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Abstract

The ecology of viruses has been studied only in a limited number of rivers and streams. In light of 

a recent re-appraisal of the global fluvial surface area, issues such as abundance and production, 

host mortality and the influence of suspended particles and biofilms are addressed. Viral life 

cycles, potential impacts of viruses on water biochemistry and carbon flow, and viral diversity are 

considered. Variability in trophic levels along with the heterogeneous nature and hydrological 

dynamics of fluvial environments suggest a prevailingly physical control of virus-related processes 

under lotic conditions and more biological control under lentic conditions. Viral lysis likely 

contributes to a pool of rapidly cycling carbon in environments typically characterized by high 

proportions of recalcitrant terrestrial carbon. On average, 33.6% (equalling 0.605 Pg C year−1) of 

the globally respired carbon from fluvial systems may pass through a viral loop. Virus distribution 

and the proportion of organic material in horizontal transport versus processes in retention zones 

remain to be determined in detail. The need for up-scaling the contribution of virus-related 

processes in fluvial systems is of global relevance. Further, the role of climate change and the 

effect of anthropogenic alterations of fluvial systems on viruses require attention. The 

identification of these considerable knowledge gaps should foster future research efforts.
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I Introduction

Fluvial waters comprise a small but pivotal fraction of global water resources. They are 

critical links in global organic matter cycles and budgets. Rivers, their riparian zones and 

fringing wetlands are hotspots of biodiversity (Junk, Bayley & Sparks, 1989; Newbold, 

1992; Battin et al., 2009b). Reasonable estimates have been made of global water 

discharges, but less effort has been devoted to determining the surface area covered by the 

global river network (Downing et al., 2012). Based on novel approaches to approximate the 

size distribution and areal extent of streams and rivers, new estimates of the global fluvial 

area are 30–300% greater than previously published appraisals (Downing et al., 2012). This 

supports the current perception that the contribution of river networks to fluvial net 
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heterotrophy and CO2 outgassing was underestimated in the past (Battin et al., 2008; 

Raymond et al., 2013). Moreover, humans have extensively altered river systems by 

fragmentation and flow regulation, triggering various ecological shifts and risks (Nilsson et 
al., 2005).

Viruses are the smallest and most numerous biological entities in aquatic ecosystems, with 

the majority being bacteriophages (Wommack & Colwell, 2000; Weinbauer, 2004; Suttle, 

2007). Abundances of planktonic viruses commonly range between 104 and 108 ml−1 and 

are generally higher in inland waters than in marine systems. Peak values have been reported 

for very productive estuaries and lakes (Peduzzi & Luef, 2009). Exceptionally high 

virioplankton abundance (up to 2 × 109 ml−1) has been documented in the alkaline, 

hypersaline Mono Lake, California (Brum et al., 2005), and very recently in the alkaline–

saline Lake Nakuru in Kenya, East Africa (up to 7 × 109 ml−1; Peduzzi et al., 2014). The 

typically high frequency of virus infection in oceanic ecosystems is known to be a major 

cause of prokaryotic host mortality. Host cell lysis in the marine environment was calculated 

to be a source of up to 109 tons of carbon per day released from the biological pool (Suttle, 

2007; Brussaard et al., 2008). The biogeochemical consequence is altered rates of carbon 

accumulation in the photic zone (CO2 release to the atmosphere versus vertical transport to 

the meso-/bathypelagic zone). Viruses are also involved in shaping the composition of 

bacterial communities, either by reducing abundant host taxa or by introducing new genetic 

information into their hosts. They may be the largest genetic reservoir on earth and may 

boost the resilience of ecosystems by sustaining multiple species with similar or identical 

biochemical pathways (compare Thingstad, 2000; Brussaard et al., 2008; Jacquet et al., 
2010). We need a better understanding of the role of viruses, including the use of new 

approaches in future studies. Whole-genome shotgun metagenomics, single virus genomics 

or targeted viromics, with next-generation sequencing, will likely be standard in future 

diversity research (Thurber et al., 2009; Zeigler Allen et al., 2011; Adriaenssens & Cowan, 

2014; Martínez Martínez, Swan & Wilson, 2014). Further, research on archaeal viruses, their 

diversity and potential ecological significance is at an early stage. Most isolates stem from 

geothermally heated environments and from halophilic archaeal hosts (Prangishvili, Forterre 

& Garrett, 2006). Their role in fluvial systems remains unexplored.

