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ABSTRACT: In this study we show for the first time 
the microscale (mm) 2- and 3-dim ensional spatial d is­
tribution and abundance of prokaryotes, viruses, and 
oxygen in a tidal sedim ent. Prokaryotes and viruses 
w ere highly heterogeneously  distributed with patches 
of elevated abundances surrounded by areas of ca. 3- 
fold lower abundance w ithin distances of < 2  mm. 
A bundances of prokaryotes and viruses ranged  from
1.3 X IO9 to 4.2 X IO9 cells cm - 3  and 4.1 x IO9 to 13.1 x 
IO9 viruses cm-3, respectively. The results show ed 
oxygen concentration and up take  rates to be h e te ro ­
geneously distributed at the sam e spatial scale, w ith 
the oxygen penetration  dep th  varying from 1.5 to
5.8 m m  and w ith an  average (±SD) diffusive oxygen 
u p take  of 18.9 ± 6.4 mmol m - 2  d_1. Locally, p rokary ­
otes, viruses, and oxygen w ere found to be positively, 
negatively, or not correlated, bu t overall no significant 
relationship w as detected. The lack of consistent sp a ­
tial correlation b etw een  viruses and prokaryotes was 
explained by a tem poral experim ent using organic 
carbon-enriched hom ogenized sedim ent samples. 
E nhancem ent in m etabolic activity and the prolifera­
tion of prokaryotes and viruses w ere not com pletely 
phased. These results suggest tha t local nourishm ent 
is likely to be an  im portant driver of a h igh small-scale 
he terogeneity  in abundance and dynam ics of benthic 
viruses and prokaryotes. This is expected  to influence 
the rates and regulation of benthic v iru s-host in te r­
actions and thus m icrobial biogeochem ical cycling.
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Oxygen distribution across the sed im en t-w ater interphase. 
Oxygen saturation varies from 0% (black) to 100% (red). 
Inset: tem poral dynamics in prokaryote and viral abundance 
in response to organic carbon enrichment.

Image: M orten Larsen

INTRODUCTION

Virus abundance  in m arine sedim ents is g en e r­
ally 1 0  to 1 0 0  tim es h igher th an  in the pelagic 
zone (W einbauer 2004), ye t still very  little is 
know n abou t their role in  ben th ic  environm ents. 
The conditions in sed im ents differ in m any ways 
from  those of free w ate r m asses, b u t 3 factors are 
of particu lar im portance for p ro k ary o te -v iru s  in te r­
actions: sed im ents have an  enorm ous surface a rea  
and  low transpo rt coefficients, and  the  volum e- 
specific m icrobial activity of surface sedim ents is 
orders of m agn itude  h igher th an  in  w ate r colum ns 
(Glud 2008).
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G enerally  the abundance  of viruses correlates p os­
itively w ith prokaryote abundance  (e.g. M iddelboe et 
al. 2006, D anovaro et al. 2008) and  activity (M iddel­
boe et al. 2003) in sedim ents, and  viruses have been  
show n to be a dynam ic com ponent of m icrobial com ­
m unities in m arine sedim ents w ith potentially  large 
im pact on prokaryote m ortality and biogeochem ical 
cycling (Hewson et al. 2001, Fischer e t al. 2003, Glud 
& M iddelboe 2004).

Prokaryote and  viral abundance  norm ally decrease 
w ith sed im ent depth, as resolved by traditional v e rti­
cal sedim ent slicing at cm to m resolution (e.g. H ew ­
son et al. 2001, Glud & M iddelboe 2004, M iddelboe 
et al. 2011). Horizontally, viral distribution has been  
m onitored along transects at spatial scales ranging  
from a few  cm to km distance (e.g. H ew son et al. 
2001, M iddelboe & Glud 2006, M iddelboe et al. 
2006). These studies concluded tha t despite  an over­
all positive relationship  be tw een  trophic status and 
the abundance  of prokaryotes and  viruses, m ost of 
the variability is expressed  on a m uch sm aller spatial 
scale, w ith large differences in abundances of p ro ­
karyotes and  viruses in sed im ent patches separa ted  
by a few  cm (Hewson et al. 2001, M iddelboe & Glud 
2006, M iddelboe et al. 2006). Since the m icrobial 
m etabolic activity is driven by a highly patchy  m icro­
scale distribution of both electron donors and  accep ­
tors (Fenchel & G lud 2000, Glud et al. 2009), none of 
these studies focused on the m ost re levan t spatial 
scale for interactions betw een  m icrobial com m unities 
and  viruses.

