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Abstract

The oxygen dynamics in the rhizosphere of Zostera marina was studied by use of planar optodes. Oxygen |eakage
to the rhizosphere was restricted to the root tip and extended only up to ~8 mm up aong the root. The oxic
sediment volume around the roots increased linearly with irradiance in the interval of 0-250 wmol photons m—2
s, but the leakage rate saturated at the maximum irradiance of 500 wmol photons m—2 s~ Oxygen |leakage
decreased by ~60% from light to darkness and Z. marina was able to maintain an oxic zone around the root tip
even in darkness as long as oxygen in the overlying water was at 100% air saturation (280 wmol L-%). O, leakage
from the root tips stopped at 25% air saturation (70 wmol L-%) and the oxic microniche rapidly disappeared.
Increasing the oxygen concentration above 100% air saturation induced oxygen leakage from zones that otherwise
appeared impermeable to oxygen. The roots on average grew by 8.7 mm d-3, and a series of O, images documented
the high spatial and tempora dynamics of the oxic microniches around the root tips. The estimated total oxygen
release to the rhizosphere of Z. marina beds was 2.3 mmol m-2 d-*, which only corresponded to 12% of the
diffusive oxygen uptake at the primary sediment—water interface. Rhizospheres of seagrass are thus probably of

minor importance for total benthic O, uptake rates.

Seagrasses are worldwide distributed and are estimated to
cover ~10% of coastal sediments (Charpy-Roubaud and
Sournia 1990). The plants colonize awide range of sediment
types, and their roots are, in most cases, growing in anoxic
and highly reduced environments. Being obligate aerobes,
seagrasses have adapted efficient strategies to maintain oxia
in their root systems via an interconnected system of gas
spaces (lacunae) transporting O, from the leaves down to the
roots (Penhale and Wetzel 1983; Larkum et al. 1989). The
oxygen transport is driven by a partia-pressure gradient
from the photosynthetically active leaves toward the O,-con-
suming root system. However, radia oxygen loss (ROL)
from the roots into the sediment may occur (Caffrey and
Kemp 1991; Pedersen et al. 1998), and the oxygenated zones
along roots have been suggested to be an adaptive feature
providing an oxidative shield against harmful phytotoxins,
such as Fe?*, Mn2*, and sulfides (Penhale and Wetzel 1983).
Recent studies of Halophila ovalis and Zostera marina have
shown that a barrier against ROL exists along most of the
root length (Connell et al. 1999; Jensen et al. 2005). The
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barrier reduces ROL in the basa part of the root and in-
creases the oxygen transport toward the actively growing
root tip, consisting of cells with a high metabolic rate. Our
present knowledge on the anatomical basis for the barriers
against ROL in rooted macrophytes is very limited, but it is
probably related to densely packed cells, suberin deposits,
and lignification of the outer cell layers (Sorrel and Boon
1994; Barnabas 1996; Armstrong et al. 2000). Hence, oxy-
gen leakage in seagrasses is confined to a relatively narrow
region at the root apex (Connell et a. 1999; Jensen et al.
2005), creating a dynamic oxic sphere around the growing
root tip.

Several techniques have been used to measure oxygen re-
lease from seagrass roots, but all have potential drawbacks
compromising extrapolations to natura conditions (Sorrell
and Armstrong 1994; Borum et a. in press). Split-chamber
techniques where the roots are placed in an anoxic medium
(or an oxygen-consuming medium) isolated from the over-
lying water have traditionally been used to measure total
oxygen leakage from plant rhizospheres (Sand-Jensen et al.
1982; Caffrey and Kemp 1991). But typically, such systems
poorly reflect natural conditions in marine sediments hosting
acomplex microbial community. Furthermore, split-chamber
techniques provide a measure on whole-root oxygen excre-
tion and provide little information on where and how O, is
leaving the complex root system. Some insight on these as-
pects has been provided by microelectrode studies offering
detailed analysis of single roots and the option of studying
the plantsin a natural environment (Caffrey and Kemp 1991;
Pedersen et al. 1998; Connell et a. 1999). This, however,
can be an extremely tedious task of looking for the needle
in the haystack and, thus, various manipulative procedures
for microsensor studies have been developed (Pedersen et
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Fig. 1. Schematic drawing of the experimental setup (not to scale). The left side of figure shows
afrontal view of the aguarium with the planar optode mounted between the sediment and the glass.
The right side shows the aguarium from the side and the setup for light emission and camera
recording. Arrows indicate the light paths of the excitation and emission light.