Surprisingly, for running water systems, many aspects of aquatic virus ecology are 

underrepresented or ignored. Recently, however, interest among limnologists and microbial 

ecologists is increasing (Peduzzi & Luef, 2009; Jacquet et al., 2010; Pollard & Ducklow, 

2011; Peduzzi, 2013). This review covers naturally occurring viruses infecting microbial 

hosts present in lotic systems, and does not consider the distribution and survival of animal 

and human pathogenic viruses. The importance of non-endemic hosts is evident and has 

been extensively reviewed previously (e.g. Goyal, Gerba & Britton, 1987). The current 

review paper provides: (i) an overview of existing information on virus ecology in fluvial 

waters by tackling issues such as virus-mediated microbial host mortality, viral lifestyles and 

mechanisms controlling viral activity; (ii) an assessment of the impact of variable hydrology 

and the role of suspended particles and biofilms on viruses; (iii) information on the need to 

investigate horizontal transport processes of virus-related solutes and particles, and virus 

dissemination; and (iv) arguments for the necessity of up-scaling the contribution of virus-

related processes, for example their potential contribution to global CO2 outgassing and the 
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role of climate change on these contributions. These considerations include the significance 

of anthropogenic alterations of fluvial systems and, together, will help define research fields 

for future studies.

II Viral Abundance, Distribution and Dynamics in Fluvial Systems

Little is known on how the fundamental (abiotic and biotic) differences between marine, 

lacustrine and running waters affect the abundance, composition, production and control 

mechanisms of viruses. Generally, as a result of the balance between production and decay, 

virus numbers are linked to system productivity. Eutrophic water bodies typically contain 

more virus particles than oligotrophic systems (see Jacquet et al., 2010, and references 

therein). Nonetheless, productivity, trophic state and the abundance of viruses can change 

seasonally, particularly in running waters with pronounced hydrological dynamics. Based on 

an earlier compilation of inland waters (Peduzzi & Luef, 2009, and references therein) and 

including more recent data, virus abundances in the water column of different fluvial 

systems range from 0.007 to 88.8 × 107 ml−1 (Table 1); extremely low values such as 0.009 

× 107 ml−1 from the Talladega wetland (Farnell-Jackson & Ward, 2003) may also reflect 

methodological constraints in this and older studies. Nonetheless, the variability in flowing 

waters is large and clearly driven by dynamic and variable hydrology. The high degree of 

spatial heterogeneity in such systems (e.g. backwaters with often lacustrine conditions) also 

plays a role (Peduzzi & Luef, 2008, 2009; Jacquet et al., 2010; Ma et al., 2013). Finally, 

virus abundance apparently varies more on seasonal scales in inland waters than in the 

marine environment (Wilhelm & Matteson, 2008).

Several methods are available to enumerate virus particles. In virus ecology, culture-based 

methods are inefficient for quantifying natural virus abundances (Weinbauer, 2004; Peduzzi 

& Luef, 2009). At present, the most widely used methods for water samples are based on 

direct counts using either transmission electron microscopy (TEM), epifluorescence 

microscopy (EFM) or flow cytometry (FCM). Typically, viral abundance exceeds that of 

bacteria, which can be defined by a virus/prokaryote ratio (VPR) as a descriptor of the 

relationship between viruses and potential hosts. For inland waters (including lakes), the 

VPR typically ranges between 1 and 100, with an overall mean of around 20–25, and is 

more variable than in marine waters (Wilhelm & Matteson, 2008; Peduzzi & Luef, 2009). 

VPR values tend to be higher for more nutrient-rich, productive environments, thus often 

being higher in limnetic compared to marine systems (see reviews by Weinbauer, 2004; 

Peduzzi & Luef, 2009; Jacquet et al., 2010). In some Antarctic lakes, for example, VPR 

values up to 150 have been reported (Kepner, Wharton & Suttle, 1998; Madan, Marshall & 

Laybourn-Parry, 2005). In marine pelagic waters the VPR typically ranges from 5 to 15 

(Weinbauer, 2004; Suttle, 2007), but exceptions occur (e.g. some deep-sea values exceed 

100; Suttle, 2007).

From both marine and lake environments we know that microbial (host) activity supports 

high viral production. In running water systems, information on viral production rates is 

conspicuously scarce, but the rates seem to vary over several orders of magnitude (Table 1). 

Examples include very low values occasionally found in some Australian rivers and the 

Djeuss stream, Senegal (Hewson et al., 2001; Bettarel et al., 2006) to very high values of 
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170.2 × 109 l−1 h−1 in another Australian eutrophic river (Bremer River; Pollard & Ducklow, 

2011). Productivity in the sediments of the Esino River (Italy) was 77.0 × 109 viruses l−1 h−1 

(Mei & Danovaro, 2004).

III Viral Host Mortality

As in the marine environment, in inland aquatic systems viral infection of both auto- and 

heterotrophic bacteria and subsequent lysis of host cells is responsible for a considerable 

proportion of prokaryotic mortality (Peduzzi & Luef, 2009). Virus-induced mortality of 

prokaryotes is often expressed as the fraction (%) of mortality due to viral lysis (FMVL). 

Even though the various methods for assessing this are subject to bias from many sources, in 

aquatic systems (both marine and freshwater) typically 10℃20% of bacterial production is 

lost due to virus infection (Jacquet et al., 2010). When prokaryotes, such as cyanobacteria, 

are important members of the food chain, their lysis can have adverse effects even for 

vertebrate end-consumers (Peduzzi et al., 2014).