H ere we exam ined the small scale (mm) 2- and  3- 
dim ensional spatial distribution and  abundance  of 
prokaryotes and  viruses in com bination w ith oxygen 
m easurem ents in shallow  coastal sedim ents to m ap 
sm all-scale distribution in m icrobial abundance  and 
activity. Additionally, to resolve possible lack of cor­
relation betw een  virus and  prokaryote abundance, 
we also exam ined successive changes in the a b u n ­
dance of prokaryotes and  viruses in hom ogenized 
sedim ent sam ples as a function of the  com m unity 
m etabolic activity.

MATERIALS AND METHODS 

Study site and sedim ent characteristics

Sam pling w as conducted  in N ovem ber 2009 at low 
tide in D unstaffnage Bay (West Coast of Scotland, 
56° 27.0' N, 5° 26.4' W) at a w ater tem pera tu re  of 9°C. 
The sedim ent was sam pled using a custom  m ade 
sam pler, allow ing the transfer of intact sedim ent

cores into the flow cham bers. T hree cores w ere sam ­
pled  and  used  for genera l characterization  of sed i­
m ent porosity and  the content of organic m atter. 
Briefly, 3 sedim ent cores w ere sam pled and  sliced 
every  0.5 cm to a m axim um  dep th  of 5 cm. Porosity 
(tp) w as determ ined  from the density  and  the w eight 
loss after drying at 105°C for 24 h, and  decreased  
from 0.6 v /v  at the  sedim ent surface to 0.40 v /v  at 
5 cm depth . The content of organic m atter w as m eas­
u red  from the w eight loss of dried sam ples after com ­
bustion at 450°C for 24 h, and  w as h ighest in the top 
0.5 cm (2.3% dry w eight), g radually  declining to 
-1 .7  % at 5 cm depth . At the sam e time, undisturbed, 
intact sedim ent w as sam pled and  im m ediately tran s­
ferred  into p re-constructed  flow cham bers (20 x 15 x 
8  cm; H x L x W). O nce in the  laboratory, the sed i­
m ent w as kept subm erged  under re-circulating  sea ­
w ater at in situ tem pera tu re  (9 ± 1°C) and  0 2 concen­
tration for 2  d before experim ents w ere carried  out.

Two experim ents (2 dim ensions, 2D; and  3 d im en­
sions, 3D) w ere perform ed w ith the sedim ent. In each 
experim ent, abundances of prokaryotes and  viruses 
w ere m easured  in parallel to oxygen (0 2) concentra­
tions and  dynam ics. The m easurem ents of 0 2 con­
centrations and  dynam ics w ere perform ed using 
p lanar optodes (2D) and m icroelectrodes (3D).

Planar optode im aging

The principles for p lanar optode im aging have 
b een  previously described in detail (Glud et al. 1996, 
Holst et al. 1998, Holst & G runw ald  2001) and  are 
only briefly described below. The im aging system  
w as based  on a 1.3 m egapixel fast gatable, 12-bit, 
Peltier cooled, charge-coupled  device cam era (Sensi- 
Cam , w w w .PC O .de) equ ipped  w ith a 25 mm/1.4 
N ikon w ide-angle  lens equ ipped  w ith 690 nm  long- 
pass dichroic color filter (UQG optics, www.UQG 
optics.com) (Frederiksen & Glud 2006). Excitation 
light was delivered  from 4 h igh pow er light-em itting 
diodes (LEDs, À-peak = 445 nm, LXHL-LR3C, Lux- 
eon, F = 340 mW at IF = 700 mA), equ ipped  w ith a 
475 nm short-pass dichroic color filter (UQG optics, 
www.U Q G optics.com ). To allow m easurem ents of 
the relatively short-lived phosphorescent lifetime, 
the cam era and an LED pow er supply w ere synchro­
nized w ith a custom m ade trigger box. The trigger 
box was connected  to a PC and  controlled by the soft­
w are Look@Molli (Holst & G runw ald 2001). The 
phosphorescent lifetime w as in ferred  from 2  well 
defined tim e fram es configured by the Look@Molli 
software. R ecorded im ages w ere calibrated  using the

http://www.PCO.de
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phosphorescent lifetime recorded  in 2  areas w here 
the foil w as exposed to know n 0 2 concentrations 
(1 0 0 % air saturation in the overlying w ater and  0 % 
air saturation in deep  anoxic sedim ent layers), and 
using a rea rran g ed  m odified Stern-V olm er equation.

