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Viruses are the most abundant biological entities in the oceans and are important 
mortality agents of heterotrophic and autotrophic microbial populations. These 
microbial hosts are numerically dominant and constitute the largest percentage 
(>90%) of living biomass in the ocean. Collectively microorganisms manage the 
pools and fluxes of energy and nutrients in the ocean. Loss factors play an essential 
role in controlling the activity and production of marine microbial communities 
and thus ocean ecosystem net productivity. Different mortality pathways influence 
the cycling of energy and biogeochemical elements very differently. Yet, little is 
known about how physicochemical factors regulate the partitioning of mortality 
amongst viral lysis and grazing, limiting our ability to predict how the ocean will 
respond to global climate change. This chapter provides a brief introduction to the 
different ecological and biogeochemical roles that autotrophic microorganisms, 
heterotrophic prokaryotes and viruses play in the marine environment, with special 
focus on the cycling of carbon. In addition, it provides a short overview of how 
global warming is expected to alter ocean stratification and what we currently know 
about how this will affect the structure and functioning of microbial populations. 
This all sets the stage for the overall aim of this thesis which is to mechanistically 
understand the ecological relevance of stratification in structuring microbial 
populations, with particular focus on losses due to viral lysis and grazing.

1.1. Phytoplankton
Marine photoautotrophic microorganisms are predominately eukaryotic and 
prokaryotic phytoplankton. As primary producers, phytoplankton synthesize 
organic compounds from aqueous carbon dioxide (CO2) through the process of 
photosynthesis. Consequently, factors which regulate light and inorganic nutrient 
availability (e.g., nitrogen, phosphorus and iron) strongly influence the nature 
and activity of phytoplankton communities. Marine phytoplankton take up large 
amounts carbon dioxide annually (~50 Pg C y-1; Falkowski 2002) and contribute 
almost half of the global net primary production occurring on the planet (Field 
et al. 1998). Approximately 5-10 Pg C y-1 of this photosynthetically fixed carbon is 
exported from the surface into the deep ocean, via the biological pump, reducing 
the surface partial pressure of CO2 which governs air-sea CO2 exchange and 
therefore plays an essential role in the long term regulation of atmospheric CO2 

and climate (Ducklow et al. 2001; Jiao et al. 2010; Henson et al. 2011). As the base of 
most marine food chains, phytoplankton provide a significant fraction of the total 
organic matter (OM) available to higher trophic levels. Phytoplankton production 
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thus sets upper limits to both the overall activity of the pelagic food web and the 
quantity of organic carbon exported downwards. Accordingly, the quantification of 
rates, patterns and mechanisms that control uptake of CO2 by phytoplankton and 
the fate of the resultant organic carbon is an important central theme in ecological 
and biogeochemical research.
Cell size affects many of the processes determining the growth of phytoplankton, 
including metabolic rates (e.g. internal metabolic transport), nutrient diffusion, 
uptake and requirements, excretion and light absorption (Malinsky-Rushansky 
and Legrand 1996; Bricaud et al. 2004; Mei et al. 2009; Finkel et al. 2010). Due 
to these physiological restrains of size, small cells with larger surface to volume 
ratios have a competitive advantage in stable and oligotrophic (nutrient poor) 
waters (Agawin et al. 2000). Due the ecological relevance of size, phytoplankton 
are often separated based on cell size into micro- (200-20 µm), nano- (20-2 µm) and 
pico-phytoplankton (<2 µm). In general, the largest size classes are dominated by 
diatoms and dinoflagellates while the smallest size classes consist of cyanobacteria, 
prasinophytes and prymnesiophytes (Gibb et al. 2000; Cuvelier et al. 2010; Not et 
al. 2012). 
Cell size also governs grazing and sinking rates, as well as the likelihood of 
viral infection (Murray and Jackson 1992; Kiorboe 1993; Chen and Liu 2010). 
Consequently, phytoplankton size largely determines trophic organization and the 
efficiency with which photosynthetic OM is transferred to higher trophic levels or 
exported to the deep ocean (Legendre and Rivkin 2002; Falkowski and Oliver 2007; 
Finkel et al. 2010). Biomass and production dominated by small phytoplankton is 
associated with high numerical abundance, slow sedimentation rates, and rapid 
cycling of OM through the microbial food web (e.g. dominated by bacteria and 
smaller zooplankton such as cililates and flagellates), which results in low potential 
carbon export to the deep sea (Azam et al. 1983; Legendre and Rassoulzadegan 
1996; Finkel et al. 2010). In contrast, larger phytoplankton allow for a more efficient 
transfer of OM through short food chains (dominated by copepods and larger 
zooplankton), higher sedimentation rates and therefore enhanced downward 
export and biological CO2 drawdown. How environmental conditions and size 
affect the relative contribution of grazing and viral lysis to phytoplankton mortality 
remains largely unknown due to the scarcity of reports for viral induced mortality 
of marine phytoplankton populations, as well as direct comparisons between these 
different mortality pathways across broad ocean regions. As grazing and loss due 
to viral infection (section 1.3) affect the fate of photosynthetically fixed carbon 
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very differently, understanding the underlying factors regulating the division of 
morality amongst these pathways is equally important for understanding ocean 
ecosystem productivity and biogeochemical cycles.