In the water and sediment of fluvial systems, values between 2.5% and above 70% have 

been reported; at times virus infection seems to be responsible for the entire mortality of 

their hosts (Table 1). In an experimental approach, Ortmann et al. (2011) found that viral 

lysis varied for different components (auto- and heterotrophic) of the microbial community 

across an estuarine gradient (Mobile Bay, USA). In the silty sediment layer of a floodplain 

lake between 0 and 36% of bacterial secondary production was removed by viruses, and the 

viral impact prevailed over protozoan grazing by a factor of 2.5–19.9 (Fischer et al., 2003, 

2006). A recent study estimated bacterial mortality in the subtropical Bremer River 

(Australia) to average 3.40 × 109 bacterial cells l−1 h−1 (Pollard & Ducklow, 2011). Again 

this viral parameter is also likely to be quite variable. Using the available data from fluvial 

systems we calculated a mean ± S.D. FMVL of 33.6 ± 28.1%. Thus, besides grazing by 

protists, viruses are clearly an important factor exerting control on their host cells in fluvial 

systems. Viruses and flagellates probably act additively in their controlling effects on 

prokaryotes. More information on virus- versus grazer-related mortality is available for 

freshwater than marine environments (Wilhelm & Matteson, 2008). In some anoxic lakes, 

solar salterns and polar lakes (i.e. inland lakes), virus-related prokaryote mortalities are 

among the highest (up to 100%) reported so far, matching or even exceeding grazer-

mediated mortality. Also burst size (i.e. the number of virus particles released from a cell 

upon host lysis) appears to be on average larger in freshwater (10–50) than in marine 

environments (20–25; Wilhelm & Matteson, 2008 and references therein). Higher values 

have been reported in phytoplankton (cyanobacteria and eukaryotic algae), often ranging 

from 100 to >500 (sometimes to a few thousand), probably linked to the often greater host 

cell volume (Wilhelm & Matteson, 2008;Jacquet et al., 2010). The high variability in burst 

size is presumably linked more strongly to the trophic status of a system than to its salinity 

(Parada, Herndl & Weinbauer, 2006). For marine environments, the factors affecting virus 

dynamics and microbial host–virus interactions were reviewed recently (Mojica & 

Brussaard, 2014). For fluvial systems, no synopsis exists.

Viruses that infect eukaryotic algae have been described in detail by Van Etten, Lane & 

Meints (1991). In particular Chlorella viruses were detected in freshwater samples across 
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Japan and in several countries of Asia, Europe, North America and South America, and 

investigated in detail (Yamada et al., 1993). The Phycodnaviridae family is described as 

important in infecting and causing mortality of eukaryotic phytoplankton all over the world 

(Suttle, 2007). Genome sequences of 41 chloroviruses from terrestrial water samples 

throughout the world were recently analysed in detail (Jeanniard et al., 2013). Furthermore, 

sequences homologous to the chlorovirus Acanthocystis turfacea chlorella virus 1 (ATCV-1) 

were unexpectedly extracted from human oropharyngeal samples; this virus caused harm to 

the human host (Yolken et al., 2014). For fluvial systems, however, almost no information 

exists on eukaryotic phytoplankton viruses.

There is still no standard approach for estimating and comparing mortality in prokaryotic 

and eukaryotic communities that can be attributed to viruses in different aquatic 

environments. This prevents the accurate integration of virus-related mortality into overall 

models (Jacquet et al., 2010), particularly for riverine systems.

IV Particle- and Biofilm-Associated Viruses

Flowing waters are often particle-rich environments. Beyond the typically pronounced 

environmental heterogeneity on the fluvial landscape scale, this creates microscale 

patchiness for microorganisms. Reliable data are even scarcer; one example is from the 

Danube River, with up to 5.39 × 109 viruses cm−3 suspended river particle volume (Luef, 

Neu & Peduzzi, 2009a). Microscale patchiness has been studied in detail in marine and 

estuarine habitats (Seymour et al., 2006; Azam & Malfatti, 2007; Stocker, 2012). The 

highest particle-associated viral abundance in a natural aquatic system so far (up to 30 × 

1010 viruses ml−1) was found on suspended aggregates in a semi-enclosed bay in the 

southwest lagoon of New Caledonia influenced by terrestrial input (Mari, Kerros & 

Weinbauer, 2007). It was estimated that up to 35% of the viruses in Danube River water 

were associated with suspended matter (Luef et al., 2007, 2009a).

Beyond particle quantity, quality also seems to be pivotal for viral abundance in fluvial 

systems (Luef et al., 2007; Peduzzi & Luef, 2008; Kernegger, Zweimüller & Peduzzi, 2009). 

In a river-floodplain system of the Danube, the quality, size and age of particles and 

aggregates, and exposure time of viruses to aggregates, were key factors regulating viral 

abundance (Kernegger et al., 2009). Importantly, particles (mainly with organic constituents) 

apparently play a role as viral scavengers by removing viruses through adsorption, or as 

reservoirs rather than viral factories (Weinbauer et al., 2009). The presence/abundance of 

suspended particles appears to influence the overall (free and attached) virus distribution. 