C  =  -
Ks v -( T - T o - O c ) ( 1)

w here x0 is the  phosphorescen t lifetime in the 
absence of 0 2 and  x is the lifetime in the p resence of 
any given oxygen concentration (C), Ksv is the bi- 
m olecular quench ing  constant, and  a  is the non- 
quenchab le  fraction of the phosphorescent signal, 
w hich w as experim entally  determ ined  to be 0.14. All 
im ages w ere recorded  in darkness to avoid potential 
in terference from am bient light. Im ages w ere r e ­
corded using a 16 im age average to increase the 
signal to noise ratio. The m axim um  theoretical sp a ­
tial resolution tha t could be achieved w ith the given 
optical setup w as - 1 0 0  x 1 0 0  pm.

M icroelectrode profiling

0 2 profiles w ere m easured  by C lark-type m icro­
electrodes equ ipped  w ith an in ternal reference and  a 
guard  cathode (Revsbech 1989). The sensors had  
ex ternal tip d iam eters of 1 0  to 2 0  pm, a stirring sensi­
tivity <2% , and  a 90%  response time of <1 s (Gun- 
dersen  et al. 1998). The sensors w ere m ounted on a 
m otor-driven m icrom anipulator, and the sensor cur­
ren ts w ere m easured  using a p icoam m eter (PA 2000, 
Unisense) and  transferred  via an A /D -converter to a 
PC. The 0 2 m icroprofiles w ere m easured  at a vertical 
resolution of 100 pm. The sensor values w ere cali­

b ra ted  against the know n 0 2 concentration of the 
overlying w ater and  0  values recorded  in deep  
anoxic sedim ent layers. The diffusive oxygen up take  
(DOU) w as calculated using Fick's first law  of diffu­
sion, J  = D0 (dC/dz), w here  d C /d z is  the 0 2 concentra­
tion at a given dep th  w ithin the diffusive boundary  
layer (DBL) and  D0 is the m olecular diffusion coeffi­
cient corrected  for salinity and  tem pera tu re  (Glud 
2008). Two sensors w ere m ounted  on the m icrom a­
nipulator, thus 2  in d ep en d en t profiles w ere acquired  
sim ultaneously. Profiling of the 30 sam ples took 
approxim ately 6  h. Contour plots w ere m ade in 
Surfer 9.0.

Sm all-scale spatial sam pling  
of prokaryotes and viruses

Sm all-scale sam ples for prokaryote and  viral ab u n ­
dance w ere tak en  using a purpose-designed  m ini­
core. The plastic m inicore had  an outer diam eter of 
3.6 mm and  an  inner d iam eter of 3.0 mm and  a m ax­
im um  leng th  of 80 mm. As the objective of this study 
w as to sam ple both in 2D and  3D, 2 different devices 
w ere used. For the  2D sam pling, 9 m inicores w ere 
fixed and aligned  side by side separa ted  by a center 
d istance of 5.6 mm (Fig. 1A). The 9 cores p en e tra ted  
the sedim ent to a m axim um  dep th  of 27 mm. A hand  
pum p w as used  to m aintain  a vacuum  and  avoid dis­
p lacem ent of sedim ent in the m inicores, during 
recovery  (each m inicore w as connected  to the pum p 
by a plastic tube). Each of the  9 m inicores was sliced 
vertically  at a dep th  resolution of 3 mm, w ith a total 
of 9 slices. P lanar optode im ages w ere tak en  on the 
exact sam e location before sam pling.

