the largest-sized genera, Metridia and 

Candacia (Rice et al., 2015). Experiments conducted on populations from the field 

provide further evidence for reduced adult body size with warming. In a 24 day 

mesocosm experiment on copepods from the Baltic Sea, copepodite development 

rate increased and stage-specific prosome length decreased at +3°C (Garzke et al., 
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2015). Similarly, a +5.5°C temperature rise resulted in smaller size at maturity in the 

tropical species Pseudodiaptomus annandalei (Doan et al., 2019). Contradictory to 

the predicted warming-induced body size reductions in ectotherms, Capuzzo et al. 

(2018) and Bedford et al. (2020) reported that there has been a widespread 

reduction in the number of small copepods across the North Sea over the last few 

decades, although an increase has been observed in the most northerly regions. In 

contrast, large copepods appear to have exhibited more stable densities. 

Coincident with increasing ocean temperatures over the last few decades, marine 

copepods have exhibited a range of body size adjustments at the population- and 

community-level. However, these adjustments do not consistently follow the 

predicted trend of reduced body size with warming, and the mechanisms causing 

these deviations in body size responses are not yet fully understood. 

 

1.3.5 Phenological shifts 

Populations may respond to warming by adjusting the timing of life history events 

such as development or reproduction to track their optimal thermal range (Edwards 

and Richardson, 2004; Doney et al., 2012; Poloczanska et al., 2016; Chivers et al., 

2017). The most frequently documented phenological response of marine 

zooplankton to warming is the transition towards earlier phenological event timing in 

spring or summer, although there are many exceptions (Mackas et al., 2012). The 

strength and direction of these shifts can differ between interacting populations, 

potentially resulting in trophic mismatch and the restructuring of ecosystems 

(Edwards and Richardson, 2004; Durant et al., 2007). In species that undergo 

seasonal diapause, ocean warming may also alter the timing and duration of this life 

history event through its effects on metabolism and body size, with potential 

repercussions for the ocean carbon cycle (Wilson et al., 2016).  

Earlier seasonal timing in response to warming has been reported in several 

copepod species in the North Sea, particularly during summer, with high variability in 

timing and trends between species (Edwards and Richardson, 2004). For example, 

the timing of maximum population densities of Calanus helgolandicus in the North 

Sea has advanced by nearly one month since 1960 (Beaugrand, 2009). In the 
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Western English Channel between 1992 to 2012, shifts in timing of population 

appearance per °C increase in sea surface temperature were ~ 15 days earlier in 

Acartia clausi and Pseudocalanus elongatus and ~ 17 days later in Centropages 

typicus, whereas the timing of appearance for other species such as C. 

helgolandicus and Oithona spp. has remained relatively stable (Atkinson et al., 

2015). The variability in the strength and direction of phenological shifts with 

warming may be due to populations attempting to coincide the timing of life history 

events with their thermal optima, thus resulting in the earlier timing of spring 

populations and delayed timing of autumn populations (Mackas et al., 2012). In 

recent decades, cold-adapted copepod populations in the Gulf of Trieste have 

delayed their summer maxima by approximately two months, potentially due to 

increased summer temperatures (Conversi et al., 2009). 

The phenological responses of marine copepods to ocean warming vary greatly 

among populations. Although the reasons for this variability remain uncertain, it 

could in part be a result of populations tracking their thermal optima, with spring and 

autumn populations occurring earlier and later, respectively, in warmer years.  

 

1.3.6 Biogeographical range shifts 

In accordance with the observed trends in ocean temperature, warm-adapted 

populations are expanding their biogeographical ranges towards higher latitudes, 

while cold-adapted populations are exhibiting poleward range contractions (Doney et 

al., 2012; Poloczanska et al., 2016; Chivers et al., 2017). Global declines in the 

overall biomass of marine organisms are predicted by the year 2100 for all 

greenhouse gas emissions scenarios, with projections of biomass decreases at low 

latitudes and increases at high latitudes (Kwiatkowski et al., 2019; Lotze et al., 2019) 

as a result of the biogeographical range shifts described above. These range shifts 

vary considerably among populations in both magnitude and direction, and thus 

could lead to the spatial restructuring of marine communities and consequent 

changes in trophic interactions, energy transfer and biogeochemical cycling (Doney 

et al., 2012; Chivers et al., 2017).   
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Across the North West European shelf, temperate species of calanoid copepods 

such as Centropages typicus, Para-Pseudocalanus spp., Calanus helgolandicus and 

Pseudocalanus elongatus have exhibited poleward range shifts, whereas 

populations of the boreal species Calanus finmarchicus have declined (Beaugrand et 

al., 2002; Pitois and Fox, 2006). Indeed, one of the most commonly reported 

incidences of range shifts in marine copepods is that of the poleward shift and range 

contraction of C. finmarchicus and the concomitant range expansion of the 

temperate congener C. helgolandicus (Chust et al., 2014; Hinder et al., 2014; 

Chivers et al., 2017). However, in marine copepods, distinct poleward range shifts do 

not appear to be the norm. For example, in contrast to the poleward shift of the 

calanoid copepod Metridia longa, the congener M. lucens has undergone a 

southward range shift across the North East Atlantic and North Sea (Chivers et al., 

2017). Furthermore, in the North West Atlantic, C. glacialis, C. hyperboreus and 

other subarctic and Arctic copepods have shifted south as a potential response to 

the southward advection of colder water (Beaugrand et al., 2002; Chust et al., 2014). 

These range shifts, particularly regarding larger copepod species, have been 

proposed to be a major contributing factor of the spatiotemporal changes in carbon 

transport across the North Atlantic over the last few decades (Brun et al., 2019). 

There is limited information on the range shifts of marine copepod populations 

outside the North Atlantic. However, it has been reported that across the South West 

Atlantic sector of the Southern Ocean, the biogeographical ranges of maximum 

copepod densities have remained relatively constant over the past century despite a 

distinct poleward shift in sea surface isotherms (Tarling et al., 2018). 

In line with the ecological responses to warming described in the previous sub-

sections, marine copepods have exhibited strong inter-population variability in their 

biogeographical range shifts. Indeed, for many populations the biogeographical 

range does not have a fixed thermal niche, and distinct poleward range shifts are not 

conventional.  
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1.4 Oithona similis as a study organism 

The marine cyclopoid copepod Oithona similis Claus, 1866 (Figure 1.1) has a 

widespread distribution, with high population densities at polar (Hopcroft et al., 2005; 

Pinkerton et al., 2010) and temperate (Sabatini and Kiørboe, 1994; Nielsen and 

Sabatini, 1996; Eloire et al., 2010) regions, but is less abundant in tropical habitats 

(Nishida, 1985). High temperatures may be limiting the distribution of O. similis in the 

tropics. Indeed, sea surface temperatures exceeding ~ 19°C in the Mediterranean 

have been reported to limit O. similis population persistence (Castellani et al., 2016). 

The true taxonomic status of O. similis is uncertain (Razouls et al., 2005 – 2020); 

with increasing genetic evidence that O. similis actually represents a cryptic species 

complex (Wend-Heckmann, 2013; Cepeda et al., 2016; Cornils et al., 2017). The 

existence of cryptic species would account for the ubiquity of this copepod.  

Typical of other cyclopoids, O. similis is an ambush predator, and thus generally 

prefers motile prey such as ciliates and flagellates compared to non-motile diatoms. 

However, the diet of O. similis is highly diverse and includes both motile and non-

motile prey of a wide range of sizes (Djeghri et al., 2018), enabling this copepod to 

exploit cells in the lower portion of the food size spectrum unavailable to larger 

copepod species (Turner, 2004; Vargas and González, 2004). As a result, O. similis 

is a key component in the transfer of energy between the microbial food web and 

higher trophic levels (Nielsen and Sabatini, 1996; Turner, 2004; Svensen et al., 

2011; Zamora-Terol et al., 2013). In addition, adult female and late stage 

copepodites of O. similis are capable of storing lipid reserves (Narcy et al., 2009), 

which alongside their broad diet, may further facilitate the year-round population 

persistence commonly reported for this copepod. Indeed, many O. similis 

populations are reproductively active throughout the year (Sabatini and Kiørboe, 

1994; Fransz and Gonzalez, 1995; Dvoretsky and Dvoretsky, 2009a). As a sac-

spawning species, O. similis cannot produce new egg clutches until the previous 

eggs have hatched (Ward and Hirst, 2007). Rates of embryonic development and 

hatching scale positively with temperature, reducing the time between the production 

of egg clutches and resulting in increased egg production rates (Nielsen et al., 2002). 

Consequently, maximum rates of egg production in many O. similis populations 

occur in summer when temperatures are highest (Dvoretsky and Dvoretsky, 2009a; 

Drif et al., 2010; Zamora-Terol et al., 2014).  
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Figure 1.1: Oithona similis adult female with egg sac. Image taken using FlowCam 

VS-IVc (Fluid Imaging Technologies, Inc.) fitted with a 4x objective and 300 µm flow 

cell. 
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In the English Channel, total body lengths of adult female O. similis range from 680 

to 960 µm, and adult males from 500 to 700 µm (Conway, 2012). The smaller body 

sizes of cyclopoid copepods subjects them to under-sampling by coarse plankton 

nets and makes individuals considerably more difficult to manipulate in experiments 

compared to larger calanoid species. Consequently, field and laboratory studies on 

cyclopoid copepods, including O. similis, are relatively limited (Gallienne and Robins, 

2001). 

 

1.5 Thesis aims and rationale  

The primary aim of my thesis was to improve current understanding of how 

populations of Oithona similis are shaped by their environment, and how this is 

reflected in their responses to climatic variability. Much of my work was conducted at 

the Western Channel Observatory (WCO) station L4 (Figure 1.2), a seasonally 

stratifying shelf site in the English Channel (50° 15' 0'' N, 4° 13' 12'' W) with a mean 

depth of ~ 54 m. Station L4 has been sampled on a near-weekly basis since 1988 

(Harris, 2010), providing over 30 years of time series data which I used in 

combination with my own data to determine the seasonal and long-term population 

dynamics of O. similis at this site. 
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Figure 1.2: Location of the Western Channel Observatory (WCO) time series station 

L4. Map created in R (version 3.02.1, R Development Core Team, 2016) using the 

package ‘marmap’ (Pante and Simon-Bouhet, 2013).  
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I began by analysing population dynamics in terms of functional traits, comparing the 

seasonal timing of key life history events of O. similis at station L4 with those of the 

larger, calanoid copepod Calanus helgolandicus (chapter 2). The temperature-

dependent reproductive strategy of O. similis led me to hypothesise that this 

population would be primarily driven by temperature; whereas for active feeding C. 

helgolandicus, I predicted that population dynamics would be more dependent on the 

trophic environment. I then combined time series analysis with my results from a 1-

year intensive study at L4, conducted over a period of high climatic variability, to 

investigate the resilience of the O. similis population to abrupt shifts in the 

environment (chapter 3). The widely used method of sampling by vertical net hauls 

has resulted in relatively few studies reporting seasonality in the vertical profiles of 

copepod populations. High-frequency, depth-resolved sampling over a full annual 

cycle enabled me to capture the seasonal and vertical trends for each O. similis life 

stage. By quantitatively sampling all life stages within the population I was able to 

estimate mortality, an important driver of zooplankton population dynamics that has 

so far been under-studied.  

I then set out to determine the extent to which conspecific populations vary in their 

responses to temperature, hypothesising that individuals from temperate sites of 

high climatic variability would exhibit greater survivability under increased 

temperature compared to those from more stable environments. To test this, I 

conducted laboratory experiments on O. similis from station L4 and the Southern 

Ocean, exposing individuals to increased temperatures predicted for the year 2100 

and to different food conditions (chapter 4). Subsequently, I incorporated my own 

measurements of O. similis body size into a global meta-analysis to investigate how 

the effects of temperature on body size differ among populations, predicting that 

populations from environments characterised by high temperature variability will 

exhibit weaker temperature-size responses compared to those that experience more 

stable conditions (chapter 5). I conclude by discussing my results in a wider context 

and provide recommendations for future research (chapter 6).  
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CHAPTER 2 

 

 

Seasonality of Oithona similis and Calanus helgolandicus reproduction 

and abundance: contrasting responses to environmental variation at a 

shelf site 

 

The present chapter is published as: 

Cornwell, L. E., Findlay, H. S., Fileman, E. S., Smyth, T. J., Hirst, A. G., Bruun, J. T., 

McEvoy, A. J., Widdicombe, C. E., Castellani, C., Lewis, C. and Atkinson, A., 2018. 

Seasonality of Oithona similis and Calanus helgolandicus reproduction and 

abundance: contrasting responses to environmental variation at a shelf site. Journal 

of Plankton Research, 40(3), pp.295 – 310.  

I designed the study with contribution from Angus Atkinson, and conducted 

laboratory work and analysis with support from Elaine Fileman, Andrew Hirst and 

John Bruun. Additional time series data were provided by Tim Smyth, Andrea 

McEvoy, Claire Widdicombe and Claudia Castellani. All co-authors contributed 

towards the editing of the manuscript. 
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2. Seasonality of Oithona similis and Calanus helgolandicus 

reproduction and abundance: contrasting responses to environmental 

variation at a shelf site 

 

The pelagic copepods Oithona similis and Calanus helgolandicus have overlapping 

geographic ranges, yet contrast in feeding mode, reproductive strategy and body 

size. In this chapter I investigate how these contrasting traits influence the 

seasonality of population density and reproductive output under environmental 

variation, using time series data collected over 25 years at the Western Channel 

Observatory station L4. The proportional change in egg production rate (EPR, eggs 

female-1 d-1) over the annual cycle was approximately eight- to tenfold and similar for 

both species, although EPR of O. similis was only ~ 11% that of C. helgolandicus. 

The timing of EPR maxima for O. similis coincided with increased sea surface 

temperature in summer, likely due to a temperature-dependent brooding period. 

Conversely, EPR of broadcast-spawning C. helgolandicus was more strongly related 

to net heat flux and diatom biomass, both parameters associated with the spring 

phytoplankton bloom. In both species, female carbon mass correlated negatively 

with temperature, with a 7.5% reduction in body mass per °C in C. helgolandicus 

compared to just 2.3% in O. similis. Finally, seasonality of EPR and adult and 

copepodite densities were strongly decoupled in both species, suggesting that 

optimum conditions for population density and reproductive output occur at different 

times of the year. 
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2.1 Introduction 

Functional traits are characteristic features of an organism that impact fitness by 

mediating growth, reproduction and survival (Litchman et al., 2013). Such traits can 

be used to identify links among population responses and the processes that drive 

them (McGill et al., 2006). For major copepod species, much of our biological 

knowledge on their dynamics has been based on single species studies. Examples 

of such studies for the cyclopoid copepod Oithona similis include Sabatini and 

Kiørboe (1994), Fransz and Gonzalez (1995), Castellani et al. (2005b) and 

Dvoretsky and Dvoretsky (2009a, b). The calanoid copepod Calanus helgolandicus 

overlaps in geographic range with O. similis but contrasts in key traits of body size, 

feeding mode and reproductive strategy. However, knowledge of these traits is again 

based heavily on autecological studies (Pond et al., 1996; Irigoien et al., 2000a, b; 

Irigoien and Harris, 2003; Rey-Rassat et al., 2004; Maud et al., 2015). Despite recent 

establishment of copepod trait databases (Benedetti et al., 2016; Brun et al., 2017) 

and meta-analyses (Horne et al., 2016), it remains difficult to identify the degree to 

which contrasts in rates of feeding and egg production (Benedetti et al., 2016; Brun 

et al., 2016b; 2017), or temperature-size responses (Horne et al., 2016), represent 

genuine contrasts in functional traits or simply differences in environmental 

conditions between the respective studies. 

To address this issue, I directly compared the population dynamics of the dominant 

co-existing species, O. similis and C. helgolandicus, using time series data from 

station L4, a stratifying shelf site in the Western English Channel (Harris, 2010). 

Oithona similis is thought to exert minimal energy waiting for motile prey, such as 

ciliates and dinoflagellates, to enter detection range (Kiørboe, 2011). Conversely, C. 

helgolandicus is an active feeder, generating feeding currents suited to catching non-

motile, diatom prey (Kiørboe, 2011). Egg production rate (EPR) in sac-spawning 

species such as O. similis may become limited by the fact that a new clutch cannot 

be laid until the previous eggs hatch (Ward and Hirst, 2007). Increased temperature 

increases embryonic development rate, thus potentially decreasing the time from the 

production of one clutch to the next (Nielsen et al., 2002), and facilitating greater 

rates of egg production in warmer temperatures. In contrast, EPR in C. 

helgolandicus, a broadcast-spawning species, is not restricted in the same way by 
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the time interval between clutches, and therefore its fecundity may be less 

dependent on temperature.  

Temperature may also have a series of other direct and indirect effects on copepod 

population dynamics. One reason for this is that temperature impacts metabolism 

through its effects on rates of biochemical reactions (Gillooly et al., 2001). For 

example, increased respiration rate with temperature has been observed in O. similis 

(Castellani et al., 2005a) and C. helgolandicus (Hirche, 1983). Furthermore, 

ectothermic organisms generally mature to a smaller body size under increased 

temperature conditions (Atkinson, 1994; Forster et al., 2012), as has been observed 

for female O. similis (Castellani et al., 2007) and C. helgolandicus (Bonnet et al., 

2009). The temperature range over which such effects occur, as well as the thermal 

optima for reproduction and development, varies between species and geographic 

populations (Halsband-Lenk et al., 2002). The effects of temperature on copepod 

populations will indirectly affect their prey, by altering feeding rate (Dam and 

Peterson, 1988) and inducing phenological shifts (Atkinson et al., 2015). Overall, 

temperature is thus an important parameter to consider when investigating 

ecosystem dynamics. 

Another physical variable connected both to temperature and plankton seasonality is 

the net heat flux (NHF) between the atmosphere and the ocean (Smyth et al., 2014). 

Net heat flux incorporates air-sea temperature difference, alongside irradiance, wind 

speed and water column stratification, all of which are major factors that can affect 

the plankton community at station L4 (Smyth et al., 2014). Water column 

stratification in spring increases the residence time of phytoplankton in the euphotic 

layer (Taylor and Ferrari, 2011; Smyth et al., 2014), facilitating the spring 

phytoplankton bloom. The autumn transition to negative NHF is associated with the 

restriction in phytoplankton growth due to shortened day length, lower irradiance and 

turbulent mixing limiting residence times in the euphotic layer.  

In measuring the response of copepods to this seasonality, EPR provides an index 

of female performance, as it integrates energetic uptake and assimilation. 

Meanwhile, changes in population density over time are driven by changes in both 

recruitment and mortality rates (Hirst and Kiørboe, 2002). Calanus helgolandicus 

EPR at station L4 has been monitored on a weekly basis since 1992, an extensive 
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dataset to which the present study contributes new data on the contrasting species 

O. similis. The strong seasonality at L4 makes it an ideal site for studying the impact 

of environmental variation on copepod population dynamics. In this work, I tested the 

hypotheses that (1) EPR in O. similis has a stronger relationship with sea surface 

temperature (SST) compared to C. helgolandicus due to the temperature-dependent 

brooding period in sac-spawning species, and (2) O. similis EPR has a stronger 

relationship with the biomass of motile prey, while C. helgolandicus EPR has a 

stronger relationship with the biomass of non-motile prey. To test these hypotheses, 

I used generalised additive mixed models (GAMM) to examine and identify the non-

linear relationships between the environment and EPR for O. similis and C. 

helgolandicus. This is an accurate identification approach that accounts for noise 

autocorrelation (Hastie and Tibshirani, 1990; Young et al., 2001; Bruun et al., 2017). 

These models were then used to detect the threshold value of the independent 

variables (SST, NHF and prey biomass) where it starts to show a significant effect on 

EPR. Further, I examined the seasonality of adult female and copepodite densities, 

and female and egg carbon mass. 
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2.2 Materials and methods 

The Western Channel Observatory (WCO) station L4 has been sampled on a near-

weekly basis since 1988 (Harris, 2010). There is a large amount of knowledge on the 

conditions at L4, with numerous publications in the literature on the plankton 

community (Eloire et al., 2010; Highfield et al., 2010; Widdicombe et al., 2010; 

Atkinson et al., 2015; White et al., 2015, and references therein). The parameters 

explored in the present study, and the time period over which they were measured, 

are summarised in Table 2.1.  
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Table 2.1: Western Channel Observatory (WCO) L4 time series data from 1992 – 2016, length of datasets available and analysed 

for each parameter, and the sampling method used to obtain the data. EPR = egg production rate, SST = sea surface temperature, 

NHF = net heat flux, Chl a = chlorophyll a concentration, ECMWF = European Centre for Medium Range Weather Forecasting. 

Parameter Years analysed Sampling method 

Oithona similis  

density  

Nov 2011 – Dec 2016 

Excluding Mar 2014 – Jun 2015  

2011 – 2014: ring net (63 µm mesh, 57 cm diameter), 0 – 50 m, fixed in 4% buffered 

formalin 

2015 – 2016: ring net (63 µm mesh, 57 cm diameter), 0 – 50 m, fixed in 2% acid 

Lugol’s solution  

O. similis  

EPR  

2003; Nov 2011 – Dec 2016 

Excluding Mar 2014 – Jun 2015   

2003: ring net (50 µm mesh, 50 cm diameter), 0 – 50 m, fixed in 4% buffered formalin 

2011 – 2014: ring net (63 µm mesh, 57 cm diameter), 0 – 50 m, fixed in 4% buffered 

formalin 

2015 – 2016: ring net (63 µm mesh, 57 cm diameter), 0 – 50 m, fixed in 2% acid 

Lugol’s solution 

Calanus helgolandicus  

density  

Feb 1992 – Dec 2016 

Excluding Sept – Dec 2005 
WP2 net (200 µm mesh, 57 cm diameter), 0 – 50 m, fixed in 4% buffered formalin  

C. helgolandicus  

EPR 

Feb 1992 – Dec 2016 

Excluding Aug 2006 – Sept 2007 
1992 – 2016: ring net (710 µm, 45 cm diameter ), oblique tow 0 – 10 m,  live samples 

SST  Feb 1992 – Dec 2016  

1992: mercury-in-glass thermometer 

1993 – 2001: CTD sensors  

2002 – 2016: Sea-Bird Scientific SBE 19plus SeaCAT Profiler CTD 
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NHF  Feb 1992 – Dec 2016 
Meteorological parameters obtained from the ECMWF operational and ERA-40 

datasets, provided by the British Atmospheric Data Centre  

Chl a  Feb 1992 – Dec 2016 
100 mL surface seawater filtered through 25 mm GF/F filters in triplicate, extracted in 

90% acetone at 4°C, analysed by Turner fluorometry following Welschmeyer (1994) 

Phyto- and protozooplankton 

biomass  

Oct 1992 – Dec 2014 

Excluding Oct 1994 – May 1995  

10 L Niskin bottle, 10 m, 200 mL sub-sample fixed in 2% acid Lugol's solution, 

analysed by light microscopy using the Utermöhl counting technique (Utermöhl, 1958) 
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2.2.1 Environmental parameters 

Sea surface temperature (SST) and surface chlorophyll a concentration (Chl a) were 

measured as part of the ongoing WCO time series. Before 1993, SST was measured 

with a mercury-in-glass thermometer. Between 1993 and 2001, SST was recorded 

electronically using CTD sensors. Since 2002, SST has been determined using a 

Sea-Bird Scientific SBE 19plus SeaCAT Profiler CTD. Chlorophyll a was measured 

by filtering 100 mL of surface seawater through 25 mm GF/F filters in triplicate, 

extracting in 90% acetone at 4°C, and then analysed by Turner fluorometry following 

Welschmeyer (1994).         

Net heat flux (NHF) was determined between 1992 and 2016 using the methodology 

of Smyth et al. (2014) as follows. Four processes control air-sea heat flux: shortwave 

radiation from the sun (QSW), outgoing longwave radiation from the sea surface 

(QLW), sensible heat transfer resulting from air-sea temperature differences (QSH) 

and latent heat transfer via evaporation of seawater (QLH). The Woods Hole 

Oceanographic Institution air-sea exchange MATLAB® tools (Fairall et al., 2003) 

were used to determine QSW, QLW, QSH and QLH (Pawlowicz et al., 2001), in units of 

W m-2. Meteorological parameters were obtained from the European Centre for 

Medium Range Weather Forecasting (ECMWF) ERA-40 and Operational analyses, 

extracted for the grid point 50°N, 4°W. These parameters were the following: air 

temperature (Ta, °C), dew point (Td, °C), wind speed at 10 m (U10, ms-1), cloud 

fraction (CF, 0: clear; 1: overcast) and atmospheric pressure (P, mb). Sea surface 

temperature (Ts, °C) combined with the ECMWF data was used to run the heat flux 

model for the period 1992 to 2016. QSW was calculated as a function of date and 

position with correction for CF (Reed, 1977); QLW as a function of Ta, Ts, Td and CF 

using the Berliand bulk formula (Fung et al., 1984). QSH and QLH were calculated as 

a function of Ta, Ts, Td, CF, P and U10. The sum of all four components results in 

NHF, with the sign convention of positive NHF being heat flux into the water column. 
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2.2.2 Plankton sampling 

Plankton samples were collected on a near-weekly basis using vertical net hauls 

from 50 m (sea floor depth ~ 54 m) to the surface. Oithona similis data were 

gathered from samples collected in 2003 and from November 2011 to December 

2016. Samples from 2003 were collected using a 50 μm mesh, 50 cm diameter ring 

net, from which samples were fixed in 4% buffered formalin. Samples from 2011 to 

2014 were collected using a 63 μm mesh, 57 cm diameter ring net and the plankton 

were fixed as described above. Samples from 2015 to 2016 were collected using the 

63 μm mesh ring net and 250 mL sub-samples were fixed in 2% acid Lugol’s 

solution. Samples for Calanus helgolandicus density were collected using a 200 μm 

mesh, 57 cm diameter, WP2 net (UNESCO, 1968). Live, non-quantitative net hauls 

for C. helgolandicus EPR incubations throughout 1992 to 2016 were collected with a 

710 μm mesh ring net of 45 cm diameter, towed obliquely through the top 10 m layer 

at 1 to 2 knots.  