That is, as particles with organic constituents increased, more viruses were attached and 

fewer were freely suspended (Peduzzi & Luef, 2008). Such particles apparently remove 

viruses from the water column, with potentially considerable consequences for various 

aspects of river ecosystems and related biogeochemical fluxes. Moreover, viral lysis can 

influence the formation, size and stability of suspended aggregates (Peduzzi & Weinbauer, 

1993; Weinbauer et al., 2009). Thus, in flowing waters at least two aspects are pivotal: the 

consequences for horizontal transport of material, and the role of particles in the distribution 

and spreading of viruses along the flow continuum and finally to the sea. More 

comprehensive studies have been hampered by the complicated techniques required to make 
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reasonable estimates of the number of particle-associated viruses (see Peduzzi & Luef, 2009; 

Luef et al., 2009a,b; Peduzzi, Agis & Luef, 2013). It remains unclear to what extent viruses 

are truly attached or distributed in the pore water of suspended matter and aggregates 

(Weinbauer et al., 2009).

The benthic zone and river-bank are especially important habitats for viruses in rivers. The 

available information on viriobenthos in both freshwater and marine sediments was reviewed 

earlier (Danovaro et al., 2008a; Pinto, Larsen & Casper, 2013). These meta-analyses 

highlighted a large variability of viral abundance with values ranging between 104 and 1011 

viral particles ml−1 of wet sediment. Comparing this broad range with values from 

suspended particles implies some commonalities but also variability. One reason for the 

potential differences is the drastic change in conditions (anoxia) in deeper layers of the 

benthos (see Pinto et al., 2013).

Viruses also exist at the surface layer of the benthos. An experimental study on wetland 

biofilms revealed that virus-sized microspheres can be embedded to a 100-fold increase 

above the maximum water column abundance and remain at > 1.92 × 109 ml−1 for several 

months (Flood & Ashbolt, 2000). Recent studies on the persistence of specific pathogenic 

viruses in river water imply that water temperature is important. Riverbank filtration is 

potentially an efficient process in removing contaminants such as virus particles from 

infiltrated surface water. On the one hand, temperature influences virus decay rates, while on 

the other hand the changing viscosity and density effects of water during riverbank filtration 

can counteract with temperature-dependent decay and inactivation rates (Derx et al., 2013; 

Yang & Griffiths, 2013). This might be relevant in the future because along the Austrian 

stretch of the Danube for example, mean water temperature has increased (long-term trend 

since 1951) and will likely continue to do so (Zweimüller, Zessner & Hein, 2008).

A general gap in our knowledge about sediment- and particle-associated viruses (particularly 

for fluvial systems) is evident and should be addressed in future work.

V Viral Proliferation Cycles

The two most important types of viral life cycles are represented by lytic and lysogenic 

infections. Highly variable environmental conditions probably favour one or the other of 

these pathways, especially in fluvial waters. Their relative importance is crucial for the host 

community and for many aspects of the microbial loop (see e.g. Peduzzi & Luef, 2009). 

During viral lysis, new virus progeny are released from the host cell; whereas in the 

lysogenic cycle, the genome of a ‘temperate’ virus remains dormant within the host cell until 

a lytic cycle is induced. If lysogeny prevails and the main control of prokaryotic abundance 

is via protozoan grazing, most of the carbon will be channelled to higher trophic levels (the 

microbial loop). By contrast, if viral lysis accounts for most prokaryotic losses, then carbon 

and nutrients are diverted away from larger organisms (Proctor & Fuhrman, 1990; Wilhelm 

& Suttle, 1999).

Unfortunately, for fluvial systems few publications are available on the proportion of lytic 

versus temperate viruses. The proportion of lysogenic cells versus lytic cells in the Djeuss 
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stream (Senegal, Africa) was variable, averaging 7.1%; in reservoirs fed by the Senegal 

River the percentage was much lower (0.1–2.5%; Bettarel et al., 2006). Preliminary data 

from a survey conducted in a river-floodplain section of the Danube (Austria) revealed a low 

frequency of lysogenic cells in a frequently isolated, productive floodplain section (average 

5.83%). The mean value was higher in a frequently (>200 days year−1) flushed section 

(25.0%) and in the main channel (21.2%) (Tvarogova, 2010). The lytic–lysogenic state may 

be influenced either by the interplay between demand and availability of host-limiting 

nutrients due to increased cellular requirements during virus replication, or even be 

understood as a type of ‘survival’ strategy for viruses under different environmental 

conditions (Weinbauer, 2004; Ankrah et al., 2014). Based on studies in both marine and lake 

environments, changes in system productivity are an important factor. It is believed that 

lysogeny enables viruses to survive within host cells under oligotrophic conditions, and lytic 

infection leads to rapid propagation when host abundance and productivity are high 

