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ABSTRACT: During the spring of 2005, the production rate of virus-like particles as well as microbial
and biogeochemical parameters in the Sargasso Sea and North Atlantic Ocean were investigated as
part of a multifaceted North Atlantic Spring Bloom (NASB2005) survey. Here we present data on the
spatial variations in viral production rate, abundance, and infection of microbial host populations, in
an attempt to understand the constraint(s) on the rates of viral production and abundance. As
expected, virus-like particle densities increased from the oligotrophic waters of the Sargasso Sea to
the more productive northern Atlantic waters. Additionally, viral production rates increased across
the Sargasso Sea transect and correlated with trophic status (chl a concentrations) and secondary
(bacterial) productivity in this region. However, no clear pattern of viral production rates could be discerned in waters hosting the NASB. Results of both parametric and non-parametric analyses demonstrate that viral production rates and abundances only correlate well for our observations within the
constant ‘stability’ of the Sargasso Sea, but suggest that more complex relationships including a
threshold effect, may guide viral parameters in the North Atlantic. Overall, this study highlights the
spatial and potentially temporal complexity of constraints on viral production and ultimately on viral
function in surface marine waters.
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Although viruses have been recognized as agents of
bacterial mortality for nearly a century (Duckworth
1976), their role in the environment has come under
study only recently. Present evidence suggests that
viruses play a critical role in the microbial loop of both
freshwater (DeBruyn et al. 2004) and marine systems
(Wilhelm & Suttle 1999, Suttle 2005). As obligate
pathogens, viruses release previously fixed carbon in
forms which are bioavailable to co-existing heterotrophs (Fuhrman 1992). Moreover, nutrients like N, P,
Se and Fe (Gobler et al. 1997, Poorvin et al. 2004,
Mioni et al. 2005), and even amino acids (Middelboe &
Jörgensen 2006) can be made bioavailable to microbial

community members after viral lysis of host cells.
Aquatic viruses are also thought to influence the
structure of microbial populations through the ‘kill the
winner’ mechanism, i.e. by controlling abundances of
dominant community members, allowing less competitive members to survive (Thingstad & Lignell 1997). As
such, it is apparent that viruses may influence community diversity during the establishment, proliferation
and decline phases of any microbial population (Brussaard et al. 2008).
Much of our current knowledge concerning virus–
host interactions and distributions in marine environments is derived from studies conducted on local
spatial scales (~10s of km). Few studies have focused
on temporal changes and fewer still have examined
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viral parameters on oceanic scales (1000s of km). To
answer questions concerning the global impact of
viruses on marine ecosystems and identify constraints
on viral activity, we must first examine virus-associated parameters over these larger spatial regions. Viral
abundances and viral decay rates have previously
been examined over a ~5000 km transect along the
western coast of South America (Wilhelm et al. 2003).
That study distinguished the effects of both latitudinal
gradients in light and localized ocean physics (e.g.
upwelling) on communities. However, factors such as
viral production rate and burst size (the abundance of
viruses released per lytic event) have yet to be measured over such large distances.
No detailed process study on the NASB has been
conducted since the end of the JGOFS North Atlantic
Bloom Experiment in 1989/1990, despite the generally
recognized biogeochemical importance of this occurrence. Early studies focused primarily on phytoplankton and parameters of photosynthesis (Sieracki et al.
1993, Balch et al. 1996). Typically, early blooms of
diatoms are succeeded by coccolithophorids towards
the later stages of the bloom, likely due to factors
such as the changing availability of nutrients. These
changes in the structure of the pelagic food chain can
alter the diversity of higher trophic levels.
During a 2005 cruise to the spring bloom, we estimated parameters associated with viral infection and
production rates as we transited from the oligotrophic
Sargasso Sea to the more eutrophic North Atlantic. A
study bridging these 2 contrasting regimes provides a
unique opportunity to see how biotic and abiotic parameters influence viral distributions, production rates,
and estimates of lytic burst sizes. The results provide
insights into processes across large spatial scales, and
through natural transitions between 2 regimes of contrasting stability and trophic status.