5.6 mm
B

27
mm

11.2 mm5.6 mm

o

Fig. 1. Sam pling devices. (A) Two-dim ensional structure in w hich 9 m inicores, separa ted  by a center distance of 5.6 mm, w ere 
in serted  dow n to 27 mm depth  along a 47.8 m m  transect. (B) Three-dim ensional structure in w hich each minicore w as inserted  
dow n to 6 mm depth, separa ted  by an in ternal distance of 11.2 and 5.6 m m  in leng th  and  w idth, respectively, in a to tal of 30

holes w ithin 1481.8 m m 2
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In the 3D experim ent, the m inicores w ere inserted 
one by one through a plexiglass p late w ith a grid of 
sam pling holes (Fig. IB). The plate w as fixed to the 
wall of the flow channel, and a total of 30 m inicores 
w ere recovered and separated  from each other by an 
in ternal center distance of 11.2 and 5.6 mm in length  
and  width, respectively. Each minicore was inserted  
to a depth  of 6  mm and  subsequently  sliced in 2  depth  
intervals: 0 -3  and  3 -6  mm. M icroelectrode profiling 
in the sam e grid holes w as done prior to sampling.

Sample preparation and analysis 
of prokaryote and virus counts

Each sedim ent slice (-23 pi) w as p laced  into a ster­
ile 2  ml tube and fixed w ith 2  % g lu taraldehyde (final 
concentration) for 15 m in at 4°C. The sam ples w ere 
then  snap frozen in liquid n itrogen  and  kep t at -80°C  
until further analysis. Prokaryotes and  viruses w ere 
extracted  from the sed im ent and  trea ted  according to 
D anovaro & M iddelboe (2010) by the addition of 
tetrasodium pyrophosphate  (10 mM  final concen tra­
tion) in the dark  for 15 min and  sonicated using a 
probe sonicator (Sonicprep 150; 4 pm am plitude) in 3 
cycles of 1 m in sonication and  30 s of m anual shaking 
in an  ice bath. Then, 5 pi of the extract w ere diluted 
in 1 ml of 0 . 0 2  pm  filtered seaw ater (virus free) and 
filtered onto a 0.02 pm  A nodisc filter. Filters w ere 
stained in a drop of 10% SYBR Gold (Noble & Fuhr- 
m an 1998) for 15 m in and subsequently  rinsed 3 
tim es in a series of MilliQ w ater drops. Finally, filters 
w ere m ounted on a glass slide w ith an  anti-fade solu­
tion (50% glycerol, 50%  phosphate  buffered  saline 
pH  = 7.5, 1 % p-phenylendiam ine) and  p reserved  at 
-20°C . Prokaryotes and  viruses w ere counted  on an 
epifluorescence m icroscope (Olympus) at 600x to 
750x magnification. Per sample, 400 prokaryotes and 
viruses or at least 10 fields w ere counted. Contour 
plots w ere m ade in Surfer 9.0.

Regression analyses w ere perform ed on p ro k ary ­
ote and  virus abundance  and  0 2 concentration using 
the best fit be tw een  the 2  variables x  and  y  obtained 
by regression m odel I as described  by Sokal & Rohlf 
(1995). Norm ality w as checked  and  the confidence 
level w as set at 95%  w ith all statistical analyses con­
ducted  in Sigm aPlot 12.0.

Temporal dynamics in hom ogenized sedim ent

To understand  the potential lack of correlation 
b e tw een  prokaryotes and  viruses, another experi­

m ent w as estab lished  w here  prokaryote and  viral 
abundance  and  production, and  com m unity resp ira ­
tion (dissolved inorganic carbon, DIC) w ere followed 
over time u n d er enriched conditions at 2  different 
tem pera tu res ( 8  and  13°C). The 2 tem pera tu res w ere 
applied  to determ ine w hether the sam e tem poral p a t­
te rn  in virus and  prokaryote abundance  developed at 
2 d ifferent m etabolic activity levels. A pproxim ately 
500 g of sedim ent from 3 -6  cm depth  w as hom oge­
nized, enriched  with yeast extract (-12.5 mmol C 
k g -1), and  transferred  to duplicate gas-tigh t W ürgler 
bags (H ansen et al. 2000) under a n itrogen atm os­
phere  in a glove bag. Sam ples for prokaryote and 
viral abundance  and  DIC concentration w ere col­
lected  every 4 h for the first 24 h, after w hich the sam ­
pling frequency  w as reduced  until the  end  of the 
experim ent after 136 h. For practical purposes involv­
ing m ultiple sam pling of the  sam e hom ogenized sed ­
im ent sam ples un d er anoxic conditions, and  to over­
come sm all-scale heterogeneity  tha t m ay develop in 
the bags, a larger sedim ent volume was sam pled 
(10 g) and  processed  according to D anovaro & M id­
delboe (2010). For DIC m easurem ents, pore w ater 
from sed im ent w as retrieved  after centrifugation 
(2000 x g, 5 min), and  p reserved  in 2 ml gas-tight 
vials containing 20 pi sa tu ra ted  H gCl2 at 5°C until 
fu rther analysis on an  infrared gas analyzer (ADC- 
225-MK3; G lud & M iddelboe 2004). Rates of resp ira ­
tion w ere calculated  by linear regression  of the in ­
crease in DIC concentration over time, w hereas 
exponential rates of prokaryote and  viral n e t p roduc­
tion and  decay w ere calculated  by linear regression 
of changes in in-transform ed plots.