(Weinbauer et al., 2003; Payet & Suttle, 2013; Pradeep Ram et al., 2014). In the Bach Dang 

Estuary (Vietnam), the salinity gradient from fresh to marine water induced a spatial 

succession of the two viral life strategies (Bettarel et al., 2011). A recent study conducted in 

coastal lagoons with highly variable conditions provides a more detailed view on regulating 

factors (Maurice et al., 2013). They reported that the lytic cycle was triggered by 

environmental parameters and host physiology, whereas lysogeny seemed to depend on the 

variability of prokaryote physiology. Lysogeny, however, was not affected directly by the 

level of host activity, responding rather to the amplitude of change in key features of host 

physiology. It remains to be investigated whether this physiological variability is either a 

signal to enter the lysogenic replication cycle or to remain in the lysogenic state (Maurice et 
al., 2013). These findings support the view that the two viral lifestyles are dynamic 

processes that respond on short temporal and spatial scales. This is particularly true in 

transition systems, where highly fluctuating environmental conditions can modulate host 

physiology rapidly and significantly. Thus, in fluvial systems, the variable hydrology 

probably greatly influences the lytic–lysogenic state. Dynamic hydrological situations (flow 

conditions, flooding) may dilute host abundance and create unfavourable conditions for host 

production and lytic propagation, thus favouring lysogeny. High percentages of lysogenic 

cells were also recorded in Lake Bourget (France) when bacterial (host) abundance and 

activity were lowest (Thomas et al., 2011). By contrast, in river systems after a flood, which 

typically introduces nutrients, host productivity is boosted and may thus promote the lytic 

cycle (Peduzzi & Schiemer, 2004; Peduzzi & Luef, 2008). This view is mirrored by the 

above-mentioned lower frequency of lysogenic cells in the more lentic, productive 

conditions of the Danube river system versus higher values under more turbulent, flowing 

conditions with diluted host abundance and lowered productivity. This interpretation is in 

line with the previously reported conclusion that, in fluvial systems, lentic conditions 

promote prevailingly biological control on the virus–host interaction whereas under lotic 

conditions physical factors such as gauge, water current, dilution and temperature are more 

important (Peduzzi & Luef, 2008).
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VI Viral Impact on Water Biochemistry and Carbon Flow

In planktonic food webs viral lysis efficiently directs carbon away from biomass into the 

dissolved organic carbon (DOC) pool at the expense of bacterio- and phytoplankton grazing 

(‘viral shunt’; Wilhelm & Suttle, 1999). A varying but substantial fraction of this organic 

material can be more or less efficiently utilized by uninfected heterotrophic prokaryotes, 

thus re-entering the food web. The net effect of the so-called ‘viral loop’ is that it ultimately 

converts organic matter into dissolved inorganic nutrients, including respired CO2 (Wilhelm 

& Suttle, 1999; Haaber & Middelboe, 2009; Pollard & Ducklow, 2011). Studies with marine 

microorganisms have revealed that viruses can be key players in nitrogen cycling (Haaber & 

Middelboe, 2009; Shelford et al., 2014). In culture experiments, phage infection alters both 

host metabolism and lysate composition (Weinbauer & Peduzzi, 1995; Ankrah et al., 2014; 

Sheik et al., 2014). In the river-influenced False Creek (Vancouver, Canada), experiments 

demonstrated that viral lysis leads to ammonium production from liberation of dissolved 

organic N that is re-mineralised by uninfected bacteria, thus fuelling primary production 

(Shelford et al., 2012). Nonetheless, a net uptake of ammonium by non-infected bacteria in 

other culture experiments revealed that the metabolism of viral lysates can also result in net 

consumption of inorganic N (Shelford et al., 2014). This recent evidence suggests that viral 

lysis of microbes changes the relative distribution of dissolved organic (and also inorganic) 

matter with many indirect effects on the aquatic systems (Weitz & Wilhelm, 2012). A 

recently published multitrophic model on the effects of marine viruses concluded that 

ecosystems with high densities of viruses will have increased organic matter recycling, 

reduced transfer to higher trophic levels and increased net primary production (Weitz et al., 
2014).

Most fluvial systems harbour and transport high amounts of organic carbon (dissolved and 

particulate). Even in cases where viral lysis releases only a small fraction to the large fluvial 

organic carbon pool, it could still contribute significantly to the readily utilizable carbon 

(labile and semi-labile fraction). This is particularly relevant in these systems, which are 

typically characterized by a high proportion of allochthonous (terrestrial) aged and 

recalcitrant carbon. In Danube floodplain areas, hydrological events substantially influence 

dissolved organic matter (DOM) composition in backwaters, and DOM quality is an 

important factor regulating bacterial production (Peduzzi et al., 2008; Sieczko & Peduzzi, 

2014; Sieczko, Maschek & Peduzzi, 2015). Pollard & Ducklow (2011) reported for the 