200 m). Salinity, water temperature, in situ fluorescence (a proxy for chl a), pressure, density, conductivity, oxygen, oxygen saturation, and SPAR (surface
PAR) were all measured using the CTD package
mounted on the rosette sampler. Data presented
herein are from surface (5 m) water samples, and have
been limited to those that correspond with 32 viral production assays that were carried out (discussed below).
Fig. 1 shows the locations where assays were done.
Chlorophyll a. Size-fractionated chl a concentrations were determined on replicate samples collected
on 0.22, 2.0, and 20.0 µm nominal pore size, 47 mm
diameter polycarbonate filters (Osmonics). Samples
were extracted in 90% acetone for 24 h at 4°C and
quantified using a solid-standard normalized 10-AU
field fluorometer (Turner Designs) using the nonacidification protocol (Welschmeyer 1994).
Viral abundance. The abundance of viral particles
was determined for whole water samples which were
preserved in 2% final glutaraldehyde and then processed immediately at sea (Wen et al. 2004). Slide
preparation involved staining 850 µl of sample with
SYBR Green (Noble & Fuhrman 1998). All slides were
stored at –20°C until virus-like particles could be enumerated via epifluorescence microscopy using a Leica
DMRXA with a ‘wide blue’ filter set (λEx = 450 to
490 nm, λEm = 510 nm, with suppression filter at λ =
510 nm). For each slide, > 20 independent fields were
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MATERIALS AND METHODS
Cruise logistics. Samples were collected while on
board the RV ‘Seward Johnson’ at 15 underway stations in the Sargasso Sea, and at 54 ‘process’ stations
in the North Atlantic. On the Sargasso transit leg
between Florida and the Azores (a non-stop ‘deadhead’ transit), daily samples were taken underway
from the ship’s clean surface pump (~5 m) as well as
from a single depth profile. On the North Atlantic transect from the Azores to Iceland, station locations were
chosen based on satellite images indicating coccolithophorid blooms. On this leg, daily water column
profiles were taken in the morning from 2 CTD casts;
one shallow (with samples collected from 5 to 50 m)
and one deep (with samples collected from 70 to