RESULTS 

M icroscale 2D spatial distribution

O xygen im ages resolved an 0 2 penetra tion  dep th  
(OPD) tha t varied  from 1.5 to 2.3 mm along the p ri­
m ary in terface (Fig. 2). As a resu lt of irrigating fauna, 
a few  patches of e levated  0 2 concentration w ere 
observed in the deep  otherw ise anoxic sedim ent. The 
contour plots show ed fine-scale variability in the 
distribution of prokaryotes and v iruses (Fig. 3A,B) 
across distances as small as 2 mm over the 2D area  
sam pled (1218 m m 2), i.e. 1.3 x IO9 to 4.2 x IO9 

prokaryotes cm - 3  and  4.1 x IO9 to 11.3 x IO9 viruses 
cm-3, respectively. The spatial d ispersal of both p ro ­
karyotes and  viruses w as characterized  by patches 
w ith h igher abundance  su rrounded  by areas w ith 3- 
fold lower abundances. The distribution varied  from
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W ater

similar pa tterns of p rokaryotes and  viruses (i.e. h igh 
0  prokaryote abundances associated w ith h igh  viral

(pM) abundances and  vice versa) to opposite pa tterns (i.e.
■i 2 5 0  h igh  p rokaryo tes-low  viruses or low p rok ary o tes-

h igh  viruses; Fig. 3A,B).
170 The subsequen t range in the virus to prokaryote 

ratio (VPR) w as be tw een  1.7 and  5.1, w ithout a clear 
¡ I  8 0  spatial p a tte rn  (Fig. 3C). Prokaryote abundance, viral
®  0  abundance, and  0 2 concentrations did not exhibit

statistically significant correlations (p > 0.05, n  = 83).

M icroscale 3D spatial distribution

Fig. 2. P lanar optode im age rep resen ting  the  average 2- 
dim ensional distribution of 0 2 concentration in surface sedi­
m ents as calculated from 166 optode im ages, recorded  prior 
to the  m icroscale sam pling. Crosses rep resen t the  position of 
the m icroscale sam pling for prokaryotes and  viruses in the 

sedim ent w ith w ate r above
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The sm all-scale variability  in  0 2 distributions 
(Fig. 2) w as also reflected  in the 0 2 m icroprofiles 
(Fig. 4) m easured  across a horizontal grid in  the 3D 
study. OPD varied  be tw een  2.3 and 5.8 mm, w ith 0 2 

concentrations ranging  from 40 to 139 pM  in the top 
layer (0-3 mm; Fig. 5A). 0 2 concentration 
in the bottom  layer (3-6 mm; Fig. 5B) was 
m ostly <1 pM, although areas w ith e le ­
vated  0 2 concentration w ere observed in 
a few  profiles. The m ean  diffusive 0 2 

u p take  derived from the 0 2 concentration 
g rad ien t of the DBL w as 18.9 ± 6.4 mmol 
m - 2  d_1, w hich is a typical value for coastal 
m arine sedim ents (Glud 2008).

Prokaryote and  viral abundances in 
the top layer (0-3 mm) varied  from  1.4 x 
IO9 to 2.8 x IO9 cells cm - 3  and 4.4 x IO9 to 
13.1 x IO9 v iruses cm-3, respectively 
(Figs. 6 A & 7A). In the bottom  layer 
(3-6 mm), they  ran g ed  from 1.5 x IO9 to
3.3 x IO9 prokaryotes cm - 3  and 4.4 x IO9 to
12.8 x IO9 v iruses cm - 3  (Figs. 6 B & 7B). 
The spatial distribution w as characterized 
by areas of e levated  prokaryote or viral 
abundance  occurring next to low -density 
a reas w ithin a few  mm  distance.