Weekly sampling for phyto- and protozooplankton has also been undertaken at L4 

since 1992. Samples were collected from 10 m with a 10 L Niskin bottle. For each 

sampling event, a 200 mL sub-sample was immediately fixed with 2% acid Lugol’s 

solution, and another 200 mL sub-sample was fixed in 4% neutral formaldehyde for 

enumerating coccolithophores. Samples were transported to the laboratory and 

stored in cool, dark conditions until analysis by light microscopy using the Utermöhl 

counting technique (Utermöhl, 1958). Further detail on the methods can be found in 

Widdicombe et al. (2010). 

 

2.2.3 Plankton analysis 

I derived O. similis data separately from the WCO core time series datasets, as 

detailed information on this species had not been previously recorded at L4. The 63 

μm net samples fixed in 4% buffered formalin were screened through a 50 μm mesh, 

and the retained organisms re-suspended in tap water, made up to a known volume. 

The re-suspended sample was then pipetted into a 3 mL Hydrobios® counting 

chamber. The 63 μm net samples fixed in 2% acid Lugol’s solution were settled, and 

the top 200 mL removed via a syringe. The remaining 50 mL sample was left to 
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settle for three hours in the counting chamber. Highly concentrated Lugol’s samples 

were thoroughly mixed, before a 25 mL sub-sample was removed and settled for one 

hour. Prepared samples were then analysed under an Olympus IMT-2 inverted 

microscope at 40x magnification, and the number of adult males and females, 

juvenile copepodites and egg sacs were enumerated. As most egg sacs were 

detached from the females in all samples, both detached and attached egg sacs 

were enumerated. Copepodite densities may be slightly overestimated due to the 

presence of the congener O. nana, the copepodites of which are difficult to 

distinguish from O. similis. However, O. nana abundance made up only ~ 7% of total 

Oithona spp. density (L. Cornwell, unpublished data). Females typically carry two 

egg sacs, thus ovigerous female density was determined by halving egg sac 

abundance (Uye and Sano, 1995). The number of eggs per sac was recorded from a 

randomly selected subset of ten egg sacs in each sample. Egg sacs were 

transparent, thus not requiring dissection (Drif et al., 2010). Regrettably, naupliar 

densities could not be quantitatively determined from the net samples, and thus the 

data used in the present study do not include the naupliar component of the total O. 

similis population.  

Female prosome length and egg diameter of O. similis were measured under an 

Olympus IMT-2 inverted microscope at 100x magnification using an eyepiece 

graticule. Prosome length was taken from the anterior margin of the prosome to the 

posterior of the 4th thorax segment, where the articulation exists, following Uye 

(1982). Prosome lengths were measured for ten females per sample or for all 

females when less than ten were present, and converted into carbon mass (μg C 

female−1) using length-mass relationships in Uye (1982). Egg diameter was 

measured from two to three eggs per sac and converted to carbon mass (μg C 

egg−1) following Uye and Sano (1995). Linear regression of the natural log-

transformed female carbon mass (lnCf) against SST was then conducted. To 

calculate the temperature-size (T-S) response as the percent change (± 95% CI) in 

Cf per °C, the regression slope was transformed using the equation of Forster et al. 

(2012). As T-S responses represent a proportionate change in body size, and not 

body size itself, potential effects of preservatives on zooplankton body size (Kapiris 

et al., 1997; Jaspers and Carstensen, 2009) will not impact T-S response values. All 

equations for O. similis carbon mass calculations are provided in Table 2.2.  
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Table 2.2: Oithona similis egg production and carbon mass equations. E = egg 

density (eggs m-3), F = female density (ind m-3), HT = time from laying to hatching 

(days), T = temperature (°C), PL = prosome length (μm), ED = egg diameter (μm). 

The ‘slope’ in the equation of Forster et al. (2012) is that from the relationship 

between natural log-transformed adult female carbon mass (lnCf) and temperature.  

Parameter Equation Reference 

Egg production rate  

(EPR, eggs female
-1

 d
-1

) 

EPR = E / (F × HT) 

 

Edmondson et al. 

(1962); Checkley (1980) 

Hatch time  

(HT, d
-1

) 

HT = 1504.5 (T + 7.6998)
-2.05

 

 

Bĕlehrádek equation 

using parameters 

described for O. similis 

by Nielsen et al. (2002) 

Hatching rate  

(HR, d
-1

) 

HR = 1 / [1504.5 (T + 7.6998)
-2.05

]  

 

Bĕlehrádek equation 

using parameters 

described for O. similis 

by Nielsen et al. (2002) 

Female carbon  mass 

(Cf, µg C female
-1

) 

Cf = 10
[1.45 × (log PL) – 4.25]

 

 
Uye (1982) 

Egg carbon mass 

(Ce, µg C egg
-1

) 

Ce = 5.32 × 10
-8

 × ED
3.04

 

 
Uye and Sano (1995) 

Mass-specific egg production rate  

(SEPR, egg-C female-C
-1

 d
-1

) 

SEPR = (E / F) × HR × (Ce / Cf) 

 

Sabatini and Kiørboe 

(1994) 

Temperature-size (T-S) response 

(% change in Cf °C
-1

) 
T-S response = (exp

(slope)
 − 1) × 100 Forster et al. (2012) 
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Data for C. helgolandicus female and copepodite densities were obtained from the 

WCO time series from 1992 to 2016. It should be noted that the copepodite density 

data for C. helgolandicus may also include a small fraction of the congener C. 

finmarchicus. However, C. helgolandicus is the dominant Calanus species at L4, with 

C. finmarchicus comprising a median of just 4% of C. helgolandicus density 

throughout the water column (Maud et al., 2015). I therefore made the simplifying 

assumption that all counted individuals were C. helgolandicus. For the purpose of 

comparison, I used carbon mass data of Pond et al. (1996) for C. helgolandicus 

females and eggs at L4 measured from March to September 1994. The T-S 

response of this species was calculated using the same equation as for O. similis, 

following Forster et al. (2012). Once again, naupliar densities could not be 

quantitatively measured from the net samples, and thus the naupliar component of 

the total C. helgolandicus population density had to be excluded.  

Time series data for phyto- and protozooplankton at L4 were available from 1992 to 

2014, from which I derived biomass data for the following functional groups: diatoms, 

phyto- and zooflagellates, auto- and heterotrophic dinoflagellates, ciliates and 

coccolithophores. All cells > 2 μm were identified, to species-level where possible, 

and enumerated at either 200 or 400x magnification using an inverted microscope. 

Phyto- and zooflagellates are typically 2 – 10 μm, and were separated based on the 

presence or absence of chloroplasts. Cell measurements were used to calculate 

taxa-specific mean cell biovolume according to appropriate geometric shapes 

(Kovala and Larrance, 1966) and converted to biomass using the equations of 

Menden-Deuer and Lessard (2000). For further detail, I refer the reader to 

Widdicombe et al. (2010). 

 

2.2.4 Egg production rate 

In situ EPR of O. similis was calculated from female and egg sac densities and the 

number of eggs per sac, using the egg ratio method (Edmondson et al., 1962; 

Checkley, 1980). To account for the effect of female body size, mass-specific EPR 

(SEPR, egg-C female-C-1 d-1) was calculated using my measurements of O. similis 

prosome length together with length-mass equations (Uye, 1982) and egg diameter 
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(Uye and Sano, 1995). All equations for O. similis EPR and SEPR are provided in 

Table 2.2. 

Calanus helgolandicus EPR has been recorded since 1992 using the following 

protocol. After each sampling event, live samples were transported to the laboratory 

in a cool box within three hours of collection. In the laboratory, 25 mature females 

were selected from the sample and five replicates of five females were incubated. To 

prevent cannibalism of the eggs, females for each replicate were placed in a 500 μm 

mesh-bottom Plexiglas® chamber inside a 2 L plastic beaker filled with 1.5 L of 0.20 

μm filtered seawater, at ambient SST and constant darkness for 24 hours. Eggs from 

each replicate were counted and EPR calculated (Maud et al., 2015). Calanus 

helgolandicus SEPR was calculated using the carbon mass data of Pond et al. 

(1996) for this species at L4 during March to September 1994, by multiplying EPR by 

egg carbon content (μg C egg-1), then dividing the product by female carbon mass 

(μg C female-1) for all corresponding dates.  

 

2.2.5 Statistical analysis 

Statistical analysis was performed in R (version 3.02.1, R Development Core Team, 

2016). A t-test was run to test the difference between the full C. helgolandicus EPR 

dataset and a dataset comprising just the dates compatible with the O. similis 

dataset. The strength of the relationship between EPR and SEPR in both species 

was assessed using Pearson’s correlation coefficient. Generalised additive mixed 

models (GAMM) were run using the function ‘gamm’ from the R package ‘mgcv’ 

(Wood, 2006), to determine the relationships between EPR and the physical 

environment and trophic interaction terms. GAMMs were chosen for their greater 

capacity to identify non-linear relationships compared to generalised linear models. 

GAMMs also accommodate auto-regressive (AR) and moving average (MA) noise, 

and so this approach provided an unbiased fit for the data. The models were 

selected based on Akaike information criterion (AIC), choosing the model with the 

lowest AIC value while maintaining a complete physical environment and trophic 

interaction model structure. Autocorrelation function (ACF) and partial ACF plots of 

the raw and standardised residuals indicated that an AR of order 3 was required for 

the C. helgolandicus time series to account for temporal autocorrelation. A GAMM 
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was used to analyse the O. similis dataset for the contiguous years of 2011 to 2016. 

The year 2003 was excluded to remove the gap in the time series. An AR model was 

not selected for the O. similis dataset as the ACF evidence was less certain: the 

relatively short duration record means the selection of ARMA noise terms would be 

less accurate. A white noise model was selected in this case. For further detail on 

this type of non-linear process identification and statistical analysis approaches, see 

Bruun et al. (2017), Tarran and Bruun (2015) and Young et al. (2001). Non-

significant relationships between EPR and the environmental parameters analysed in 

this study are not presented. 
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2.3 Results 

2.3.1 L4 dynamics 

The environmental conditions at L4 varied inter-annually, but maintained general 

seasonal trends. Sea surface temperature (SST) increased from ∼ 9°C in March to ∼ 

16°C in August (Figure 2.1). From March to September, there was a positive net 

heat flux (NHF) into the water column, peaking in June at ~ 180 W m-2, followed by a 

transition to negative NHF, becoming most negative in December at ~ −115 W m-2 

(Figure 2.1). Pre-spring bloom total chlorophyll a concentration (Chl a) was ~ 0.6 μg 

L-1 and increased during the bloom to ~ 2 μg L-1 (Figure 2.2). Diatom blooms 

occurred predominantly in spring, sometimes continuing into autumn. Ciliate and 

phytoflagellate biomass was generally highest in late spring, followed by biomass 

peaks for heterotrophic dinoflagellates and zooflagellates in the summer, and 

autotrophic dinoflagellates and coccolithophores in autumn (Figure 2.2). 
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Figure 2.1: Mean (± SE) for (a) Oithona similis egg production rate (EPR) and mass-

specific EPR (SEPR) (2011 – 2016), (b) O. similis EPR and sea surface temperature 

(SST) (2003; 2011 – 2016), (c) O. similis EPR and net heat flux (NHF) (2003; 2011 – 

2016), (d) Calanus helgolandicus EPR and SEPR for the year 1994, using carbon 

mass data from Pond et al. (1996), (e) C. helgolandicus EPR and SST (1992 – 

2016), (f) C. helgolandicus EPR and NHF (1992 – 2016). 
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Figure 2.2: Mean (± SE) for (a) phytoplankton biomass seasonality over the period of 

the Oithona similis dataset (2003; 2011 – 2014), (b) protozooplankton biomass 

seasonality over the period of the O. similis dataset (2003; 2011 – 2014), (c) O. 

similis egg production rate (EPR) and chlorophyll a concentration (Chl a), (2003; 

2011 – 2016), (d) phytoplankton biomass seasonality over the period of the Calanus 

helgolandicus dataset (1992 – 2014), (e) protozooplankton biomass seasonality over 

the period of the C. helgolandicus dataset (1992 – 2014), (f) C. helgolandicus EPR 

and Chl a (1992 – 2016). Aut. dino = autotrophic dinoflagellates, P. flag = 

phytoflagellates, Het. dino = heterotrophic dinoflagellates, Z. flag = zooflagellates. 

Coccolithophores were excluded due to their low biomass at L4.   
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2.3.2 Oithona similis population density 

Mean (± SE) female density was highest in March (286 ± 111 ind m-3) and lowest in 

December (49 ± 15 ind m-3) (Figure 2.3). Similarly, mean egg sac density was 

highest in April (172 ± 28 egg sacs m-3) and lowest in December (9 ± 3 egg sacs m-3) 

(Figure 2.3). Mean copepodite density had two peaks, the largest in March (737 ± 

198 ind m-3) followed by a smaller peak in August, and density was again lowest in 

December (152 ± 32 ind m-3) (Figure 2.3). The proportion of ovigerous females in the 

total female population ranged from ~ 9% in December to ~ 30% throughout 

February to September. Mean male density also peaked in March (42 ± 22 ind m-3), 

but had a minimum in October (4 ± 2 ind m-3). There was a strong female-biased sex 

ratio, with a mean female: male density ratio of ten, although this varied considerably 

over time. 

 

2.3.3 Physical and trophic effects on Oithona similis egg production 

Egg production rate (EPR) and mass-specific EPR (SEPR) of O. similis were 

strongly correlated (Pearson’s correlation coefficient, ρ = 0.98). Maximum mean (± 

SE) EPR occurred in August (3.29 ± 0.95 eggs female-1 d-1), and was lowest in 

December (0.35 ± 0.09 eggs female-1 d-1) (Figure 2.1). Thus, the proportional change 

of EPR over an annual cycle had an almost tenfold range, and a coefficient of 

variation of 89.7%. Egg production rate increased with SST, with this relationship 

becoming significant at ~ 15°C (Figure 2.4, Table 2.3), indicating rapid increase in 

EPR above this threshold temperature. The only other variable to show a clear 

significant relationship with O. similis EPR was NHF (Table 2.3), with the positive 

relationship between EPR and NHF becoming significant above ~ 200 W m-2 (Figure 

2.4), at the point of maximum positive NHF into the water column (Figure 2.1). No 

significant relationship occurred between O. similis EPR and the biomass of any 

phyto- or protozooplankton taxa that were analysed. Therefore, in order to provide a 

trophic interaction term, Chl a was included in the GAMM, although this term did not 

have an overall significant relationship with EPR (Table 2.3). The GAMM plot shows 

that Chl a had a large uncertainty interval, although it may have a marginally 

significant relationship with EPR at Chl a below ~ 0.9 μg L-1 (Figure 2.4). 
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Figure 2.3: Mean (± SE) for (a) Oithona similis female density and egg production 

rate (EPR) (2011 – 2016), (b) O. similis copepodite density and egg sac density 

(2011 – 2016), (c) Calanus helgolandicus female density and EPR (1992 – 2016), (d) 

C. helgolandicus copepodite density (1992 – 2016). 
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Figure 2.4: Plots showing the non-parametric contributions for each environmental 

parameter included in the generalised additive mixed model (GAMM) on egg 

production rate (EPR) for the O. similis dataset (2011 – 2016). Parameters included 

were (a) sea surface temperature (SST), (b) net heat flux (NHF), (c) chlorophyll a 

concentration (Chl a). Horizontal line at y = 0 marks where there is no ‘non-linear 

effect’ of the ‘x’ variable on EPR. Solid and dashed lines above the y = 0 line indicate 

a significant positive relationship. Dashed lines represent the uncertainty interval. 
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Table 2.3: Generalised additive mixed model (GAMM) outputs for Oithona similis egg 

production rate (EPR, eggs female-1 d-1). SST = sea surface temperature (°C), NHF 

= net heat flux (W m-2), Chl a = chlorophyll a concentration (μg L-1), df(est) = 

estimated degrees of freedom, df(res) = residual degrees of freedom, n = sample 

size. Each covariate is represented as a smooth function, s(x). 

 

 

  

Covariate df(est) df(res) F p n 

s(SST) 1.958 1.958 2.871 0.0438 217 

s(NHF) 2.016 2.016 2.921 0.0622 217 

s(Chl a) 1.485 1.485 1.421 0.1619 217 
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2.3.4 Oithona similis body size variation 

Adult female O. similis were largest in May (0.41 ± 0.01 μg C female-1) and smallest 

in November (0.33 ± 0.004 μg C female-1) (Figure 2.5). Female carbon mass (Cf) 

negatively correlated with SST (Figure 2.6), exhibiting a mean (± 95% CI) percent 

change of −2.33 ± 0.5% in Cf per °C increase in SST. Egg carbon mass (Ce) 

showed no clear seasonality, with a mean (± SE) of 0.014 ± 0.001 μg C egg-1 

throughout the year (Figure 2.5), and was not significantly correlated with Cf or the 

number of eggs per sac. The mean (± SE) values of these parameters are provided 

in Table 2.4. 
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Figure 2.5: Mean (± SE) for (a) Oithona similis female carbon mass (Cf) and sea 

surface temperature (SST) (2011 – 2016), (b) O. similis Cf and egg carbon mass 

(Ce) (2011 – 2016), (c) Calanus helgolandicus Cf and SST (March to September 

1994), (d) C. helgolandicus Cf and Ce (March to September 1994). Carbon mass 

data for C. helgolandicus were derived from Pond et al. (1996). 
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Figure 2.6: Oithona similis and Calanus helgolandicus female carbon mass (Cf) 

against sea surface temperature (SST). Note the y axes are both log10 scales. 

Carbon mass data for O. similis were measured over 2011 – 2016. Carbon mass 

data for C. helgolandicus were derived from Pond et al. (1996), measured over 

March to September 1994. The regressions of body size are described by the 

equations: ln(O. similis Cf) = −0.0236 SST − 0.7197 (R2 adj = 0.35, p < 0.0001, n = 

132), and ln(C. helgolandicus Cf) = −0.0775 SST + 4.8021 (R2 adj = 0.76, p < 

0.0001, n = 28). 
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Table 2.4: Mean (± SE) and sample size (n) for Oithona similis and Calanus helgolandicus female carbon mass (Cf, µg C female-1), 

egg diameter (ED, µm) and carbon mass (Ce, µg C egg-1), egg production rate (EPR, eggs female-1 d-1) and mass-specific EPR 

(SEPR, egg-C female-C-1 d-1). Female prosome length (PL, µm) and number of eggs per sac (ES) are provided for O. similis. Years 

analysed: O. similis EPR (2003; 2011 – 2016), egg and female size and SEPR (2011 – 2016), C. helgolandicus EPR (1992 – 

2016), egg and female size and SEPR (1994). Carbon mass data for C. helgolandicus derived from Pond et al. (1996). Spring 

(March to May), summer (June to August), autumn (September to October), winter (December to February).  

Species Season PL  Cf ED  Ce ES EPR SEPR 

Oithona similis 

Spring 
456 ± 3.29 0.40 ± 0.004 61 ± 0.84 0.015 ± 0.001 9.77 ± 0.33 1.66 ± 0.18 0.057 ± 0.008 

(30) (30) (30) (30) (30) (33) (30) 

Summer 
425 ± 3.17 0.36 ± 0.004 59 ± 0.71 0.013 ± 0.001 9.28 ± 0.21 2.67 ± 0.37 0.113 ± 0.018 

(37) (37) (32) (32) (32) (42) (31) 

Autumn 
403 ± 3.32 0.34 ± 0.004 60 ± 0.63 0.014 ± 0.0004 6.93 ± 0.25 1.56 ± 0.28 0.061 ± 0.011 

(37) (37) (36) (36) (37) (39) (35) 

Winter 
420 ± 4.33 0.36 ± 0.005 59 ± 0.92 0.013 ± 0.001 6.68 ± 0.36 0.78 ± 0.17 0.032 ± 0.007 

(28) (28) (27) (27) (27) (32) (27) 

Calanus helgolandicus 

Spring 
 59.57 ± 2.54  0.468 ± 0.04  21.38 ± 0.71 0.167 ± 0.02 

 (10)  (10)  (244) (10) 

Summer 
 36.92 ± 1.29  0.311 ± 0.01  21.08 ± 0.64 0.189 ± 0.02 

 (14)  (13)  (256) (13) 

Autumn 
     9.74 ± 0.45  

     (230)  

Winter 
     5.77 ± 0.44  

      (200)  
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2.3.5 Calanus helgolandicus population density 

Mean (± SE) female density was highest in June (20 ± 3 ind m-3) and lowest in 

November (2 ± 0.2 ind m-3) (Figure 2.3). Mean copepodite density was considerably 

higher, peaking in August (176 ± 37 ind m-3), with minimum values in December (13 

± 3 ind m-3) (Figure 2.3). Mean male density was also highest in June (6 ± 3 ind m-3) 

and lowest in December (0.3 ± 0.07 ind m-3). 

 

2.3.6 Physical and trophic effects on Calanus helgolandicus egg production 

The seasonality of EPR and SEPR was very similar (Pearson’s correlation 

coefficient, ρ = 0.88) (Figure 2.1), at least during 1994, the year for which carbon 

data were available (Pond et al., 1996). There was no significant difference in EPR 

seasonality between the full C. helgolandicus dataset and the one comprising just 

the dates that coincided with the O. similis dataset, thus I used the full dataset for the 

comparison. Mean (± SE) EPR was highest throughout April to June (24.8 ± 1.1 

eggs female-1 d-1), and lowest in December (3.14 ± 0.52 eggs female-1 d-1) (Figure 

2.1). The proportional change of EPR over the year therefore showed an 

approximate eightfold range, and a coefficient of variation of 73.6%. There was a 

strong relationship between EPR and NHF (Table 2.5), with a significant positive 

effect occurring for NHF above ~ 50 W m-2 (Figure 2.7). No significant relationship 

was found between C. helgolandicus EPR and SST. The C. helgolandicus EPR and 

diatom biomass analysis indicated a logarithmic relationship, which was significant at 

diatom biomass between 20 and 60 mg C m-3 (Figure 2.7, Table 2.5). Once diatom 

biomass exceeded ~ 60 mg C m-3, the relationship became non-significant. Analysis 

also showed a marginally significant relationship between EPR and heterotrophic 

dinoflagellates, which appeared to take a logarithmic form, with the relationship 

becoming positive after heterotrophic dinoflagellate biomass reached ~ 5 mg C m-3 

(Figure 2.7, Table 2.5). Note that the relationship between EPR and heterotrophic 

dinoflagellate biomass shows a significant non-linear effect with a wide uncertainty 

interval (Figure 2.7). No significant relationship was found between C. helgolandicus 

EPR and Chl a. 
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Figure 2.7: Plots showing the non-parametric contributions for each environmental 

parameter included in the generalised additive mixed model (GAMM) on the egg 

production rate (EPR) for the Calanus helgolandicus dataset (1992 – 2016). 

Parameters included were (a) net heat flux (NHF), (b) diatom biomass, (c) 

heterotrophic dinoflagellate (Het. dino) biomass. Horizontal line at y = 0 marks where 

there is no ‘non-linear effect’ of the ‘x’ variable on EPR. Solid and dashed lines 

above the y = 0 line indicate a significant positive relationship. Dashed lines 

represent the uncertainty interval. 

 

 

 

 



58 
 

Table 2.5: Generalised additive mixed model (GAMM) outputs for Calanus 

helgolandicus egg production rate (EPR, eggs female-1 d-1) with net heat flux (NHF, 

W m-2), diatom and heterotrophic dinoflagellate (Het. dino) biomass (mg C m-3), 

df(est) = estimated degrees of freedom, df(res) = residual degrees of freedom, n = 

sample size. Each covariate is represented as a smooth function s(x). 