40˚

40˚
12

3

4

5

6

11 & 12
7 8 & 9 10
13

20˚
km
0 500 1000
Fig. 1. Locations where viral production estimates and corresponding measurements were completed. Numbers 1 to 13
correspond to stations within the Sargasso Sea; Numbers 15
to 32 correspond to stations within the North Atlantic
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viewed with the total of each grid noted to ensure particles were evenly distributed across individual filters.
Standard deviations were calculated from the range of
counts per field per slide.
Viral production. Viral production was estimated
based on the virus reduction assay (Wilhelm et al.
2002) with abundances for each time point enumerated
as described above. Four of the dilutions were prepared using a Millipore lab scale tangential flow filtration system with 0.22 µm filter cartridges (vis-a-vis
Winget et al. 2005), although we have subsequently
seen no difference between these 2 approaches (deadend vs. tangential flow filtration, not shown). Briefly,
500 ml of sample water was reduced over a 0.22 µm
filter (either dead-end or tangential flow filtration),
reducing free viral particles and briefly concentrating
the cellular community. Cells were resuspended in
500 ml of ultrafiltrate (free of viral particles) and
divided into three 150 ml samples within 250 ml clear
bottles. Samples for viral particle and cell enumeration
were taken every 2.5 h for a period of 10 h. Bottles
were incubated in on-deck flow seawater incubators
under ambient daylight attenuated through bluetinted acrylic to simulate natural temperatures and
light penetration through surface waters. Ultrafiltrate
was generated from surface water from the same station where each viral production sample was taken.
Standard deviations of production rate were calculated
from the averaged slopes of independent triplicate
samples (data plotted as virus-like particles over time).
Burst size and percentage of infected cells. A 50 ml
sample of the whole water used for viral production
estimation was preserved immediately with 2% glutaraldehyde (final) and stored at 4°C until processing
(~2 mo post-cruise). Approximately 30 ml of sample was
centrifuged onto carbon-coated collodian films on top of
400 mesh copper grids and each sample-laden grid then
stained with 0.75% uranyl formate. Grids were examined using 100KeV on a Hitachi H-800 transmission
electron microscope under magnifications of 15 000 to
20 000 × to scan over samples, 30 000 to 40 000 × to examine cells, and 50 000 × to photograph images. Burst size
and abundance of visibly infected cells were determined
by visual examination (Weinbauer & Suttle 1996). All
burst sizes were considered minimal estimates as more
particles may have been produced before lysis. Except
for a few samples with very low cell abundance, a minimum of 1000 cells was examined for each sample. Because some of the samples from the Sargasso Sea had too
few cells to allow complete examination, a subset of the
results from several stations were combined and assumed to be constant for all of the Sargasso Sea.
Calculation of % MVL and % IC. The host mortality
due to viral lysis (% MVL) was calculated by dividing
the rate of viral production by the corresponding mini-
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mum burst size to determine the abundance of hosts
lysed, and then dividing the quotient by the bacterial
standing stock. Percentage of infected cells (% IC) was
simply calculated from the percentage of visibly
infected cells (VIC) as previously described (Binder
1999) using the following equation:
% IC = (7.1) × (VIC) – (22.5 × VIC2)
Bacterial abundance and production. Bacterial
abundance was determined using paraformaldehydefixed samples that were filtered onto 0.2 µm pore-size
black polycarbonate filters (Porter & Feig 1980) and
then stained with a solution containing 1µg ml–1 4’, 6diamidino-2-phenylindole (DAPI) in a phosphate
buffer containing 0.5 M NaCl. The filter was mounted
on a glass slide with a cover slip and total bacteria
(including Archaea and picoplanktonic Cyanobacteria) were enumerated by epifluorescence microscopy
using semi-automated image analysis. Bacterial production was estimated from leucine incorporation rates
measured by standard methods (Kirchman 2001). Triplicate samples with 3H-leucine (20 nmol l–1) were incubated for 2 h at the in situ temperature. The incorporated 3H-leucine was precipitated by trichloroacetic
acid (TCA), collected by centrifugation and then rinsed
with TCA and ethanol. The samples were then dried
and radioassayed to determine 3H-leucine uptake.
Killed controls were poisoned with TCA. A conversion
factor of 1.5 kg C mol–1 of incorporated leucine was
used to calculate biomass production.
Bacterial biomass, cell size, and cell volume. Bacterial biomass was estimated from cell abundance data
determined by epifluorescence microscopy and semiautomated image analysis of samples stained with
0.5 ng µl–1 of DAPI. Cell sizes were estimated from the
DAPI image as described previously (Cottrell & Kirchman 2003). Bacterial cell volumes were measured from
solids of revolution constructed by digital integration
(Sieracki et al. 1989).
Nutrient concentration and regeneration. Concentrations of nitrate + nitrite, ammonium, phosphate and
dissolved silicate were determined colorimetrically
(Grasshoff et al. 1999) by a standard autoanalyzer
(Futura continuous flow analyzer, Alliance Instruments) as soon as the samples were collected at each
process station.
To provide an idea of virus-driven nutrient regeneration through both transects, estimates were calculated based on previously determined quotas of C
(23.3 fg cell–1) (Simon & Azam 1989), N (5.6 fg cell–1)
(Lee & Fuhrman 1987), and Fe (1.1 ag cell–1) (Tortell et
al. 1996) released as a result of daily viral lysis within a
community.
Statistical correlations. For selected parameters in
the Sargasso Sea and North Atlantic, linear regression
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of untransformed data was done using software associated with SigmaPlot (ver. 9.0). Since assumptions of
normality were not met in distributions of all variables,
the nonparametric Spearman Rank Correlation coefficient was calculated as a measure of correlation between all possible pairs of variables. Statistical analysis
was done using the NCSS statistical analysis software
package. Correlations warranting p < 0.05 were
considered significant. Multivariate examinations of
data were carried out using Canoco (ver. 4.5, Plant
Research International). Canonical correspondence
analysis (CCA) was performed to determine overall
multivariate patterns in the data. Viral production and
abundance, bacterial production and abundance, burst
size, and cell volume were used as the response (biological) variables, and latitude, total chl a, micro-,
nano-, pico-chl a, salinity, and temperature as the predictor (environmental) variables. Monte Carlo permutation tests confirmed the significance of both canonical correspondence axes.

RESULTS
Size-fractionated chl a concentrations along the
entire transect reflected an expected trend. Chl a was
dominated by the picophytoplankton size fraction in
the Sargasso Sea, while that in the North Atlantic had
variable size distribution and higher concentrations
(Fig. 2). Likewise, the abundance of virus-like particles
followed a similar trend, with higher viral abundances
in North Atlantic waters (Figs. 3A & 4A). Viral abundance in the Sargasso Sea showed a clear increase as

Fig. 2. Size-fractionated chl a concentrations in surface water
samples (taken along the cruise track) from which viral
production assays were performed. Inset is a detailed view of
the Sargasso Sea samples. (s) > 20.0 µm, ( ) 2.0 to 20.0 µm,
and (M) 0.22 to 2.0 µm nominal pore size. Error bars are
ranges of duplicate samples