1.2 Heterotrophic prokaryotes
The term ‘heterotroph’ is generally applied to refer to chemoorganoheterotrophs. 
Heterotrophic prokaryotes are comprised of members from two domains of life 
- Archaea and Bacteria. Traditionally, Archaea were thought to only contribute a 
significant fraction of the prokaryotic community within extreme environments, 
however, it is now known that they can comprise greater than 30% of total 
microbial abundance in surface waters of the ocean (Delong 1992; Pernthaler et 
al. 2002; Pernthaler and Amann 2005). Thus, throughout the remainder of this 
thesis, ‘bacteria’ or ‘prokaryotes’ will be used synonymously, referring to Bacteria 
and Archaea. Heterotrophic prokaryotes have the ability to utilize organic 
compounds as a source of both energy and carbon, which can be incorporated 
directly as low molecular weight (LMW; <600 Da) or indirectly through the use 
of extracellular enzymes which cleave high molecular weight (HMW) molecules 
to LMW molecules (Gasol et al. 2008). Heterotrophic prokaryotes thus play an 
essential role in marine environments by remineralizing organic matter and thereby 
maintain the bioavailability of potential growth limiting nutrients (e.g. nitrogen, 
phosphorus, and carbon), as well as provide transfer mechanism of this material to 
higher trophic levels (i.e., microbial loop, Azam et al. 1983; Figure 1). In addition, 
through the mineralization of dead particulate matter (POM) and DOM, and the 
dissolution of sinking POM, heterotrophic prokaryotes affect the magnitude of the 
vertical organic fluxes and thus represent an integral part of the oceanic biological 
pump (Nagata et al. 2000; Ducklow et al. 2001; Jiao et al. 2010).
The relevance of heterotrophic bacteria to biogeochemical cycling of organic matter 
are largely determined by fluxes of bacterial production (BP) and respiration (BR) 
(Ducklow et al. 2010). These two fluxes are related to bacterial growth efficiency 
(BGE), the fraction of the total organic carbon assimilated  to build up biomass. 
Substrate supply and complexity and inorganic nutrient availability appear to be 
most important factors regulating BGE in aquatic systems (del Giorgio and Cole 
1998; Reche et al. 1998; Cuevas et al. 2011). However, there still remains a large 
amount of uncertainty in regards to what controls the magnitude and variation in 
BGE of ocean systems. 
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Figure 1. Simplified diagram of the flow of nutrients and organic matter through the traditional grazing food 
chain and microbial loop. DOM stands for dissolved organic matter, and comes from excretion, death, 
sloppy feeding and fecal pellets.

Grazing by phagotrophic protists, particularly bacterivorous nanoflagellates, and 
viral lysis are the main loss factors regulating bacterial populations in aquatic 
environments (Hahn and Hofle 2001; Pernthaler 2005). However, grazing and 
viral lysis have differential effects on prokaryotic communities. Protists prey 
on a wide range of prokaryotic species in a size-selective manner (Pernthaler 
2005; Glucksman et al. 2010), while viruses typically have a narrow host range 
(see section 1.3) and thus regulate prokaryotic species (or even strain) diversity 
(Thingstad 2000; Weinbauer 2004). Studies comparing microzooplankton grazing 
and viral lysis reveal both contribute similarly to bacterial mortality, but their 
relative importance can vary with season or environmental conditions (Fuhrman 
and Noble 1995; Weinbauer and Peduzzi 1995; Pernthaler 2005; Tsai et al. 2012). 
The underlying factors regulating the interplay between viruses and protist in the 
control of marine prokaryotes are still poorly understood, especially with respect 
to the role of physical processes such as water column stratification.  
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1.3 Marine viruses
Viruses are the most abundant biological entities in the oceans (Bergh et al. 1989; 
Fuhrman and Suttle 1993; Suttle 2007). Currently, it is estimated that viruses range 
from ~3 x106 viruses ml-1 in the deep sea to ~108 ml-1 in productive coastal waters 
(Suttle 2005). Viruses are biological particles comprised of ribonucleic acid (RNA) 
or deoxyribonucleic acid (DNA) genome protected by a protein coat (i.e., capsid) 
(Hurst 2000). They are considered as obligate parasites due to their reliance upon 
a host to provide the energy and metabolic machinery necessary for replication. 
Viruses typically have a narrow host specificity, with the majority of viruses 
infecting only one host species. However, within a host species strain-specificity 
can vary widely (Brussaard 2004; Holmfeldt et al. 2007). 
Due to their small size (~100 nm; 10-200 fg; Breitbart 2012), transport is governed 
by the random wandering of Brownian motion and therefore they obey the laws of 
diffusion in their approach to larger particles such as hosts (Murray and Jackson 
1992). Contact rates are directly dependent on viruses and host abundance; but 
also can be effected by host size, motion and morphology (Murray and Jackson 
1992). Once contact between a viable host and infective virus is accomplished, viral 
replication can proceed through different life strategies; lytic, lysogenic, chronic 
and pseudolysogeny. In the lytic cycle, viral replication proceeds immediately 
after infection and terminates with the lysis of the host and release of viral 
progeny and host cell content into the surrounding water (Figure 2A). During 
lysogenic infection, the genetic material of temperate phages (prophage) is stably 
incorporated into the host genome, and the host continues to live and reproduce 
normally, transmitting the prophage vertically to daughter cells during each 
subsequent cell division, until an event triggers the virus to enter the lytic pathway 
(Figure 2B). Lysogeny appears to be mostly restricted to prokaryotic hosts (Van 
Etten et al. 2002; Paul 2008), where it is theorized to represent a survival strategy 
under conditions of low host productivity and abundance (Williamson et al. 2002; 
Weinbauer et al. 2003; Payet and Suttle 2013). However, the importance of the 
different life strategies and mechanisms regulating selection over large ocean scales 
remain largely unknown. While lytic and lysogenic life styles have received the 
most attention, viral replication has also been shown to occur through chronic 
infection where viruses are released through budding or extrusion without killing 
their host (Mackinder et al. 2009; Thomas et al. 2011) or through pseudolysogeny 
which differs from true lysogeny in that the viral genome does not integrate into 
the host genome (Williamson et al. 2001). 
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Figure 2. Simplified schematic of how viral replications occurs through the (A) lytic viral replication in 
autotrophic eukaryotes and (B) through both lytic and lysogenic infection in prokaryotic hosts. 