C om paring the spatial distribution of 
prokaryotes and  viruses in the top layer 
(0-3 mm, Figs. 6 A & 7A) show ed a few 
locations w ith similar pa tterns (high pro- 
k ary o tes-h ig h  v iruses or low prokary- 
o tes-low  viruses), bu t m ostly there  w as a 
spatial uncoupling of prokaryote and viral
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Fig. 3. Tw o-dim ensional (47.8 x 25.5 mm) distri­
bution and concentration of (A) prokaryote 
abundance, (B) viral abundance, and  (C) virus: 
prokaryote ratio in tidal sedim ent. Crosses re p ­
resen t the position of the m icroscale sam pling
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Temporal dynamics in hom ogenized sedim ent
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abundance  (high p rokaryo tes-low  viruses; low 
p rok ary o tes-h ig h  viruses), and  overall, no significant 
correlation b e tw een  prokaryotes and  v iruses or oxy­
gen  w as observed (p > 0.05, n = 26). In the bottom  
layer (3-6 mm), viral abundances ten d ed  to follow 
the prokaryote distribution (Figs. 6 B & 7B), although 
the relationship  betw een  prokaryotes and viruses in 
this anoxic layer overall w as not significant (p > 0.05, 
n = 27).

The VPR w as ra ther similar in the oxic and  the 
anoxic layer, varying from 2.7 to 5.8 in the surface 
layer (Fig. 8 A) and from 2.6 to 5.2 in the bottom  layer 
(Fig. 8 B). The experim ent w as rep ea ted  using a p a r­
allel sed im ent sam ple, w hich show ed a similar sp a ­
tial he terogeneity  in viral and  prokaryote ab u n ­
dances (data not shown).

50 100 150 200

0 2 (pinoi I-1)

Fig. 4. R epresentative 0 2 profiles recorded  w ith the m icro­
electrode from  the 3-dim ensional experim ent. Symbols rep ­
resen t individual 0 2 profiles. Profiles w ere recorded  in all 
sam pling spots prior to sam pling. The position y  = 0 rep re ­

sents the sedim ent surface

0 2 (pM)

Fig. 5. Three-dim ensional (47.8 x 31.6 x 6 mm) average 0 2 concentration in the 
(A) 0 -3  mm and  (B) 3 -6  mm sedim ent layer, com posed of 30 individual m icro­
electrode profiles. Crosses rep resen t positions of the individual 0 2 profiles

C hanges in p rokaryote  and  viral abundances 
in response to com m unity resp iration  w ere  exam ­
ined  in enriched, hom ogenized  sed im ent to explore 
possible m echanism s for the observed  spatial u n ­
coupling be tw een  their abundances in natu ra l sed i­
m ents. The ra tes of change in p rokaryote  and  viral 
ab u n d an ce  and  com m unity resp iration  varied  con­

siderably  and  system atically  over the 
4 m ain tim e periods in both  experi- 

■ 1 4 0  m ents, exhibiting  the sam e tem po­
ral p a tte rn  at bo th  tem p era tu res  

I  1 2 0  (Fig. 9A,B). In the initial period (0-8 h),
I  .j oo prokaryotes, viruses, and  DIC in ­

creased, followed by a decrease  in 
" 80 prokaryote  ne t production, w hereas

viral abundance  continued  to in ­
crease (8-20 h). T hereafter (20-38 h), 
p rokaryo te  n e t p roduction  ceased  
concom itant w ith net decay in viral 
ab u n d an ce  desp ite  relatively  h igh 
com m unity respiration. By the end of 

h  the experim ent (38-135 h), the  incu-
H  7 5  bâ tions reach ed  sta tionary  phase

w ithout significant ra tes of changes 
^  55 in abundances or activities.