Fig. 3. (A) Virus-like particle abundances in surface water
samples taken along the Sargasso Sea transect, from which
viral production assays were started. Error bars are variations
in virus-like particle counts per field of view after 31 fields
were viewed per sample. (B) Viral production rates of surface
waters in the Sargasso Sea. Re-appearance of virus-like
particles was enumerated over time after free particles were
removed. Error bars are SDs of triplicate samples as described
in ‘Materials and methods’

the sampling headed northeast. However, the much
higher viral abundances in the North Atlantic were
highly variable and without a clear trend. Virus-like
particle production rates in the Sargasso Sea and
North Atlantic (Figs. 3B & 4B) did not follow the same
trends as chl a concentrations or viral abundance. Production rates in the Sargasso Sea varied from ~0.2 ×
108 to 3 × 108 particles h–1, showing a slight increase at
stations in the middle of the transect but then decreasing down to the rate which predominated in the North
Atlantic. With only one exception, the rates in the
North Atlantic remained consistent and at a median
level when compared to those of the Sargasso Sea.
The average minimal burst size for the Sargasso Sea
(n = 3) was estimated at 11.67 virus-like particles per
cell. For the North Atlantic samples, average minimal
burst sizes were slightly higher (Fig. 5A) and were not
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Fig. 4. (A) Virus-like particle abundances in surface water
samples taken along the North Atlantic transect, from which
viral production assays were started. Error bars are variations
in virus-like particle counts per field of view after 31 fields
were viewed per sample. (B) Viral production rates of surface
waters in the North Atlantic. Re-appearance of virus-like
particles was enumerated over time after free particles were
removed. Error bars are SDs of triplicate samples as described
in ‘Materials and methods’. Inset is data plotted on a
logarithmic scale

Fig. 5. (A) Minimum burst sizes of infected cells in surface
water samples from the North Atlantic. Error bars are variances of virus-like particles per cell within a sample. Sample
21 was lost during processing. (B) Percentage of visibly
infected cells taken from surface water samples (North
Atlantic) from which viral production assays were performed.
Samples were viewed under transmission electron microscopy and analyzed for a minimum of 1000 cells. No variance
estimates were generated, as only one sample was analyzed
per station. Data from sample 21 not included

significantly different between stations (p > 0.05).
The percentage of visibly infected cells, however,
showed no clear pattern for the North Atlantic samples
(Fig. 5B).
To examine how viral production data related to
environmental and other biological parameters, we
performed several statistical analyses. Linear comparisons of viral production rate and chl a concentration
(Fig. 6A), viral production rate and viral abundance
(Fig. 6B), and viral abundance and chl a concentration
(Fig. 7) demonstrated no overall correlations between
these parameters across both regimes, but allowed for
a clearer look at each separate regime. Results from
the Sargasso Sea suggested a strong positive relationship between viral abundance and chl a concentrations
(Fig. 7) (r2 = 0.832, p < 0.001), and to a lesser extent
between production rate and abundance (Fig. 6B) (r2 =

0.630, p = 0.0012). Although no significant linear relationships in the same parameters were evident in the
North Atlantic results, 2 trends were made evident in
Fig. 6; a constant narrow range of viral production rate
during large changes in chl a and in viral abundance.
Additionally, we examined the ratio of viral to bacterial
abundances for the Sargasso Sea (Fig. 8A) and the
North Atlantic (Fig. 8B). Again, a statistically significant linear relationship was evident in the Sargasso
Sea (r2 = 0.830, p < 0.001), but not in the North Atlantic.
Because only a subset of the data analyzed is being
discussed, an abbreviated set of the Spearman Rank
Correlation analyses is given in Table 1. To simplify
this massive dataset, relationships where no statistical
significance was observed are not shown. Although a
strong correlation between silicate and virus-like
particle abundance was observed, no relationship was
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Fig. 6. (A) Virus-like particle production rates vs. total chl a
concentrations and (B) virus-like particle production rates vs.
virus-like particle abundances for the Sargasso Sea and the
North Atlantic. For both (A) and (B), all North Atlantic samples (except for sample no. 31) group together and separately
from Sargasso Sea samples, which also group together. The
linear relationship of the Sargasso Sea samples has an r2 of
0.630 (p = 0.0012)