al. 1998; Jensen et al. 2005). These, to various extents, com-
promise the in situ interaction between the roots and the
sediment. Moreover, the sensors, despite their excellent per-
formance on small temporal and spatial scales, only resolve
conditions at a selected spot of the root at a given time.
Simultaneous measurements of temporal changesin O, con-
centrations are possible but require a series of sensors,
which, in most cases, is very impractical and compromised
by root growth. Hence, microel ectrode studies of rhizosphere
oxygen dynamics in submerged plants have often been based
on relatively few oxygen profiles that are extrapolated to the
root level or even plant and community level (Pedersen et
a. 1998; Holmer et a. 2002), which may lead to overgen-
eralized conclusions. To our knowledge, only two micro-
electrode studies have reflected the variations in ROL along
seagrass root sections (Connell et al. 1999; Jensen et al.
2005), and only Jensen et al. (2005) had the roots placed in
natural sediment. To map the O, distribution around buried
intact root systems as function of various environmental con-
trols during active root growth by microelectrodes is ex-
tremely challenging. Recently, planar optodes have been in-
troduced to benthic ecology providing two-dimensional
images of O, distribution in the sediment with high spatial
(~100 pm) and temporal resolution (Glud et al. 1996). This
technique has previously been used to study oxygen dynam-
ics across various benthic water interfaces, (e.g., Precht et
al. 2004; Wenzhofer and Glud 2004), and very recently, the
potential of planar optodes for rhizosphere studies have been
presented (Jensen et al. 2005).

In this study, we use planar optodes to study oxygen dy-
namics in the rhizosphere of Z. marina and, for the first time,
provide a detailed description of two-dimensional changes
in oxygen distribution around roots under various light re-
gimes, oxygen concentrations in the overlying water column,
and as a function of root age. The oxygen leakage during
rhizosphere development in natural sediment is directly
monitored and the results are discussed quantitatively.

Materials and methods

Sudy site—Plants of eelgrass (Z. marina) were collected
at Svenstrup (55°28.099'N, 9°45.194'E), Denmark, during
October 2004 from a sandy-silt sediment at approximately 1
m of water depth. Plants were collected by digging out intact
sediment blocks followed by gentle rinsing of the plant
roots. The sediment was sieved through a 1-mm sieve and
brought back to the laboratory together with the plants and
200 liters of seawater from the station (temperature 12°C,
salinity of 21). In the laboratory, the plants were replanted
in five aguaria containing the homogenized sediment over-
lain by the sampled seawater (Fig. 1). Each aquarium was
equipped with a transparent planar optode (see following)
fixed along one of the glass walls by a thin water film and
tape along the edges. The plants were positioned close to
but not in contact with the optode. The aguaria were placed
in a large (100-liter) aerated storage aquaria and left for ac-
climation for a 3-week period at 13°C and a 12:12 light:
dark (LD) cycle (irradiance ~250 umol photons m=2). This
period allowed new leaves and root bundles to develop, and
roots gradually grew into the sediment along the planar op-
todes. During the acclimation phase, the sides of the aquaria
were covered by black plastic to avoid development of mi-
crophytes along the aguaria walls. The subsequent planar O,
measurements were thus performed on undisturbed roots
growing into intact sediments hosting a well-established mi-
crobial community.

Planar optodes—The setup for planar O, measurements
has previously been described in detail (Glud et al. 1996;
Holst et a. 1998) and is only presented briefly below. The
planar optode consisted of an O, quenchable ruthenium |u-
minophore embedded in plasticized vinyl that was immobi-
lized on a 175-um-thick transparent support foil (Glud et al.
1996). Excitation light was supplied by blue-ight-emitting
diodes A = 470 nm (Nichia), equipped with an emission
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Fig. 2. Comparison of oxygen profiles made by microelectrode and extracted from the planar
optode image to the right. Both profiles are an average of three profiles. The optode O, profiles are
indicated by yellow lines in the oxygen image and the electrode profiles were measured about 1

cm behind these lines.

filter (Unaxis C-54, Linos). Images of the O, quenchable
excitation light were obtained by a digital charge coupled
device camera (SensiCam, PCO Computer Optics) equipped
with a25 mm/1.4 Nikon wide-angle lens (Fig. 1). The peltier
cooled camera chip consisted of 640 X 480 pixels and, at
the given optical configuration, the obtained images covered
an area of 6.0 X 4.5 cm at a spatia resolution of 93 X 93
pm. In the present study, we used lifetime-based imaging to
quantify the O, distribution in front of the planar optode.
The sensors were calibrated using a modified Stern—\olmer
equation accounting for the presence of a nonquenchable
fraction of luminescence light («) (Holst et a. 1998):