Australian Bremer River that terrestrial DOC was partly returned to the atmosphere as CO2 

through bacterial respiration, assisted by bacteriophage lysis of their hosts. This short-

circuits the microbial loop. For fluvial environments global net heterotrophy is known to be 

high, stemming largely from microbial respiration (Battin et al., 2008, 2009a). In a meta-

analysis from literature data, and by averaging fractional host mortality due to viral lysis 

(FMVL) in fluvial systems and wetlands (see Table 1), a first estimate is that a mean ± S.D. 

proportion of 33.6 ± 28.1% (N = 22) may pass the viral loop. Combining this with a global 

appraisal of CO2 evasion data for streams and rivers (Raymond et al., 2013), it would 

represent a contribution of 0.605 ± 0.507 Pg C year−1 (N = 22) to the globally respired 

carbon. For comparison, in the oceanic environment the viral shunt was estimated to release 

0.37–0.63 Pg C year−1 on a global scale (Wilhelm & Suttle, 1999; Danovaro et al., 2008b). 
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The estimate for fluvial systems presented here appears to be high (compared to the large 

oceanic water surface area), however, inland waters are where the highest concentrations of 

DOC occur, with high amounts of terrestrial carbon (Raymond et al., 2013; Amado et al., 
2015). They are generally supersaturated with CO2, and particularly streams and rivers are 

understood as hotspots for gas exchange (Raymond et al., 2013). Photochemical degradation 

is not considered here, since the share of photochemical and biological processing of DOC 

remains too poorly understood to achieve accurate predictions so far (Amado et al., 2015). 

Nonetheless, by this process, a substantial fraction of carbon may bypass the bacteria–virus 

loop. Further, our estimated FMVL was restricted to available values from water column 

processes of riverine environments, since the virus-related mortality in porewater and 

biofilms is largely unknown (see Section IV). Benthic FMVL-values might be much lower, 

potentially making our global appraisal an overestimate. Nonetheless, a huge amount of both 

autochthonous and terrestrial carbon is in transport in running waters, and even if the virus 

lysis-related C-flux in fluvial systems might be very variable, this process is probably 

significant on a global scale. However, there is still a large amount of uncertainty associated 

with these estimates, calling for enhanced research efforts. Comprehensive studies on the 

significance of the viral shunt in aquatic systems are still scarce, and additional data are 

needed, particularly for flowing inland waters. A recent modelling approach that quantified 

the effects of marine viruses suggested that all efforts to predict carbon and nutrient cycling 

without considering virus-related processes are likely to miss essential features of food webs 

that regulate global biogeochemical cycles (Weitz et al., 2014).

At present it remains largely unclear how climate change will impact viral processes and 

related element cycles. Nonetheless, there is some degree of consensus that the effect of 

global temperature increase will be significant (Danovaro et al., 2010; Peduzzi, in press). For 

example viruses have the potential to interact with climate through their contribution to the 

DOM-pool and to biogenic particles. In fluvial waters, climate change-related temperature 

shifts may well influence the role of viruses by determining the proportion of organic 

material in horizontal transport and in processing and re-mineralisation (Peduzzi, in press). 

In this context it can be concluded that viruses in fluvial systems will be significantly 

influenced by climate change. Moreover, viruses, in turn, can influence those processes 

contributing to climate change.

VII Virus and Host Diversity

Based on the presumed species-specificity and density-dependence of infection, viruses are 

thought to play a substantial role in regulating prokaryotic community composition 

(Thingstad & Lignell, 1997; Fuhrman & Schwalbach, 2003). There are surprisingly few 

observational or experimental demonstrations of this effect; almost nothing is available for 

fluvial waters. Incubation experiments with marine microbial assemblages demonstrated that 

viruses may significantly influence bacterioplankton community structure. This influence, 

however, was not consistent between sampling locations or different water masses (Hewson 

& Fuhrman, 2006). Other experiments investigating nutrient-manipulated marine 

mesocosms revealed an important link between the bacterial and viral communities (Sandaa 

et al., 2009). Experiments with lake water, combining the effect of viruses and small grazers 

on the bacterial community, demonstrated that both act as structuring factors (Jacquet et al., 
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2013; Pradeep Ram & Sime-Ngando, 2014). Their effects, however, may differ, with viruses 

for example sustaining and grazers reducing bacterial community composition (Jacquet et 
al., 2013). In a Danube River–floodplain system, the bacterial community structures of the 

river and the various floodplain pools, as well as those of particle-associated and free-living 

bacteria, differed significantly (Besemer et al., 2005). Community shifts in prokaryote hosts 

are probably strongly linked with changes in viral diversity. In a first screening of the virus 

community structure in the above floodplain system, we found that different habitats (main 

channel, dynamically connected and isolated sites) contained distinct viral communities with 

characteristic dynamics over time (Peduzzi, 2013). The community profile at the 

dynamically connected site was similar to that of the main river channel when connected, 

but diverged over time when the site was disconnected at low gauge during 4 months. The 

permanently isolated section exhibited a different development with a more stable virus 

community profile and larger genome sizes (based on pulsed field gel electrophoresis). The 

apparent richness was higher in the two floodplain sections compared to the main stem. 