Fig. 8. Viral vs. bacterial abundance in stations along the
(A) Sargasso Sea, and (B) North Atlantic transects. Results
show that bacterial abundance is a better predictor of viral
abundance in the Sargasso Sea (r2 = 0.690, p < 0.001) than
in the North Atlantic (r2 = 0.137, p > 0.05). North Atlantic
data were analyzed without one outlier (sample 32, included
in inset)

Fig. 7. Virus-like particle abundances vs. total chl a
concentrations for the Sargasso Sea and the North Atlantic.
Linear regression of Sargasso Sea samples has an r2
of 0.832 (p < 0.001)

noted between viral abundance and the other nutrients
measured. The large number of significant relationships (p ≤ 0.05) between viral parameters and other
biological estimates are discussed below.
Viruses were estimated to be responsible for the
daily regeneration of ~9 to 761 nM of organic C, 1.9 to
157 nM of organic N, and 0.1 to 8 pM of organic Fe
within the Sargasso Sea, with similar levels of activity
in the North Atlantic (Table A1; see Appendix 1,
available in AME Supplementary Material at www.
int-res.com/articles/suppl/a052p233_app.pdf). Results
shown are for each station where viral production rates
were also determined.
CCA performed to determine overall multivariate
patterns in the data, and Monte Carlo permutation
tests that confirmed the significance of both canonical
correspondence axes revealed the data to be in 2
clusters; one for the Sargasso Sea, and one for the
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North Atlantic, indicating that these are biologically
different systems (Fig. A1 in Appendix 1). Redundancy
analysis was also done using the same biological and
environmental variables as for the CCA. This linear
model also revealed a separation of Sargasso Sea and
North Atlantic data (Fig. A2 in Appendix 1), supporting the CCA results.

Viral abundance
Chl a
Total (> 0.2 µm)
0.2 – 2.0 µm
> 20 µm
2.0–20.0 µm
Bacterial abundance
Bacterial production
Cell volume
Burst size
Salinity
North Atlantic only
% VIC
Ammonium
Nitrate/Nitrite
Phosphate
Silicate

rs

VP
Parameter

Table 1. Spearman rank correlation analysis contrasting viral production rates (VP) and viral abundance (VA) with biotic and abiotic parameters. Significant relationships
(p < 0.05) are given in bold. ND = not determined, rs = correlation coefficient, VIC = visibly infected cells
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During the NASB 2005 project, we had the opportunity to collect samples from 54 characterized stations in
the North Atlantic. As part of this study, we were also
able to collect a subset of data during the transit run
from Florida to the Azores. While the latter data was
less complete than the data set for the North Atlantic,
the results of both surveys are included in this paper in
an attempt to shed some light on differences in the production, abundance, and estimated effects of viruses in
these well-defined and trophically different systems.
Although interest in viral ecology has grown significantly in recent years, the factors which constrain the
rates of viral production in aquatic systems have
remained elusive (Suttle 2005, Brussaard et al. 2008,
Wilhelm & Matteson 2008). Our data demonstrate that
viral production rates are better predicted by common
oceanographic parameters (e.g. chl a, viral abundance)
in the Sargasso Sea than in the North Atlantic. The
constraints on viral production within the less dynamic
Sargasso appear to be a function of the relatively constant and comparably low abundance and diversity of
the potential host population that contain both heterotrophic and phototrophic cells (Ducklow et al. 1993,
Harrison et al. 1993, Steinberg et al. 2001, this study).
In the more dynamic North Atlantic, with its episodic
and transitory phytoplankton blooms, viral production
rates appear to hold a more complex relationship with
the coexisting biotic and abiotic factors. This relationship suggests a possible threshold effect of lesser
known constraints on viral production and abundance
that act/become more significant after thresholds have
been reached by factors of greater impact. These situations render pair-wise analyses less effective and
emphasize the need for methods and statistical analyses which can tease apart the true multi-factor relationships, including those involving specific virus-host
populations.
Chl a concentrations measured over the length of the
cruise reflect the disparate biomass of primary producers
in these 2 oceanic systems. The oligotrophic Sargasso
Sea was predictably dominated by picophytoplankton
(Li et al. 1992) and the nutrient-rich North Atlantic was
dominated by a series of events collectively termed the
NASB (Martin et al. 1993). Abundance of viruses in both
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regimes reflected the expected trends based on previous
examinations of oligotrophic and mesotrophic marine
waters (Wommack & Colwell 2000). Abundance increased in more productive waters, but reached a
plateau at the most productive stations, suggesting that
a stable dynamic between the factors influencing viruslike particle appearance and decay had been reached
(Wilhelm et al. 1998a, Weinbauer et al. 1999). Although
total virus-like particle abundances remained within a
narrow range in the North Atlantic samples, this does not
necessarily indicate an unchanging viral community as
turnover rates were high. It is likely that a change in host
community structure would be mirrored by a change in
the viral community structure, although this was outside
the scope of the current study.
In this study, viral production assays were always
carried out under in situ light conditions to reduce artificially imposed limits and to ensure accurate inclusion
of viruses infecting phototrophic organisms. As such,
most of the rates observed were within the ranges seen
in other studies (Weinbauer et al. 2002, Wilhelm et al.
2002, Poorvin et al. 2004, Winter et al. 2004), although
our highest estimate (from Stn 31) was an order of
magnitude greater than rates observed in other systems, suggesting that this may be an outlier. Viral
abundance and production rates in the Sargasso Sea
transect increased as sampling progressed from the
gyre into more productive waters. However, as we
moved into North Atlantic waters, both abundance and
production rates leveled off. Although it was not surprising to see an increase in viral production in waters
of increased system productivity, that viral abundance
and production remained constant during sampling
across different algal bloom stages and across changes
in community structure was not expected. These
results suggest that the effects of system productivity
on viral proliferation may have reached an upper limit
(a threshold effect), leaving traditionally less influential factors responsible for minor fluctuations. Although
this resulted in an apparent lack of relationship
between system productivity and viral parameters,
monitoring of changes in system productivity and viral
parameters over such a large scale (2 distinct oceanic
regimes) has provided us with a far more complete
picture than would have been obtained from examining the North Atlantic system alone. It is not logical to
assume that the relationships between system productivity and viral parameters would become insignificant
or even suddenly cease to exist without some other
factor or set of factors exerting influence.
Burst size estimates for lytic events in both the
Sargasso Sea and North Atlantic were low in this study,
ranging from ~11 to 25. Historically, estimates of burst
size used in calculations of virus-inferred mortality
have been high (up to ~500), and were based on