The lysis of microbes diverts energy and biomass away from the classical food web 
towards microbial-mediated recycling and the dissolved organic matter pool. In 
this manner, the ‘viral shunt’ reduces the transfer of carbon and nutrients to higher 
trophic levels, while enhancing the recycling of potential growth-limiting nutrients 
(Fuhrman 1999; Wilhelm and Suttle 1999) (Figure 3). Theoretical models  have 
been used to estimated that between 6 and 26% of the photosynthetically fixed 
carbon (PFC) is shunted to the DOM pool by the activity of viruses (Wilhelm 
and Suttle 1999). However, our ability to confirm estimates and thus understand 
the true magnitude of viruses in the marine biogeochemical cycles has been 
restricted by a lack of quantitative estimates of viral lysis in marine phytoplankton 
populations (Weitz and Wilhelm 2012), as well as by information regarding how 
viral lysis rates compare to grazing. In addition, little is known about the existence 
of large-scale patterns in virus-phytoplankton biogeography (Breitbart 2012) and 
the factors regulating viral activity and distribution of phytoplankton viruses on 
global ocean scales. 
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Figure 3. Simplified diagram illustrating the role of viruses in the marine food web. The ‘viral shunt’ 
(highlighted by red arrows) moves organic matter and energy away from the higher trophic levels towards 
the DOM (and after bacterial remineralization to the inorganic nutrient pool). Thus viral lysis is separated 
from the traditional flow of DOM (largely excretion).

1.4. Global warming and vertical stratification
Global climate has been changing over the last few decades due to anthropogenic-
induced increases in atmospheric concentrations of key greenhouse gases such as 
CO2 and CH4 (Meehl et al. 2007). The oceans play an essential role in regulating 
global climate through the storage and transportation of heat (Levitus et al. 2000; 
Barnett et al. 2005; Hallegraeff 2010; Hoegh-Guldberg and Bruno 2010) and uptake 
and sequestration of CO2 (Hallegraeff 2010), providing an important buffer against 
climate change. More than 90% of the increase in the global heat content which 
has occurred over the last 60 years has gone into warming the oceans (Barnett et 
al. 2005; Hallegraeff 2010; Hoegh-Guldberg and Bruno 2010). As global warming 
continues, the surface waters of the ocean are envisaged to further rise by 2-6°C 
over the next 100 years (Timmermann et al. 1999; Meehl et al. 2007). Ocean-
climate models predict that this surface warming, in combination with changes in 
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fresh water input at high latitudes due to rises in precipitation and sea ice melt, will 
lead to increases vertical stratification processes (Sarmiento et al. 1998; Levitus et 
al. 2000; Sarmiento 2004; Toggweiler and Russell 2008). The oceans also provide 
one of the largest natural reservoirs of carbon and the flux and storage of CO2 into 
the world’s oceans is largely influenced by marine microorganisms living in the 
upper surface waters. Understanding the ecological and physiological mechanisms 
controlling changes in microbial community structure across gradients of vertical 
stability is therefore vital to predicting the response of ocean systems to global 
climate change. The North Atlantic Ocean provides a meridional gradient in vertical 
density stratification (Talley et al. 2011) and is an important sink for anthropogenic 
CO2 (storing 23% of the global oceanic anthropogenic CO2) (Sabine et al. 2004) and 
therefore provides a ideal model area to study the effects of vertical stratification 
on microbial community dynamics.
Stratification suppresses turbulence and reduces mixing depth, thereby exerting 
a fundamental control on phytoplankton resource availability, i.e., relaxing of 
potential light limitation and restricting the nutrient flux from depth (Huisman 
et al. 1999; Mahadevan et al. 2012). In temperate and high latitude regions, the 
annual establishment of seasonal stratification often triggers the highly productive 
phytoplankton spring bloom (Sverdrup 1953; Huisman et al. 1999). However, strong 
and prolonged stratification can lead to reductions in phytoplankton biomass and 
productivity in the surface layers as nutrients become depleted due to utilization, 
a process referred to as ocean oligotrophication. Changes in global climate and 
resulting alterations in stratification are believed to have led to the 15% increase 
in the size of the nutrient-poor oligotrophic regions of the Pacific and Atlantic 
Oceans which has occurred between 1998-2006 (Polovina et al. 2008). In addition, 
changes in vertical stratification have been linked to alterations in phytoplankton 
phenology, size, nutritional value, abundance, spatial distribution and community 
structure (Richardson and Schoeman 2004; Mitra and Flynn 2005; Behrenfeld et 
al. 2006; Finkel et al. 2010; Hilligsøe et al. 2011; Doney et al. 2012). Consequently, 
resulting changes in phytoplankton community composition are expected to affect 
the structure and functioning of marine food webs, as well as the potential for 
the ocean to act as a long term sink for carbon dioxide (Beaugrand 2009; Hoegh-
Guldberg and Bruno 2010). Similarly, the physiological processes of heterotrophic 
prokaryotes are directly affected by temperature and by expected changes in the 
quality of DOM due to nutrient limitation (Ducklow et al. 2010; Sarmento et al. 
2010). 
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While it is becoming clear that global warming is directly affecting the production 
of primary and heterotrophic prokaryotic components of marine microbial food 
webs, these alterations are also expected to affect mortality processes (i.e., grazing 
rates, viral lysis rates, and sinking of phytoplankton). However, the effect of global 
warming on the mortality of microbes remains poorly understood. Alterations 
in prey populations will affect zooplankton grazing, whereby current evidence 
suggests that the absolute and relative importance of microzooplankton activities 
in plankton communities will increase in the future ocean due to increased 
dominance of small-sized algal prey (Sarmento et al. 2010; Caron and Hutchins 
2012). However, few studies have directly compared microzooplankton grazing to 
viral induced mortality in marine phytoplankton communities. The potential for 
stratification to regulate viral induced mortality of phytoplankton remains virtually 
unknown. As viruses rely upon their host to provide the machinery, energy and 
resources required for viral replication and assembly, factors regulating the 
physiology, production and removal of hosts are also important in governing viral 
dynamics (Moebus 1996; Wilson et al. 1996; Baudoux and Brussaard 2008; Maat 
et al. 2014). Therefore, future changes in stratification have the potential to affect 
the composition and distribution of viral assemblages associated with microbial 
communities. There is evidence that changes in inorganic nutrient availability can 
affect life strategy choice and production of viruses infecting prokaryotes (Wilhelm 
et al. 2002; Williamson et al. 2002; Bongiorni et al. 2005), however the effect of 
changes in the strength of vertical stratification is still largely unstudied.