T 1

—=aq + —

To 1+ KgC
where T and 7, represent the luminescent lifetime at an O,
concentration of C and at anoxia, respectively. Ky, is the
guenching coefficient of the luminophore and, for «, we ap-
plied an image constant of 0.2. Thus a two-point calibration
of the images using signals obtained at 100% and 0% air
saturation was sufficient for later image calibration using
Eq. 2:

1-9a D

To— T
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Images of the luminescent lifetime (7) were calculated by
rationing images of luminescent signals obtained in two
well-defined time frames on the luminescent decay curve.
For further details on the measuring scheme, we refer to
Holst et al. (1998). The lifetime-based measuring scheme
made it possible to apply transparent optodes without any
optical insulation (Holst and Griinwald 2001). Thereby, the
sediment structure and root position could be followed di-
rectly through the planar optode in parallel to the O, mea-
surements. The entire planar optode setup was covered by

)

black cloth and O, images were only obtained after switch-
ing off the ambient light to avoid any potential impact on
the luminescent signals (so-called light measurements, e.g.,
Figs. 3 and 4 were obtained immediately after eclipse of the
ambient light).

Measuring setup—The oxygen leakage of the plant roots
was investigated as a function of the imposed irradiance and
the O, concentration of the overlying water (Fig. 1). The
ambient light source was a fiber-optic tungsten/halogen lamp
(KL 2500 Schott) equipped with a diffuser head to obtain a
homogenous light field around the plants. The absolute ir-
radiance level was determined by a Licor L1-1000 light me-
ter. The O, of the overlying water phase was either main-
tained at air saturation by flushing with an air pump or
during experiments with variable O, concentration regulated
by flushing with an O,/N, or air/N, gas mixture controlled
from a 2-channel digital gas mixer (Brooks 0154). During
experiments, the oxygen concentration of the overlying wa-
ter was followed continuously by a calibrated Clark-type O,
microel ectrode (Revsbech 1989).

Complementary O, microprofiles at the sediment—water
interface (SWI) were measured by microelectrodes having
an outer diameter <5 um, a stirring sensitivity <2%, and
response time of <2 s (Revsbech 1989). The sensors were
positioned by a micromanipulator and the sensor current was
measured by a picoammeter (Unisense 2000) connected to
a strip-chart recorder. The profiles had two inherent calibra-
tion points, measured in the overlying water and the anoxic
sediment layers.

The O, penetration depth at the primary SWI was deter-
mined directly from the microprofiles accounting for the dif-
fusive boundary layer (DBL) thickness (Jergensen and Revs-
bech 1985). The diffusive O, uptake (DOU) was calculated
from Fick’s first law of diffusion; DOU = D,dC/dz, where
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Fig. 3. Oxygen distribution around roots from two Z. marina plants (A and B) at light intensity above photosynthetic saturation (500
umol photons m=2 s71). For each plant, the root distribution is shown in the black-and-white image (left), where roots appear as white lines
(marked by black dots). Planar optode images of oxygen distribution are shown in the middle and peak oxygen concentrations along the
root length axis starting from the root tip are shown to the right. The optode image in B also shows the interference of oxygenated zones
from two other, deeper lying roots not visible in the black-and-white photo.

D, is the molecular diffusion coefficient for O, at the given
temperature and salinity, and C is the oxygen concentration
at depth z within the DBL (Jargensen and Revsbech 1985).
The average volume-specific O, consumption, Ry,,, was cal-
culated as Ry,, = DOU/Q, penetration depth.

As O,-leaking roots of the plants continuously grew into
otherwise anoxic sediment, the potential volume-specific O,
consumption, R, for these layers was determined in a sim-
ilar fashion. After gentle removal of the upper sediment lay-
ers, alowing air-saturated water to get in contact with the
newly exposed sediment, O, microprofiles were measured at
a regular interval for 11 h. The potentia R, of the deeper
sediment layers was then calculated as described above. R,
for these sediments was also estimated by slurry incubations.
Here, 10 g of sediment from 4 cm depth was added to a
Winkler bottle containing air-saturated water. The bottle was
sealed with a microelectrode tip penetrating the lid to follow
the O, concentration decrease while the sediment was kept
in suspension by a rotating magnet bar. Sediment porosity
(¢) was determined by drying sediment to constant weight
at 110°C and the organic matter content was expressed by
loss of ignition after 5 h at 520°C.