As a consequence of these differ­
ences in the successions of p ro k ary ­
otes and viruses, the VPR increased  
from ~4 to 5.5 during the first 20 h of 
the incubation and then  rapidly  d e ­
clined to around 3 (Fig. 9C), thus cov­
ering the range of VBR obtained  in the 
spatial study (Figs. 3C & 8 ).
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Fig. 6. Three-dim ensional (47.8 x 31.6 x 6 mm) distribution of prokaryote 
abundance in the (A) 0-3  mm and  (B) 3 -6  mm sedim ent layer. Crosses rep re ­

sent the position of the m icroscale sam pling

Fig. 7. Three-dim ensional (47.8 x 31.6 x 6 mm) distribution of viral abundance 
in the (A) 0-3  mm and  (B) 3 -6  mm sedim ent layer. Crosses rep resen t the posi­

tion of th e  m icroscale sam pling

DISCUSSION

H ere w e show ed tha t p rokaryotes and  viruses in 
tidal sedim ents are highly heterogeneously  d istrib ­
u ted  even at the  mm scale. Until now, spatial v aria ­
tions in prokaryote and  viral abundances have 
always b een  m onitored in hom ogenized sedim ent

sam ples at cm to m scale resolution, 
and  repo rted  values have typically 
rep resen ted  average abundances in 
30-100 cm 3 sed im ent slices (Hewson 
et al. 2001, G lud & M iddelboe 2004). 
O n these  spatial scales, significant 
decreases in viral abundance  and  p ro ­
duction have b een  observed w ith sed ­
im ent dep th  or along trophic gradients 
(e.g. H ew son et al. 2001, M iddelboe & 
G lud 2006, M iddelboe et al. 2011), 
reflecting reduced  m icrobial activity 
as availability of organic m atter d e ­
clines, and suggesting  prokaryote 
abundance  and  m etabolic activity as 
predictors of viral dynam ics.

However, ben th ic  m icrobial and  
viral dynam ics occur on a m uch 
sm aller scale and are considered  to 
be re la ted  to m icroniches induced  by 
e.g. sed im entation  of ag g reg a tes  and 
faunal activity (Fenchel & G lud 2000, 
G lud et al. 2009). At this spatial scale, 
our da ta  revealed  a highly h e te ro g e ­
neous distribution of m icrobial a b u n ­
dances and  oxygen concentration in 
the u p p er 27 mm of a tem perate, 
coastal tidal sed im ent w ith areas 
of e levated  abundances (hotspots) ex ­
tend ing  a few  mm in vertical and  ho r­
izontal directions. P rokaryote and  
viral abundance  did not correlate 
across the  vertical and  horizontal g ra ­
dients analyzed, and  no clear vertical 
or horizontal pa tte rns in their d istri­
bution  w ere observed  at this spatial 
resolution w ithin the investigated  
sam pling grids. C onsequently , small- 
scale viral distribution and the re la ­
tion to the  activity and  abundance  of 
the ir p rokaryote  hosts followed a 
h ighly  d ifferent p a tte rn  th an  the d is­
tribution p a tte rn s  ob tained  from 
hom ogenized sed im ent sam ples on 
large spatial scales. The sm all-scale 
spatial variation found in this study 

thus supports the  accum ulating evidence of highly 
heterogeneous m icroscale distribution of organic 
m atter (Fenchel 2008) and  m icrobial d iagenetic  
activity in surface sedim ents as resolved by 0 2 and  
DIC m easurem ents ob tained  using  m icrosensors 
and  ta rg e ted  incubation  approaches (Fenchel & 
G lud 2000).
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Our observations are in line w ith the 2D d istribu­
tion of p rokaryotes and  viruses ob tained at a similar 
spatial scale in pelag ic  environm ents (Seymour et al. 
2006, 2008), dem onstrating an  equally  heterogeneous 
and  non-correlated  distribution of prokaryotes and

viruses, w hich is consistent w ith observations of 
organic m atter heterogeneously  d istributed  in ag g re ­
gates providing m icrozones of e levated  prokaryote 
activity (B lackburn et al. 1998). A sim ilar h e te ro g e ­
neous horizontal distribution of bacterial abundance  

w as observed at the  cm scale in a
coastal surface sedim ent w ithout any 
correlation to the distribution of their 
potential food sources, suggesting  a 
tim e lag b e tw een  organic m atter input 
and  the m icrobial response (Danovaro 
et al. 2001). The p resen t study thus 
em phasizes th a t m icroscale m icrobial 
dynam ics and  local d iagenetic  ho t­
spots are an inheren t featu re  of m arine 
ecosystem s, w hich should be better 
recognized w hen  evaluating  dynam ics 
in d iagenetic  processing and  m icrobial 
com m unity distribution.