 

 

Covariate df(est) df(res) F p n 

s(NHF) 2.522 2.522 9.985 < 0.0001 1081 

s(Diatom) 3.644 3.644 4.454 0.0030 1081 

s(Het. dino) 2.613 2.613 3.288 0.0537 1081 
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2.3.7 Calanus helgolandicus body size variation 

Based on published carbon mass data at L4 extracted from Pond et al. (1996) and 

measured between March and September in 1994, mean (± SE) female carbon 

mass (Cf) was highest in April (64 ± 2 μg C female-1) and lowest in August (33 ± 1 μg 

C female-1) (Figure 2.5). Therefore, Cf negatively correlated with SST (Figure 2.6), 

with a mean (± 95% CI) percent change of −7.46 ± 1.6% in Cf per °C increase in 

SST. Egg carbon mass (Ce) peaked in April (0.64 ± 0.04 μg C egg-1), with minimum 

values in September (0.23 ± 0.01 μg C egg-1) (Figure 2.5). The mean (± SE) values 

of these parameters are provided in Table 2.4. 
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2.4 Discussion 

In this chapter, I show that Oithona similis and Calanus helgolandicus exhibit 

contrasting responses to environmental variation at station L4, measured as 

differences in adult female and copepodite densities, egg production rates (EPR) 

and adult female and egg carbon mass. Oithona similis EPR appears to be more 

influenced by the physical environment, being significantly related to sea surface 

temperature (SST) and net heat flux (NHF), whereas physical and trophic 

parameters both seem to drive C. helgolandicus EPR, specifically NHF and diatom 

and heterotrophic dinoflagellate biomass. Moreover, body size scaling with 

temperature was stronger in C. helgolandicus compared to O. similis, with C. 

helgolandicus exhibiting a greater relative reduction in female carbon mass with 

increasing SST over the season. Finally, my results show that the timing of 

population density and EPR maxima are decoupled in both species, which has 

implications for studies that define maximum population fitness by a single set of 

optimal conditions or predictors. 

 

2.4.1 Seasonality of egg production, egg size and female size 

Fecundity in sac-spawning, ambush predators is typically lower than in broadcast-

spawning, active feeders (Sabatini and Kiørboe, 1994; Nielsen and Sabatini, 1996; 

Hirst and Kiørboe, 2002). My results support this, with O. similis exhibiting low mean 

EPR (1.73 eggs female-1 d-1) compared to C. helgolandicus (15.1 eggs female-1 d-1). 

There is some evidence that C. helgolandicus contributes more carbon, as a 

proportion of female body mass, into their eggs (Pond et al., 1996). However, the 

proportional change of EPR over an annual cycle was broadly similar between these 

species, with an approximate eight- to tenfold range, and coefficients of variation of 

73.6 and 89.7% for C. helgolandicus and O. similis, respectively. The similarity in 

relative EPR variability between these species over an annual cycle contrasts with a 

series of papers suggesting that EPR of sac-spawning species is more stable 

throughout the year compared to that of broadcast-spawners (Sabatini and Kiørboe, 

1994; Nielsen and Sabatini, 1996). Although weak seasonality in O. similis EPR has 

previously been reported (Fransz and Gonzalez, 1995; Castellani et al., 2005b; 

2007), these studies sampled over an incomplete annual cycle, hence the variation 
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in the analysis could have had a seasonal bias. Seasonality in O. similis reproduction 

has been reported in studies focused on single sites, in the Barents Sea (Dvoretsky 

and Dvoretsky, 2009a), the Arctic (Lischka and Hagen, 2005) and the North Sea 

(Drif et al., 2010). However, I acknowledge that studies on a single species and site, 

as in the present study, do not provide sufficient evidence to reject the general rule 

that EPR in sac-spawning copepods is more stable relative to broadcast-spawning 

species (see Figure 2 in Bunker and Hirst, 2004). Previous studies at L4 provide 

evidence of seasonality in C. helgolandicus EPR (Pond et al., 1996; Irigoien et al., 

2000a, b; Irigoien and Harris, 2003; Rey-Rassat et al., 2004; Maud et al., 2015). 

For O. similis, neither egg carbon mass nor diameter showed any clear seasonality 

at L4, which is similar to that reported for O. similis egg diameter in North Atlantic 

(Castellani et al., 2005b; 2007) and Greenland (Zamora-Terol et al., 2013) 

populations. However, in the Barents Sea, O. similis egg diameter correlated 

positively with female prosome length (Dvoretsky and Dvoretsky, 2009a) and 

negatively with clutch size (Dvoretsky and Dvoretsky, 2009a, b). I found that C. 

helgolandicus egg and female carbon mass followed similar trends, both with 

maximum values in spring. 

My results show a stronger percent change in female carbon mass per °C of 

seasonal warming in C. helgolandicus compared to O. similis, with mean (± 95% CI) 

values of −7.46 ± 1.6% and −2.33 ± 0.5% for C. helgolandicus and O. similis, 

respectively. Similarly, Horne et al. (2016) reported that on average calanoid 

copepods exhibit a fourfold greater reduction in percent change in adult body mass 

per °C, with a mean (± 95% CI) of −3.66 ± 0.70%, compared to cyclopoids with a 

mean of −0.91 ± 0.59%. The difference in temperature-size (T-S) responses 

between calanoid and cyclopoid species was attributed to their contrasting feeding 

modes, as opposed to reproductive strategy (Horne et al., 2016), with rates of food 

acquisition and resource use proposed to scale with body size differently between 

feeding modes (Horne et al., 2016). Furthermore, feeding mode is associated with 

metabolic rate (Kiørboe and Hirst, 2014), which differs substantially between active 

and passive feeders (Kiørboe, 2011), and could also be a factor determining T-S 

responses. 
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2.4.2 Physical effects on egg production  

Despite the proportional change in EPR over the year being similar for both O. similis 

and C. helgolandicus, I propose that different factors influence the timing of EPR 

maxima in each species. In support of my first hypothesis, I found a stronger 

relationship between EPR and SST in O. similis compared to C. helgolandicus. The 

relationship between O. similis EPR and SST may in part be due to the temperature-

dependent brooding period, whereby EPR is limited by the delay in production of 

new egg clutches until previous eggs hatch (Ward and Hirst, 2007). Since embryonic 

development rate increases with temperature, the time from the production of one 

clutch to the production of the next should decrease with increasing temperature 

(Nielsen et al., 2002), thus explaining the strong positive relationship between EPR 

and temperature observed here. Positive correlation between temperature and EPR 

has also been reported for O. similis populations in the Barents Sea (Dvoretsky and 

Dvoretsky, 2009a, b) and Greenland (Zamora-Terol et al., 2014). In a synthesis of 

such rates, Ward and Hirst (2007) show the significant positive correlation between 

EPR and temperature in natural populations of O. similis (see their Figure 6). 

Reproduction in broadcast-spawning C. helgolandicus does not involve a brooding 

period, as eggs are released directly into the water column. The lack of a 

temperature-dependent brooding period could partially explain why SST is a poorer 

predictor of C. helgolandicus EPR, both in this study and previous studies at L4 

(Bautista et al., 1994; Pond et al., 1996; Laabir et al., 1998; Irigoien et al., 2000b; 

Bonnet et al., 2005). Net heat flux explained more of the variation in C. helgolandicus 

EPR, which peaked following the transition to positive NHF in spring, the relationship 

between EPR and NHF becoming significant at ~ 50 W m-2 when SST is still 

relatively low and the water column stratified. The relationship between C. 

helgolandicus EPR and NHF could be due to the influence of NHF over the timing of 

the spring bloom (Smyth et al., 2010; 2014), during which increased phytoplankton 

prey biomass could sustain maximum reproductive output. The same cannot be said 

for the relationship between O. similis EPR and NHF, considering this does not 

become significant until positive NHF into the water column has peaked at ~ 200 W 

m-2 later in the year, when water column stratification starts to breakdown. Water 

column stratification was found to be the only physical variable to correlate with C. 

helgolandicus population increase at L4 (Maud et al., 2015). Eggs of broadcast-
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spawning Calanus spp. die quickly upon contact with sediment (Uye, 2000). 

Therefore, water column stratification may also be important for retaining C. 

helgolandicus eggs in the upper mixed layer (Irigoien and Harris, 2003), although 

this could make the eggs more visible to predators (Eiane et al., 2002). Furthermore, 

water column stratification may support C. helgolandicus prey detection and capture 

(Kiørboe and Saiz, 1995). The effect of turbulence on foraging efficiency in 

zooplankton has been well studied (Visser et al., 2009), but further research into the 

effects of stratification on recruitment success in broadcast-spawning copepods 

would be highly beneficial. 

 

2.4.3 Prey effects on egg production  

My results provide mixed support for the second hypothesis that due to the contrast 

in feeding mode, O. similis EPR would have a stronger relationship with the biomass 

of motile prey, whereas C. helgolandicus EPR would have a stronger relationship 

with non-motile, diatom prey. What I actually found was that O. similis EPR was not 

significantly related with any of the prey taxa analysed. In contrast, C. helgolandicus 

EPR was significantly related with the biomass of diatoms and, to a lesser extent, 

heterotrophic dinoflagellates. Diatoms, ciliates and heterotrophic dinoflagellates have 

previously been shown to sustain C. helgolandicus EPR at L4 (Pond et al., 1996; 

Irigoien et al., 2000a, b; Fileman et al., 2010). Thus, it is likely that this species 

consumes both motile and non-motile prey throughout the year according to 

availability. For example, C. helgolandicus have been shown to graze predominantly 

on diatoms during the spring bloom, but are more dependent on protozooplankton 

later in the year once diatom biomass decreases (Fileman et al., 2007). As 

heterotrophic dinoflagellate biomass peaks in summer, following the spring 

phytoplankton bloom, C. helgolandicus may consume these dinoflagellates during 

times of the year when diatom biomass is low, as previously reported (Irigoien et al., 

2000a, b; Fileman et al., 2010). Although I found no statistically significant 

relationship between C. helgolandicus EPR and Chl a, EPR for this species 

increases during the spring peak in Chl a, as has been found previously at L4 

(Bautista et al., 1994; Pond et al., 1996; Laabir et al., 1998; Bonnet et al., 2005; 

Maud et al., 2015). Overall, the longer C. helgolandicus time series suggested that 
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food can be an important factor influencing fecundity, yet the shorter O. similis time 

series was unable to explain these dynamics. 

Environmental seasonality can influence energy allocation in organisms, with the 

investment of energy under stressful conditions going towards survival, resulting in 

reduced fecundity (Kiørboe et al., 2015). The fact that O. similis is reproductively 

active throughout the year is indicative of efficient energetic uptake and assimilation. 

I retained Chl a in the model for O. similis EPR in order to include a trophic 

interaction term. In general, Chl a is a good proxy for phytoplankton biomass, and O. 

similis EPR did show a marginal relationship with Chl a, a finding also reported in 

previous studies (Sabatini and Kiørboe, 1994; Castellani et al., 2007; Ward and 

Hirst, 2007; Drif et al., 2010). Oithona similis fecundity has been reported to remain 

relatively high at low Chl a (Ward and Hirst, 2007), and weight-specific fecundity and 

growth in Oithona spp. is saturated at low Chl a (Hirst and Bunker, 2003), which 

could potentially explain the marginal significance observed here between O. similis 

EPR and Chl a at low chlorophyll concentrations. 

 

2.4.4 Decoupled seasonality in population density and egg production 

The seasonal timing of population density and EPR maxima was decoupled in both 

species. Decoupled population density and EPR seasonality has previously been 

reported for C. helgolandicus at L4 (Pond et al., 1996; Irigoien and Harris, 2003; 

Rey-Rassat et al., 2004; Maud et al., 2015) and for O. similis in the Arctic (Lischka 

and Hagen, 2005). The result that maximum O. similis female density occurs in 

spring is consistent with a previous study of this species at L4 (Castellani et al., 

2016), and contradicts the notion that ambush predators thrive during periods when 

motile prey predominates (Kenitz et al., 2017). The decoupled seasonality of 

population density and EPR could be explained by variation in mortality rates (Hirst 

and Kiørboe, 2002). Mortality rates of C. helgolandicus at L4 show strong 

seasonality, and are highest among early developmental stages (Hirst et al., 2007). 

Consequently, EPR is a poor predictor of the densities of later developmental 

stages. Mismatch between seasonality in egg production and egg viability can lead 

to eggs being produced in sub-optimal conditions for peak egg fitness (Varpe et al., 

2007), with negative consequences on recruitment success. The fact that optimum 
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conditions for reproduction and adult female and copepodite density maxima occur 

at different times of year, under different temperature and food conditions, has 

implications for modelling approaches that only use population density as a function 

of environmental parameters to represent an ecological niche (Helaouët et al., 2013). 

Rate of maturation from eggs to adults should determine the time period between 

maximum reproductive output and increased adult density, assuming high 

recruitment success of the population. Calanus helgolandicus may take longer to 

develop than O. similis, as development time from egg to adult at 15°C has been 

estimated at 24 to 40 days in C. helgolandicus (Bonnet et al., 2009), and ~ 20 days 

in O. similis (Sabatini and Kiørboe, 1994). Despite these relatively short development 

times, adult female densities did not increase until long after the period of maximum 

EPR, indicating that there are indeed other factors, such as mortality and advection 

(Irigoien and Harris, 2003; Hirst et al., 2007), influencing population density. Ohman 

and Hirche (2001) present evidence for density-dependent mortality in an oceanic 

population of C. finmarchicus, whereby egg mortality rates were a function of adult 

female and copepodite densities. Likewise, greater rates of egg mortality at higher 

adult densities have been reported for the C. helgolandicus population at station L4 

(Hirst et al., 2007). Thus predation, by cannibalism or from other species, combined 

with egg hatching success (Maud et al., 2015) may also contribute to decoupled 

seasonality in population density and egg production. 

 

2.4.5 Statistical analysis and development of predictive models 

One limitation in the present study was the shorter period over which data were 

available for O. similis, and the restrictions this imposed on including an auto-

regressive noise process as part of the GAMM. The benefit of having the longer C. 

helgolandicus record was that it represents the L4 physical and trophic interactions 

with EPR over a longer time scale. While the O. similis record is short, this species 

has been exposed to the same physical environment as C. helgolandicus, allowing 

both taxa to be compared in the long-term context. Further work using these 

dynamic relationships would be conducive to establishing a predictive model for O. 

similis.  
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2.4.6 Concluding remarks 

Contrasting traits of body size, feeding mode and reproductive strategy between O. 

similis and C. helgolandicus appear to induce different responses in population 

density and reproductive output to environmental variation at station L4. The fact that 

optimum conditions for population density and reproductive output occurred at 

different times of the year in both species, under differing temperature and food 

conditions, is relevant to niche modelling approaches. My results therefore show that 

optimum population performance cannot be defined by a single set of environmental 

conditions. Overall, understanding how contrasting functional traits translate into 

seasonality of population density, fecundity and body size can enhance our ability to 

predict how populations might perform under different climatic scenarios. 
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CHAPTER 3 

 

 

Resilience of the copepod Oithona similis to climatic variability: egg 

production, mortality, and vertical habitat partitioning 

 

 

The present chapter is published as: 

Cornwell, L.E., Fileman, E. S., Bruun, J. T., Hirst, A. G., Tarran, G. A., Findlay, H. S., 

Lewis, C., Smyth, T. J., McEvoy, A. J. and Atkinson, A., 2020. Resilience of the 

copepod Oithona similis to climatic variability: egg production, mortality, and vertical 

habitat partitioning. Frontiers in Marine Science, 7, article no: 29. 

 

I designed the study with contribution from Helen Findlay, and conducted laboratory 

work and analysis with support from Elaine Fileman, John Bruun and Andrew Hirst. 

Additional time series data were provided by Glen Tarran, Tim Smyth and Andrea 

McEvoy. All co-authors assisted in the editing of the manuscript.  
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3. Resilience of the copepod Oithona similis to climatic variability: egg 

production, mortality, and vertical habitat partitioning 

 

There has been an overall decline in copepod populations across the North Atlantic 

over the past few decades. Reasons for these declines are unclear, and several 

major species, including the cyclopoid copepod Oithona similis, have maintained 

stable populations at station L4 in the Western English Channel. To identify the 

factors contributing to this stability, I conducted a 1-year intensive study of O. similis 

at L4 over 2017 – 2018, a period of high climatic variability. For context, dominant 

frequency state analysis was applied to the 30-year L4 time series to derive the 

baseline dynamics of the Oithona spp. population. The Oithona spp. baseline 

demonstrated stable densities and a bimodal annual cycle. These dynamics, as well 

as those of reproductive output and phenological timings, were upheld in 2017 – 

2018, indicating resilience to climatic variability. During 2017 – 2018, all life stages of 

O. similis were relatively scarce in the top 2 m of the water column, despite the 

presence of abundant food. Naupliar stages occurred predominantly around 10 m 

depth, with subsequent life stages progressively deeper. I suggest this vertical 

structuring may represent different trade-offs between feeding and mortality risk 

between ontogenetic stages. To determine the traits that contribute to population 

stability, I compare O. similis with the large, biomass-dominant copepod, Calanus 

helgolandicus. Despite having contrasting functional traits, both species have 

exhibited strong population stability over the time series. My results provide evidence 

that mortality plays a major role in maintaining population dynamics. 
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3.1 Introduction 

Copepod populations have undergone strong declines across the North Atlantic over 

the past few decades (Edwards et al., 2016; O’Brien et al., 2017). Although it is well 

established that the global oceans are changing at unprecedented rates (IPCC, 

2019), the drivers behind the observed copepod declines are uncertain, and some 

important species have maintained stable populations. 

Small pelagic copepods, such as Oithona similis, are some of the most numerous 

metazoans on Earth (Turner, 2004), and provide an important link between the 

microbial food web and higher trophic levels (Nielsen and Sabatini, 1996; Turner, 

2004). Furthermore, O. similis populations are commonly reproductively active 

throughout the year (Digby, 1954; McLaren, 1969; Sabatini and Kiørboe, 1994; 

Fransz and Gonzalez, 1995; Ashjian et al., 2003; Lischka and Hagen, 2005; 

Dvoretskii, 2007; Dvoretsky and Dvoretsky, 2009a), making this species a 

particularly significant ecosystem component in winter when larger copepod species 

are scarce (Nielsen and Sabatini, 1996). Therefore, understanding which factors 

control the population dynamics of this ubiquitous and ecologically significant 

species is important. 

The Western Channel Observatory (WCO) station L4 is a highly seasonal, temperate 

shelf site. The physical and biological environment at L4 is well studied, with 

numerous publications on the plankton community (Eloire et al., 2010; Highfield et 

al., 2010; Widdicombe et al., 2010; Atkinson et al., 2015; Tarran and Bruun, 2015; 

White et al., 2015). The 30-year L4 time series is thus an invaluable resource 

through which to investigate the impact of environmental variation on zooplankton 

populations. Consistent with the trends observed across the wider North Atlantic 

(Edwards et al., 2016; O’Brien et al., 2017), there has been a decrease in overall 

copepod densities at L4 over the past 30 years (Edwards et al., 2020). However, as 

seen in chapter 2, the densities and phenological timings of the O. similis population 

at L4 have remained relatively stable (Castellani et al., 2016; Cornwell et al., 2018), 

as has also been the case for the larger calanoid copepod Calanus helgolandicus 

(Maud et al., 2015). 

To identify the potential factors behind the O. similis population stability at L4, I 

conducted a 1-year intensive study over 2017 – 2018. The study period included 
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exceptionally low water temperatures in spring, followed by a rapid rate of warming 

prior to summer. For context, dominant frequency state analysis (DFSA) was used to 

derive the baseline Oithona spp. dynamic for the 30-year L4 time series. To further 

explore the population seasonality during 2017 – 2018, depth-resolved sampling was 

used to determine the vertical distribution of all O. similis life stages, alongside that 

of potential prey. My final aim was to determine the functional traits, such as body 

size, feeding and reproductive strategies, which may provide population stability in a 

variable environment. To achieve this, I compared the population dynamics and key 

traits of O. similis with those of C. helgolandicus at station L4.  
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3.2 Materials and methods 

I begin this section by outlining the contextual measurements made as part of the 

Western Channel Observatory (WCO) L4 time series. Following this, I describe the 

high-resolution sampling techniques and data analysis conducted during the 2017 – 

2018 study.  

 

3.2.1 Long-term sampling at station L4 

To provide context for the 2017 – 2018 study, L4 zooplankton time series data were 

used to derive the baseline dynamics of the Oithona spp. population. L4 time series 

data were also used to construct the baseline seasonal dynamic for the physical 

environment. The duration, sampling methodology and sources of all datasets 

analysed in the present study are provided in Table 3.1. 
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Table 3.1: Duration, sampling methodology and sources of all datasets. EPR = egg 

production rate, NHF = net heat flux, ECMWF = European Centre for Medium Range 

Weather Forecasting, WCO = Western Channel Observatory, CEDA = Centre for 

Environmental Data Analysis. 

  

Dataset Years analysed Sampling method Source 

Oithona similis 

1-year intensive 

study 

Sept 2017 – Oct 2018 
10 L Niskin bottles attached to CTD 

rosette, fired at 2, 10, 25, 50 m 

Present 

study 

Oithona spp. 

population 

density  

Mar 1988 – Dec 2017 

 

WP2 net [UNESCO (1968), 200 μm 

mesh, 57 cm diameter], 

0 – 50 m vertical haul, fixed in 4% 

buffered formalin 

WCO 

O. similis EPR 

 

Jan 2003 – Dec 2003 

 

 

 

Nov 2011 – Mar 2014 

 

 

 

Jun 2015 – Dec 2016 

Ring net (50 μm mesh, 50 cm diameter), 

0 – 50 m  vertical haul, fixed in 4% 

buffered formalin 

 

Ring net (63 μm mesh, 57 cm diameter), 

0 – 50 m vertical haul, fixed in 4% 

buffered formalin 

 

Ring net (63 μm mesh, 57 cm diameter), 

0 – 50 m vertical haul, fixed in 2% acid 

Lugol’s solution 

Chapter 2 of 

this thesis;  

Cornwell et 

al., 2018 

Depth-integrated 

temperature  
Jan 2002 – Dec 2017  

Sea-Bird Scientific SBE 19plus SeaCAT 

Profiler CTD 
WCO 

NHF  Mar 1988 – Dec 2017 

Meteorological parameters obtained 

from the ECMWF operational and ERA-

40 datasets 

CEDA 
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Samples for Oithona spp. density were collected from 0 – 50 m vertical hauls with a 

200 µm mesh, 57 cm diameter WP2 net (UNESCO, 1968), and fixed in 4% buffered 

formalin. The category Oithona spp. comprises adults of both sexes and late stage 

copepodites, although the latter are not quantitatively sampled. Data derived from 

this long-term sampling was used to determine the day of the year at which the 

Oithona spp. population reached 25, 50 and 75% of the total annual cumulative 

density, indicating the start, middle and end of season, respectively (Mackas et al., 

2012). The duration index of the population was derived from the number of days 

between the 25th and 75th cumulative percentiles. Samples for O. similis egg 

production rate (EPR) were collected from 0 – 50 m vertical hauls in 2003, and 2011 

to 2016. In 2003, samples were collected using a ring net (50 µm mesh, 50 cm 

diameter) and fixed in 4% buffered formalin. In November 2011 to March 2014, 

samples were collected using a ring net (63 µm mesh, 57 cm diameter) and fixed in 

4% buffered formalin. In June 2015 to December 2016, samples were collected 

using a ring net (63 µm mesh, 57 cm diameter) and fixed in 2% acid Lugol’s solution. 

Water column temperature was determined using a Sea-Bird Scientific SBE 19plus 

SeaCAT Profiler CTD. Another physical parameter analysed in the present study 

was the surface net heat flux (NHF) between the atmosphere and the ocean, which 

incorporates air-sea temperature difference, irradiance, wind speed, and stratification 

(Smyth et al., 2014). Surface NHF was determined using the following methodology 

of Smyth et al. (2014). Four processes control air-sea heat flux: shortwave radiation 

from the sun (QSW), outgoing longwave radiation from the sea surface (QLW), 

sensible heat transfer resulting from air-sea temperature differences (QSH), and 

latent heat transfer via evaporation of seawater (QLH). The Woods Hole 

Oceanographic Institution air-sea exchange MATLAB® tools (Fairall et al., 2003) 

were used to determine QSW, QLW, QSH and QLH (Pawlowicz et al., 2001), in units of 

W m-2. Meteorological parameters were obtained from the European Centre for 

Medium Range Weather Forecasting (ECMWF) ERA-40 and Operational analyses, 

extracted for the grid point 50°N, 4°W. These parameters were the following: air 

temperature (Ta, °C), dew point (Td, °C), wind speed at 10 m (U10, ms-1), cloud 

fraction (CF, 0: clear; 1: overcast) and atmospheric pressure (P, mb). Sea surface 

temperature (Ts, °C), combined with the ECMWF data, was used to run the heat flux 

model for the period 1988 to 2018. QSW was calculated as a function of date and 
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position with correction for CF (Reed, 1977); QLW as a function of Ta, Ts, Td and CF 

using the Berliand bulk formula (Fung et al., 1984). QSH and QLH were calculated as 

a function of Ta, Ts, Td, CF, P, and U10. The sum of all four components results in 

surface NHF, with the sign convention of positive NHF being heat flux into the water 

column. 

 

3.2.2 Plankton sampling during 2017 – 2018 

Sampling was conducted at mid-morning on a near-weekly basis from 18th 

September 2017 to 15th October 2018. To determine the vertical distribution of O. 

similis life stages, 10 L Niskin bottles were attached to a CTD rosette and fired at 

depths of 2, 10, 25 and 50 m. At each depth, 10 L of water was collected and 

transferred from the Niskin bottle into a carboy via silicone tubing attached to the 

Niskin bottle valve. Triplicate seawater samples for picoplankton and small 

nanoplankton (≤ 12 µm) were collected at each depth from the same, or a 

subsequent, CTD cast. These samples were transferred from the Niskin bottle via 

silicone tubing into 250 mL polycarbonate bottles, and stored in a cool box. All 

samples were transported to the laboratory within three hours of collection and 

analysed immediately. 