Results

Sediment and plant characteristics—The sediment hosting
the investigated plants was characterized as sandy silt with
a low porosity and low organic carbon content (Table 1).
The O, penetration depth at the SWI, the DOU, and the
volume-specific respiration were in the range of typical
coastal sediments (e.g., Glud et a. 2003), and the O, pene-
tration depth obtained by the two techniques aligned very
well (Table 1 and Fig. 2). This indicates that any potential
smearing of the O, distribution caused by lateral diffusion
of O, within the optical sensor was negligible.

In order to estimate the potential volume-specific aerobic
respiration rate, R, in the deeper sediment layers experi-
encing transient O, leakage from the plant roots O,, micro-
profiles were measured after removing the upper 1-3 cm of
sediment and exposing the new SWI to air saturated over-
lying water. The average volume-specific O, consumption
(Ryq) in the gradualy expanding oxic zone remained con-
stant for 11 h and was similar to the equivalent value derived
from the primary interface (Table 1). The potential R, value
quantified from dlurry incubations was 1.4 times larger than
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Fig. 4. Oxygen distribution around roots at different light intensities. (A) Planar optode images of O, concentrations around the roots
at light intensities ranging from 0 to 500 wmol photons m=2 s-*. (B) Horizontal profiles of O, concentration extracted from the O, images
at the different light intensities. Each profile represents an average of 10 profiles extracted at the center of the oxygen-excreting part of the
root (indicated by white lines in A). (C) Area of oxygenated sediment around the root as a function of light intensity. (D) Oxygen leakage
from the root as a function of light intensity estimated by combining the volume of oxygenated sediment by the root with sediment oxygen-

consumption rate.

the average value calculated from the intact sediment with
diffusive mediated O, transport. The investigated plants were
relatively small but typical for Danish waters, and their basic
characteristics measured after the experiments were very
similar (Table 2).

Oxygen dynamics as a function of irradiance—Oxygen
release from actively growing roots was confined to a small

Table 1. Basic characteristics of the sediment = SD.

Porosity (vol vol 1) 0.360.01 n=3
LOI (%) 0.25+0.02 n=3
O, penetration depth (mm) ME* 2.9+0.04 n=3
O, penetration depth (mm) POT 3.0+£0.12 n=3
DOU (mmol m-2 h-%) ME 18.8+2.6 n=3
Rgw (nmol cm—2 s71) ME 0.072+0.015 n=3
R (nmol cm=3 s71) ME 0.082+0.032 n=7
R (nmol cm~2 s7%) durry incubation  0.118+0.004 n=2

* ME, microelectrode derived.
1 PO, planar optode derived.

region extending from the root tip to ~6-8 mm up the root
(Fig. 3). The oxygen concentration up along the root in-
creased to a maximum value at ~2—4 mm behind the root
tip, and this region was also characterized by the maximum
width of the oxic area, indicating that this zone represented
the root section with maximum oxygen leakage (Fig. 3). This
overall pattern was apparent for all investigated plants and
at all the applied irradiance levels.

Table 2. Basic plant characteristics = SD.

Root length (cm) 6.3+0.8 n=5
Root diameter (mm) 0.39:+0.02 n=5
Root growth rate (mm d-1) 8.7t1.7 n=2*
Roots internode* 11+1 n=5
Rhizome internode length (cm) 0.9+0.2 n=5
Rhizome diameter (mm) 25+0.2 n=5
No. of leaves 5 n=>5
Leaf length (cm) 26.6+5.2 n=5
Leaf width (mm) 2.6x0.3 n=5

* Based on three replicates from each of two plants.
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Plants were exposed to gradually decreasing irradiance to
evaluate the impact of light on the oxygen leakage from the
roots. Measurements were initiated at 500 umol photons m-2
st (maximum irradiance) and continuous imaging docu-
mented that quasi-steady state in O, distribution was reached
~1 h after change of the irradiance. For practical reasons, a
time interval of 2 h at each irradiance level was chosen. As
the plants were exposed to decreasing irradiance, the size of
the oxic area and the O, concentrations of the oxic zone
decreased (Fig. 4). The maximum oxygen concentration at
the root surface dropped from 175 umol L-* to 115 umol
L-*, when the irradiance changed from 500 umol photons
m-2 s* to darkness (Fig. 4A,B). Hence, the investigated
plants were able to maintain oxic conditions around their
root tip even without active photosynthesis.