Outline of thesis

The overall aim of this thesis is to investigate how changes in vertical stratification 
affect autotrophic and heterotrophic microbial communities along a meridional 
gradient in the Atlantic Ocean. The Northeast Atlantic Ocean is a key area in 
global ocean circulation and a important sink for atmospheric CO2. In addition, 
stratification varies in the North Atlantic from strong permanent stratification in 
the (sub)tropics to weak seasonal stratification in the North and thus provides an 
ideal model system to investigate the role of vertical stratification in structuring 
microbial communities. In order to mechanistically understand the ecological 
relevance of stratification in structuring microbial populations this thesis 
specifically aims to (1) provide a comprehensive overview of what is currently 
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known regarding how environmental factors can regulated virus-host interactions 
in the marine environment, (2) determine the physicochemical mechanisms 
structuring phytoplankton communities over a large scale gradient in stratification, 
(3) determine the relative contribution of viral lysis and grazing to the mortality 
of phytoplankton and heterotrophic prokaryotes along a north-south gradient 
regulated by strong stratification and (4) place these finding in the context of 
implications for the flow of carbon through the marine food web in the present 
and future North Atlantic Ocean.

Chapter 2 summarizes what is currently known about environmental factors that 
either directly (i.e., destruction or inactivation of free virus particles) or indirectly 
(i.e., affecting viral production via host) affect viruses-host interactions. At any 
spatio-temporal point in the ocean, viral abundance reflects the balance between 
rates of removal and production through host lysis. Once viral progeny are released 
from their hosts, they are present in the environment as free virus particles and are 
directly exposed to environmental factors which may reduce infectivity, degrade or 
remove virus particles, and adversely affect adsorption to host, thereby reducing the 
chance of a successful host encounter and infection. Moreover, as obligate parasites, 
viruses are reliant upon their host to provide not only the cellular machinery but 
also the necessary energy and resources required for viral replication and assembly. 
Consequently the factors regulating the physiology of the host, as well as its 
production and removal are also important in governing virus dynamics. 
Chapter 3 presents data obtained from two research cruises conducted in the 
Northeast Atlantic across a N-S latitudinal gradient during two different seasons, 
i.e., spring during the onset of stratification and summer when stratification 
was maximum. The data provide a high-resolution mesoscale description of the 
phytoplankton community composition in relation to vertical mixing conditions and 
other key physiological parameters. Phytoplankton were assessed by a combination 
of flow cytometry and pigment fingerprinting (HPLC-CHEMTAX). Multivariate 
analysis identified water column stratification (based on depth-integrated Brunt-
Väisälä frequency) as one of the key drivers for the distribution and separation 
of different phytoplankton taxa and size classes. The implications of the findings 
for the classification of phytoplankton functional types in biogeochemical and 
ecological ocean models are discussed.
Chapter 4 presents the biogeographical distribution of marine viruses and 
their contribution to phytoplankton group-specific mortality along a large-
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scale gradient in the Northeast Atlantic Ocean (same gradient as in the summer 
Chapter 3). Virus composition changed with latitude, and was closely associated 
with the biogeographical distribution of different phytoplankton groups. Average 
virus-mediated lysis rates were higher for eukaryotic phytoplankton than for the 
prokaryotic cyanobacteria Prochlorococcus and Synechococcus. Phytoplankton viral 
lysis rates were of similar magnitude as microzooplankton grazing rates. Overall, 
the total phytoplankton mortality rate (viral lysis plus microzooplankton grazing) 
was comparable to phytoplankton gross growth rate, signifying high turnover 
rates of marine phytoplankton populations. Moreover, the data show a striking 
reduction in viral lysis rates of phytoplankton at higher latitudes in the North 
Atlantic. The importance of these results to future alterations in food web dynamics 
and biological carbon export in the Northeast Atlantic Ocean are further discussed.
Chapter 5 presents a simple and efficient method optimization for improving 