 

3.2.3 Plankton analysis 

In the laboratory, the contents of each carboy were gently decanted into 5 L beakers 

to ensure the sample was well mixed. Subsequently, 250 mL sub-samples were 

taken for each depth and fixed in 2% acid Lugol’s solution for analysis of the 

composition and biomass of large nanoplankton (> 12 µm) and microplankton. The 

remainder of the 10 L sample was concentrated down to 50 – 200 mL by reverse 

filtration using a 20 µm mesh, and fixed in 2% acid Lugol’s solution for analysis of O. 

similis density. These concentrated samples were settled for ∼ 24 hours, after which 

the top layer was gently removed via syringe, leaving the bottom 50 mL to be settled 

for a further ∼ 15 hours into a 3 mL Hydrobios® counting chamber (Utermöhl, 1958). 

Following this, adult males and females, copepodites, nauplii and eggs of O. similis 

were enumerated under an Olympus IMT-2 inverted microscope at 40x 
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magnification. Egg sacs of O. similis were easily identified, being relatively uniform 

and elongated compared to the irregular clusters of eggs produced by other sac-

spawning species at L4. Both detached and attached egg sacs were counted. Egg 

densities were calculated as the product of the number of egg sacs and the mean 

number of eggs per sac. Nauplii were identified following Gibbons and Ogilvie (1933) 

and Lovegrove (1956). Early life stages were difficult to distinguish from those of the 

congener O. nana. However, from my work in chapter 2, I found that O. nana 

comprises just ∼ 7% of total Oithona spp. density at L4 (L. Cornwell, unpublished 

data), and thus all early life stages of the genus were assumed to belong to O. 

similis. Nauplii and copepodites were counted separately but were not staged. For 

each sampling event, the median count of total O. similis across all life stages and 

depths was 101 individuals. The weighted mean depth (WMD) for each life stage 

sampled from the Niskin bottles was calculated as: 

WMD =   (D    depth )     D  

Where Di is density (ind m-3) of a specific life stage at depth i. 

To assess food availability in the water column, the 250 mL sub-samples taken to 

measure the composition and biomass of the large nanoplankton and microplankton 

were settled for ∼ 60 hours, after which the top 225 mL was gently removed via 

syringe. The remaining 25 mL was then analysed using FlowCam VS-IVc (Fluid 

Imaging Technologies, Inc.). The FlowCam was fitted with a 10x objective and 100 

µm flow cell. Images were collected using AutoImage Mode at 20 frames per 

second. For each sampling event, the median cell count across all depths was 

28382 cells. To avoid clogging, samples were passed through a 100 µm mesh 

before transfer into the sample funnel. Thus, my calculation of prey biomass 

excludes cells greater than 100 µm. Cells were classified manually using 

VisualSpreadsheet® (V 4.1.95) software, and categorised as pennate diatoms, 

centric diatoms, large flagellates, round-shaped dinoflagellates, ellipsoid-shaped 

dinoflagellates, and ciliates. Chain forming diatoms were counted per chain. 

FlowCam data for cell volume, derived from area based diameter, were used to 

calculate carbon biomass for each category from the conversion equations of 

Menden-Deuer and Lessard (2000). As samples for FlowCam analysis were fixed 

with 2% acid Lugol’s solution, some cells may have shrunk or become swollen. 
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However, biomass estimates for mixed species assemblages based on live or fixed 

cell volumes have been shown not to differ significantly (Menden-Deuer et al., 2001), 

thus no corrections were applied. 

Samples for picoplankton and small nanoplankton (≤ 12 µm) were analysed live on 

an Accuri C6 flow cytometer (for details see Tarran and Bruun, 2015). Autotrophic 

picoeukaryotes (< 3 µm) and nanoeukaryotes (2 – 12 µm), coccolithophores (5 – 8 

µm), cryptophytes (4 – 10 µm), ‘Phaeocystis-like’ cells (5 – 6 µm) and ‘dinoflagellate-

like’ cells (< 20 µm) were grouped as ‘autotrophic flagellates,’ with heterotrophic 

nanoeukaryotes (2 – 12 µm) grouped separately. The group ‘heterotrophic bacteria’ 

consisted of high and low nucleic acid-containing bacteria. The final group consisted 

of autotrophic cyanobacteria Synechococcus. Cell volumes were generated by 

gravity filtering seawater samples through a series of polycarbonate membrane 

filters from 18 down to 0.20 µm. The filtrates were then analysed on the flow 

cytometer and compared against a sample of unfiltered seawater. For each group, 

cell counts were used to calculate the percentage of cells remaining in the sample 

after filtration relative to the unfiltered sample. These percentages were plotted 

against filter pore size to create a series of sigmoid curves. Median cell size per 

group was estimated from the filter pore size at which 50% of cells were retained by 

the filter. From median cell size, cell volumes were calculated assuming the volume 

of a sphere as an approximation of cell shape. A carbon conversion factor of 0.22 

pgC µm-3 (Heywood et al., 2006) was applied to autotrophic flagellates (excluding 

coccolithophores and ‘dinoflagellate-like’ cells), heterotrophic nanoeukaryotes and 

Synechococcus. Coccolithophore cell density was converted to carbon biomass 

using a carbon conversion factor of 0.285 pgC µm-3 (Tarran et al., 2006) to account 

for the higher carbon associated with coccoliths. Carbon biomass of ‘dinoflagellate-

like’ cells was calculated from the carbon to volume relationship of Menden-Deuer 

and Lessard (2000). The carbon biomass of heterotrophic bacteria was calculated 

using a carbon conversion factor of 20 fgC cell-1 (Lee and Fuhrman, 1987). 
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3.2.4 Dominant frequency state analysis 

The physical and biological systems at L4 are strongly influenced by the annual 

cyclic motion of the Earth and by decadal processes (Smyth et al., 2014). Dominant 

frequency state analysis (DFSA) is a highly accurate and efficient estimation signal 

analysis approach designed to resolve these cyclic Earth-system processes (Smyth 

et al., 2014; Barnes et al., 2015; Tarran and Bruun, 2015; Bruun et al., 2017). Here, 

DFSA was used to construct a predictive dynamic model of the seasonal and 

decadal properties of how the Oithona spp. population responds to the L4 

environment. The L4 zooplankton time series provides a robust record of the 

dominant cyclic trend of Oithona spp. density. From the time series data (1988 to 

2017), estimates of the primary Oithona spp. cyclic processes, and the baseline 

Oithona spp. dynamic, were derived using DFSA. The few data gaps were pre-

process filled using a 6-week running median. An autoregressive noise model was 

used to distinguish the baseline Oithona spp. dynamic from noisy and unrelated 

processes. The physical and biological systems at L4 are influenced by natural cyclic 

variability on seasonal and decadal time scales. Following this natural cyclic 

variability, the stable hysteresis assumption (Bruun et al., 2017) was applied to the 

DFSA-derived baseline Oithona spp. dynamic to predict the 2018 dynamic had 

typical environmental conditions prevailed. 

 

3.2.5 Reproductive and mortality rate estimation 

All equations used to calculate rates of reproduction and mortality are provided in 

Table 3.2. In situ EPR (eggs female-1 d-1) of O. similis was calculated from adult 

female and egg densities using the egg-ratio method (Edmondson et al., 1962; 

Checkley, 1980). Egg hatch times were determined from the equation of Nielsen et 

al. (2002). Total reproductive output (TRO, eggs m-3 d-1) was calculated as the 

product of EPR and adult female density (Maud et al., 2015). The Bêlehràdek 

equation was used to calculate development time as a function of temperature for 

each life stage from egg to copepodite CV. For egg and post-hatch stages, I used 

the value α = 7.6998, as determined for eggs by Nielsen et al. (2002). Values for ‘a’ 

were derived from the stage durations at 15°C in Sabatini and Kiørboe (1994). For 

further detail on these parameters and their application in calculating mortality rates, 
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I refer the reader to Hirst and Ward (2008). Depth-integrated temperature was used 

in all calculations to incorporate the complete range of temperatures to which the 

population is potentially exposed. 

Development times of each life stage were incorporated into the vertical life table 

(VLT) method (Mullin and Brooks, 1970; Aksnes and Ohman, 1996) to estimate 

mortality rates (β, d-1) across egg, juvenile and adult stages, in consecutive pairings 

of these life stage categories. The VLT method determines mortality across stages 

from the density and duration of the stages (Aksnes et al., 1997). I grouped naupliar 

and copepodite stages (as juveniles), with the aim of reducing errors in estimating 

stage duration, indeed grouping the naupliar and copepodite stages reduced the 

number of negative mortality rate values seen using higher stage resolution. The 

primary assumption of the VLT method is that there is no trend in recruitment to a 

stage over the total duration of the stage pair. I therefore applied the method of Hirst 

et al. (2007) to determine the impact of recruitment rate on my mortality rate 

estimates for the egg-juvenile stage pair. Data for egg production were grouped into 

the periods December 2017 to February 2018, March to May 2018, June to August 

2018 and September to October 2018. For each period, the slope of the natural log 

of EPR over time was obtained via linear regression. All slopes were an order of 

magnitude lower than the mortality rates of the egg-juvenile stage pair, thus 

recruitment trends should not have significantly affected the mortality rate estimates. 

A major advantage of the VLT method is that it reduces the complication of 

advection, providing that advection equally affects all individuals in a sample (Aksnes 

et al., 1997), making it appropriate for the present analysis. 
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Table 3.2: Equations used to calculate Oithona similis reproduction and mortality 

rates. E = egg density (eggs m-3), F = female density (ind m-3), T = temperature (°C), 

b = 2.05, α = 7.6998 for eggs and post-hatch stages, values for ‘a’ from Table 2 in 

Hirst and Ward (2008), β = mortality rate (d-1), N = stage density (ind m-3). 

 

 

  

Parameter Equation Reference 

Hatch time  

(HT, d
-1

) 
HT = 1504.5 (T + 7.6998)

-2.05

 

Bĕlehrádek equation using 

parameters described for O. 

similis by Nielsen et al. (2002) 

Egg production rate  

(EPR, eggs female
-1

 d
-1

) 
EPR = E / (F × HT) 

Edmondson et al. (1962); 

Checkley (1980) 

Total reproductive output 

(TRO, eggs m
-3

 d
-1

) 
TRO = EPR × F Maud et al. (2015) 

Development time  

(D, d) 
D = a(T + α)

-b
 

Bêlehràdek equation using 

parameters described for O. 

similis by Hirst and Ward 

(2008) 

Mortality rate, sub-adult 

stages (β, d
-1

) 
(exp

βDi
 –1) / (1– exp

-βDi+1
) = Ni / Ni+1 Mullin and Brooks (1970) 

Mortality rate, juvenile-adult 

stage pair (β, d
-1

) 
β = (ln((Njuvenile / Nadult) +1)) / Djuvenile Aksnes and Ohman (1996) 
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3.3 Results 

3.3.1 L4 physical environment: time series comparison 

The year 2018 was characterised by exceptionally low water temperatures between 

weeks 7 and 19, followed by a rapid rate of increase in the depth-integrated 

temperature at 0.41°C per week, from a minimum of 7.84°C in week 10 to more 

typical summer temperatures of 14.8°C by week 27 (Figure 3.1a, b). In comparison, 

the baseline rate of increase in mean depth-integrated temperature over the same 

time frame was 0.24°C per week (Figure 3.1b). Surface net heat flux (NHF) also 

underwent a rapid rate of increase (32.7 W m-2 per week) in 2018, from –254 W m-2 

in week 9 to 237 W m-2 in week 24, substantially faster than the baseline of 13.7 W 

m-2 per week over the same time period (Figure 3.1c). 
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Figure 3.1: (a) Water column temperature for the 2017 – 2018 study (Ocean Data 

View, Schlitzer, 2018), (b) depth-integrated temperature for the 2017 – 2018 study 

and weekly mean (± SD) depth-integrated temperature for the time series baseline 

(2002 – 2017), (c) surface net heat flux (NHF) for the 2017 – 2018 study and weekly 

mean (± SD) surface NHF for the time series baseline (1988 – 2017). In (b) and (c), 

baseline standard deviation is represented by the grey band. Vertical dashed lines 

mark the onset and breakdown of stratification, indicated by the switch in surface 

NHF from negative to positive (week 13) and positive to negative (week 39) during 

the 2017 – 2018 study.  
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3.3.2 Oithona similis population dynamics: time series comparison 

Across the time series (1988 to 2018), mean (± SE) annual Oithona spp. density was 

generally stable (Figure 3.2). One exception was the year 2000, for which population 

densities were exceptionally high for several weeks in spring and autumn, although 

for most of the year densities were more typical of the time series. Linear regression 

analysis showed that mean annual Oithona spp. density had no significant 

correlation with mean annual SST or total prey biomass (p > 0.05). The day at which 

Oithona spp. density reached the 25th cumulative percentile of the annual density, 

representing the start of the season, was not correlated with mean SST in the period 

February to April or May to July (p > 0.05). The duration index of the population (time 

between the 25th and 75th cumulative percentiles) ranged from 24 to 193 days. The 

duration index lacked any significant linear correlation with mean SST between 

February to April or May to July (p > 0.05). Mean annual density, timing of the start of 

the season and duration index of Oithona spp. also exhibited no correlation with the 

rate of water column stratification at the start of the season. 
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Figure 3.2: Mean (± SE) annual Oithona spp. density for each year of the L4 time 

series (1988 – 2018) compared against the mean (± SD) Oithona spp. density 

derived from annual data over the full time series. In the latter, the mean and 

standard deviation are represented by the solid line and grey band, respectively. 
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Dominant frequency state analysis determined that the statistically significant modes 

of variability providing the baseline seasonal climatology for both physical and 

biological systems at L4 were 1, 1/2 and 1/3 year cyclic processes (Figure 3.3a, b), 

plus 4 and 10.5 year cycles (Figure 3.3c). These five frequency states for the 

Oithona spp. dynamic explain 27% (R2) of the signal variability. There was no 

significant trend term across the 1988 to 2017 time series, indicating that mean 

Oithona spp. density has not increased or decreased across the time series. From 

1988 to 2017, the baseline Oithona spp. dynamic exhibited a clear bimodal cycle, 

with a maximum in week 20 and secondary peak in week 38 (Figure 3.3b). The 

Oithona spp. population density from the DFSA-derived 2018 prediction was 19% 

larger than in 2017 (Figure 3.3d). Timing of the spring peak in the 2017 – 2018 study 

(Figure 3.3e) was consistent with the DFSA-derived Oithona spp. dynamic for both 

the baseline (Figure 3.3b) and prediction (Figure 3.3d, e). However, the secondary 

peak in the 2017 – 2018 study for both the Niskin bottle and WP2 net data occurred 

several weeks earlier than the DFSA-derived prediction (Figure 3.3e). The median 

Oithona spp. density in 2018 was ∼ 37% larger for the Niskin bottle data than both 

the actual and predicted values obtained from the WP2 net data; evidence for the 

improved sampling efficiency of the 2017 – 2018 study. Due to this incompatibility 

between Niskin bottle and WP2 net data, I did not directly compare Oithona spp. 

densities between these sampling strategies, but instead focused on the seasonal 

trends, which appeared to be equally well represented in both sampling strategies. 
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Figure 3.3: Dominant frequency state analysis (DFSA) of the Oithona spp. dynamic 

for (a) the time series (1988 – 2017) (grey), dominant frequency components (red), 

autoregressive noise components (blue), (b) the baseline Oithona spp. seasonal 

dynamic (1, 1/2 and 1/3 year cyclic terms) for the time series (1988 – 2017), (c) the 

dominant cyclic terms (blue: 10.5 years, black: 4 years) and baseline Oithona spp. 

seasonal dynamic (red) for the time series (1988 – 2017), (d) the DFSA-derived 

prediction of the Oithona spp. seasonal dynamic, lines as for (c), (e) depth-integrated 

density of O. similis adults from Niskin bottle sampling in the 2017 – 2018 study, 
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Oithona spp. density from the WP2 net over the 2017 – 2018 study, and the DFSA-

derived 2018 prediction of the Oithona spp. seasonal dynamic. Sub-figures (a) – (d) 

are on a logarithmic scale and (e) is on an absolute scale. In (e), the DFSA 2018 

prediction had reduced variability compared to the real observations, and was thus 

plotted on the secondary axis to aid comparison. Vertical dashed lines mark the 

onset and breakdown of stratification, indicated by the switch in surface net heat flux 

from negative to positive (week 13) and positive to negative (week 39) during the 

2017 – 2018 study.  
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3.3.3 L4 trophic environment in 2017 – 2018 

The pico- and microplankton community exhibited distinct seasonality in biomass 

and vertical distribution (Figure 3.4). Ciliate carbon biomass maxima occurred in 

week 24, with a relatively wide depth distribution. Subsequently, carbon biomass of 

round-shaped dinoflagellates exhibited a single maximum in week 32, concentrated 

around 10 m. Two peaks in ellipsoid-shaped dinoflagellate carbon biomass occurred 

between weeks 22 and 32 at around 25 m, followed by a third peak between weeks 

36 and 38 in the 10 m layer. Diatom carbon biomass was highest between weeks 18 

and 27, predominantly in the lower half of the water column. The fluorescence signal 

recorded by the CTD showed a corresponding depth profile over this time period, 

evidence that the diatom cells were alive, and not a sinking mass of a decaying 

bloom. Large flagellates exhibited several biomass peaks between weeks 15 and 32, 

reaching maximum biomass in weeks 35 to 38 at 10 m. The pico- and nanoplankton 

occurred predominantly at the top 10 m of the water column, although heterotrophic 

taxa had a generally wider vertical distribution compared to autotrophic taxa. An 

initial peak in autotrophic flagellate biomass in week 27 was followed by a biomass 

maximum in week 38. Heterotrophic nanoeukaryotes were relatively abundant from 

week 26 onwards, with maximum biomass in week 35. Heterotrophic bacteria 

biomass has highest in weeks 24 and 35 to 37. Synechococcus was rare for most of 

the year, with a single biomass maximum in week 36. Of the above taxa, autotrophic 

flagellates had the greatest contribution to carbon biomass.  
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Figure 3.4: Prey carbon biomass over the 2017 – 2018 study (Ocean Data View, 

Schlitzer, 2018). Vertical dashed lines mark the onset and breakdown of 

stratification, indicated by the switch in surface net heat flux from negative to positive 

(week 13) and positive to negative (week 39) during the 2017 – 2018 study. 
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Figure 3.4: continued.  
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3.3.4 Oithona similis population dynamics: 2017 – 2018  

In spring (weeks 11 to 22), depth-integrated mean (± SE) O. similis densities were 

1750 ± 325 ind m-3 for nauplii, 2830 ± 621 ind m-3 for copepodites, 660 ± 167 ind m-3 

for adult females and 82.7 ± 20.1 ind m-3 for adult males. Over summer (weeks 23 to 

35) these densities increased substantially in the naupliar (2080 ± 553 ind m-3) and 

copepodite stages (4710 ± 966 ind m-3), whereas the increase in adult density was 

negligible for both females (675 ± 144 ind m-3) and males (84.1 ± 17.0 ind m-3). The 

initial increase in O. similis population density between weeks 15 and 19 preceded 

that of prey biomass, whereas the population decline in weeks 35 to 38 occurred 

when prey biomass was maximal (Figure 3.5a). Over these time periods, mean (± 

SE) depth-integrated total prey carbon biomass, excluding bacteria, increased from 

112 ± 17.3 to 233 ± 75.02 µg C L-1. The O. similis population exhibited clear 

ontogenetic differences in vertical distribution, with all life stages being relatively 

scarce in the top few metres (Figure 3.5b). Nauplii were most abundant at 10 m, 

whereas copepodites had a wider depth range of 10 to 25 m. Adult stages had the 

widest depth range, occurring predominantly in the lower half of the water column. It 

therefore appears that the depth distribution of O. similis at L4 increases with 

development to later life stages. 
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Figure 3.5: (a) Depth-integrated Oithona similis population density including all life 

stages, against total prey biomass excluding bacteria, over the 2017 – 2018 study, 

(b) O. similis nauplii, copepodite, and adult female and male density over the 2017 – 

2018 study (Ocean Data View, Schlitzer, 2018). Grey triangles represent weighted 

mean depth (WMD). Vertical dashed lines mark the onset and breakdown of 

stratification, indicated by the switch in surface net heat flux from negative to positive 

(week 13) and positive to negative (week 39) during the 2017 – 2018 study.  
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3.3.5 Reproductive and mortality rates 

Egg production rate (EPR) seasonality over 2017 – 2018 resembled that of the 

baseline EPR dynamic, with minimum rates in winter, followed by an increasing trend 

towards maximum rates in summer (Figure 3.6a). In 2018, the summer maximum 

occurred several weeks earlier than that of the baseline EPR dynamic. However, 

during the summer (weeks 23 to 35) there was little difference between mean (± SE) 

EPR in 2018 (2.59 ± 0.45 eggs female-1 d-1) and the baseline (2.60 ± 0.35 eggs 

female-1 d-1). At the start of 2018, EPR was substantially below the baseline until 

approximately week 18 (Figure 3.6a). As total reproductive output (TRO) is a 

function of EPR and adult female density, direct comparison between the 2017 – 

2018 study and the baseline is not possible on account of the different sampling 

efficiencies of the Niskin bottle and the fine mesh nets. Nonetheless, in agreement 

with the baseline dynamic, TRO in 2018 was highest in spring and summer (Figure 

3.6b), coinciding with peaks in adult female density and EPR, respectively. Mortality 

rates were considerably higher and more variable in the egg-juvenile stage pair 

compared to the juvenile-adult stage pair, although both exhibited an overall 

increase in mortality rate towards summer (Figure 3.6c). Maximum mortality rate for 

the egg-juvenile stage pair was 0.54 d-1 in week 38. In contrast, maximum mortality 

rate for the juvenile-adult stage pair was just 0.19 d-1, and occurred in week 26. 
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Figure 3.6: (a) Oithona similis egg production rate (EPR) for the 2017 – 2018 study 

and weekly mean (± SE) O. similis EPR for the time series baseline (2003; 2011 – 

2016), (b) O. similis total reproductive output (TRO) for the 2017 – 2018 study and 

weekly mean (± SE) O. similis TRO for the time series baseline (2011 – 2016), note 

the use of different axes due to divergence in sampling efficiencies between 

methods, (c) mortality rates (β) of O. similis egg-juvenile and juvenile-adult stage 

pairs for the 2017 – 2018 study. In (a) and (b), baseline standard error is represented 

by the grey band. Vertical dashed lines mark the onset and breakdown of 

stratification, indicated by the switch in surface net heat flux from negative to positive 

(week 13) and positive to negative (week 39) during the 2017 – 2018 study.  
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3.4 Discussion 

The present study shows that the numerically dominant cyclopoid species Oithona 

similis has maintained generally stable population dynamics over the L4 time series, 

despite high variability in both the physical and biological environment, as evidenced 

in the 1-year intensive study. The biomass dominant calanoid species Calanus 

helgolandicus has also maintained stable population dynamics at L4 (Maud et al., 

2015). In contrast, important species at this site, such as Acartia clausi, 

Pseudocalanus elongatus and Temora longicornis, have undergone major declines 

in population density (Edwards et al., 2020). Here, I compare the population 

dynamics of O. similis and C. helgolandicus at L4 to investigate which traits may 

contribute to population stability and resilience in this highly variable environment. 

 

3.4.1 Oithona similis population dynamics: time series comparison 

Despite high climatic variability over the 2017 – 2018 study, O. similis maintained 

similar population densities and bimodal cycle as that over the whole 30-year time 

series. Evidence of Oithona spp. population stability at L4 is shown in chapter 2 

(Cornwell et al., 2018), and has been reported previously (Atkinson et al., 2015; 

Castellani et al., 2016). Moreover, bimodal cycles in population density have been 

observed in O. similis from the White Sea and Barents Sea (Dvoretskii, 2007; 

Dvoretsky and Dvoretsky, 2009a), Loch Striven, Scotland (Marshall, 1949) and the 

Southern Ocean (Fransz and Gonzalez, 1995). In contrast, a single density peak in 

spring (Castellani et al., 2016), summer (Zamora-Terol et al., 2014) and late autumn 

(Lischka and Hagen, 2005), has been documented in Mediterranean, subarctic and 

Arctic O. similis populations, respectively. 

I found that mean sea surface temperature (SST) was not correlated with either the 

mean annual density or phenological timings of the L4 Oithona spp. population, 

supporting the results of a previous L4 time series study of Oithona spp. (Castellani 

et al., 2016). However, temperature is a major driver for other O. similis populations, 

both in terms of density (Ward and Hirst, 2007; Dvoretsky and Dvoretsky, 2009a; 

Castellani et al., 2016) and biomass (Castellani et al., 2007). The importance of 

temperature in driving population dynamics may depend on the proximity of the 
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population to their thermal range edge, with temperature effects becoming stronger 

closer to this edge. I conclude that at station L4, it appears temperature is, presently 

and historically, not the most important driver of O. similis population dynamics in 

terms of density or phenology, either at the intra- or inter-annual scale. 