The maximum width of the oxic area, as resolved by the
O, images, ranged from 2.5 mm in darkness to 3.7 mm at
maximum irradiance. In areas where roots were closely
packed, the oxic zones fused into larger oxic areas of 10—
20 mm? (e.g., Fig. 4). The total oxygenated area in the op-
tode images increased linearly with irradiance in the interval
of 0—250 umol photons m=2 s%, but the leakage rate tended
to saturate at maximum irradiance (Fig. 4C). The O, con-
sumption rate of sediment around the investigated roots was
calculated from the microel ectrode-derived volume-specific
respiration (Ry,) and the oxic volume around each root; the
latter was estimated by assuming a hemispheric O, distri-
bution around the roots growing along the planar optode.
The calculations showed that total oxygen release from the
root tip selected in Fig. 4A ranged from 8.81 nmol h-* at
light-saturated photosynthesis to 3.44 nmol h-* in darkness
(Fig. 4D). The values varied among the individual root tips,
but accounting for the six root tips visible in Fig. 4, the
average oxygen release per root amounted to 3.10 = 1.70
nmol h-* and 7.09 = 0.89 nmol h-* in darkness and at sat-
urating light conditions, respectively. Other investigated
plants incubated at dlightly variable light conditions gave
very similar results (data not shown). During all of these
measurements, continuous air flushing kept the O, concen-
tration of the overlying water at 100% air saturation (280
umol L1,

Oxygen dynamics as a function of O, concentration in the
overlying water phase—The oxygen leakage from the roots
of plants that were kept in darkness was closely related to
the oxygen concentration of the overlying water column.
Lowering the O, concentration in the water column from 280
umol L= (air saturation level) to 155 umol L~ in darkness
caused an 86% decrease in the area of the oxygenated zone
and a 94% decrease in the calculated O, leakage (Fig.
5A,C,D). As the O, concentration was lowered to 70 wmol
L~*, the oxygenated area completely vanished. Oxygen con-
centrations at the root surface in darkness derived from hor-
izontal O, profiles ranged from 102 umol L=* to 20 wmol
L-* to below detection limit at water column O, concentra-
tions of 280 wmol L%, 155 pmol L%, and 70 wmol L4,
respectively (Fig. 5B). This strongly indicated that O, leak-
age completely ceased at O, concentrations <70 pmol L2,
When the O, concentration in the water column returned to
280 umol L%, the oxygenated areas restored and the area
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only expanded slightly by additional light exposure (250
umol photons m-2 s71), when the overlying water was con-
tinuously air flushed.

A similar experiment was performed on a younger root
set, but here the O, concentration of the overlying water was
raised to 450 umol Lt in darkness. Under these extreme
conditions, small amounts of oxygen leaked out from regions
of aroot that previously appeared impermeable to O,, indi-
cating that the barrier to ROL in some sections was imper-
fect at extreme internal O, tensions (Fig. 6).

Oxygen release as a function of root growth and rhizo-
sphere development—The rhizosphere structure was very
dynamic and substantial root development occurred on short
time scales (Fig. 7). The growth rate of roots calculated from
times series of black-and-white images obtained in paralel
to the O, images ranged from 6.9 mm d-* to 11.5 mm d-*.
There was no significant difference in root growth during
light or dark, and average diel growth rates amounted to 8.7
mm d-* (Table 1). Interestingly, the oxygenated zones clearly
changed with the root age (Fig. 7). Asthe roots progressively
aged, the width, the length, and the maximum O, concentra-
tion of the oxic area decreased. An example is shown in Fig.
8, where changes in the oxygen release from two roots mov-
ing in paralel through the sediment (see Fig. 7) were fol-
lowed for 41 h. Considerable variation occurred over the
time sequence, with significant differences between light and
dark periods and a general trend of decreasing oxygen re-
lease as the roots aged and moved deeper into the sediment.
During day time, the rate of O, leakage varied, probably
reflecting variation in internal O, concentrations.

Combining information on root growth rates with root
lengths suggests that roots stopped growing after 7.3 d (SD
+ 09d at 250 wmol photons m=2 st and 100% air satu-
ration of overlying water) and the O, leakage eventually
ceased. The growing roots left light-colored oxidized tracks
in the otherwise reduced sediment, which appeared stable
for several days to weeks (data not shown).

Discussion

O, leakage from plant roots as studied by planar opto-
des—The present investigation represents a detailed two-di-
mensional study on O, leakage from plant roots. The oxic
environment around root tips of Z. marina proved to be ex-
tremely dynamic both spatially and temporally. The rate of
O, leakage in a given sediment depended on the irradiance,
the O, concentration of the overlying water phase, and the
root age. Further, the oxic microniches continuously moved
along with the actively growing roots. To map this extensive
dynamic would be extremely difficult with any other tech-
nique, and planar optodes thereby complement and over-
come some of the problems of previously applied tech-
niques. However, the technique has the inherent problem that
measurements are performed along a glass plate.