virus counts and optimal resolution of viruses populations when measured at low 
abundances. Flow cytometric enumeration has advanced our ability to analyze 
aquatic viruses samples and therefore our understanding of the ecological role that 
viruses play in the ocean (Brussaard et al. 2010). However, low virus abundances 
such as found in extreme oligotrophic waters, the deep ocean, or resulting from 
experimental design, require low dilutions in a buffer solution to obtain the optimal 
even rate (i.e., 200-800 events s-1). This chapter shows that low dilution factors for 
viruses samples can lead to substantial underestimations in total virus abundances 
if not corrected by adjusting the buffering capacity of the diluent. 
Chapter 6 presents virus induced mortality of prokaryotes relative to grazing and 
the proportion of lytic and lysogenic viral infection is assessed along a large-scale 
gradient in the surface waters of the Northeast Atlantic Ocean during summer 
(same gradient as in Chapter 4). The method applied in the study relies on the 
ability to quantify the reoccurrence of viruses after reducing in situ virus abundance 
to prevent new infection (Weinbauer et al. 2010). Consequently, to attain optimal 
virus counts using this approach, the method modification for FCM enumeration at 
low abundance was applied (Chapter 5). The results demonstrate that viruses were 
the dominant mortality factor regulating prokaryotic losses, with lytic infection 
being the favored life strategy in the upper surface layer.
Chapter 7 presents the flux of photosynthetic carbon (C) through the different 
components of the microbial food web in order to consider how latitudinal changes 
affected the overall role of the viral shunt. The simultaneous measurements of 
growth and loss rate rates for phytoplankton (Chapter 4) as well as heterotrophic 
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bacteria (Chapter 6) provides an ideal dataset to further substantiate the role of 
the viral shunt in marine systems. The results demonstrate a more prominent 
role of viral lysis than previously estimated for marine environments (i.e., 6-26%; 
Wilhelm and Suttle 1999). Our data show higher values for both phytoplankton 
and heterotrophic prokaryotes, with the strongest increase in flux of PFC from 
phytoplankton. Moreover, on average the flux of photosynthetically fixed carbon 
through the viral shunt was 2-fold higher in the southern oligotrophic region (80%) 
compared to the north (31%), as a consequence of relatively higher viral lysis of 
both phytoplankton and bacteria. These results have important implications for 
future shifts in the regional climate of the ocean surface layer of the North Atlantic.
In Chapter 8 the results presented in this thesis are discussed in the context of what 
is currently known and how these results can be used to increase our predictability 
of how the oceans will respond to climate change.

35502_Mojica.indd   21 06-08-15   22:51



Chapter 1

22

References
Agawin NSR, Duarte CM, Agusti S (2000) Nutrient and temperature control of the contribution of 

picoplankton to phytoplankton biomass and production. Limnology and Oceanography 45:1891-1891
Azam F, Fenchel T, Field JG, Gray JS, Meyerreil LA, Thingstad F (1983) The ecological role of water-column 

microbes in the sea. Marine Ecology Progress Series 10:257-263
Barnett TP, Pierce DW, AchutaRao KM, Gleckler PJ, Santer BD, Gregory JM, Washington WM (2005) 

Penetration of human-induced warming into the world's oceans. Science 309:284-287
Baudoux AC, Brussaard CPD (2008) Influence of irradiance on virus-algal host interactions. Journal of 

Phycology 44:902-908
Beaugrand G (2009) Decadal changes in climate and ecosystems in the North Atlantic Ocean and adjacent 

seas. Deep-Sea Research, Part II 56:656-673
Behrenfeld MJ, O 'Malley RT, Siegel DA, McClain CR, Sarmiento JL, Feldman GC, Milligan AJ, Falkowski 

PG, Letelier RM, Boss ES (2006) Climate-driven trends in contemporary ocean productivity. Nature 
444:752-755

Bergh O, Borsheim KY, Bratbak G, Heldal M (1989) High abundance of viruses found in aquatic 
environments. Nature 340:467-468

Bongiorni L, Magagnini M, Armeni M, Noble R, Danovaro R (2005) Viral production, decay rates, and life 
strategies along a trophic gradient in the North Adriatic Sea. Applied and Environmental Microbiology 
71:6644-6650

Breitbart M (2012) Marine viruses: truth or dare. Annual Review of Marine Science 4:425-448
Bricaud A, Claustre H, Ras J, Oubelkheir K (2004) Natural variability of phytoplankton adsorption in 

oceanic waters: influence of the size structure of algal populations. Journal of Geophysical Research 
109:C11010. doi: 10.1029/2004JC002419