 

3.4.2 L4 trophic environment 

The various numerical and conceptual models developed to explain the plankton 

seasonality at station L4 are primarily based on trophic parameters (Atkinson et al., 

2018). Considering the preference of Oithona spp. for motile prey (Atkinson, 1995; 

1996; Castellani et al., 2005b), the L4 Oithona spp. population has been suggested 

to benefit from the increased summer abundance of motile prey, such as ciliates and 

dinoflagellates (Kenitz et al., 2017). However, my results suggest that other factors 

may have a greater impact on the population dynamic. For example, the autumn 

decline in O. similis population density in 2017 – 2018 would not have been 

predicted based on the high biomass of motile prey at this time. Indeed, the 

importance of food in driving O. similis population dynamics at L4 is uncertain 

(Castellani et al., 2016; Djeghri et al., 2018), which is supported by my work in 

chapter 2 (Cornwell et al., 2018), and I propose that other factors likely override the 

effect of food, as discussed below. 

 

3.4.3 Vertical profile: population dynamics and trade-offs 

I conducted depth-resolved sampling in order to study the vertical profile and 

seasonality of all O. similis life stages. Nauplii were most abundant in the 10 m layer, 

where the pico- and nanoplankton biomass was generally greatest. One explanation 

for this distribution is that growth is essential for survival among early life stages. 

Furthermore, occupying the warm upper layer would accelerate ontogenetic 

development, resulting in an earlier temporal onset of improved motility and escape 

performance, which could potentially reduce predation mortality (McLaren, 1963; 

Fiksen and Giske, 1995; Kiørboe and Sabatini, 1995). However, occupying the upper 

layer increases exposure to visual predators. There is thus a trade-off between 

growth and survival among earlier life stages, which potentially forces them to adopt 
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more risky feeding behaviours (Hirst and Bunker, 2003). In contrast, my finding that 

adult stages occupy greater depths may reflect their ability to live for longer periods 

with less food (Hirst and Bunker, 2003), potentially enabling adults to reduce feeding 

in favour of predation avoidance. Thus, the trade-off between growth and survival 

may be different for adults compared to earlier life stages. 

All life stages were relatively scarce in the top few metres of the water column 

despite periods of high food biomass in this layer. Other factors, such as ultraviolet 

stress (Fileman et al., 2017), visual predators and turbulence, may be forcing the 

population out of this layer. Although turbulence can enhance prey encounter rates 

for ambush predators (Kiørboe and Saiz, 1995; Saiz and Kiørboe, 1995), Oithona 

spp. populations have been observed to occupy greater depths during periods of 

increased surface turbulence (Incze et al., 2001; Visser et al., 2001; Maar et al., 

2006), although nauplii may be less able to avoid turbulence due to their low 

swimming capacity (Lagadeuc et al., 1997; Andersen et al., 2001; Maar et al., 2003). 

However, considering that nauplii were also relatively rare in the uppermost layer, 

the impact of turbulence in determining the O. similis vertical profile at L4 is 

debatable. Another factor to consider is salinity, although the generally weak salinity 

gradient at L4 makes it unlikely that salinity has a strong impact on the O. similis 

vertical profile at this site. In contrast, at freshwater influenced sites, salinity can be a 

major driver of vertical distribution, with distinct avoidance of low salinity upper 

layers, as observed for all life stages of O. similis in the Bornholm Basin, Baltic Sea 

(Hansen et al., 2004) and Hylsfjord, Norway (Andersen and Nielsen, 2002). At other 

sites, the factors driving the O. similis vertical profile are less clear. For example, 

vertical distribution was not significantly correlated with surface salinity, temperature 

or chlorophyll across the North Sea (Maar et al., 2006), or with phytoplankton 

biomass or water column stratification in Chaleur Bay, Gulf of Saint Lawrence 

(Lagadeuc et al., 1997). Evidently, the factors driving O. similis vertical profile vary 

among populations and depend on the environment in which each population occurs. 

It must be acknowledged that in the present study, all sampling events were 

conducted at mid-morning. Thus, my results do not account for potential diel vertical 

migration, although studies from other sites generally report a lack of diel vertical 

migration in O. similis (Turner and Dagg, 1983; Lagadeuc et al., 1997; Andersen and 

Nielsen, 2002; Eiane and Ohman, 2004; Hansen et al., 2004; Maar et al., 2006). 
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However, seasonal vertical migration has been observed in the O. similis population 

of Kongsfjorden, Svalbard, which occurs predominantly in the upper 50 m layer in 

summer and below 100 m in winter (Lischka and Hagen, 2005). Conversely, I found 

that the vertical profile of each life stage appears relatively constant throughout the 

year at L4, as also reported for O. similis across the Arctic Ocean (Ashjian et al., 

2003). 

 

3.4.4 The balance between reproduction and mortality 

Egg production rate seasonality over the 2017 – 2018 study was similar to the 

baseline dynamic, although the summer EPR maximum was several weeks earlier 

than that of the baseline. In sac-spawning species such as O. similis, the production 

of new egg clutches is limited by the rate at which the previous eggs hatch (Ward 

and Hirst, 2007). As higher temperatures increase rates of embryonic development 

and hatching, and consequently reduces the time between the production of egg 

clutches, EPR increases as a result (Nielsen et al., 2002). The early EPR peak in 

2018 could have resulted from accelerated development of the spring cohort due to 

the rapid rate of seasonal warming. Coincident with the low water column 

temperatures at the start of 2018, EPR was substantially below the baseline 

seasonal average until around week 18, at which point water column temperature 

had begun to reach more typical values. 

Female body size of copepod species can vary substantially and also impact 

fecundity (Sabatini and Kiørboe, 1994). At station L4, O. similis adult female body 

size conforms to the temperature-size rule (Atkinson, 1994), decreasing from a 

maximum in spring following the low winter temperatures, to a minimum in autumn 

after the annual temperature maximum, as shown in chapter 2 (Cornwell et al., 

2018). The seasonal trend in O. similis female body size is therefore counter to that 

of EPR, indicating that for O. similis at L4, fecundity appears more influenced by 

positive temperature effects than by female body size. In contrast, I show in chapter 

2 that EPR of the calanoid copepod C. helgolandicus at L4 is positively correlated 

with adult female body size, with both EPR and female body size peaking in spring 

(Cornwell et al., 2018). Therefore, future increases in temperature variability may 
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impact fecundity via its effects on physiological processes, including growth and 

development, the strength of these effects being species-specific. 

The spring and summer peaks in total reproductive output and naupliar density 

indicate the production of two main generations over the 2017 – 2018 study, 

conforming to the bimodal cycle of the baseline dynamic. The production of two 

generations per year has been previously reported in other O. similis populations 

(Digby, 1954; Lischka and Hagen, 2005; Dvoretskii, 2007; Dvoretsky and Dvoretsky, 

2009a). The small peak in naupliar density in spring 2018 coincided with maximum 

adult density, indicative of high recruitment early in the year. Subsequently, there 

was a general increase in mortality rates over the remainder of the study. Mortality 

rates were far greater and more variable across the egg-juvenile stage pair 

compared to the juvenile-adult stage pair, which agrees with previous studies on 

other O. similis populations reporting higher mortality rates in early life stages 

(Marshall, 1949; Fransz and Gonzalez, 1995; Eiane and Ohman, 2004; Hirst and 

Ward, 2008; Thor et al., 2008), and low recruitment success (McLaren, 1969). The 

high mortality rates in autumn, particularly for the egg-juvenile stage pair, may have 

contributed to the O. similis population decline. 

 

3.4.5 What traits provide population stability in copepods? 

Despite the overall decline in copepod densities at station L4 over the 30-year time 

series (Edwards et al., 2020), O. similis has maintained stable population densities 

and seasonality. The calanoid copepod C. helgolandicus has also maintained stable 

population densities over the L4 time series (Maud et al., 2015). The inter-annual 

variation in mean population densities is similar in both species, with coefficients of 

variation (CV) of 0.49 and 0.44 for O. similis and C helgolandicus, respectively. For 

context, copepods that have undergone long-term population declines at L4, namely 

Pseudocalanus elongatus, Temora longicornis and Acartia clausi, show greater inter-

annual variability in their mean population densities, with CVs of 0.54, 0.61 and 0.71, 

respectively. Both O. similis and C. helgolandicus have been intensively studied at 

L4, providing a broad data set which I use here to suggest traits contributing to 

population stability (Table 3.3).  
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Table 3.3: Traits and inter-annual variability of Oithona similis and Calanus 

helgolandicus at station L4. Data for C. helgolandicus egg production rate (EPR) 

were derived from the L4 time series (1992 – 2018). Cf = female carbon mass (μg C 

female-1), SST = sea surface temperature, CV = coefficient of variation, * L4 time 

series data, ǂ present study. Phenological change follows the sign convention of 

minus means earlier when warmer. 

  

Trait Oithona similis Calanus helgolandicus 

Reproductive strategy Sac-spawning Broadcast-spawning 

Feeding mode Ambush-feeding Suspension-feeding 

Female total length (mm) 0.68 – 0.96 (Conway, 2012)
 

2.60 – 3.28 (Conway, 2012) 

Mean (± 95% CI) % 

change in Cf °C
-1 

increase 

in SST 

 

−2.33 ± 0.5  

(chapter 2 of this thesis; 

Cornwell et al., 2018) 

 

 

−7.46 ± 1.6  

(chapter 2 of this thesis;  

Cornwell et al., 2018) 

 

Phenological change 

(days °C
-1 

increase in 

SST)  

−4 (Atkinson et al., 2015) −4 (Atkinson et al., 2015) 

Mean population density  

inter-annual variation (CV) 
0.49 * 0.44 * 

Annual mean mortality rate  

(d
-1

) of early life stages 
egg-juvenile: 0.18 

ǂ
 egg – NI: 1.50  (Hirst et al., 2007) 

Annual mean mortality rate  

(d
-1

) of later life stages 
juvenile-adult: 0.09 

ǂ
 

CV – adult female:  

0.10 (Hirst et al., 2007)  

0.09 (Maud et al., 2018) 

Annual mean EPR 

(eggs female
-1

 d
-1

) 
1.79 * 14.3 *  

Mean EPR inter-annual 

variation (CV) 

 

0.13 * 

 

0.19 * 
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Oithona similis and C. helgolandicus contrast markedly in body size, feeding and 

reproductive strategies, with C. helgolandicus generally exhibiting greater 

reproductive output and high mortality in early life stages. Conversely, small 

cyclopoid copepods such as O. similis possess lower rates of feeding, growth, 

reproduction and mortality compared to calanoid species of equivalent size, and 

these lower rates have been suggested to contribute to the stability of cyclopoid 

populations (Paffenhöfer, 1993). In contrast to the bimodal cycle and summer EPR 

maxima of O. similis described in the present chapter, the population density of C. 

helgolandicus at L4 follows a considerably weaker bimodal cycle with a summer 

maximum, and peak EPR during the spring diatom bloom (Irigoien and Harris, 2003; 

Maud et al., 2015). These inter-specific differences in seasonality are to some extent 

explained by the factors driving EPR in each species. I demonstrated in chapter 2 

that temperature is significantly positively correlated with EPR in O. similis at L4 

(Cornwell et al., 2018), as has been reported at other sites (Ward and Hirst, 2007; 

Dvoretsky and Dvoretsky, 2009a; Zamora-Terol et al., 2014). Conversely, C. 

helgolandicus EPR is more dependent on food availability than temperature (Bonnet 

et al., 2005), which has been reported for the L4 population (Maud et al., 2015) and 

supported by my work in chapter 2 (Cornwell et al., 2018). From this analysis, it is 

clear that species with contrasting functional traits can maintain stable population 

densities and seasonality. 

Temperature is considered to be a fundamental driver of phenology and species 

density at the macroecological scale of ocean basins (Beaugrand and Kirby, 2018; 

Beaugrand et al., 2019). However, at single study sites such as L4, these 

temperature effects on population dynamics are less evident. For instance, the 

peaks in O. similis population density at L4 occur at both the coldest and warmest 

times of the year. At the scales of seasonal and inter-annual variability at a single 

site, other factors may be more important in shaping population trends. For example, 

density-dependent mortality processes have been suggested to provide population 

stability in C. helgolandicus at L4 (Hirst et al., 2007; Maud, 2017; Maud et al., 2015; 

2018). Likewise, based on my results, I propose mortality as a major driver of the 

stable population dynamic of O. similis at L4, which is upheld even during periods of 

high climatic variability. 
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CHAPTER 4 

 

 

Inter-population variability in response to increased temperature and 

food limitation 
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4. Inter-population variability in response to increased temperature and 

food limitation 

 

Individuals experience different selection pressures depending on the environmental 

conditions to which they are exposed. Consequently, populations of the same 

species can become adapted to their local environment, potentially at the cost of a 

narrower thermal tolerance range. To investigate the extent to which temperature 

responses vary between populations from contrasting environments, I conducted 

laboratory experiments on the marine planktonic copepod Oithona similis from three 

sites in the South Atlantic sector of the Southern Ocean, characterised by low 

climatic variability, and at the highly seasonal station L4 in the English Channel. To 

represent conditions predicted for the year 2100, high temperature treatments were 

~ 3°C above mean ambient surface temperature. At high temperature, O. similis 

from the Western Core Box (WCB) and the South Sandwich Islands (SSI) exhibited 

an increase in mortality ~ 1.8 and 2.4 times faster, respectively, than under ambient 

conditions. In contrast, O. similis from South Georgia (SG) exhibited similar mortality 

rates across treatments. Relative to conspecifics from the WCB and SSI, O. similis 

from L4 were less affected by increased temperature, with mortality increasing ~ 1.4 

times faster at high temperature compared to ambient. My results therefore provide 

only partial support for the hypothesis that populations encountering strong climatic 

variability in situ will exhibit greater survival capacities under increased temperature 

compared to those from more stable environments. As predicted, food availability 

was important in buffering the effects of warming. When O. similis from the SSI were 

exposed to high temperature, the percentage of survivors on the final day of the 

experiment was ~ 5% when food was provided, but no individuals survived to the 

end of the experiment under food limitation. Similarly, the percentage of survivors in 

the high temperature treatment on the final day of the L4 experiment was ~ 28% with 

food compared to just ~ 2% under food limitation. My results highlight the importance 

of understanding the degree of inter-population variability within a species in order to 

improve predictions of population responses to ocean warming.  
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4.1 Introduction 

As global ocean temperatures continue to rise (IPCC, 2014; 2019), establishing the 

degree of variation in temperature responses among marine populations is 

increasingly important. Such knowledge could improve our ability to interpret current 

shifts in biogeographical range and phenological timing in the context of climate 

change, as well as to predict how populations will respond to future warming. In 

ectotherms, temperature scales positively with biological rates such as development 

and reproduction (Gillooly et al., 2001; Ikeda et al., 2001), and a greater amount of 

energy may be required to maintain these increased rates at higher temperatures. 

How an individual responds to temperature is ultimately determined by the balance 

between energetic uptake and demand. For example, warming-induced increases in 

biological rates may lead to reduced thermal tolerance if there is insufficient food 

available to sustain energetic demand. Indeed, studies have shown some copepods 

have reduced thermal tolerance under food limitation (Cook et al., 2007; Mathews et 

al., 2018) and exhibit increased carbon demand with warming (Boersma et al., 2016; 

Malzahn et al., 2016). Changes in environmental temperature can also have indirect 

effects at the individual- and population-level by altering food web dynamics and 

predator-prey interactions (Kirby and Beaugrand, 2009), as described in chapter 1 of 

this thesis.  

 

4.1.1 Population variability in temperature responses 

Populations of the same species can become specialised to their local environment 

as a result of divergent selection (Kawecki and Ebert, 2004; Hereford, 2009; Sanford 

and Kelly, 2011), potentially leading to conspecific populations exhibiting different 

thermal reaction norms (Diamond and Kingsolver, 2012). Consequently, the thermal 

tolerance ranges of locally adapted populations may be narrower than the tolerance 

range for the species as a whole. Local adaptation among conspecific populations 

occupying different thermal environments has been reported in the marine copepod 

Acartia tonsa (Sasaki and Dam, 2019; Sasaki et al., 2019) and the inter-tidal 

copepod Tigriopus californicus (Kelly et al., 2012; Pereira et al., 2017; Harada et al., 

2019), with the thermal tolerance of each population typically reflecting the local 

environmental temperature. To date, most studies examining the physiological 
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mechanisms associated with local adaptation in copepods have been conducted on 

T. californicus. One such study found that when exposed to thermal stress, adult T. 

californicus from heat tolerant populations up-regulate heat shock proteins to higher 

levels than individuals from less tolerant populations (Tangwancharoen et al., 2018). 

Mitochondria are central to the synthesis of metabolic energy in the form of 

adenosine triphosphate (ATP). Recently, Harada et al. (2019) discovered that 

populations of T. californicus with different levels of thermal tolerance also exhibited 

temperature-dependent differences in ATP synthesis capacity, indicating that 

divergence in mitochondrial function may be a component of local adaptation. In 

marine copepods, it is currently uncertain whether the same physiological response 

mechanisms for acute heat stress are the same as those for long-term warming.  

According to the climatic variability hypothesis, populations that experience strong 

variation in their local environment will exhibit increased tolerance to climatic 

variability (Stevens, 1989). Therefore, population thermal tolerance would be 

expected to reflect the degree of temperature variability experienced in situ. Few 

studies on marine copepods have thus far investigated this relationship between 

thermal tolerance and environmental temperature variability. In a recent study on 

Acartia tonsa, individuals that occupied a variable environment exhibited a wider 

thermal performance breadth relative to conspecifics from a more stable 

environment (Sasaki et al., 2019). Although, when more populations of A. tonsa were 

studied over a wider latitudinal range, Sasaki and Dam (2019) reported that thermal 

performance breadth was not significantly related to mean monthly temperature 

range. There was, however, a significant negative relationship between thermal 

tolerance and thermal performance breadth, indicating a potential trade-off (Stillman, 

2003). Thermal performance breadth was also not correlated with temperature 

variability among 11 populations of T. californicus (Pereira et al., 2017).  

Maintaining the sensory proteins, structural and regulatory genes and biochemical 

pathways associated with a wide thermal tolerance range may impose a high 

energetic demand (DeWitt et al., 1998), potentially resulting in reduced energy 

allocation towards optimal performance (Chevin et al., 2010). In contrast, populations 

from environments of low temperature variability may have reduced thermal 

tolerance ranges in order to maximise the energy allocated towards optimum 

performance within the narrow range of temperatures they experience (Pörtner, 
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2010). Temperate regions are characterised by strong temperature seasonality, 

whereas conditions at higher latitudes are generally more stable. For example, the 

annual surface temperature range in the Western English Channel is ~ 10°C (Smyth 

et al., 2010), whereas annual fluctuations in near-surface temperatures in the 

Southern Ocean region around South Georgia are typically below 4°C (Whitehouse 

et al., 2008). Despite these differences in temperature seasonality, both the Western 

English Channel (Smyth et al., 2010; Widdicombe et al., 2010) and South Georgia 

(Whitehouse et al., 2012) support high productivity.  

Widely used predictive models apply tolerance thresholds derived from the realised 

thermal distribution of a species (Beaugrand et al., 2015; Stuart-Smith et al., 2015; 

Garciá Molinos et al., 2016), and thus disregard the potential variability among 

populations within the species. The growing evidence for local adaptation in the 

marine environment (Sanford and Kelly, 2011) means that model predictions based 

on species-level data may substantially under- or overestimate population responses 

to climate change. Greater understanding of the physiological mechanisms driving 

temperature responses will increase our capacity to explain climate-induced shifts in 

population dynamics (Somero, 2010). Establishing how these mechanisms vary 

among populations, through the use of physiological experiments, could greatly 

improve our ability to predict future responses to climate change (Helmuth et al., 

2005; Bennett et al., 2019).  

 

4.1.2 Study aims 

The cyclopoid copepod Oithona similis is highly abundant in both the Southern 

Ocean (Metz, 1995; 1996; Pinkerton et al., 2010) and the North Atlantic (Eloire et al., 

2010; Castellani et al., 2016). The biogeographical distribution of O. similis appears 

to be limited by both high and low temperature extremes. Indeed, Castellani et al. 

(2016) proposed that water temperatures exceeding ~ 19°C limit O. similis 

population persistence. Low temperatures have been shown to negatively affect O. 

similis populations at high latitudes. For example, in the Southern Ocean, O. similis 

egg production rates decline substantially below 5°C (Ward and Hirst, 2007). The 

widespread distribution and consequently broad thermal tolerance range of O. similis 
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as a whole makes it an ideal model organism to explore the extent to which 

temperature responses vary at the population-level.  

In this chapter, I used short-term laboratory experiments to test the hypothesis that 

populations of O. similis from the Western Core Box (WCB), South Georgia (SG) and 

the South Sandwich Islands (SSI) in the Southern Ocean, and from station L4 in the 

English Channel, will differ in their capacity to survive increased temperatures 

predicted for the year 2100. Additionally, the percentage of ovigerous females to 

total copepods was used as a measure of fitness, with the highest level of fitness 

attributed to females able to maintain survival under increased temperature and still 

allocate energy towards egg production. However, no directional trend in the number 

of ovigerous females over the experiment was anticipated, as females would be 

producing eggs at different time intervals. As such, the presence of ovigerous 

females provided a qualitative measure of reproductive potential. Based on the 

climatic variability hypothesis (Stevens, 1989), I predicted that O. similis from the 

relatively stable sites in the Southern Ocean would exhibit reduced survivability 

under increased temperature compared to conspecifics from the temperate and 

highly seasonal station L4. Furthermore, the high primary productivity typical around 

South Georgia (Atkinson et al., 2001; Korb et al., 2004) and at station L4 (Smyth et 

al., 2010) could potentially result in local populations of O. similis having more 

energy available to allocate towards thermal tolerance. Therefore, my second 

hypothesis was that O. similis from around South Georgia, including both the WCB 

and SG sites, and from station L4, will exhibit greater survivability under increased 

temperature compared to conspecifics from the SSI. Finally, considering the major 

role of energy budgets in determining temperature responses, food limitation was 

predicted to reduce survival capacity under increased temperature.   
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4.2 Materials and methods  

Experiments were conducted using adult female and late copepodite stages of 

Oithona similis from the Western Core Box (WCB), South Georgia (SG) and the 

South Sandwich Islands (SSI) (Figure 4.1) during the British Antarctic Survey (BAS) 

DY098 research cruise on R.V. Discovery in January – February 2019. Experiments 

were later conducted, following the same protocol, on O. similis from English 

Channel station L4 in August 2019. High temperature treatments were ~ 3°C above 

ambient sea surface temperature (SST), based on predictions for the year 2100 

under the IPCC RCP8.5 emissions scenario (Bopp et al., 2013). All experiments took 

place in summer to avoid potential seasonal shifts in tolerance thresholds (Pörtner, 

2001).  
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Figure 4.1: Southern Ocean sites from which Oithona similis were collected for 

experiments during the British Antarctic Survey (BAS) DY098 research cruise in 

January – February 2019. WCB = Western Core Box, SG = South Georgia, SSI = 

South Sandwich Islands. Map created in R (version 3.02.1, R Development Core 

Team, 2016) using the package ‘marmap’ (Pante and Simon-Bouhet, 2013). 
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To test whether the experimental populations differed in their capacity to survive 

under increased temperature, and if this survivability was dependent on food 

limitation, the following treatments were used:  

 ambient temperature with food (TA + food) 

 ambient temperature without food (TA − food) 

 high temperature with food (TH + food)  

 high temperature without food (TH − food)  

Both ambient and high temperature treatments with food were prepared from near-

surface seawater collected at the time of sampling, filtered through a 45 µm mesh to 

remove any predatory zooplankton. To ensure the copepods only received food from 

the sampling site; once this water was collected and processed it was stored in 

header tanks at the respective treatment temperature, and used for daily water 

changes throughout the experiment. For the food limited treatments, 0.20 or 0.45 µm 

filtered seawater (FSW) was used, and again stored in header tanks at the 

respective temperature. Survival was monitored each day as the proportion of live 

individuals relative to day 1 of the experiment. The number of ovigerous females was 

also recorded daily as a qualitative measure of fitness. Each experiment was 

terminated once there were no, or only a few, survivors remaining. The SG 

experiment was terminated prematurely due to time restrictions. For these reasons, 

the experimental durations differ between sites. The following sub-sections outline 

the sampling methodology and experimental protocol used for each site in detail, and 

this information is summarised in Table 4.1. 
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Table 4.1: Sampling location, date and methodology, and treatment conditions for experiments on Oithona similis from the Western 

Core Box (WCB), South Georgia (SG), South Sandwich Islands (SSI) and station L4. TA = ambient temperature, TH = high 

temperature, FSW = filtered seawater, n = number of copepods per treatment. TH values are based on predictions for the year 2100 

under the IPCC RCP8.5 emissions scenario (Bopp et al., 2013). 