Jensen et al. (2005) tested the potential of planar optodes
for rhizosphere studies and measured the extent of the ox-
ygenated zone of Z. marina roots both with microelectrodes
and planar optodes. They found that the width of the oxic
area displayed by the O, images was up to approximately
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two times larger than the diameter of the oxic zone as quan-
tified by microelectrodes. This suggested that placing an O,
impermeable barrier along the root enlarges the O, area com-
pared with a situation without the presence of a wall. How-
ever, the pioneering study of Jensen et al. (2005) is not di-
rectly comparable with the present study. The measurements
that compared the two techniques were not performed in the
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Fig. 8. Temporal changes in total oxygen leakage from two de-
veloping roots of Z. marina. Periods of light and darkness are in-
dicated above the figure.

same sediment (or on the same root), roots were placed and
fixed by strings along the planar sensors before they were
covered by sediment and subsequently O, measurements
were performed. However, more importantly, they applied
intensity-based imaging and, thus, it was necessary to opti-
cally insulate the sensing chemistry with a layer of 40-um
black silicone (Glud et a 1996). Silicone is highly perme-
able to O, (Gundersen et al. 1998) and the silicone layer
could have caused lateral diffusion inside the sensor and
enlargement of the original O, area of the plane in front of
the sensor. This potential problem was avoided in the present
study using lifetime-based imaging and, hence, the optical
insulation could be avoided (Holst and Grinwald 2001). In
addition to minimizing any potential smearing problem (Fig.
2), it also alowed us to use transparent optodes, facilitating
the alignment between roots and the imaged O, distribution.

We assumed that the O, was hemispherically distributed
around roots growing along a wall. This was a reasonable
assumption and parallel to the general assumption of radial
outward O, diffusion from roots fully surrounded by sedi-
ment (e.g., Armstrong 1971). The maximum radius of the
oxygenated zone of the present study ranged between 1.4
mm in darkness and 2.1 mm a maximum irradiance. As
outlined above, these values overestimated the radius of the
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oxic zone around root tips not growing along the planar op-
tode (Jensen et al. 2005). The radius of the oxic zone around
root tips in the interior of the aquarium can be approximated
by assuming that the total oxic volume around the roots (or
the O, leakage) is unaffected by the vicinity of a wall at
quasi-steady state. Thereby, the oxic volumes around the
root tips in the two situations are identical and simple geo-
metric calculations then show that the width of the oxic area
overestimates the radius of the oxic zone surrounding plant
roots in the interior of the aquaria by a factor 2°5 (=1.4).
Thus, it follows that the estimated oxic radius around plant
roots not affected by the planar geometry ranged between
1.0 and 1.5 mm. This aligns with microsensor measurements
on Z. marina roots, where the radius was estimated to be
~1 mm at saturating light conditions (Jensen et al. 2005),
which is considerably larger than the 80 um found for the
seagrass Cymodocea rotundata (Pedersen et al. 1998). How-
ever, the oxygen demand of the sediments applied in the
different studies has large implications for the size of the
resolved oxic zones and compromises any direct compari-
son. The validity of the assumption that O, leakage from
root tips was only marginally affected by the vicinity of a
wall is presently being investigated by modeling approaches
and various experimental setups. The task is not trivial but,
a priori, it seems like a reasonable approximation given the
efficient internal O, transport rates of Z. marina (Greve et
al. 2003; Pedersen et a. 2004). The R, used to estimate
oxygen release from the roots do not account for any stim-
ulated activity following potentia leakage of labile organic
material from the root tips (e.g., Moriarty et al. 1986). Fur-
ther, we cannot exclude any potential physiological change
of roots growing along a wall as compared with being fully
surrounded by sediment.

Influence of irradiance and water-column oxygen concen-
trations for rhizosphere oxygen dynamics—Oxygen release
from Z. marina roots was restricted to a small fraction of
the total root length. The presence of a barrier to ROL is
well known for wetland plants, such as Phragmites australis
(Armstrong et al. 2000), Oryza sativa (Armstrong 1971; Col-
mer 2003), Hordeum marinum (McDonald et al. 2001), but
has only recently been demonstrated for Z. marina (Jensen
et al. 2005), and the findings are confirmed by the present
study. Apart from restricting oxygen loss, the barrier may
also act as a barrier to invasion of phytotoxins and may aso
have negative effects by reducing the permeability toward
nutrient uptake (Barnabas 1996). So far, the barrier to ROL
has only been documented for two seagrass species, Z. ma-
rina and Halophila ovalis (Connell et al. 1999; Jensen et al.
2005), but the structures suggested to be responsible for the
barrier to ROL (Casparian bands, suberin lamellae) have
been observed in several seagrass species, such as Zostera
sp. (several species), Ruppia maritima (Barnabas 1996), Hal-
odule uninervis (Barnabas 1994a), and Phyllospadix scouleri
Hook (Barnabas 1994b). Even though our conclusions only
can be extended to Z. marina, a barrier to ROL seems to be
a general phenomenon in seagrasses. Current work is pres-
ently investigating rhizosphere O, dynamics on a range of
seagrasses using the planar optode approach.