Brussaard CPD (2004) Viral control of phytoplankton populations - a review. Journal Eukaryotic 
Microbiology 51:125-138

Brussaard CPD, Payet JP, Winter C, Weinbauer M (2010) Quantification of aquatic viruses by flow cytometry. 
In: Wilhelm SW, Weinbauer MG, Suttle CA (eds) Manual of Aquatic Viral Ecology. ASLO

Caron DA, Hutchins DA (2012) The effects of changing climate on microzooplankton grazing and 
community structure: drivers, predictions and knowledge gaps. Journal of Plankton Research 32: 235-
252

Chen BZ, Liu HB (2010) Relationships between phytoplankton growth and cell size in surface oceans: 
interactive effects of temperature, nutrients, and grazing. Limnology and Oceanography 55:965-972

Cuevas LA, Egge JK, Thingstad TF, Topper B (2011) Organic carbon and mineral nutrient limitation of 
oxygen consumption, bacterial growth and efficiency in the Norwegian Sea. Polar Biology 34:871-882

Cuvelier ML, Allen AE, Monier A, McCrow JP, Messie M, Tringe SG, Woyke T, Welsh RM, Ishoey T, Lee 
JH, Binder BJ, DuPont CL, Latasa M, Guigand C, Buck KR, Hilton J, Thiagarajan M, Caler E, Read B, 
Lasken RS, Chavez FP, Worden AZ (2010) Targeted metagenomics and ecology of globally important 
uncultured eukaryotic phytoplankton. Proceedings of the National Academy of Sciences of the United 
States of America 107:14679-14684

del Giorgio PA, Cole JJ (1998) Bacterial growth efficiency in natural aquatic systems. Annual Review of 
Ecology and Systematics 29:503-541

Delong EF (1992) Archaea in coastal marine environments. Proceedings of the National Academy of 
Sciences of the United States of America 89:5685-5689

Doney SC, Ruckelshaus M, Duffy JE, Barry JP, Chan F, English CA, Galindo HM, Grebmeier JM, Hollowed 
AB, Knowlton N, Polovina J, Rabalais NN, Sydeman WJ (2012) Climate change impacts on marine 
ecosystems. Annual Review of Marine Science 4:11-37

Ducklow HW, Moran XAG, Murray AE (2010) Bacteria in the greenhouse: marine microbes and climate 
change. In: Mitchell R, Gu J (eds) Environmental Microbiology. Wiley-Blackwell

Ducklow HW, Steinberg DK, Buesseler KO (2001) Upper ocean carbon export and the biological pump. 
Oceanography 14:50-58

35502_Mojica.indd   22 06-08-15   22:51



General Introduction

23

1
Falkowski PG (2002) The ocean's invisible forest - Marine phytoplankton play a critical role in regulating 

the earth's climate. Could they also be used to combat global warming? Scientific American 287:54-61
Falkowski PG, Oliver MJ (2007) Mix and match: how climate selects phytoplankton. Nature Reviews 

Microbiolology 5:813-819
Field CB, Behrenfeld MJ, Randerson JT, Falkowski P (1998) Primary production of the biosphere: integrating 

terrestrial and oceanic components. Science 281:237-240
Finkel ZV, Beardall J, Flynn KJ, Quigg A, Rees TAV, Raven JA (2010) Phytoplankton in a changing world: cell 

size and elemental stoichiometry. Journal of Plankton Research 32:119-137
Fuhrman JA (1999) Marine viruses and their biogeochemical and ecological effects. Nature 399:541-548
Fuhrman JA, Noble RT (1995) Viruses and protists cause similar bacterial mortality in coastal seawater. 

Limnology and Oceanography 40:1236-1242
Fuhrman JA, Suttle CA (1993) Viruses in marine planktonic systems. Oceanography 6:51-63
Gasol JM, Pinhassi J, Alonso-Saez L, Ducklow H, Herndl GJ, Koblizek M, Labrenz M, Luo Y, Moran XAG, 

Reinthaler T, Simon M (2008) Towards a better understanding of microbial carbon flux in the sea. 
Aquatic Microbial Ecology 53:21-38

Gibb SW, Barlow RG, Cummings DG, Rees NW, Trees CC, Holligan P, Suggett D (2000) Surface 
phytoplankton pigment distributions in the Atlantic Ocean: an assessment of basin scale variability 
between 50 degrees N and 50 degrees S. Progress in Oceanography 45:339-368

Glücksman E, Bell T, Griffiths RI, Bass D (2010) Closely related protist strains have different grazing impacts 
on natural bacterial communities. Environmental Microbiolology 12:3105-3113

Hahn MW, Hofle MG (2001) Grazing of protozoa and its effect on populations of aquatic bacteria. FEMS 
Microbiology Ecology 35:113-121

Hallegraeff GM (2010) Ocean climate change, phytoplankton community responses, and harmful algal 
blooms: a formidable predictive challenge. Journal of Phycology 46:220-235

Henson SA, Sanders R, Madsen E, Morris PJ, Le Moigne F, Quartly GD (2011) A reduced estimate of 
the strength of the ocean's biological carbon pump. Geophysical Research Letters 38: L04606. doi: 
10.1029/2011GL046735 