Site Sampling date Sampling method T (°C) Food Days n 

WCB 

53° 50' 48'' S,  

39° 8' 39'' W 

 

09 / 01 / 2019 

 

0 – 50 or 0 – 100 m vertical haul, 

motion-compensating paired Bongo 

net (100 or 200 µm mesh, 61 cm 

diameter) 

TA: 4 

 

TH: 7 

+ food: near-surface seawater collected via 

underway system (500 mm
2
 filter, 5 mm

2
 

mesh), filtered through 45 µm 

− food: NA 

5 30 

SG 

54° 17' 7'' S,  

36° 27' 51'' W 

15 / 01 / 2019 As for WCB 

TA: 4 

 

TH: 7 

+ food: as for WCB 

− food: NA 
7 50 

SSI 

56° 5' 50'' S,  

26° 36' 24'' W 

04 / 02 / 2019 As for WCB 

TA: 4 

 

TH: 7 

+ food: as for WCB 

− food: 0.45 µm FSW 
7 50 

L4 

50° 15' 0'' N, 

4° 13' 12'' W 

12 / 08 / 2019 

0 – 50 m vertical haul,  

ring net  

(63 μm mesh, 57 cm diameter) 

TA: 18  

 

TH: 21  

+ food: near-surface seawater  collected via 

hose, filtered through 45 µm 

− food: 0.20 µm FSW 

11 55 
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4.2.1 Environmental parameters 

During the BAS research cruise, the water column was sampled using a Sea-Bird 

Scientific SBE 9plus Profiler CTD. Seawater temperature was measured at all three 

sites, although chlorophyll a concentration (Chl a) was only measured at the SSI. To 

measure Chl a, 100 mL of seawater sample was filtered through 25 mm GF/F filters, 

extracted in 90% acetone at −20°C and analysed using a Turner Trilogy 

Fluorometer, following the acidification method adapted from Yentsch and Menzel 

(1963), Lorenzen (1967) and Holm-Hansen and Riemann (1978). The water column 

at station L4 was sampled using a Sea-Bird Scientific SBE 19plus SeaCAT Profiler 

CTD. Samples for Chl a were taken by filtering 100 mL of seawater through 25 mm 

GF F filters in triplicate, and stored at −20°C. Samples were extracted overnight in 

90% acetone at −20°C and analysed by Turner fluorometry following Welschmeyer 

(1994). At station L4, Chl a was only measured in the top 10 m layer of the water 

column. Therefore, to directly compare between sites, only Chl a data for within 10 m 

of the sea surface are analysed here. 

 

4.2.2 Western Core Box and South Georgia 

Experiments were first conducted on O. similis from the WCB and SG (Figure 4.1). 

Copepods were collected via 0 – 50 or 0 – 100 m vertical net hauls using a motion-

compensating paired Bongo net (100 or 200 µm mesh, 61 cm diameter). The net 

sample was gently poured through a 100 µm mesh and the retained organisms 

rinsed into a beaker with 0.45 µm FSW. Under an Olympus SZ61 microscope, ~ 450 

adult female and late stage copepodites were selected and transferred into a 2 L 

screw-cap bottle containing natural seawater filtered through a 45 µm mesh. The 

copepods were acclimated overnight in a fridge at 4°C in constant darkness. During 

the acclimation period, ~ 20 L of near-surface seawater was collected from the ship’s 

non-toxic underway supply system (500 mm2 filter, 5 mm2 mesh) at the time of 

sampling. The seawater was filtered through a 45 µm mesh to remove any predatory 

zooplankton, and transferred into a 20 L header tank. Limited space meant that this 

header tank had to be stored in a temperature-controlled (CT) room at ~ 2°C under 

continuous light. Therefore, to prepare the TH + food treatment, each day a 2 L sub-

sample was taken from this header tank and stored in a fridge at 7°C for at least two 
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hours to adjust the temperature. At the time these experiments were conducted, 

there was insufficient space to store bottles for food treatments.  

Following acclimation, the copepods were gently poured from the 2 L bottle onto a 

45 µm mesh and washed into a 250 mL plastic beaker with 0.45 µm FSW. Under the 

microscope, copepods were pipetted into 350 mL DURAN® bottles containing 

treatment water, with ~ 90 copepods in each treatment (~ 30 copepods in each of 

three replicate bottles) at the WCB, and ~ 150 copepods in each treatment (~ 50 

copepods in each of three replicate bottles) at SG.  Each bottle was then sealed with 

Parafilm® and placed in the assigned fridge for ~ 24 hours in constant darkness. To 

measure survival on each day of the experiment, copepods were gently poured from 

the bottle onto a 45 µm mesh and washed into a plastic beaker with temperature-

adjusted FSW corresponding to treatment. All bottles were then rinsed and re-filled 

with treatment water from the assigned header tank. The copepods were then placed 

under the microscope for counting and to remove dead individuals. The presence of 

ovigerous females was also recorded. During the counting process, the bottles for 

the ambient temperature treatments were kept on ice to reduce warming. All 

survivors, including ovigerous females, were pipetted back into their respective 

bottles, which were then sealed as before and returned to the fridge. Experimental 

duration was five days at the WCB and seven days at SG. 

 

4.2.3 South Sandwich Islands 

The next experiment was conducted on O. similis from the SSI (Figure 4.1). 

Copepods were collected, sorted and acclimated as described in the previous sub-

section, with the exception that ovigerous females were included in the selection 

process in order to obtain a sufficient sample size. Treatment water was also 

prepared following the same protocol as above, with ~ 20 L of near-surface seawater 

filtered through a 45 µm mesh and transferred into a 20 L header tank. Once again, 

the header tank had to be stored in a CT room at ~ 2°C under continuous light. To 

prepare the TH + food treatment, a 2 L sub-sample was taken each day from the CT 

room header tank and stored overnight in a fridge at 7°C under constant darkness. 

For the food limited treatments, a 20 L header tank containing 0.45 µm FSW was 

stored in a fridge at either 4 or 7°C, according to temperature treatment. Post-
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acclimation protocol was the same as above, with ~ 150 copepods in each of the 

food treatments (~ 50 copepods in each of three replicate bottles), although only ~ 

75 copepods per treatment (~ 25 copepods in each of three replicate bottles) were 

used in the food limited treatments due to the limited number of O. similis captured in 

the net hauls. Again, during the counting process, the bottles for the ambient 

temperature treatments were kept on ice to reduce warming. The experimental 

duration was seven days.  

 

4.2.4 English Channel station L4  

Oithona similis were collected via a 0 – 50 m vertical net haul with a ring net (63 μm 

mesh, 57 cm diameter) and transported to the laboratory in an insulated container 

within three hours of collection. In the laboratory, the net sample was poured gently 

onto a 100 µm mesh, and the retained organisms washed into a 250 mL plastic 

beaker with 0.20 µm FSW. Under a WILD Heerbrugg M5 microscope, ~ 660 O. 

similis late stage copepodites and non-ovigerous adult females were selected and 

transferred into a 2 L screw-cap bottle containing 0.20 µm FSW. The copepods were 

then acclimated overnight in a CT room at ambient SST (18°C). During the 

acclimation period, food treatments were prepared from ~ 50 L of near-surface 

seawater collected via a hose at the time of sampling. The seawater was filtered 

through a 45 µm mesh to remove any predatory zooplankton, and decanted into two 

20 L header tanks. For the food limited treatments, a 20 L header tank containing 

0.20 µm FSW was used for each temperature treatment. The TA + food and TA − 

food header tanks were stored in a CT room at ambient SST (18°C), and the TH + 

food and TH − food header tanks were stored in a CT room at high SST (21°C).  

Following acclimation, the copepods were gently poured from the 2 L bottle onto a 

45 µm mesh and washed into a 250 mL plastic beaker with 0.20 µm FSW. Under the 

microscope, copepods were pipetted into 350 mL DURAN® bottles (~ 55 copepods 

per bottle, three replicate bottles per treatment) containing treatment water. Each 

bottle was then sealed with Parafilm® and placed in the assigned CT room for ~ 24 

hours in constant darkness. Samples were analysed following the same protocol as 

for the Southern Ocean experiments. Subsequently, all survivors, including 

ovigerous females, were pipetted back into their respective bottles, which were then 
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sealed as before and returned to the CT room. The experimental duration was 11 

days.  

 

4.2.5 Statistical analysis 

Statistical analysis was performed using count data for each day of the experiment. 

In the SG and SSI experiments, the number of individuals present on day 1 varied 

slightly between treatments. To account for differences in the number of individuals 

on day 1 (n1), count data on each subsequent day (n1+x) were standardised using the 

following equation:  

n1    (n1+x   n1) 

Where n1max represents the maximum value for n1 across all treatments.  

The same protocol was used to standardise the number of ovigerous females at the 

start of the SSI experiment. As ovigerous females were not selected at the start of 

the SG experiment, standardisation was not required.  

All statistical analysis was performed in R (version 3.02.1, R Development Core 

Team, 2016). Negative binomial generalised linear models (GLMs) were used to test 

the null hypotheses that (1) there will be no significant difference in survival or the 

percentage of ovigerous females between treatments within each experimental 

population, and (2) there will be no significant difference in survival between 

experimental populations. Negative binomial GLMs were run using the function 

‘glm.nb’ from the R package ‘MASS’ (Venables and Ripley, 2002) to test the effects 

of day, temperature and food limitation on survival and the percentage of ovigerous 

females both within and between populations. Negative binomial GLMs were chosen 

for their capacity to account for the under- or overdispersion of count data about the 

mean.  
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4.3 Results 

4.3.1 Environmental parameters 

Mean seawater temperature for the upper 50 m of the water column, coincident with 

sampling depth, was 3.99°C at the Western Core Box (WCB), 4.41°C at South 

Georgia (SG) and just 0.95°C at the South Sandwich Islands (SSI). At the SSI, mean 

chlorophyll a concentration (Chl a) in the top 10 m depth layer was relatively high, at 

2.54 µg L-1. Mean seawater temperature over the ~ 50 m sampling depth at English 

Channel station L4 was 15.21°C, and mean Chl a in the uppermost 10 m of the 

water column was only 0.65 µg L-1.   

 

4.3.2 Impacts of warming and food limitation on survival 

Oithona similis across all experiments exhibited a significant decrease in survival 

over time (z = -8.235, df = 251, p < 0.0001). Individuals from the WCB exhibited a 

steady increase in mortality over time in the TA + food treatment, with ~ 12% 

surviving at the end of the experiment. In contrast, there was a sharp increase in 

mortality on day 3 in the TH + food treatment (Figure 4.2a), and the percentage of 

survivors at the end of the experiment was just ~ 5%. There was thus a significant 

negative effect of warming over time (z = -3.056, df = 24, p = 0.0022), with mortality 

increasing ~ 1.8 times faster in the TH + food treatment compared to the TA + food 

treatment. On the other hand, individuals from SG exhibited no significant difference 

in mortality rate between temperature treatments (z = 0.669, df = 38, p = 0.5030), 

both having just below 40% surviving on the final day of the experiment (Figure 

4.2b). 
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Figure 4.2: Mean (± SE) daily survival of Oithona similis from (a) the Western Core 

Box, (b) South Georgia, as a percentage of the total number of copepods on 

experiment day 1. TA = ambient temperature, TH = high temperature. Food was 

provided in all treatments. The mean and standard error are represented by the solid 

line and shaded band, respectively. 

 

 

 

 

 

 

 



117 
 

In the SSI experiment, survival over time was significantly negatively affected by 

warming (z = -6.469, df = 68, p < 0.0001). The percentage of survivors on the final 

day was ~ 22% in the TA + food treatment and ~ 5% in the TH + food treatment, with 

mortality increasing ~ 2.4 times faster at high temperature compared to ambient. 

Survival was also significantly negatively affected by food limitation (z = -5.624, df = 

68, p < 0.0001), with ~ 10% surviving on day 6 of the experiment in the TA − food 

treatment, and ~ 3% surviving on experiment day 5 in the TH − food treatment 

(Figure 4.3). Under food limitation, mortality increased ~ 1.5 times faster at high 

temperature compared to ambient. There was a significant interactive effect between 

temperature and food on survival (z = -2.523, df = 68, p = 0.0116), as demonstrated 

by the steeper decrease in survival in the TH − food treatment compared to the other 

treatments (Figure 4.3). Furthermore, mortality increased ~ 3.9 times faster in the TH 

− food treatment compared to the TA + food treatment. There was a slight increase in 

the number of individuals on day 2 compared to day 1 in the TA + food and TH + food 

treatments, possibly due to counting error while selecting O. similis from the net 

sample to initiate the experiment.  
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Figure 4.3: Mean (± SE) daily survival of Oithona similis from the South Sandwich 

Islands as a percentage of the total number of copepods on experiment day 1. TA = 

ambient temperature, TH = high temperature. Note the slight increase in the number 

of individuals on day 2 compared to day 1 in the TA + food and TH + food treatments. 

The mean and standard error are represented by the solid line and shaded band, 

respectively. 
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In the L4 experiment, the percentage of survivors on the final day was ~ 35% in the 

TA + food treatment and ~ 28% in the TH + food treatment, with mortality increasing ~ 

1.4 times faster at high temperature compared to ambient (Figure 4.4). In contrast, 

the percentage of survivors on the final day of the experiment was just ~ 12% in the 

TA − food treatment and ~ 2% in the TH − food treatment, with mortality increasing ~ 

1.2 times faster at high temperature compared to ambient (Figure 4.4). Food 

limitation had a significantly stronger negative effect on survival over time (z = -

7.018, df = 91, p < 0.0001) compared to warming (z = -3.201, df = 91, p = 0.0014), 

and the interaction between temperature and food on survival was not significant (z = 

-1.515, df = 91, p = 0.1299). The interactive effect of temperature and food became 

most apparent from day 7 onwards, where the decrease in survival under food 

limitation was far steeper when combined with high temperature. Indeed, the 

greatest negative effect occurred in the TH − food treatment, with mortality increasing 

~ 2.4 times faster compared to the TA + food treatment. As in the SSI experiment, 

there was a slight increase in the number of individuals on day 2 compared to day 1 

in the TA + food treatment, possibly due to counting error. 
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Figure 4.4: Mean (± SE) daily survival of Oithona similis from station L4 as a 

percentage of the total number of copepods on experiment day 1. TA = ambient 

temperature, TH = high temperature. Note the slight increase in the number of 

individuals on day 2 compared to day 1 in the TA + food treatment. The mean and 

standard error are represented by the solid line and shaded band, respectively.   



121 
 

4.3.3 Impacts of warming and food limitation on reproductive potential 

The number of ovigerous females throughout the WCB experiment was very low in 

both temperature treatments. However, there appeared to be a slight positive effect 

of temperature on the percentage of ovigerous females to total copepods (z = 2.797, 

df = 26, p = 0.0052), although no ovigerous females were observed passed day 3 in 

either treatment (Figure 4.5a). In contrast, the percentage of ovigerous females to 

total copepods in the SG experiment steadily increased over the course of the 

experiment in both temperature treatments (Figure 4.5b), and thus there was no 

significant effect of temperature (z = 1.147, df = 40, p = 0.2520). In fact, there was a 

slightly greater contribution of ovigerous females to total copepods in the TH + food 

treatment. In the SSI experiment, ovigerous females generally made up a larger 

percentage of total copepods when food was available, particularly when combined 

with ambient temperature (Figure 4.5c). Both increased temperature (z = -1.971, df = 

71, p = 0.0488) and food limitation (z = -2.864, df = 71, p = 0.0042) had a significant 

negative effect on the percentage of ovigerous females, although with no significant 

interactive effect (z = 1.344, df = 71, p = 0.1789). The total number of O. similis in the 

L4 experiment contained a substantially greater percentage of ovigerous females 

when food was available during the first four days of the experiment, particularly at 

ambient temperature (Figure 4.5d). Beyond day 4, the TA + food treatment 

maintained a relatively high percentage of ovigerous females, although this 

decreased considerably towards the end of the experiment. The large percentage of 

ovigerous females on day 11 in the TA − food treatment was due to the low number 

of surviving copepods by this time, resulting in a larger contribution by the few 

surviving ovigerous females. Increased temperature had no significant effect on the 

percentage of ovigerous females (z = -1.408, df = 103, p = 0.1590). In the TH − food 

treatment, ovigerous females were only observed on day 2, and overall a weak 

negative effect of food limitation was detected (z = -1.676, df = 103, p = 0.0938). 

There was a significant interactive effect between temperature and food on the 

percentage of ovigerous females in the total experimental population (z = -3.524, df 

= 103, p = 0.0004).  
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Figure 4.5: Mean (± SE) percentage of ovigerous females in the total experimental 

population of Oithona similis at (a) the Western Core Box, (b) South Georgia, (c) the 

South Sandwich Islands, (d) station L4. Ovigerous females were excluded from 

selection on day 1, with the exception of the South Sandwich Islands experiment.  
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4.4 Discussion 

My results provide only partial support for the hypothesis that Oithona similis from 

the Southern Ocean, a region of relatively low climatic variability, would exhibit 

reduced survivability under increased temperature compared to conspecifics from 

the highly seasonal, temperate station L4. When exposed to increased temperature 

predicted for the year 2100, just ~ 5% of individuals survived on the final day of the 

Western Core Box (WCB) and South Sandwich Islands (SSI) experiments, 

compared to ~ 28% in the L4 experiment. However, individuals from South Georgia 

(SG) exhibited the greatest survivability at high temperature; indicating that other 

factors, such as food availability, may be more important in determining survival 

capacity. Indeed, I found some support for the hypothesis that O. similis from more 

productive sites would exhibit greater survivability under increased temperature. The 

survival capacities of individuals from the highly productive SG and L4 sites were 

greater than those of conspecifics from the SSI, which appeared to have 

encountered poor feeding conditions prior to sampling. However, the overall low 

survivability of individuals from the productive WCB site contradicts this hypothesis. 

My results from the SSI and L4 experiments highlight the importance of food 

availability in driving temperature responses. I therefore propose that food availability 

will likely be a key factor determining population resilience to climate change.  

 

4.4.1 The impact of climatic variability on temperature responses 

Oithona similis from the WCB and SSI generally exhibited lower survivability and 

percentage of ovigerous females under increased temperature compared to 

conspecifics from station L4, indicating that the L4 population may be more resilient 

to ocean warming predicted for the year 2100. However, individuals from SG showed 

no significant change in survival under increased temperature when food was 

available. Seasonality around South Georgia is known to be far lower than at L4, and 

thus does not explain the greater survivability of O. similis from SG. Furthermore, in 

the SSI and L4 experiments, the overall percentage of ovigerous females decreased 

over time, whereas the percentage of ovigerous females in the SG experiment 

actually increased over time in both temperature treatments. Therefore, O. similis 

from SG appeared resilient to increased temperature predicted for the year 2100, 
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despite occurring in an environment of low temperature variability. A recent study on 

the intertidal copepod Tigriopus californicus also found no evidence that populations 

from regions of high annual temperature variability have wider thermal tolerance 

ranges compared to those from more thermally stable environments (Hong and 

Shurin, 2015). As population densities of O. similis typically decline at both equatorial 

(Castellani et al., 2016) and polar (Ward et al., 2004; Ward and Hirst, 2007) regions, 

these latitudinal boundaries may represent the thermal niche for O. similis as a 

whole. However, my results show that temperature responses at the population-level 

can vary considerably. Therefore, traditional modelling approaches that use thermal 

niches derived from species distribution data may substantially under- or 

overestimate responses to climate change at the population-level.  

On the basis that individuals from productive sites would have more energy to 

allocate towards thermal tolerance, I predicted that O. similis from the WCB, SG and 

L4 would exhibit greater survivability under increased temperature compared to 

conspecifics from the SSI. My results provided some support for this hypothesis, with 

relatively high survivability under increased temperature observed in O. similis from 

SG and L4, but not the WCB. Oceanographic data for the South Sandwich Islands 

are scarce, thus there is a current lack of knowledge regarding temperature 

seasonality or primary productivity in this region. Considering that the SG and SSI 

sites are in relatively close geographic proximity, and that the annual range in near-

surface sea temperature around South Georgia is generally below 4°C (Whitehouse 

et al., 2008), it can be assumed that temperature seasonality at the SSI would also 

be relatively low. There was a substantial bloom of filamentous algae around the 

South Sandwich Islands during the cruise, which at least partly explains the relatively 

high chlorophyll a concentrations measured at the SSI site. The algal bloom 

appeared to have a detrimental effect on the zooplankton. Exposure to sub-optimal 

conditions prior to, or during sampling could therefore have negatively impacted O. 

similis in the SSI experiment. However, the same explanation cannot be applied to 

the low survivability of O. similis from the WCB, which is a relatively productive site 

(Atkinson et al., 2001; Korb et al., 2004). One explanation could be that by occurring 

closer to land, the SG population may encounter higher levels of productivity 

compared to the WCB population.  
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There was a steady decrease in survival with time across all experiments and 

treatments, indicating that additional factors may have influenced survival, and 

potentially obscured the effects of warming and food limitation. The copepod 

densities in my experiments compare with those of previous studies conducted on O. 

similis (Drits and Semenova, 1984; Nakamura and Turner, 1997). However, recent 

feeding experiments conducted on adult female O. similis used densities of ~ 80 

copepods per litre (Djeghri et al., 2018), which is considerably lower than in my 

experiments. A potential factor causing increased mortality could therefore have 

been over-crowding in the experimental bottles. Alternatively, the food provided may 

not have been sufficient to maintain survival. Prepared from natural seawater 

collected at the time of sampling, the concentration and quality of the food treatment 

would have been site-specific, and thus differed between experiments. The seawater 

was stored in header tanks for the duration of each experiment, and thus the quality 

of the food may have gradually deteriorated. Therefore, a low quality food supply 

may at least partly explain the observed decreases in survival over time. It was also 

not feasible to use plankton wheels in the experiments, and as a result the copepods 

may have been unable to access food efficiently due to lack of re-suspension. 

However, daily water changes contributed towards reducing this issue. In a previous 

study by Boissonnot et al. (2016), O. similis mortality was highest during the first half 

(~ 3% d-1) of their 21 day experiment, and this response was suggested to be either 

a result of handling stress or due to an insufficient acclimation period. The mortality 

rates reported by Boissonnot et al. (2016) are approximately half those observed in 

the present study, with copepods under ambient temperature and food conditions 

experiencing a mean mortality rate of ~ 6% d-1.  

 

4.4.2 The impact of food limitation on temperature responses 

My results from the SSI and L4 experiments support the hypothesis that food 

limitation will negatively affect survival capacity under increased temperature. 

Indeed, both survival and the percentage of ovigerous females were greater in the 

high temperature treatment when food was provided. In the L4 experiment, the 

detrimental impact of food limitation even appeared to exceed that of warming, with 

food limitation having a greater negative effect on survival compared to increased 
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temperature. Past studies also provide evidence for the strong impact of food 

limitation on survival. For example, Eaton (1971) reported that when starved, survival 

of adult female O. similis ranged between one to ten days, whereas at appropriate 

food concentrations adults were maintained for up to two months. Furthermore, 

Sabatini and Kiørboe (1994) reported that O. similis mean female survival increased 

from seven days at low food concentrations to over 30 days at high food 

concentrations. The prevailing effect of food availability over temperature has also 

been observed in some calanoid copepods (Isla et al., 2008; Mayor et al., 2015).  

There were several important factors regarding the protocol used in the present 

study which may have impacted my results. Firstly, in all three Southern Ocean 

experiments, water for the ambient temperature treatments had to be stored in a 

temperature-controlled room, and consequently was exposed to constant light. In 

contrast, water for the high temperature treatments was stored in fridges under total 

darkness. The difference in light conditions may have impacted the rate of 

photosynthesis of autotrophic cells present in the water, altering the food 

environment between treatments. Furthermore, prior to the experiments, individuals 

from the Southern Ocean sites were acclimated in natural seawater, whereas those 

from L4 were acclimated in filtered seawater. Therefore, O. similis in the Southern 

Ocean experiments were able to feed during acclimation, which may have provided 

some advantage in the form of increased energy storage.  

 

4.4.3 Concluding remarks 

Contradictory to the climatic variability hypothesis (Stevens, 1989), survivability 

under increased temperature was greatest in O. similis from SG and L4, sites of low 

and high temperature variability, respectively. My results from experiments 

conducted on O. similis from the SSI and L4 demonstrate the importance of food 

availability in determining temperature responses. Ovigerous females generally 

constituted a larger percentage of total copepods when food was available, with 

some evidence that reproductive potential may be more dependent on food 

availability than on temperature. I found some support for the hypothesis that O. 

similis from the productive WCB, SG and L4 sites would exhibit greater survivability 

than conspecifics from the SSI, with O. similis from SG and L4, but not the WCB, 
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exhibiting the highest survival capacities. The increased potential for individuals from 

more productive environments to allocate energy towards physiological response 

mechanisms has implications for predictive models based exclusively on 

temperature, and that consequently overlook the importance of food availability in 

driving population trends.  
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CHAPTER 5 

 

 

Inter-population variability in temperature-size responses 
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5. Inter-population variability in temperature-size responses 

 

Ocean warming is predicted to induce large-scale body size reductions in marine 

ectotherms. As outlined in chapter 4, temperature responses can diverge among 

populations of the same species as a result of adaptation to local environmental 

conditions. To further investigate the inter-population variability in temperature 

responses of the marine copepod Oithona similis, I incorporated my own 

measurements of O. similis body size with data derived from conspecific populations 

into a global meta-analysis, comprising 17 populations in total. Most populations 

exhibited conventional negative temperature-size (T-S) responses of decreasing 

body size with warming, although variation in the strength and direction of these 

responses were greater both within and among populations from colder sites over 

relatively small temperature ranges, compared to those from temperate regions. 