The oxygen release from root tips of Z. marina increased

Frederiksen and Glud

linearly with the irradiance until saturation was reached at
the maximum light intensity. This aligns well with previous
studies suggesting that the photosynthetic activity of the
leaves regulates the ROL of seagrasses via the interna O,
concentration (Sand-Jensen et al. 1982; Pedersen et al. 1998;
Connell et al. 1999). The estimated amount of oxygen re-
leased per root decreased 61.1% from light to darkness,
which was similar to results obtained with microelectrodes
for Z. marina and C. rotundata, where the ROL decreased
55.0% and 56.6%, respectively (Pedersen et al. 1998; Jensen
et al. 2005). All of these studies thus indicate that 100% air
saturation in darkness enable seagrasses to maintain an oxic
sphere around their root tips in relatively active sediments
(Table 1; Pedersen et al. 1998; Jensen et a. 2005).

The meristem and rhizome O, concentration is closely
coupled to O, concentration of the overlying water column
(Greve et a. 2003; Pedersen et al. 2004; Borum et al. 2005).
In the present study, the oxygenated sphere around the root
disappeared at water column O, concentrations between 70
and 150 umol L-* and left no protection against invasion of
phytotoxic compounds such as sulfide, which have been
shown to seriously affect seagrass survival (Holmer and
Bondgaard 2001). Sulfide invasion has been demonstrated to
occur in Z. marina and Thallassia testudinum in darkness at
low oxygen concentrations in the water column (Pedersen et
a. 2004; Borum et al. 2005). Situations of low oxygen con-
centrations in the water column are not unusual in natural
seagrass beds and are often accompanied by severe seagrass
mortality. The presence of a well-functioning oxic micro-
shield around the roots is therefore of vital importance for
Seagrasses.

Increasing the O, concentrations in the water column to
450 wmol L-* (160% air saturation) increased both the ex-
tent and the peak O, concentrations of the oxygenated zones
around the root tips. The sections of the roots affected by
ROL also increased, showing that even the relatively im-
permeable sections of the roots may leak O, during extreme
internal O, tensions. This situation may arise under natural
conditions in areas with high pelagic or benthic primary pro-
duction. In one of our initial experiments, the dark cover of
the aquaria wall was removed and benthic diatoms devel-
oped at the sediment surface, forming a surface layer of
elevated O, concentrations (~600 umol L-* at 300 wmol
photons m-2 s1). During such situations, the peak oxygen
concentrations at the root surface increased to 260 wmol L2,
even though the water column was kept at 100% air satu-
ration (280 umol L1 (data not shown). This indicates that
the basal part of the shoot is permeable to O, and that mi-
crophytobenthos photosynthesis around the plant base can
induce enhanced O, leakage from the rhizosphere.

The rhizosphere of Z. marina was highly dynamic, with
extensive root development occurring on short time scales.
The oxygen excretion from roots decreased with root age,
as demonstrated in the planar optode imagesin Fig. 7, where
the O, distribution around both young and old roots is
shown, and in Fig. 8, showing the temporal changes in O,
excretion from two developing roots. This could partly be a
consequence of increased transport distance from the leaves
to the root tips as roots grew older but could also be related
to increasing impermeability toward ROL in older, less ac-
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tive roots. Hence, the O, dynamic in a seagrass rhizosphere
is highly variable and depends both on light availability, root
age, oxygen concentration in the water column (and thus
ventilation of the bed), and potential benthic diatom covers.