Viral replication m ay depend  strongly 
on its host m etabolic activity, and  thus 
e levated  viral abundances are th eo re t­
ically expected  in association w ith ob­
served niches of intensified prokaryote 
activity (Glud et al. 2005). However,
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Fig. 8. T hree-dim ensional (4 7 .8 x 3 1 .6 x 6  mm) distribution of virus: prokaryote 
ratio (VPR) in  th e  (A) 0 -3  m m  and  (B) 3 -6  m m  sedim ent layer. Crosses rep re ­
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due to the time lag from infection to viral p rolifera­
tion, and  to a variable life tim e of prokaryote and 
viral particles in the environm ent, abundances of 
p rokaryotes and viruses m ay be uncoupled  in time 
and  space. Their distribution thus reflects the recen t 
history of the specific environm ent ra ther th an  the 
actual activity of the m icrohabitat. The exam ination 
of tem poral dynam ics in ne t prokaryote  and  viral p ro ­
duction and  com m unity respiration  in hom ogenized 
sedim ent indeed  show ed an uncoupling over time 
in m icrobial abundances re la ted  to prokaryote activ­
ity in response to organic carbon enrichm ent. A se ­
quence of events in response to local sed im ent e n ­
richm ent resu lted  in a tem poral uncoupling betw een  
viral and prokaryote abundances in the hom oge­
nized sedim ent, lead ing  to 4 distinct scenarios of 
v iru s-p rokaryo te  interactions w ithin 48 h: (1) high 
prokaryote abundance  and  low viral abundance 
(0 - 8  h) as a result of the  initial stim ulation of p ro k ary ­
ote activity and  a delay in the subsequen t viral p ro ­
duction, (2 ) high virus :prokaryote ratio due to a 
bloom of viruses in response to the e levated  p ro k ary ­
ote activity (8-20 h), (3) h igh prokaryote abundance 
bu t low viral abundance  reflecting a fast decay or 
irreversib le partic le-attachm ent of viruses following 
the bloom conditions (20-38 h), and (4) low p ro k ary ­
ote and  viral abundance  during the period of low 
m icrobial activity and reduced  contact rates (>38 h).

The study validated  that pulses of viral production 
and  decay m ay indeed  occur in response to local or­
ganic enrichm ent in m arine sedim ents creating  tran ­
sient hotspots of elevated  viral abundances associated 
w ith stim ulation of prokaryote activity (Glud & M id­
delboe 2004, S iem -Jorgensen et al. 2008). We th e re ­
fore suggest that the uncoupled microbial abundances 
and  heterogeneous distribution of prokaryotes and 
viruses at the mm scale in surface sedim ents are 
driven by the dynam ics of form ation and  degradation 
of patches of labile organic m atter in the sedim ent, 
w hich stim ulates prokaryote respiration and  ab u n ­
dance and  subsequently  viral abundance. The trad i­
tional use of larger-scale sam ples averages out this 
m icroscale variability, w hich m ay have im portant im ­
plications for ecology at the fine scale relevant for the 
m icrobial com m unities in the sedim ent.

On a large spatial scale, the  positive correlation 
betw een  viral and  prokaryote abundance  and activ­
ity suggests tha t the general level of viral abundance 
in a given benth ic  environm ent is constrained by the 
levels of average m icrobial activity in tha t sam e env i­
ronm ent. O n a m icroscale, on the o ther hand, the 
lack of correlation suggests th a t v iru s-p rokaryo te  
interactions occur as periodic elevations and  declines

of viral and  prokaryote densities associated w ith a 
continuous redistribution of m icroscale resource 
patches. M icroscale variability in m icrobial d istribu­
tion and  dynam ics has im plications for m icrobial b io ­
geochem ical cycling tha t extends beyond the specific 
m icrohabitat, ultim ately determ ining  ben th ic  carbon 
cycling on a global scale. Caution is therefore 
requ ired  w hen  assessing the role of v iruses from 
studies of viral and  prokaryote activity based  on 
hom ogenized sam ples, and  there  is a need  for d evel­
opm ent of m ethods to m easure  in situ viral p roduc­
tion at the scale and  conditions at w hich they  occur.
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