Over a full annual cycle, the mean percent change in female carbon mass per °C 

differed among populations from −2.84% to −0.31%. For the summer data, the inter-

population variability in T-S responses was much greater, ranging from −7.73% to 

+2.37%. The few populations that exhibited positive T-S responses, whereby body 

size was reduced at lower temperatures, were from colder, high latitude sites. It is 

proposed that these populations may be occurring near the lower end of their 

thermal tolerance range, and thus have limited energy for growth. The impact of 

temperature on body size also varied considerably depending on season and the 

time period over which data were collected. Therefore, caution must be taken when 

comparing T-S responses over different time scales. These results have particular 

consequences for data collected at high latitude sites, where sampling is often 

restricted to warmer times of the year with reduced ice coverage.   
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5.1 Introduction 

Body size is a key life history trait and a fundamental driver of vital rates such as 

fecundity and mortality (Kiørboe and Sabatini, 1995; Kiørboe and Hirst, 2014). The 

scaling of body size with temperature will therefore impact population dynamics and 

size structure (Lindmark et al., 2018), and ultimately the transfer of energy through 

the food web (Brown et al., 2004; Gibert and DeLong, 2014). Three main rules 

describe the correlation between temperature and body size. Originally applied to 

closely related, homeothermic species, Bergmann's rule proposes that body size will 

be positively correlated with latitude (Bergmann, 1847). Expanding upon Bergmann's 

rule, James' rule states that this same latitudinal body size trend can be applied at 

the intra-specific level (James, 1970). The third is the temperature-size (T-S) rule of 

ectotherms, which describes the negative scaling of body size with temperature 

(Atkinson, 1994). Based on these rules, large-scale body size declines in ectotherms 

are predicted to occur as global ocean temperatures continue to rise (Gardner et al., 

2011; Sheridan and Bickford, 2011; Ohlberger, 2013; Lefort et al., 2015). These 

predicted body size reductions represent the third universal response to warming, 

after biogeographical range shifts and altered phenological timing (Daufresne et al., 

2009). Copepod populations have already undergone body size declines with 

warming in recent decades across the North Atlantic (Beaugrand, 2009) and in the 

Long Island Sound (Rice et al., 2015). Experimental studies on copepods also report 

warming-induced decreases in body size at maturity (Garzke et al., 2015; Doan et 

al., 2019).  

Despite the above generalities, the factors driving T-S responses are not consistent 

across populations (Angilletta and Dunham, 2003). Nevertheless, when predicting 

species responses under future climate scenarios, it is standard practice for models 

to apply tolerance thresholds based on the realised thermal distribution of a species 

(Beaugrand et al., 2015; Stuart-Smith et al., 2015; Garciá Molinos et al., 2016), thus 

overlooking the potential for inter-population variability. Failure to account for 

population variability in temperature responses can result in misleading predictions 

of population responses to climate change (Valladares et al., 2014; Bennett et al., 

2019). The predictive capacity of climate models would therefore be advanced by 

increased knowledge of how temperature responses differ between conspecific 

populations.  
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The majority of marine communities are numerically dominated by small pelagic 

copepods (Turner, 2004), including Oithona similis. These small copepods are 

fundamental to the transfer of energy from the microbial food web to higher trophic 

levels (Nielsen and Sabatini, 1996; Turner, 2004; Svensen et al., 2011; Zamora-

Terol et al., 2013). Therefore, considering the importance of body size in determining 

vital rates, and thus the dynamics of entire populations, body size shifts in such 

ecologically important species could lead to major alterations in ecosystem structure 

and function. Many copepod species are known to exhibit body size seasonality 

(Marshall, 1949; Digby, 1950; 1954; Evans, 1981; Hirche, 1992; Riccardi and 

Mariotto, 2000; Halsband and Hirche, 2001; Drif et al., 2010; Sun et al., 2013; Arima 

et al., 2014; Hirche et al., 2019). These fluctuations in body size over the year are 

typically driven by seasonal changes in water temperature, as well as other factors 

such as food availability (Deevey, 1960) and predation (Abrams and Rowe, 1996). 

The relative importance of these factors in driving body size seasonality depends on 

the environmental pressures experienced by the population, which can vary 

substantially between sites.  

Temperature-size responses for copepods have been previously derived at the 

species-level by combining data across multiple studies (Horne et al., 2016). 

Although there is some evidence in marine copepods that the relationship between 

body size and temperature can differ between conspecific populations (McLaren, 

1965), to my knowledge, population variability in T-S responses within a species has 

not been studied in any great detail. Investigating the extent to which populations of 

the same species differ in their response to temperature is important because 

applying the same thermal tolerance range across conspecific populations could 

produce misleading estimates of how warming may impact population dynamics, and 

thus potentially the structure and function of entire ecosystems. To examine whether 

temperature variability determines the strength and direction of T-S responses, my 

own measurements of O. similis body size from station L4 and the Southern Ocean 

were incorporated into a global meta-analysis. To test the inter-compatibility of the 

data sources included in this analysis, time series data from station L4 were used to 

examine the extent to which sampling methodology impacts the determined T-S 

response as a result of potential sampling bias towards individuals of larger or 

smaller body size. Furthermore, data covering full annual cycles were used to 
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investigate whether O. similis populations exhibit a temperature-dependent growth 

phase, as has been previously described in other copepod species (Hirche et al., 

2019).  
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5.2 Materials and methods 

5.2.1 L4 sampling and analysis 

During my work in chapters 2 and 3, I measured Oithona similis prosome length from 

the samples collected at station L4. From 2011 to 2016, mesoplankton samples were 

obtained from 0 – 50 m vertical hauls with a ring net (63 μm mesh, 57 cm diameter), 

and transported to the laboratory within three hours of collection, where they were 

immediately processed. In the laboratory, samples were fixed in either 4% buffered 

formalin (November 2011 to March 2014) or made up to ~ 250 mL with filtered 

seawater and subsequently fixed in 2% acid Lugol’s solution (June 2015 to 

December 2016). For analysis, the formalin samples were filtered through a 50 μm 

mesh. The retained organisms were then re-suspended in tap water and pipetted 

into a 3 mL Hydrobios® counting chamber (Utermöhl, 1958). On account of their 

larger volume, the samples fixed in Lugol’s solution were settled for ~ 24 hours. 

Following this, the top 200 mL layer was gently removed via a syringe, and the 

remaining 50 mL left to settle for approximately three hours in a 3 mL counting 

chamber. From September 2017 to October 2018, sampling was conducted using 10 

L Niskin bottles attached to a CTD rosette, fired at depths of 2, 10, 25 and 50 m. 

Again, these samples were transported to the laboratory within three hours of 

collection and analysed immediately. In the laboratory, the contents of each carboy 

were gently decanted into 5 L beakers to ensure the sample was thoroughly mixed, 

and subsequently concentrated down to 50 – 200 mL by reverse filtration through a 

20 µm mesh. The concentrated samples were then fixed in 2% acid Lugol’s solution, 

and settled for ~ 24 hours. The top layer was then gently removed via a syringe, and 

the remaining 50 mL left to settle for a further 15 hours in a 3 mL counting chamber.  

Following sample preparation, measurements for adult female O. similis prosome 

length were conducted under an Olympus IMT-2 inverted microscope at 100x 

magnification using an eyepiece graticule. Measurements were taken for ten females 

per sample, or all females when less than ten were present. Prosome length (PL, 

µm) was measured from the anterior margin of the prosome to the posterior of the 4th 

thorax segment, where the articulation exists, and subsequently converted to female 

carbon mass (Cf, μg C female-1) using the length-mass relationship of Uye (1982): 
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Cf = 10
 1.45    log PL  – 4.25  

 

5.2.2 Southern Ocean sampling and analysis 

During the British Antarctic Survey (BAS) DY098 research cruise on R.V. Discovery 

in January – February 2019, I sampled for O. similis across a transect from 52° 6' 0'' 

S, 50° 55' 48'' W to 52° 36' 0'' S, 43° 7' 48'' W, collecting individuals on a 200 µm 

mesh from the ship’s non-toxic underway supply system (500 mm2 filter, 5 mm2 

mesh) at 5.5 m depth. Approximately every three hours, the mesh was replaced and 

immediately stored in a freezer at −80°C. For analysis, samples were defrosted at 

room temperature and the mesh subsequently rinsed with 0.20 µm filtered seawater. 

Measurements for adult female prosome length were conducted as described in 

section 5.2.1.  

 

5.2.3 Global meta-analysis 

The meta-analysis included a total of 5919 measurements of O. similis adult female 

carbon mass (Cf) from 17 populations (20 data sources) across sites ranging from 

81° 22' 12'' N to 60° 38' 60'' S and 141° 5' 60'' E to 50° 26' 24'' W (Figure 5.1). 

Information on the data sources, location and methodology are summarised in Table 

5.1. The majority of the data were obtained via direct request, with some data 

derived from previous meta-analyses conducted by Horne et al. (2017, 2019a). All 

data were obtained from the field and include oceanic, coastal and inland sites, 

covering a sampling depth range of < 1 to 400 m. Body size measurements were 

mostly from formaldehyde-preserved samples. Exceptions were those taken from the 

Stonehaven population, which were derived from unpreserved samples (Drif et al., 

2010), and my own measurements from station L4 and the DY098 research cruise 

described above. It is well known that the use of preservatives can impact body size 

(Kapiris et al., 1997; Jaspers and Carstensen, 2009), and thus the effects of 

preservation were tested. Across the data sources, sampling was conducted from 

nets of mesh sizes ranging from 60 to 200 µm. The potential bias caused by large 

mesh sizes under-sampling smaller individuals was investigated. Furthermore, 

sampling at station L4 was conducted on the same dates using 63 and 200 µm mesh 
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nets. Thus, to test the inter-comparability between data sources, the temperature-

size (T-S) responses derived from data collected via these different sampling 

methods were compared.  
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Figure 5.1: Geographical distribution of all Oithona similis populations included in the 

meta-analysis. Each temperature-size (T-S) response follows a negative (green) or 

positive (red) direction. The strength of the T-S response, as the percent change in 

female carbon mass per °C, is represented by the size of the data point.   
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Table 5.1: Summary of all data sources included in the meta-analysis. BD = maximum bottom depth, SD = sampling depth, TD = 

temperature depth, n = total data points. Most data sources provide individual length measurements. Data derived from previous 

meta-analyses conducted by Horne et al. (2017, 2019a) represent population mean body length. 

Site Sampling period Method Preservative Depth (m) n Reference 

Station L4, 

English Channel 

50° 15' 0'' N, 4° 13' 12'' W 

Mar – Oct 

2003, 2005, 2008, 2010, 

2013, 2014,  2016 

0 – 50 m vertical haul 

WP2 net (200 μm mesh)  
4% buffered formalin 

BD: 54  

SD: 0 – 50 

TD: 0 – 50 

787 
S. Corona,  

unpublished data 

Station L4, 

English Channel 

50° 15' 0'' N, 4° 13' 12'' W 

Nov 2011 – Mar 2014 

 

Jun 2015 – Dec 2016 

0 – 50 m vertical haul 

ring net  (63 μm mesh) 

4% buffered formalin 

  

2% acid Lugol’s solution  

BD: 54  

SD: 0 – 50 

TD: 0 – 50 

1415 

Chapter 2 of this 

thesis; Cornwell et 

al., 2018 

Station L4, 

English Channel 

50° 15' 0'' N, 4° 13' 12'' W 

Sept 2017 – Oct 2018 

10 L Niskin bottle, 

reverse filtration through 

20 µm mesh 

2% acid Lugol’s solution 

BD: 54  

SD: 0 – 50 

TD: 0 – 50 

573 Present study 

Station L4, 

English Channel 

50° 15' 0'' N, 4° 13' 12'' W 

Jan – Dec 1947 
Harvey measuring net 

(200 meshes inch
-1

) 
None 

BD: 54  

SD: 0 – 50 

TD: 0, 30 

17 Digby, 1950 

Loch Striven,  

Scotland 

55° 52' 48'' N, 5° 3' 36'' W 

Jan – Sept 1933 
Modified Standard Net  

(200 meshes inch
-1

) 
5% formalin 

BD: 70 

SD: 0 – 70 

TD: surface 

32 

Marshall, 1949 

(from Horne et al., 

2019a) 

Stonehaven,  

Scotland 

56° 34' 12'' N, 2° 3' 36'' W 

Feb 2003 – Feb 2004 
Bongo net  

(68 µm mesh) 
None 

BD: 45 

SD: 0 – 45 

TD: surface 

19 

Drif et al., 2010 

(from Horne et al., 

2017) 
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Venice Lagoon,  

Italy  

45° 26' 24'' N, 12° 20' 60'' E 

Jan 1995 – Jan 1996 
Pump and filter system 

(80 µm mesh) 
4% formaldehyde 

BD: 1.5 

SD: 0.1 – 0.7 

TD: surface 

18 

Riccardi and 

Mariotto, 2000 

(from Horne et al., 

2019a) 

Ishikari Bay,  

Japan  

43° 12' 0'' N, 141° 5' 60'' E 

Mar 2001 – May 2002 
NORPAC net  

(100 µm mesh) 
5% formaldehyde 

BD: 40 

SD: 0 – 35  

TD: 0 – 35 

12 

Arima et al., 2014 

(from Horne et al., 

2017) 

Suruga Bay,  

Japan 

35° 3' 36'' N, 138° 40' 48'' E 

Apr 2017 – Apr 2018 
NORPAC net  

(100 µm mesh) 
5% formalin 

BD: 2500 

SD: 0 – 150 

TD: 0 – 150 

233 
H. Itoh,  

unpublished data 

Xiaoshi Island,  

China  

37° 31' 48'' N, 122° 0' 0'' E 

Mar 2009 – Jan 2010 Net (160 µm mesh) 4% neutralised formalin 

BD: 15 

SD: < 15 

TD: < 15 

4 

Sun et al., 2013 

(from Horne et al., 

2019a) 

Scotia Sea 

50° 0' 0'' S, 33° 47' 60'' W  

to 

60° 38' 60'' S, 50° 26' 24'' W 

Mar – Apr 2009 

Jan – Feb 2008 

Oct – Nov 2006 

Paired, motion-

compensating Bongo 

net (100 µm mesh) 

10% v:v formalin in 

seawater 

BD: > 3000 

SD: 0 – 400 

TD: 0 – 100 

810 
P. Ward,  

unpublished data 

Barents Sea 

68° 22' 12'' N, 31° 37' 48'' E  

to 

81° 22' 12'' N, 59° 43' 12'' E 

May – Jun 2003 

May – Jul 2001, 2005 

Jun – Jul 2004 

Jul – Sept 2006, 2007  

Juday net  

(170 µm mesh) 

4% buffered 

formaldehyde 

BD: 600 

SD: 0 – 100 

TD:0 – 100 

75 

Dvoretsky and 

Dvoretsky, 2009a; 

2010  

White Sea 

64° 54' 0'' N, 35° 25' 48'' E  

to 

67° 0' 0'' N, 42° 0' 0'' E 

Jul 2001 
Juday net  

(170 µm mesh) 
4% formaldehyde 

BD: 343 

SD: 0 – 100 

TD: 0 – 100 

14 

Dvoretskii and 

Dvoretskii, 2009;  

Dvoretsky and 

Dvoretsky, 2009a 
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Balsfjord,  

Northern Norway 

69° 23' 6'' N, 19° 5' 28'' E 

Jun 2015 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: 195  

SD: 0 – 170 

TD: 0 – 170 

225 
S. Kwaśniewski,  

unpublished data 

Hornsund,  

Spitsbergen 

76° 57' 30'' N, 15° 34' 57'' E 

Jul 2014 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: 240 

SD: 0 – 140 

TD: 0 – 140 

241 
S. Kwaśniewski,  

unpublished data 

Kongsfjord,  

Spitsbergen 

78° 39' 1'' N, 11° 41' 23'' E 

Aug 2014 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: 395 

SD: 0 – 310 

TD: 0 – 310 

587 
S. Kwaśniewski,  

unpublished data 

Rijpfjord,  

Spitsbergen 

80° 23' 39'' N, 22° 23' 46'' E 

Sept 2014 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: 200 

SD: 0 – 250 

TD: 0 – 250 

376 
S. Kwaśniewski,  

unpublished data 

Raunefjord,  

Southern Norway 

60° 16' 12'' N, 5° 8' 28'' E 

Jun 2015 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: > 200 

SD: 0 – 210 

TD: 0 – 210 

172 
S. Kwaśniewski,   

unpublished data 

Ulsfjord,  

Northern Norway 

69° 52' 43'' N, 19° 43' 6'' E 

Jun 2014 
MulitNet and WP2 net 

(60 and 180 µm mesh) 
Formaldehyde 

BD: > 200 

SD: 0 – 210 

TD: 0 – 210 

232 
S. Kwaśniewski,  

unpublished data 

Southern Ocean  

52° 6' 0'' S, 50° 55' 48'' W  

to 

52° 36' 0'' S, 43° 7' 48'' W 

Jan 2019 
Pump and filter system 

(200 µm mesh) 
Frozen at −80°C 

BD: 3045 

SD: 5.5 

TD: 5.5 

103 Present study 
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The majority of data sources, including my own, provided prosome length 

measurements for individual females and recorded water temperature across the full 

sampling depth. However, data derived from Horne et al. (2017, 2019a) represent 

population mean prosome lengths and predominantly surface temperatures. In the 

single case of Venice Lagoon, only measurements of total body length were 

available. These measurements were converted to prosome length based on the 

knowledge that the prosome length of adult female O. similis is approximately half 

that of the total body length (Conway, 2012). These conversions did not impact the 

T-S response as this response represents the proportionate change in body size, 

rather than body size itself. Adult female prosome length was converted to carbon 

mass (Cf, μg C female-1) using the length-mass equation of Uye (1982) provided 

above. Linear regression of the natural log-transformed female carbon mass (lnCf) 

against water temperature was then conducted for each data source. To calculate 

the T-S response, as the percent change (± 95% CI) in female carbon mass per °C, 

each regression slope was transformed using the equation of Forster et al. (2012): 

T S response =  exp(slope) – 1    100 

Body size at maturity is likely more dependent on temperatures during development. 

As such, a 4-week lag period between temperature and Cf was applied to each of 

the nine data sources that covered a full annual cycle. For the L4 time series data, 

water column temperatures were averaged over this 4-week period for each near-

weekly sampling event. The remaining sources comprised of data collected at a 

monthly resolution, and so the water temperature of the preceding month was used. 

The duration of the lag period was chosen based on the work of Digby (1950) at 

station L4, which reported development times of four to six weeks for various 

copepod species. The T-S responses with and without a lag period were compared. 

These nine data sources comprised the annual dataset, and were used to 

investigate the seasonal trends in Cf. Such investigation included determining the 

existence of a temperature-dependent growth phase in O. similis, as other copepod 

species have been observed only to exhibit negative T-S responses during this 

phase (Hirche et al., 2019). The remaining 11 data sources did not have the full 

annual coverage required to apply a lag period, and so temperature at the time of 

sampling was used. These 11 data sources comprised the sub-annual dataset. Due 

to the general difference in temperature variability over sub-annual and annual time 
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scales, and the restrictions as to the application of a lag period, the annual and sub-

annual datasets were analysed separately.  

To incorporate all data sources into the analysis, I generated a summer dataset from 

data covering the months of June to August (Northern hemisphere) and December to 

February (Southern hemisphere) without the application of a lag period between 

temperature and body size. Data from Ishikari Bay, Rijpfjord, Venice Lagoon and 

Xiaoshi Island had to be excluded from the summer dataset due to insufficient data 

during the specified months from which to calculate a T-S response. The summer 

dataset was chosen as the primary dataset for analysis as it was the most inter-

comparable, with no lag period applied and data being limited to the summer 

months. Therefore, the summer dataset was used to examine the impact of 

temperature range on the strength and variability of the T-S responses among 

populations as it allowed for direct comparison between the data sources. 

Additionally, as previously mentioned, some copepod species only exhibit T-S 

responses during a temperature-dependent growth phase (Hirche et al., 2019). 

Thus, by only including data within this growth phase, T-S responses obtained from 

the summer dataset can be directly compared to those of other copepod species.  

 

5.2.4 Statistical analysis 

All statistical analyses were performed in R (version 3.02.1, R Development Core 

Team, 2016). A two-sample t-test was used to determine whether there was a 

significant difference between female carbon mass derived from preserved and 

unpreserved samples. General linear models (GLMs) were used to test whether the 

strength of the linear regression between natural log-transformed female carbon 

mass (lnCf) and temperature differed significantly: (1) between sampling method 

used at station L4, (2) when a 4-week lag period was applied, (3) during a 

hypothetical growth phase (March to October) compared to a rest phase (November 

to February). Lack of overlap between the T-S response 95% confidence intervals (± 

95% CI) indicated significant differences in T-S responses among populations.    
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5.3 Results 

5.3.1 Methodological considerations 

Measurements of adult female carbon mass (Cf) derived from unpreserved samples 

were significantly larger than those from the preserved samples (t = -27.38, df = 

135.15, p < 0.0001), with mean values of 0.52 and 0.41 µg C female-1, respectively. 

However, temperature-size (T-S) responses represent the percent change (± 95% 

CI) in Cf per °C, and not body size itself. Therefore, this difference in Cf between 

preservation methods will not impact the T-S response, as demonstrated by the 

following test. The comparison of L4 time series data collected on the same dates 

with 63 and 200 µm mesh nets showed that although there was a significant 

difference in the intercepts (t = -3.095, df = 263, p = 0.0022), there was no significant 

difference (t = 0.893, df = 263, p = 0.3726) in the strength of the T-S responses 

between the 63 µm mesh (−2.00 ± 0.75%) and the 200 µm mesh (−2.36 ± 0.43%) 

nets (Figure 5.2a). Thus, although some discrepancy in Cf measurements may exist 

between data sources depending on sampling methodology, the T-S responses 

derived from these measurements should not be affected. By analysing the data 

sources covering a full annual cycle, the strength of the T-S response was 

discovered to be significantly stronger (t = -2.118, df = 6182, p = 0.0343) when a 4-

week lag period was applied (−2.43 ± 0.15%) compared to the original data (−2.20 ± 

0.16%) (Figure 5.2b). Furthermore, T-S responses were significant during both the 

hypothetical growth phase (t = -24.43, df = 1576, p < 0.0001) and rest phase (t = -

6.174, df = 675, p < 0.0001), although they were significantly stronger (t = -6.730, df 

= 2251, p < 0.0001) in the former (−2.34 ± 0.19%) compared to the latter (−1.03 ± 

0.33%) (Figure 5.2c).  
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Figure 5.2: Oithona similis natural log-transformed adult female carbon mass (lnCf) 

against water temperature (a) for data derived from the 63 and 200 µm mesh nets on 

the same dates at station L4, (b) with and without the application of a 4-week lag 

period, (c) during a hypothetical growth phase (March to October) and rest phase 

(November to February). Regression lines denoted by different letters indicate a 

significant difference (p < 0.05) between slopes.  
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5.3.2 Seasonal and global scale temperature-size responses 

Adult female carbon mass typically exhibited a spring maximum and autumn 

minimum trend in nearly all of the populations analysed (Figure 5.3). The single 

exception was the Stonehaven population, in which the post-spring decline in Cf did 

not reach minimum values until December. The strength and direction of the T-S 

responses differed considerably among populations. In the annual dataset, all 

populations, excluding Loch Striven and Stonehaven, exhibited significant negative 

T-S responses (Figure 5.4a, Table 5.2). These T-S responses were strongest in the 

L4 population, ranging from −2.00 ± 0.29% from the Niskin bottle data to −2.84 ± 

0.25% from the 200 µm net data. In contrast, both positive and negative T-S 

responses were observed in the sub-annual dataset (Figure 5.4b, Table 5.2). 

Significant negative T-S responses were exhibited by five of the 11 populations, the 

strongest responses occurring in O. similis from Kongsfjord (−3.20 ± 0.80%), 

Rijpfjord (−4.44 ± 1.50%) and particularly Hornsund (−7.73 ± 3.15%). Of the 

remaining populations, significant positive T-S responses were exhibited by 

populations from Balsfjord (+2.37 ± 1.07%) and the Scotia Sea (+1.16 ± 0.47%). 

Averaged temperature and Cf data, T-S responses and accompanying statistics for 

all data sources are provided in Table 5.2. 
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Figure 5.3: Monthly mean (± SE) Oithona similis adult female carbon mass (Cf) and 

water temperature (± SD) at each site for which data covered a full annual cycle. The 

L4 time series includes data from the 63 and 200 µm nets and Niskin bottle data. 

Vertical bars represent the magnitude of seasonal variability and grey bands 

represent temperature standard deviation. Data are plotted without a lag period to 

present seasonality in real-time.   
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Figure 5.4: Oithona similis natural log-transformed adult female carbon mass (lnCf) 

against water temperature comparing the strength of the temperature-size (T-S) 

responses among populations in the (a) annual, (b) sub-annual, (c) summer dataset. 

The annual dataset comprises the data sources that covered a full annual cycle, the 

sub-annual dataset comprises the data sources that did not have full year coverage, 

the summer dataset comprises all data covering June to August (Northern 

hemisphere) and December to February (Southern hemisphere).  
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Table 5.2: Mean (± SD) temperature (°C), mean (± SE) female carbon mass (Cf, µg C female-1), mean (± 95% CI) temperature-size 

(T-S) response (% change in Cf °C-1) and accompanying statistics for all data sources included in the meta-analysis. Temperature 

values are during the 4-week lag period for the annual dataset (comprising the nine data sources with full annual coverage) and at 

time of sampling for the sub-annual dataset (comprising the 11 data sources without full annual coverage).  