estimates taken from observations of primarily coastal
populations (Wommack & Colwell 2000, Weinbauer
2004). While burst sizes were relatively invariant in the
North Atlantic, the percentage of visibly infected cells
fluctuated between 2 and 6% with no apparent pattern.
These results indicate that there are factors that influence the rates of infection and lysis. Infection rate is
most affected by contact rates and host density, while
burst size depends on initial cell size and/or host metabolism, as well as viral particle size (Weinbauer 2004).
Cells in the Sargasso Sea samples were too sparse to
allow estimation of the percentage of visibly infected
cells at each station, but a collectively estimated burst
size was clearly lower than those determined for the
North Atlantic. The lower production of the Sargasso
Sea could explain the lower burst size. Host cells may
not have sufficient energy or nutrients to package as
many viral particles as their counterparts in more productive waters. That bacterial burst sizes in the North
Atlantic were higher, yet fairly constant, could be an
indicator that host metabolism in this system had
reached influential maxima. It has been accepted that
system productivity via host metabolism is a significant
factor limiting burst size (Weinbauer 2004). The fluctuating percentages of visibly infected cells in the North
Atlantic could have been due to changes in specific
host cell density and/or diversity.

Regulators of viral production
To examine how viral parameters relate to one another as well as to environmental variables, pair-wise
correlations were first examined for all data followed
by a more in-depth examination using Spearman Rank
Correlation analyses. This analysis does not make assumptions on how the data are distributed (e.g. normal
as in parametric analyses) and is therefore more suitable for analyzing results from natural samples. The
multivariate approach (CCA) used to assess the grouping of North Atlantic and Sargasso Sea data (those
common in both transects) was chosen because it is
unimodal (i.e. does not assume linear relationships,
allowing for data to find an optimum along a gradient)
and constrained (i.e. allows axes to be made from the
known environmental parameters to better show relationships). In short, CCA provided the statistical
backing to differentiate the North Atlantic oceanic
regime from that of the Sargasso Sea, allowing us to
separate these transects for parametric and nonparametric analyses discussed below. Redundancy
analysis, which uses a linear species distribution
model, also showed that the data fell in 2 distinct
clusters. This analysis was performed to see any differences between unimodal and linear models of data
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representation. Both analyses, however, did not yield
any multivariate relationships within or between the
biological and environmental parameters examined.
Within the parametric analyses, viral production rate
vs. total chl a, viral abundance vs. chl a, and viral production rate vs. viral abundance were of sufficient
interest to present and discuss. From these 3 comparisons, we see different trends in the data depending on
sample location. Correlations between viral production
rates and chl a have been suggested to be due to the
linkage between primary production rates and overall
ecosystem energetics (Maranger & Bird 1995). In our
study, viral production was positively correlated to
chl a for the Sargasso Sea data set. In the North
Atlantic, rates of viral production were relatively constant, and as such appeared independent of changes in
phytoplankton biomass (chl a). Many new hypotheses
arise from these observations, with the relative simplicity and stability of the system in question potentially being of great importance. The Sargasso Sea,
with sparse host population abundance, minimal water
movement (i.e. no interior currents), and persistent
sunlight which can induce UV damage in viral particles (Wilhelm et al. 1998b), is an environment where
viral production rates are most likely to be closely
dependent on system energetics. In contrast, the North
Atlantic is an environment where biological processes
are more dynamic; periods of low productivity are contrasted by the significant bloom events of the NASB,
and multiple currents provide mixing and turbulence
as well as importation of nutrients (Ducklow & Harris
1993, Gregg 2002, Faure & Speer 2005, Limeburner et
al. 2005). Factors controlling viral production within
this region may thus be more complicated and intertwined. Transient changes in host populations along
with changes in water column chemistry and mixing