Hilligsøe KM, Richardson K, Bendtsen J, Sorensen LL, Nielsen TG, Lyngsgaard MM (2011) Linking 
phytoplankton community size composition with temperature, plankton food web structure and sea-
air CO2 flux. Deep-Sea Research, Part I 58:826-838

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate change on the world's marine ecosystems. 
Science 328:1523-1528

Holmfeldt K, Middelboe M, Nybroe O, Riemann L (2007) Large variabilities in host strain susceptibility and 
phage host range govern interactions between lytic marine phages and their Flavobacterium hosts. 
Applied and Environmental Microbiology 73:6730-6739

Huisman J, van Oostveen P, Weissing FJ (1999) Critical depth and critical turbulence: two different 
mechanisms for the development of phytoplankton blooms. Limnology and Oceanography 44:1781-
1787

Hurst CJ (ed) (2000) Viral Ecology. Academic Press, San Diego
Jiao N, Herndl GJ, Hansell DA, Benner R, Kattner G, Wilhelm SW, Kirchman DL, Weinbauer MG, Luo 

TW, Chen F, Azam F (2010) Microbial production of recalcitrant dissolved organic matter: long-term 
carbon storage in the global ocean. Nature Reviews Microbiology 8:593-599

Kiørboe T (1993) Turbulence, phytoplankton cell-size, and the structure of pelagic food webs. Advances in 
Marine Biology 29:1-72

Legendre L, Rassoulzadegan F (1996) Food-web mediated export of biogenic carbon in oceans: 
hydrodynamic control. Marine Ecology Progress Series 145:179-193

Legendre L, Rivkin RB (2002) Fluxes of carbon in the upper ocean: regulation by food-web control nodes. 
Marine Ecology Progress Series 242:95-109

Levitus S, Antonov JI, Boyer TP, Stephens C (2000) Warming of the world ocean. Science 287:2225-2229
Maat DS, Crawfurd KJ, Timmermans KR, Brussaard CPD (2014) Elevated partial CO2 pressure and 

phosphate limitation favor Micromonas pusilla through stimulated growth and reduced viral impact. 
Applied and Environmental Microbiology 80:3119-3127

35502_Mojica.indd   23 06-08-15   22:51



Chapter 1

24

Mackinder LCM, Worthy CA, Biggi G, Hall M, Ryan KP, Varsani A, Harper GM, Wilson WH, Brownlee 
C, Schroeder DC (2009) A unicellular algal virus, Emiliania huxleyi virus 86, exploits an animal-like 
infection strategy. Journal of General Virology 90:2306-2316

Mahadevan A, D'Asaro E, Lee C, Perry MJ (2012) Eddy-driven stratification initiates North Atlantic spring 
phytoplankton blooms. Science 337:54-58

Malinsky-Rushansky NZ, Legrand C (1996) Excretion of dissolved organic carbon by phytoplankton of 
different sizes and subsequent bacterial uptake. Marine Ecology Progress Series 132:249-255

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT, Gregory JM, Kitoh A, Knutti R, Murphy 
JM, Noda A, Raper SCB, Watterson IG, Weaver AJ, Zhao Z-C (2007) Global climate projections. In: 
Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (eds) Climate 
change 2007: The physical science basis Contribution of working group I to the fourth assessment 
report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA

Mei ZP, Finkel ZV, Irwin AJ (2009) Light and nutrient availability affect the size-scaling of growth in 
phytoplankton. Journal of Theoretical Biology 259:582-588

Mitra A, Flynn KJ (2005) Predator-prey interactions: is 'ecological stoichiometry' sufficient when good food 
goes bad? Journal of Plankton Research 27:393-399

Moebus K (1996) Marine bacteriophage reproduction under nutrient-limited growth of host bacteria. I. 
Investigations with six phage-host systems. Marine Ecology Progress Series 144:1-12

Murray AG, Jackson GA (1992) Viral dynamics: a model of the effects of size, shape, motion and abundance 
of single-celled planktonic organisms and other particles. Marine Ecology Progress Series 89:103-116

Nagata T, Fukuda H, Fukuda R, Koike I (2000) Bacterioplankton distribution and production in deep Pacific 
waters: large-scale geographic variations and possible coupling with sinking particle fluxes. Limnology 
and Oceanography 45:426-435

Not F, Siano R, Kooistra WHCF, Simon N, Vaulot D, Probert I (2012) Diversity and ecology of eukaryotic 
marine phytoplankton. In: Gwenaël P (ed) Advances in Botanical Research, vol 64. Academic Press

Paul JH (2008) Prophages in marine bacteria: dangerous molecular time bombs or the key to survival in the 
seas? The ISME Journal 2:579-589

Payet JP, Suttle CA (2013) To kill or not to kill: the balance between lytic and lysogenic viral infection is 
driven by trophic status. Limnology and Oceanography 58:465-474

Pernthaler A, Preston CM, Pernthaler J, DeLong EF, Amann R (2002) Comparison of fluorescently labeled 
oligonucleotide and polynucleotide probes for the detection of pelagic marine bacteria and archaea. 
Applied and Environmental Microbiology 68:661-667

Pernthaler J (2005) Predation on prokaryotes in the water column and its ecological implications. Nature 
Reviews Microbiology 3:537-546

Pernthaler J, Amann R (2005) Fate of heterotrophic microbes in pelagic habitats: focus on populations. 
Microbiology and Molecular Biology Reviews 69:440-461