Data source Dataset Temperature  Cf T-S response   R2 adj df p 

L4 200 µm Annual 12.3 ± 2.5 0.41 ± 0.002 −2.84 ± 0.25 0.3773 770 < 0.0001 

L4 63 µm  Annual 12.5 ± 2.3 0.36 ± 0.001 −2.67 ± 0.25 0.2335 1413 < 0.0001 

L4 Niskin bottle Annual 12.8 ± 2.7 0.38 ± 0.002 −2.00 ± 0.29 0.2320 591 < 0.0001 

L4 (Digby, 1950) Annual 12.5 ± 3.9 0.41 ± 0.011 −2.25 ± 0.62 0.8202 12 < 0.0001 

Loch Striven Annual 9.4 ± 3.4 0.52 ± 0.006 −0.31 ± 0.71 -0.0073 29    0.3833 

Stonehaven Annual 10.1 ± 3.3 0.48 ± 0.014 −0.94 ± 1.94 0.0047 16 0.3141 

Venice Lagoon Annual 13.1 ± 5.6 0.32 ± 0.008 −1.28 ± 0.56 0.5992 14 0.0003 

Ishikari Bay Annual 10.2 ± 4.8 0.34 ± 0.008 −1.14 ± 0.79 0.6199 6 0.0125 

Suruga Bay Annual 16.4 ± 2.2 0.36 ± 0.002 −1.75 ± 0.51 0.1662 211 < 0.0001 

Xiaoshi Island  Sub-annual 11.2 ± 9.7 0.38 ± 0.018 −0.69 ± 2.19 0.2352 2 0.2999 

Scotia Sea Sub-annual 1.5 ± 2.0 0.49 ± 0.002 +1.16 ± 0.47 0.0262 808 < 0.0001 

Barents Sea Sub-annual 2.7 ± 2.8 0.44 ± 0.003 −1.63 ± 0.16 0.8414 73 < 0.0001 
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White Sea Sub-annual 7.9 ± 2.7 0.43 ± 0.002 −0.39 ± 0.25 0.3665 12 0.0129 

Balsfjord Sub-annual 4.5 ± 1.4 0.46 ± 0.004 +2.37 ± 1.07 0.0772 223 < 0.0001 

Hornsund Sub-annual 4.3 ± 0.4 0.44 ± 0.003 −7.73 ± 3.15 0.0791 239 < 0.0001 

Kongsfjord Sub-annual 4.6 ± 1.1 0.42 ± 0.002 −3.20 ± 0.80 0.0910 585 < 0.0001 

Rijpfjord Sub-annual -0.5 ± 0.9 0.42 ± 0.003 −4.44 ± 1.50 0.0774 374 < 0.0001 

Raunefjord Sub-annual 8.6 ± 0.8 0.44 ± 0.004 +0.47 ± 2.15 -0.0046 170 0.6372 

Ulsfjord Sub-annual 6.4 ± 0.5 0.45 ± 0.003 +1.22 ± 2.52 -0.0005 230 0.3488 

Southern Ocean (DY098) Sub-annual 5.7 ± 1.0 0.53 ± 0.004 −0.86 ± 1.52 0.0017 101 0.2808 
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5.3.3 Impact of temperature range  

The summer dataset was used to directly compare the impact of temperature range 

on the strength and variability of the T-S responses among populations. The range in 

T-S responses was considerably greater in the summer dataset compared to the 

annual dataset, with percent change in Cf per °C ranging from −10.88% to +3.74% in 

the former and −3.09% to +1.00% in the latter. Populations from colder sites 

exposed to more narrow temperature ranges over the period analysed exhibited 

substantially greater T-S response strength and variability (Figure 5.5). In contrast, 

populations from temperate regions that experienced wider temperature ranges over 

the period analysed exhibited relatively moderate T-S responses. Furthermore, O. 

similis from the Barents and White Seas were sampled over a temperature range 

exceeding 6°C, and contrary to other high latitude populations, had low T-S 

response variability (Figure 5.5). The strength and variability in T-S responses 

therefore appeared to be inversely correlated with temperature range, although the 

shortage of data for populations from warmer regions limited further interpretation of 

this trend. An exception to this inversed correlation between temperature range and 

T-S response was observed in the Xiaoshi Island population, which was excluded 

from the summer dataset due to insufficient data coverage. Despite experiencing a 

temperature range of ~ 20°C, this population still exhibited a relatively large amount 

of T-S variability. However, the Xiaoshi Island data source had an extremely small 

sample size (Table 5.1), and the T-S response of this population was not significant 

(t = -1.387, df = 2, p = 0.2999). Thus, the T-S response derived from this small set of 

data may not be a good representation of the true population response.  
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Figure 5.5: Temperature-size (T-S) response against environmental temperature 

range for each Oithona similis population included in the summer dataset, which 

comprises data covering June to August (Northern hemisphere) and December to 

February (Southern hemisphere). 
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5.4 Discussion 

The global meta-analysis of Oithona similis I conducted in this chapter provides 

strong evidence that the scaling of body size with temperature can differ 

considerably among populations of the same species, and thus highlights the 

importance for modelling approaches to apply population-level temperature 

thresholds in order to produce more reliable estimates of climate-driven shifts in 

ecosystem dynamics. My results also demonstrate how relationships between body 

size and temperature can vary depending on the time period analysed. Such 

variation is of particular importance when working with data from high latitude sites 

where access is seasonally restricted.  

 

5.4.1 Seasonal variability 

Following the temperature-size (T-S) rule of ectotherms that body size scales 

negatively with temperature (Atkinson, 1994), many copepod species exhibit body 

size declines across an increasing thermal gradient from spring to summer (Hirche et 

al., 2019). Indeed, this seasonal trend was observed for the O. similis populations 

analysed in the present study. Body size seasonality can at least partly be explained 

by the fact that body size at maturity can vary between generations that develop 

under different environmental conditions depending on the time of year. For 

example, the presence of larger O. similis in Kola Bay, Barents Sea, in the summer 

is potentially due to the longer generation time of the autumn brood (ten months), 

compared to the summer generation (two months) (Dvoretsky and Dvoretsky, 

2009a). Moreover, in some copepod species, growth may be restricted to certain 

times of the year. Hirche et al. (2019) reported that dominant calanoid species in the 

North Sea undergo a temperature-dependent growth phase only during spring and 

summer. Although my meta-analysis found no evidence that growth in O. similis 

populations was strictly limited to a certain time of the year, T-S responses were 

generally stronger between March and October, which may go some way to 

explaining the presence of successively smaller females during this time. The ability 

of O. similis populations to maintain T-S responses over winter is likely due to the 

year-round reproductive activity typical of this species.  
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5.4.2 Spatial variability  

The greater variability in T-S responses observed in the O. similis populations from 

colder sites could be partly explained by differences in life history. Reduced season 

length in cold, high latitude sites can restrict time for feeding, growth and 

development (Blanckenhorn and Demont, 2004). As such, O. similis females from 

these sites may need to optimise food uptake during the limited growth phase to 

obtain larger body size at maturity. As fecundity in copepods has been reported to 

scale positively with body weight (Bunker and Hirst, 2004), females that reach 

maximal body size at maturity potentially increase their reproductive output. To 

achieve maximum body size during this time, the impact of temperature on size at 

maturity may be overridden by the effect of food availability. Indeed, at thermally 

stable sites, adult body size has been proposed to be more dependent on food 

availability than temperature (Deevey, 1960). Increased dependence on food at 

these colder sites may result in greater variability in T-S responses as temperature 

may be having a limited effect on body size. Populations of O. similis have been 

reported to produce approximately two generations a year at high latitude sites 

(Lischka and Hagen, 2005; Dvoretsky and Dvoretsky, 2009a) and at station L4, as 

detailed in chapter 3 (Cornwell et al., 2020). Other O. similis populations have been 

reported to produce one to three or more generations over an annual cycle (Fish, 

1936; Marshall, 1949), and also at station L4 (Digby 1950), whereas others appear 

to produce just a single generation a year (Grainger, 1959; Digby, 1954). Therefore, 

differences in life history may to some extent impact the variability in T-S responses 

among populations. 

Adult female O. similis from colder sites that experienced a narrow range of 

temperatures over the period analysed exhibited the greatest variability in T-S 

responses both within and among populations compared to those that were exposed 

to a wider range of temperatures. However, it is important to acknowledge that O. 

similis populations from the Arctic fjord sites associated with strong and more 

variable T-S responses do not necessarily experience low temperature variability 

year round. Indeed, some of these fjords can undergo temperature fluctuations 

similar in magnitude to those of more temperate regions (Cottier et al., 2019). One 

explanation for the high T-S response variability at these fjords is the potential 
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overlap of generations that have developed under different temperature conditions, 

consequently reaching different sizes at maturity.  

Individuals occurring at temperatures below their lower tolerance threshold may 

exhibit positive T-S responses, with body size scaling positively with temperature, 

due to limited growth capacity and thus body size (Atkinson et al., 2006). Evidence of 

positive T-S responses at temperatures colder than a lower critical threshold has 

been found in marine copepods (Forster et al., 2011a), and it was proposed that 

such responses may be common but seldom detected due to the lack of body size 

data at the low temperatures at which body size decreases. In the present meta-

analysis, positive T-S responses were exhibited by O. similis from cold, high latitude 

sites. Based on the concept of reduced growth below critical temperatures (Atkinson 

et al., 2006), the observed positive T-S responses indicate that these populations 

may be occurring near their lower thermal threshold. Contradictory to the general 

rule of increasing body size with latitude (Bergmann, 1847; James, 1970), a study 

conducted on two European populations of Acartia clausi reported prosome lengths 

of copepodites and adult females to be larger in the southern compared to the 

northern population (Leandro et al., 2006). The larger body sizes in the southern 

population were potentially due to their slower development rates at a given 

temperature compared to the northern population. These results provide further 

evidence for how T-S responses can differ between conspecific populations.  

 

5.4.3 Additional factors effecting body size 

Temperature is considered the primary factor driving adult body size seasonality in 

copepods (Horne et al., 2016; 2017). There are several examples from O. similis 

populations that support this, with negative T-S responses documented in 

populations from the Barents Sea (Dvoretsky and Dvoretsky, 2009a-c), the North 

Atlantic (Castellani et al., 2005b; 2007) and the English Channel station L4 (chapter 

2; Cornwell et al., 2018). However, evidence suggests that in some cases other 

environmental factors, predominantly food limitation, may have a greater impact on 

body size. The relative effects of temperature and food supply on adult body size 

likely depend on the magnitude of variability in these factors, with the impact of food 

being greater at thermally stable sites (Deevey, 1960). For example, in Scoresby 
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Sound, Greenland, a site of limited temperature variability, copepod body size 

seasonality was attributed to food supply; potentially explaining the reported increase 

in O. similis body size over summer at this site (Digby, 1954). In addition, the relative 

importance of each factor in driving the T-S response can also differ on temporal 

scales depending on the extent of seasonal variability.  

Other important factors known to impact body size are competition and predation. 

High predation pressure can induce early maturation at a smaller body size (Abrams 

and Rowe, 1996). Conversely, a decrease in population density as a result of 

predation may reduce intra-specific competition for resources, potentially increasing 

the capacity to obtain larger adult body sizes (Abrams and Rowe, 1996). The 

importance of factors such as competition and predation in driving population 

responses to climate change is becoming increasingly acknowledged (Dam, 2013). I 

proposed in chapters 2 and 3 that mortality may be an important factor impacting O. 

similis population dynamics at station L4 (Cornwell et al., 2018; 2020), as has been 

previously suggested for O. similis at high latitude sites (Hirst and Ward, 2008). The 

strength of predation pressure experienced by the different populations is unknown, 

but potential differences in predation mortality may go some way to explaining the 

inter-population variability in T-S responses observed in the present meta-analysis. 

 

5.4.4 Species differences  

Calanoid copepods have significantly stronger negative seasonal T-S responses 

than cyclopoid species (Horne et al., 2016; 2017), as supported by my work in 

chapter 2 (Cornwell et al., 2018). Horne et al. (2016) found copepod T-S response 

seasonality to be independent of reproductive strategy, proposing instead that 

feeding mode may be a more important driver of T-S response strength. Evidence 

for this has been found in the Sargasso Sea, where differences in food or feeding 

mode were suggested to explain the inter-specific variability in copepod body size 

seasonality (Deevey, 1964). Likewise, Horne et al. (2019b) explained the stronger T-

S response of the current-feeding calanoid, Temora longicornis, and weaker T-S 

response of the ambush-feeding cyclopoid, Oithona nana, to result from their 

different feeding modes. Therefore, a previous suggestion by Riccardi and Mariotto 

(2000), that the weaker T-S responses exhibited by non-calanoid species could be 
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due to their reduced metabolic rates, is somewhat supported by the fact that 

metabolic rates generally vary between active and passive feeders (Kiørboe, 2011; 

Kiørboe and Hirst, 2014).  

 

5.4.5 Concluding remarks  

There is increasing evidence from model predictions that ectotherms will exhibit 

warming-induced body size reductions over the coming decades (Daufresne et al., 

2009; Gardner et al., 2011; Sheridan and Bickford, 2011; Ohlberger, 2013; Lefort et 

al., 2015), which could have major repercussions for the structure of marine food 

webs and thus energy transfer through ecosystems (Gibert and DeLong, 2014). In 

the present study, I show that the relationship between O. similis body size and 

temperature varies considerably among populations. Such variability indicates that 

other environmental factors, such as food availability, may be equally if not more 

important drivers of body size in some populations. My results highlight the need for 

models to incorporate population-level thresholds in order to more accurately predict 

the impact of climate change on marine ecosystems.  
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CHAPTER 6 

 

 

General discussion 
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6. General discussion 

My thesis provides a novel insight into how functional traits interact with the 

environment to shape population dynamics, and presents new evidence of significant 

inter-population variability in marine pelagic systems. Here I contextualise my main 

results to the wider field of research, and apply the experience and knowledge I have 

gained from my work to suggest ways in which research can progress.  

   

6.1 New findings and their wider relevance  

Chapters 2 and 3 present new evidence that the timings of key life history events in a 

population can contrast depending on how functional traits interact with the 

environment. These results have important implications for trait-based modelling 

approaches that use a single functional trait to predict population trends. For 

example, Kenitz et al. (2017) reported that a trait-based model focused on feeding 

mode failed to capture the timing of the spring biomass increase of Oithona spp. at 

station L4, as it did not coincide with the autumn peak in motile prey biomass. The 

discrepancy between seasonality in copepod feeding mode and prey motility at L4 

can be explained by the prevalence of opportunistic feeding behaviour (Djeghri et al., 

2018) and the influence of other key traits, such as body size and reproductive 

strategy, in shaping population dynamics. Failure to account for these other traits 

partly explain why trait-based models have thus far produced contradictory 

conclusions as to the drivers of plankton community dynamics at L4 (Atkinson et al., 

2018). My results in chapters 2 and 3 indicate that mortality could be an important 

factor determining the timing of key life history events, and emphasise the need for 

increased research into the population-level effects of mortality in zooplankton.  

The decline in copepod densities across the North Atlantic over the last 50 years 

cannot be explained by ecological responses of biogeographical range shifts, altered 

phenological timing or reduced body size (Schmidt et al., 2020). Instead, it has 

recently been proposed that these declines could be due to reduced food quality in 

summer, as a result of prolonged stratification and consequent increase in 

picocyanobacteria (Schmidt et al., 2020). The effects of a low quality diet may also 

be amplified by increased metabolic demand during the warm summer period. My 
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work in chapter 3 shows that O. similis has maintained stable population dynamics 

over the 30-year L4 time series. It has been suggested that the low biological rates 

typical of cyclopoid copepods contribute towards population stability (Paffenhöfer, 

1993). However, this does not explain the relatively constant inter-annual population 

densities of the calanoid copepod Calanus helgolandicus at station L4. The trait-

based comparison conducted in chapter 3 provides some evidence that mortality 

could be an important driver of population stability in both these species. 

Interestingly, C. helgolandicus densities have steadily declined at L4 in recent years, 

predominantly in the summer (Atkinson et al., 2019). Copepod population studies at 

L4 have so far focused on C. helgolandicus, thus current knowledge of the other 

copepod species at this site is limited. I propose that continued investigation into 

which functional traits provide population stability, with increased focus on these 

under-studied populations, would contribute greatly towards identifying the causes of 

their decline. In addition, more studies comparing population trends across multiple 

time series (Mackas and Beaugrand, 2010; Villarino et al., 2020) would provide the 

large-scale spatial and temporal perspective required to interpret climate-driven 

population responses. 

The widespread distribution and numerical dominance of O. similis makes it an ideal 

organism for the study of local adaptation. A key result in chapter 4 was the inter-

population variability in temperature responses, raising new questions as to why this 

differentiation occurs and which physiological processes are involved. Although local 

environmental parameters undoubtedly play an important role in determining how an 

organism responds to temperature, I found only partial support for the hypothesis 

that survivability under increased temperature will be greater in populations that 

experience high climatic variability compared to those from more stable 

environments. Common garden experiments conducted over multiple generations 

provide an effective strategy to determine the degree of local adaptation among 

populations (Kawecki and Ebert, 2004; Sanford and Kelly, 2011), and the application 

of such techniques in future experiments would be a productive way to build upon 

my work.  

The global meta-analysis in chapter 5 provides further insight into the extent to which 

temperature responses differ among conspecific populations. Present knowledge of 

inter-population variability in temperature-size (T-S) responses within species is 
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limited. My results in chapter 5 highlight the importance of accounting for variability in 

temperature responses between conspecific populations, and also the season and 

time period over which data are collected. The strong inter-population variability in T-

S responses observed in chapter 5 once again raises the question as to why such 

variability occurs. Possible explanations include restrictions imposed by a seasonal 

growth phase, and the exposure of each population to a different set of size-

dependent biotic interactions. However, we currently lack sufficient understanding of 

how physical and biological factors interact to determine body size, and future 

studies investigating these relationships would provide much needed insight.  

 

6.2 The future for Oithona similis 

It has been proposed that thermal tolerance scales negatively with body size 

(Somero, 2010); supporting the prediction that reduced body size will be 

advantageous under future warming (Daufresne et al., 2009). Thus, small copepods 

such as Oithona similis may have the potential to outcompete larger species in a 

warming ocean. Furthermore, Paffenhöfer (1993) suggested that the relatively low 

biological rates of cyclopoid copepods not only contribute towards population 

stability, but also enhance survival under challenging conditions. As future marine 

food webs are projected to become dominated by smaller cells (Doney et al., 2012; 

Moullec et al., 2019), a low energetic demand and the potential to exploit smaller 

prey (Turner, 2004; Vargas and González, 2004) may give O. similis a further 

competitive advantage over larger species. I found some support for this in chapter 

3, with Oithona spp. maintaining stable population densities at station L4 over the 

past 30 years despite co-existing populations undergoing strong declines. The 

potential benefits of reduced biological rates and low energy requirements may be 

amplified in the future as metabolic rates increase with warming (Gillooly et al., 2001; 

Ikeda et al., 2001). Further still, the widespread distribution of O. similis increases 

the potential for population replacement, which may alleviate the effects of warming 

at the community-level.  
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6.3 Recommendations for future research 

Long-term time series provide essential information on how populations are shaped 

by their environment over time scales relevant to climate change. However, to 

reliably project population responses to climate scenarios requires knowledge of the 

ecological and physiological mechanisms that drive them (Richardson, 2008). 

 

6.3.1 Interactive effects and stage-specific responses 

Populations are shaped by the interactive effects of their physical and biological 

environments. Though it is not possible to fully replicate these complex interactions, 

laboratory studies examining individual-level effects of key environmental factors, in 

isolation and combined, provide valuable insight into how these factors may impact 

populations in the field. Furthermore, laboratory studies have so far primarily focused 

on responses to a persistent set of conditions. Considering the global increase in the 

frequency and intensity of extreme climate events (IPCC, 2019), I propose that future 

studies also investigate the capacity for individuals to recover following rapid 

changes in their environment. For example, I demonstrate in chapter 3 how high-

resolution sampling can be used to monitor population responses to abrupt shifts in 

environmental conditions. To use another example from station L4, Maud et al. 

(2018) found that nonconsumptive mortality of Calanus helgolandicus was positively 

correlated with maximum wind speed over the preceding 72 hours, indicating that 

extreme climate events may increase mortality in this species. 

Compared to growth and reproduction, the impact of mortality on zooplankton 

populations has been considerably under-studied, partly due to difficulties in meeting 

model requirements (Ohman, 2012). In chapter 3, I estimated mortality for Oithona 

similis egg-juvenile and juvenile-adult stage pairs over an annual cycle, contributing 

towards a better understanding of the importance of mortality in driving population 

dynamics. Furthermore, there has been a recent advance in the study of inter-annual 

mortality in marine copepods, with reports of strong variability in mortality rates 

among species and life stages, and across spatial and temporal scales (Espinasse 

et al., 2018; Dzierzbicka-Głowacka et al., 2019). The importance of distinguishing 

between mortality processes such as predation, ageing and parasitism, has also 
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been highlighted (Di Capua and Mazzocchi, 2017; Gentleman and Head, 2017; 

Maud et al., 2018; Yáñez et al., 2019). Investigating the relative effects of these 

processes on zooplankton population dynamics would greatly advance this field of 

research.  

Population persistence under challenging conditions will depend on the tolerance 

capacities of the most sensitive life stages. A disproportionate increase in mortality of 

these stages could have a bottleneck effect on total population density and 

consequently reduce population resilience to further environmental perturbation. It is 

therefore important that more studies determine stage-specific responses to 

environmental change. I demonstrate in chapter 3 that high-resolution field sampling 

is an effective way to achieve this.  

 

6.3.2 Population genetics and adaptive capacity 

The field of marine copepod genetics has thus far been dominated by larger calanoid 

copepods (Bucklin et al., 1995; 1999; Lindeque et al., 1999). It is therefore time we 

build upon the few genetic studies conducted on O. similis and its congeners (Ueda 

et al., 2011; Cepeda et al., 2012; Madoui et al., 2017) to develop techniques 

specified towards smaller species. The application of more specialised techniques 

would contribute towards establishing the true taxonomic status of O. similis, with 

growing evidence that this copepod represents a complex of cryptic species (Wend-

Heckmann, 2013; Cepeda et al., 2016; Cornils et al., 2017). The improvement and 

specialisation of laboratory techniques would also advance exploration into the 

genetic basis for adaptation (Kelly, 2019). The distinct temperature responses of O. 

similis populations presented in chapters 4 and 5 provide an ideal opportunity to 

examine whether the genetic components associated with adaptation to warming 

differ among populations. These studies may also indicate whether rates of 

adaptation match those of climate change, which at present is generally uncertain for 

marine zooplankton (Dam, 2013). 
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6.3.3 Predicting responses to climate change 

Species distribution models remain the most common approach for predicting 

species responses to climate change (Brun et al., 2020), and can provide useful 

broad scale estimates of biogeographical range shifts. These models use distribution 

data to construct a hypothetical niche for a species (Villarino et al., 2015; Garciá 

Molinos et al., 2016; Stuart-Smith et al., 2017). However, this hypothetical niche may 

be an inaccurate representation of the true niche, as local selection pressures can 

force individuals to occupy sub-optimal environments (Beaugrand and Kirby, 2018). 

Furthermore, chapters 4 and 5 provide new evidence of inter-population variability 

within a widely distributed pelagic copepod, indicating that a hypothetical niche 

derived from species distribution data will not be applicable at the population-level. 

An alternative is for models to use thermal thresholds derived from experimental 

data (Stegert et al., 2010; Sunday et al., 2012; Lindmark et al., 2018), although the 

predictive capacities of these models are also limited, this time by potential 

differences in the temperature responses exhibited by individuals from field and 

laboratory populations.   

To improve our capacity to form reliable predictions of how populations will respond 

to climate change, increased collaboration between scientists and modellers is 

essential (Everett et al., 2017). Species distribution models provide a foundation 

upon which more complex models can be developed, progressing towards 

approaches that account for physiological differences among conspecific 

populations, an important factor currently excluded from most model predictions 

(Dam, 2013).  
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6.4 Conclusion 

My thesis highlights the importance of long-term time series data for examining 

ecological responses to climatic variability over seasonal and decadal time scales, 

and demonstrates how time series analysis, intensive field sampling and laboratory 

studies can be used in combination to study populations in greater detail. Trait-based 

comparison of Oithona similis and Calanus helgolandicus at English Channel station 

L4 provided new insight into how the environment interacts with key functional traits 

of body size, feeding mode and reproductive strategy, to ultimately shape population 

dynamics. Based on my work at station L4, I emphasise the importance of 

investigating the impact of different environmental parameters on the timing of key 

life history events, such as population growth and reproduction, and propose that 

mortality could be a major driver of zooplankton population dynamics. My results 

from laboratory experiments and a global meta-analysis revealed strong inter-

population variability in how O. similis responds to temperature, and therefore have 

important implications for traditional modelling approaches that fail to account for 

inter-population variability when predicting ecological responses to climate change. 

Overall, to better understand the mechanisms driving population dynamics in a 

changing environment, we must work across disciplines, combining different 

modelling approaches with observational data from time series analyses, through to 

individual- and cellular-level studies.  
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Published manuscript of: Seasonality of Oithona similis and Calanus 

helgolandicus reproduction and abundance: contrasting responses to 

environmental variation at a shelf site 
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Published manuscript of: Resilience of the copepod Oithona similis to 

climatic variability: egg production, mortality, and vertical habitat 

partitioning 
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