undoubtedly lead to rapid seasonal cycling of viral
populations (‘boom and bust’), somewhat contrasting
with Thingstad & Lignell’s (1997) ‘kill the winner’
hypothesis. Other factors such as the transient nature
of water column clarity (due to biological fluctuations
and mixing) in this region may influence processes
such as UV-mediated decay. The decay rate of viral
particles was not examined in this study.
In contrast to previous efforts, our study included
rates of production of virus-like particles infectious to
both algae and bacteria (as estimates were made at in
situ light levels and not in the dark). Weinbauer (2004)
has previously suggested that correlations between
viral and bacterial abundance exist primarily because
most viruses are believed to infect bacteria. In our
study, analysis of virus to bacterium abundance ratios
suggests that a relationship exists for the Sargasso Sea
(Fig. 8A) (r2 = 0.690) but not for the North Atlantic
(Fig. 8B) (r2 = 0.137). However, again the grouping of
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data points across both regimes suggests that a threshold effect comes into play when bacterial abundance
reaches 8 × 105, perhaps explaining why no apparent
relationship exists between these 2 parameters when
looking solely at the North Atlantic data. It thus
appears that viral production in the Sargasso is a function of bacterial activity and abundance. However, the
strong correlation between viral abundance and chl a
(Fig. 7) indicates that viral production is also a function
of primary production and biomass, and this is supported by the significant correlation between viral
abundance and viral production (Table 1) for the Sargasso Sea data. The same correlations may exist for the
North Atlantic, but the higher primary and heterotrophic production rates may have masked the correlation of viral parameters to bacterial parameters and
vice versa. This does not reject the possibility of a
threshold effect as discussed earlier, which may be
another complicating factor to this mixture of viral and
system parameters. Overall differences between the 2
data sets clearly show that relationship patterns are
regime dependent, and that analyses must examine
data separately as well as collectively.
For the entire data set for both regimes, all of the
biological parameters except burst size correlate significantly with viral production rates. Correlations with
viral abundance are similarly significant except for cell
volume. Further examination of the data, however,
suggests that the combined observations are driven by
the Sargasso Sea data, with only bacterial and viral
abundance correlating significantly in the North
Atlantic samples (although not under normal distribution as discussed previously). In all, these observations
support the contention that viral abundance and production in the constant Sargasso Sea environment are
more predictable than in the dynamic North Atlantic
system.
Also notable are several observations of weak, yet
significant correlations that cannot be adequately
explained due to limited sample size and range
(Table 1). In the entire data set, but not for either of the
individual transects, bacterial cell volume was negatively related to viral production, but not to abundance.
Burst size displayed a negative relationship to viral
abundance in the North Atlantic samples. It remains
surprising that burst size and the percentage of visibly
infected cells did not correlate with virus-like particle
production rate or with abundance. One possibility is
that burst size only influences viral abundance and
production within certain limits (i.e. to the degree that
host diversity and trophic status control the abundance
of viruses produced). As suggested for marine phytoplankton, the available nucleotide resources may be of
more direct influence on burst size (Brown et al. 2006),
but genome sizes were not analyzed here. Cell size
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could be an indicator of the cell’s ability to produce
virus-like particles, with larger cells potentially having
more energy stores to utilize and/or more machinery.
This is also supported by the significant relationship
between bacterial production and virus-like particle
production rates and abundances. More studies
focused on this area would be of value in learning the
exact nature of the relationship between cell size and
viral production. Indeed, given the constancy of our
observations across these 2 regimes, our results indicate that viral production rate and abundance may be
largely independent of the number of particles released during cell lysis.