Only in the permanently isolated section did the apparent richness correlate significantly 

with bacterial secondary production, indicating a link with host activity under lentic 

conditions (Peduzzi, 2013). Hydrology seems to be important, as storm events also 

drastically changed the viral community during a field study in an ephemeral channel and a 

stormwater retention pond in Virginia, USA (Williamson et al., 2014).

VIII Discussion and Future Directions

Viruses infect nearly all forms of cellular life, including bacteria, archaea and 

microeukaryotes. Our growing knowledge on virus ecology of marine and lake environments 

has increased the incorporation of virus-related processes into aquatic food-web models 

(Weitz et al., 2014, and references therein). In these environments, viruses commonly 

represent about 5% of the carbon fixed in bacteria, and the viral biomass is around 25-fold 

larger than the carbon in protists (see e.g. Peduzzi & Luef, 2009). One may expect a similar 

contribution of viruses in fluvial systems, albeit more variable due to variable hydrology. 

More important than carbon biomass, however, is virus bio-reactivity. In the fluvial realm, 

virus-related mechanisms appear to be principally similar to other aquatic environments. 

Nonetheless, the magnitude and effectiveness of certain processes are different, and much 

more strongly triggered by the dynamic and heterogeneous nature of these systems.

As a synthesis of available information from the literature, Table 2 and Fig. 1 provide an 

overview of selected conditions and features that influence virus-related processes in fluvial 

systems. Perhaps the most important factor regulating these processes is the variable 

hydrology of running waters. It can either create very unfavourable conditions (temperature, 

currents, turbulence) for microbial life, or boost production via transported nutrient supply. 

Nothing is known about whether disturbances by flooding influence viral-induced mortality 

of prokaryotes. Importantly, variable hydrology also creates edaphic heterogeneity, 

particularly in more pristine fluvial systems (flowing channels, backwaters, retention zones, 

lentic water bodies in floodplains). This often leads to a continuum of trophic levels, from 

oligo- to eutrophic subsystems on narrow spatial and temporal scales (Peduzzi & Luef, 

2008; Jacquet et al., 2010). More open and strongly hydrologically controlled areas can be 
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distinguished from backwaters and retention zones, the latter expanding the opportunity for 

biological processes.

Suspended particles are apparently important in fluvial systems. Complex floating 

aggregates can develop in larger rivers, reservoirs, floodplain lakes and drowned estuaries, 

whereas attached biofilms tend to develop in headwaters and streams, fostered by the water 

current (Battin et al., 2008). These structures in fluvial systems apparently influence virus-

related processes differently and potentially more severely than in lacustrine and oceanic 

environments. Particles and aggregates appear to play the role of viral scavengers or 

reservoirs rather than viral factories (Weinbauer et al., 2009). Adsorption to suspended solids 

can even stimulate growth of the free-living prokaryotes, for example by reducing viral lysis. 

This may also affect microbial diversity, food-web structure and biogeochemical cycles 

(Peduzzi & Luef, 2008; Weinbauer et al., 2009; Luef et al., 2009a,b). In the future improved 

knowledge on viral and related host diversity should include larger metagenomic studies in 

fluvial systems, with functional genomics and proteomics hopefully helping to unravel many 

of the important questions.

In a Danube River–floodplain system, Sieczko & Peduzzi (2014) recently concluded that for 

DOM, when residing in backwaters, the distinct conditions provide changed opportunities 

for processing of allochthonous carbon. In oceanic systems, vertical fluxes are important, in 

fluvial waters horizontal transport. The role of viruses in determining the proportion of 

organic material in horizontal transport versus processing and re-mineralization in retention 

zones of fluvial waters remains understudied. Prokaryotic metabolic activity can apparently 

remove part of the continuous supply of terrestrial (allochthonous) DOC through the viral 

lysis of infected hosts. This involves promoting the uptake and respiration of material 

released from lysis by non-infected cells. The magnitude of re-mineralization through a 

bacteria–virus loop depends strongly on the number of passes through the loop, with 

increasingly more DOC respired at each turn (compare Pollard & Ducklow, 2011). Scaling 

up the related CO2 evasion to the system, catchment or even global level requires 

considering the (regionally variable) water surface area and a gas transfer velocity. A recent 

estimate of the global CO2 emission from streams and rivers predicts about 70% of the flux 

occurring over just 20% of the land surface (Raymond et al., 2013).

For a more reliable global up-scaling, the virus-related contribution remains to be 

investigated in more detail and in all kinds of fluvial systems. Anthropogenically altered 

stream and river morphology, e.g. by reducing wetlands and active floodplain areas in 

regulated rivers, may significantly impact that contribution, thus fostering horizontal 

downstream transport of solutes and particles (Schiemer, Hein & Peduzzi, 2006). Changes in 

habitat structure might also influence viral lifestyles and related processes.