Polovina JJ, Howell EA, Abecassis M (2008) Ocean's least productive waters are expanding. Geophysical 
Research Letters 35:L03618. doi: 10.1029/2007GL031745

Reche I, Pace ML, Cole JJ (1998) Interactions of photobleaching and inorganic nutrients in determining 
bacterial growth on colored dissolved organic carbon. Microbial Ecology 36:270-280

Richardson AJ, Schoeman DS (2004) Climate impact on plankton ecosystems in the Northeast Atlantic. 
Science 305:1609-1612

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL, Wanninkhof R, Wong CS, Wallace DWR, 
Tilbrook B, Millero FJ, Peng TH, Kozyr A, Ono T, Rios AF (2004) The oceanic sink for anthropogenic 
CO2. Science 305:367-371

Sarmento H, Montoya JM, Vazquez-Dominguez E, Vaque D, Gasol JM (2010) Warming effects on marine 
microbial food web processes: how far can we go when it comes to predictions? Philosophical 
Transactions of the Royal Society B 365:2137-2149

Sarmiento JL (2004) Response of ocean ecosystems to climate warming. Global Biogeochemical Cycles 
18:GB3003. doi: 10.1029/2003GB002134

Sarmiento JL, Hughes TMC, Stouffer RJ, Manabe S (1998) Simulated response of the ocean carbon cycle to 
anthropogenic climate warming. Nature 393:245-249

35502_Mojica.indd   24 06-08-15   22:51



General Introduction

25

1
Suttle CA (2005) Viruses in the sea. Nature 437:356-361
Suttle CA (2007) Marine viruses - major players in the global ecosystem. Nature Reviews 5:801-812
Sverdrup EU (1953) On conditions for the vernal blooming of phytoplankton. Conseil Permanent 

International pour l'Exploration de la Mer 18:287-295
Talley L, Pickard G, Emery W, Swift J (2011) Typical distribution of water characteristics.  Descriptive 

Physical Oceanography. Elsevier Ltd., London
Thingstad TF (2000) Elements of a theory for the mechanisms controlling abundance, diversity, and 

biogeochemical role of lytic bacterial viruses in aquatic systems. Limnology and Oceanography 
45:1320-1328

Thomas R, Grimsley N, Escande ML, Subirana L, Derelle E, Moreau H (2011) Acquisition and maintenance 
of resistance to viruses in eukaryotic phytoplankton populations. Environmental Microbiology 
13:1412-1420

Timmermann A, Oberhuber J, Bacher A, Esch M, Latif M, Roeckner E (1999) Increased El Niño frequency 
in a climate model forced by future greenhouse warming. Nature 398:694-697

Toggweiler JR, Russell J (2008) Ocean circulation in a warming climate. Nature 451:286-288
Tsai AY, Gong GC, Hung J (2012) Seasonal variations of viral- and nanoflagellate-mediated mortality 

of heterotrophic bacteria in the coastal ecosystem of subtropical Western Pacific Biogeosciences 
Discussions 9:17235-17261

Van Etten JL, Graves MV, Müller DG, Boland W, Delaroque N (2002) Phycodnaviridae - large DNA algal 
viruses. Archives of Virology 147:1479-1516

Weinbauer MG (2004) Ecology of prokaryotic viruses. FEMS Microbiology Reviews 28:127-181
Weinbauer MG, Brettar I, Hofle MG (2003) Lysogeny and virus-induced mortality of bacterioplankton in 

surface, deep, and anoxic marine waters. Limnology and Oceanography 48:1457-1465
Weinbauer MG, Peduzzi P (1995) Significance of viruses versus heterotrophic nanoflagellates for controlling 

bacterial abundance in the Northern Adriatic Sea. Journal of Plankton Research 17:1851-1856
Weinbauer MG, Rowe JM, Wilhelm SW (2010) Determining rates of virus production in aquatic systems 

by the virus reduction approach. In: Wilhelm SW, Weinbauer MG, Suttle CA (eds) Manual of Aquatic 
Viral Ecology. ASLO

Weitz JS, Wilhelm SW (2012) Ocean viruses and their effects on microbial communities and biogeochemical 
cycles. F1000 Biology Reports 4: 17

Wilhelm SW, Brigden SM, Suttle CA (2002) A Dilution technique for the direct measurement of viral 
production: a comparison in stratified and tidally mixed coastal waters. Microbial Ecology 43:168-173

Wilhelm SW, Suttle CA (1999) Viruses and nutrient cycles in the sea - Viruses play critical roles in the 
structure and function of aquatic food webs. Bioscience 49:781-788

Williamson SJ, Houchin LA, McDaniel L, Paul JH (2002) Seasonal variation in lysogeny as depicted by 
prophage induction in Tampa Bay, Florida. Applied and Environmental Microbiology 68:4307-4314

Williamson SJ, McLaughlin MR, Paul JH (2001) Interaction of the ΦHSIC virus with its host: lysogeny or 
pseudolysogeny? Applied and Environmental Microbiology 67:1682-1688

Wilson WH, Carr NG, Mann NH (1996) The effect of phosphate status on the kinetics of cyanophage 
infection in the oceanic cyanobacterium Synechococcus sp WH7803. Journal of Phycology 32:506-516

35502_Mojica.indd   25 06-08-15   22:51