Viral interactions with system geochemistry
In the combined data set, analyses demonstrate that
viral abundance and production are tightly coupled to
the biological parameters examined, yet are only significantly correlated to one geochemical parameter
(silicic acid). However, estimates from this study suggest that viruses in both regimes regenerate significant
concentrations of dissolved organic C as well as trace
elements (as shown for N and Fe). These results support the growing evidence that viruses are major drivers of the nutrient regeneration that supports > 70%
of marine productivity (Raven & Falkowski 1999), and
that viral productivity is tied directly to biological
rather than biogeochemical processes (Poorvin et al.
2004).
Dissolved silicate concentrations in the North
Atlantic had a strongly significant positive correlation
with viral abundance but not with production
(rs = 0.808, p < 0.001) in the Spearman analysis. We
hypothesize that nutrient usage by primary producers
would likely lead to increased cellular metabolism, and
subsequently increase viral production rates and
abundance. However, the lack of relationship between
the viral parameters and nearly all of the nutrients suggests a disconnect between viral production rates and
abundance from the trophic status of the North
Atlantic. In part, this may be explained by nutrient
concentrations that are subject to the episodic bloom
events described above. In the case of the relationship
between viral abundance and silicate, these results
suggest that correlations between viral abundance and
diatom proliferation may be strong and negative
(floristic data is not currently available). Viral infection
of diatoms in marine waters has rarely been documented, and viruses have only recently been characterized for a few diatoms (Nagasaki et al. 2004, 2005).
However, for other algae in this ecosystem (e.g. Emiliania huxleyi), viral infection has been very well studied
and is thought to be common (Schroeder et al. 2003,

Evans et al. 2007). As such, the correlation between
high dissolved silicate and high viral abundance and
production rates is probably a reflection of the role of
viruses in the regulation of populations of algae other
than diatoms when diatom densities are too low to
draw down dissolved silicate.
While system geochemistry appears to influence
viral abundance and production, it is well known that
viral activity also influences system geochemistry. In
this study, viruses were estimated to be responsible for
the daily regeneration of ~9 to 761 nM of organic C, 1.9
to 157 nM of organic N and 0.1 to 8 pM of organic Fe
within the Sargasso Sea, with similar levels of activity
in the North Atlantic (Table A1 in Appendix 1). While
the amount of organic C (dissolved and particulate)
recycled by viral activity is small compared to the 68 to
78 µM DOC pool in the Sargasso Sea (Carlson & Ducklow 1996), this pool should include a labile fraction
which is highly bioavailable to the microbial community (Middelboe & Jörgensen 2006).
Perhaps more significant are the concentrations of N
and Fe which are recycled back into the water column
during the lysis of host cells. Previous studies have
demonstrated that the vast majority of Fe released during virus-mediated cell lysis is organically bound
(Poorvin et al. 2004). It can be anticipated that most of
the N released is organic as well. Viral activity may
thus drive biogeochemical pathways that favor organic
rather than inorganic nutrient cycles, ultimately influencing community structure and diversity. Fe released
by virus-mediated cell lysis (and other mechanisms
such as grazing) has been shown to be highly bioavailable to various marine plankton (Gobler et al. 1997,
Poorvin et al. 2004, Mioni et al. 2005). Therefore, it
may be rapidly recycled even though it represents only
1 to 3% of the total dissolved Fe concentrations that
have been previously measured in this system (Wu &
Boyle 2002).
In summary, this study has provided insights on how
virus-host interactions are affected by environmental
parameters, and how the constraints on viral abundance and production may be a function of the stability
of the regime being considered (constant vs. dynamic).
The ability of viruses to respond to their environment
highlights the adaptability of these obligate pathogens. Indeed, if we were to readdress previous efforts
to understand how different plankton communities are
structured (Hutchinson 1961), it becomes apparent
that regardless of the trophic status or temporal stability, viruses must play a significant role in the outcome.
The adoption of novel molecular tools which can more
specifically address processes and functions associated
with individual viral groups will, in the future, address
many of the other questions raised over the course of
this investigation.
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