Based on the information compiled herein, Table 3 lists a selection of neglected or 

understudied issues in the viral ecology of fluvial systems. In particular, greater attention 

should be given to targeted research on the horizontal transport of virus-influenced solutes, 

particles, and the dissemination of viruses in flowing waters. This is of global relevance. The 

same holds true for improving our efforts in studying and scaling up the contribution of virus 

activity to global CO2 outgassing. Particular focus should be given to the effect of 
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anthropogenic alterations to fluvial systems and climate change. The considerable 

knowledge gaps that remain should stimulate further research efforts to increase our 

understanding of flowing water systems.

IX Conclusions

(1) One important driving factor in fluvial systems is their highly dynamic and 

heterogeneous nature, compared to the marine or lacustrine realm. Variable hydrology, 

edaphic heterogeneity and the broad range of trophic levels (even on narrow spatial scales 

such as in floodplains and backwaters) are essential elements of running waters, apparently 

impacting virus ecology significantly.

(2) Suspended particles, aggregates and biofilms are typical features of flowing waters; they 

probably influence virus-related processes more strongly than in most lacustrine and oceanic 

systems. These structures can affect microbial (also viral) diversity, food-web structure and 

biogeochemical cycles.

(3) Through repetitive viral lysis of infected bacterial hosts, the bacterial–viral loop appears 

to be significantly involved in removing part of the recalcitrant, terrestrial, dissolved organic 

matter from the water; increasingly more material is respired at each turn of the loop. A first 

appraisal of the viral contribution to CO2 outgassing from fluvial systems, synthesized from 

the scattered literature, reveals a potentially significant contribution on a global scale.

(4) Horizontal transport processes are relevant for virus dissemination and for virus-

influenced solutes and particles. Targeted research on such horizontal processes (to 

correspond with extensively conducted research on vertical transport in the oceans) is an 

important goal for the future.

(5) The significance of extensive anthropogenic alterations of fluvial systems, and of 

disturbance events by flooding, to viral lifestyles, host–virus diversity and virus activity 

needs to be investigated in detail, also in light of the effects of climate change.

(6) We need to develop comprehensive research programmes for a better understanding of 

virus-related processes in flowing water systems. The outcome of such studies can be 

expected to contribute significantly to modern concepts of fluvial systems. Such concepts 

are necessary to understand and manage this important water resource better.
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Fig. 1. 
Schematic outline of selected conditions, features and cycles that either are influenced by 

viruses or influence virus-related processes in flowing water systems. Based on a synthesis 

from the existing literature, the most important regulating factors are variable hydrology and 

environmental heterogeneity; suspended particles and biofilms can remove viruses from the 

water column and/or act as virus reservoirs; LDOM, labile dissolved organic matter; 

RDOM, refractory dissolved organic matter; SLDOM, semi-labile dissolved organic matter. 

Image credit: Katalin Demeter.
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Table 2

Selected conditions and processes influencing the ecological significance of the bacterial–viral loop in fluvial 

systems. Most factors are controlled by a continuum between physical and biological forces, with one or the 

other usually prevailing; important factors and environmental settings to be considered are listed

Prevailing type of control Factors to be considered

Influenced by

   Hydrology Physical Proportion ofallochthonous/autochthonous material, general 
environmental setting

   Unfavourable conditions Physical Temperature, hydrodynamics, mixing, stagnation

   Trophic level Biological Productivity, nutrients, contact and virus propagation rates

   Removal by particles/biofilms Physical/biological Current flow and turbulence, particle load and quality

Effect on

   Local processing of OM Biological Availability of backwaters, retention zones, lentic water bodies

   Horizontal transport (export) of OM Physical Flow regime, stream and river regulation, loss of habitat heterogeneity

   Respiration, CO2 outgassing Physical/biological Surface area, floods, gas transfer velocity

   Viral (host) diversity Biological Habitat heterogeneity, viral infectivity and lifestyles

OM, organic matter.
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Table 3

Choice and availability of key research for the understanding of fluvial virus ecology. Some issues have been 

studied previously, but all need a larger database from various climatic regions and from different types of 

fluvial waters

Research area Partly available Single or rare Missing

Proportion of virus-mediated host mortality versus grazing X

Proportion of viral lifestyles (lytic versus lysogenic) X

Diurnal studies X

Impact of flooding, flow currents and turbulence on viruses X

Role of suspended particles and biofilms on viral processes and survival X

Viral processes in sediments and at the aquatic–terrestrial interface X

Mechanisms of control on viral activity X

Viral diversity, viral effect on host diversity X

Role of archaeal viruses X

Role of eukaryotic viruses X

Metagenomic and proteomic studies X

Chemical nature and bioreactivity of viral lysis products and lysozymes X

Horizontal transport of virus-influenced solutes and particles X

Horizontal dissemination of virus particles X

Contribution of virus activity to CO2 outgassing X

Biogeochemical relevance of the bacterial–viral loop X

Up-scaling of virus-related processes to the catchment scale and beyond X
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