Seagrass influence on benthic O, exchange sediment bio-
geochemistry—In order to quantify the importance of ROL
to the total benthic O, consumption in the sediment, we ex-
trapolated the findings from root tips growing along the wall
(see previous) to all plant roots of the aquaria. Assuming a
12:12 LD cycle and that oxygen was leaking from roots on
the first two internodes (each containing 11 roots) resulted
in a total oxygen loss of 2.69 umol O, plant ~* d-*. These
results were extrapolated to the scale of seagrass beds by
using a shoot density of 905 shoots m~2, representing the
average shoot density at 29 locations in temperate regions
of the northern hemisphere (Olesen and Sand-Jensen 1994).
The oxygen release from the rhizosphere of atypical Z. ma-
rina bed in the investigated sediment thus amounted to 2.28
mmol m~-2 d-*. This corresponded to ~12% of the diffusive
oxygen uptake over the sediment—water interface, which is
in the same range as extrapol ated from the microsensor study
of Jensen et al. (2005), where the ROL ranged from 2% to
14% of DOU. In contrast, Pedersen et a. (1998, 1999) found
the oxygen loss from Cymodocea rotundata to be of the
same maghitude as the DOU. Their estimate was, however,
based only on a few point measurements along the roots and
on the assumption that ROL occurred along the entire root
length of C. rotundata. The present study documents the
extreme temporal dynamics of oxygen leakage from Z. ma-
rina roots (e.g., Fig. 8), and extrapolation from simple pho-
tosynthesis-irradiance (PE) relations (Fig. 4C) could repre-
sent an oversimplification. A more correct estimate was
made by integrating and extrapolating the temporal dynam-
ics presented in Fig. 8 to average beds as outlined above.
This resulted in a total rhizospherical oxygen loss of 2.48
mmol m~2 d-, which is very close to the estimate based on
the PE relation. For comparison with other interfaces, the
average ROL can also be expressed per area of the perme-
able root tip. The value can be roughly estimated by dividing
the total O, release rate with the area of root tip surface or,
more correctly, by using a simple equation for radial diffu-
sion: J = ¢R L(L/2A + 1) (Fenchel 1996), where L equals
the O, penetration depth from the root (i.e., 1-1.5 mm) and
A the average root diameter. The latter approach gave slight-
ly lower results, being very dependent upon the absolute
value of the porosity; however, the results ranged between
~7 and 11 mmol m-2 d-* in darkness and ~12 and 22 mmol
m-2 d-! at saturating light conditions. These values are in
the lower end of radia O, release from burrows of, e.g.,
small polychaetes (e.g., Fenchel 1996; Wenzhofer and Glud
2004).

Nevertheless, the overall ROL of seagrasses seems to be
of minor importance for total benthic O, uptake (TOU) of
coastal sediments as compared with, for instance, fauna-me-
diated O, uptake, which typically range between 25% and
50% of the TOU (Glud et a. 2003; Meile and van Cappellen
2003) or pressure-induced percolation of the interstice of
sandy environments (Precht et al. 2004; de Beer et al. 2005).
However, the transient ROL of seagrasses induce a local
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small-scale biogeochemical heterogeneity that could have
importance for the sulfide buffer capacity and the coupled
nitrification—denitrification activity of marine sediments. But
so far, it has not been possible to document any significant
effect of rhizosphere dynamics on coupled denitrification
(Risgaard-Petersen et al. 1998). The reason might be that
plants compete efficiently with nitrifying bacteria for am-
monium (Verhagen et al. 1994). But more likely, the extreme
dynamics of the ROL documented in the present study may
prevent the slow-growing nitrifying bacteria from reaching
quantitatively important population densities in the short-
lived transient oxic miconiches.

Sulfate reduction rates are stimulated in seagrass-inhabited
sediments presumably due to the excretion of organic com-
pounds from the roots and due to the general accumulation
of organic material in seagrass beds (e.g., Isaksen and Finster
1996; Holmer and Nielsen 1997; Pollard and Moriarty
1991). As sulfate reduction occurs under anaerobic condi-
tions, the oxygen leakage from the roots should inhibit this
process, but the sulfate-reducing bacteria have been found
living directly on the root surface (Blaabjerg et a. 1998).
The explanation for this apparent discrepancy is probably
that sulfate-reducing bacteria colonize the regions of the root
where the barrier to ROL has been established and thereby
avoid being exposed to oxygen. More detailed studies on the
interactions between the microbial communities of seagrass
rhizospheres and plant activity are, however, required to elu-
cidate these aspects.

The present study documents the complementary potential
of planar optodes for studies on rhizosomal O, dynamics.
More work is required to evaluate the quantitative effects of
placing awall along the roots, but the ability to resolve real-
time spatial and temporal dynamics is apparent. As the en-
vironmental controls (i.e., bed ventilation, light availahility,
etc.) are highly variable in situ, it is to be expected that the
in situ ROL express extreme dynamics. An inverted peri-
scope obtaining benthic in situ O, images has been devel-
oped (Glud et al. 2001) and has been used for studying mac-
rofaunal activity and spatial variability in benthic O,
distribution (Wenzhofer and Glud 2004; Glud et al. 2005).
Work in natural seagrass beds is foreseen.
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