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The O2 budget of seagrasses is regulated by a complex interaction between several
sources and sinks, which is strongly regulated by light availability and mass transfer
over the diffusive boundary layer (DBL) surrounding the plant. Epiphyte growth on leaves
may thus strongly affect the O2 availability of the seagrass plant and its capability to
aerate its rhizosphere as a defense against plant toxins. We used electrochemical and
fiber-optic microsensors to quantify the O2 flux, DBL, and light microclimate around
leaves with and without filamentous algal epiphytes. We also quantified the below-ground
radial O2 loss (ROL) from roots (∼1 mm from the root-apex) to elucidate how this
below-ground oxic microzone was affected by the presence of epiphytes. Epiphyte-cover
on seagrass leaves (∼21% areal cover) resulted in reduced light quality and quantity for
photosynthesis, thus leading to reduced plant fitness. A ∼4 times thicker DBL around
leaves with epiphyte-cover impeded gas (and nutrient) exchange with the surrounding
water-column and thus the amount of O2 passively diffusing down to the below-ground
tissue through the aerenchyma in darkness. During light exposure of the leaves, radial
oxygen loss from the below-ground tissue was ∼2 times higher from plants without
epiphyte-cover. In contrast, no O2 was detectable at the surface of the root-cap tissue of
plants with epiphyte-cover during darkness, leaving the plants more susceptible to sulfide
intrusion. Epiphyte growth on seagrass leaves thus has a negative effect on the light
climate during daytime and O2 supply in darkness, hampering the plants performance
and thereby reducing the oxidation capability of its below-ground tissue.
Keywords: epiphyte-cover, light, diffusive boundary layer, radial O2 loss, oxic microshield, microenvironment

Introduction
Seagrasses are angiosperms that form coastal habitats of prime importance for marine biodiversity
and carbon sequestration (Duarte, 2001; Duarte et al., 2005). Over the past century, seagrasses
have faced an alarming global decline, owing to both direct and indirect human interference
(Robblee et al., 1991; Zieman et al., 1999; Seddon et al., 2000; Plus et al., 2003; Orth et al., 2006).
Seagrasses inhabit organic rich, reduced sediments and the exposure of their below-ground biomass
to sediment-derived hydrogen sulfide (H2 S), as a result of inadequate internal aeration due to low
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such as the light availability for underwater photosynthesis, the
flow-dependent thickness of the DBL and the water-column
O2 content, whereas the sinks are highly affected by elevated
seawater temperatures and the quantity of accessible organic
matter in the rhizosphere (Pedersen et al., 2004; Binzer et al.,
2005; Borum et al., 2006; Raun and Borum, 2013).
The O2 is transported from the above-ground tissue to
the below-ground tissue through the aerenchyma, i.e., an
internal gas-filled lacunar system, whereby plants support aerobic
metabolism in their root-system and provide protection against
reduced toxic compounds such as H2 S and Fe2+ (Armstrong,
1979; Borum et al., 2006). Some of the transported O2
is leaked to the rhizosphere as the so-called radial oxygen
loss (ROL), especially at the basal leaf meristems, root-shoot
junctions and root-caps (Koren et al., 2015). During nonstressful environmental conditions, ROL maintains a ∼0.5 mm
wide oxic microzone around the leaking areas that continuously
oxidizes the surrounding sediment and thus alters the immediate
sediment biogeochemistry in the seagrass rhizosphere (Pedersen
et al., 1998; Jensen et al., 2005; Brodersen et al., 2015). This
chemical defense mechanism is, however, negatively affected by
over-night water-column hypoxia (Brodersen et al., 2015).
Seagrass morphology is an important controlling factor
affecting the likelihood of H2 S intrusion into seagrasses, where
a higher above- to below-ground biomass ratio positively affects
the seagrasses oxidation capacity and reduces the risk of H2 S
intrusion (Frederiksen et al., 2006). Seagrass roots possess
structural barriers to ROL in mature root tissue regions such
as Casparian band-like structures of suberin in the hypodermis
(Barnabas, 1996). Such barriers to ROL in the basal-parts of
seagrass roots increase the intra-plant O2 transport to the active
apical root meristem and therefore are very important for
seagrass root metabolism.
In this study, we used electrochemical and fiber-optic
microsensors to investigate effects of epiphyte-cover on seagrass
leaves on the below-ground aeration of the rhizosphere of the
seagrass Zostera marina kept in a custom-made split flowchamber with natural sediment. This microenvironmental
approach allowed us to (i) analyse the DBL and light
microclimate around seagrass leaves with- and without
epiphytes, and (ii) correlate changes in these above-ground
micro-environmental parameters with changes in the ROL
from the root-caps, and thereby, the oxidation capacity of the
below-ground tissue.

water-column O2 levels during darkness, has been identified as a
key factor in seagrass die-back events (Greve et al., 2003; Borum
et al., 2005; Brodersen et al., 2015). Hydrogen sulfide is produced
in reduced sediment through bacterial sulfate reduction, which
is considered the quantitatively most important anaerobic
degradation process in coastal marine sediment (Jørgensen,
1982). H2 S is a phytotoxin that leads to chemical asphyxiation,
due to a strong chemical binding with cytochrome c in the
mitochondrial electron transport chain (Eghbal et al., 2004;
Pérez-Pérez et al., 2012; Lamers et al., 2013). If H2 S reaches
the root tissue surface it may enter the lacunar system of the
seagrass plant via lipid-solution permeation of the plasmalemma
(Raven and Scrimgeour, 1997). Such H2 S intrusion into the
below-ground tissue of seagrasses has mainly been related to
inadequate internal aeration during night-time, as a result of a
low water-column O2 content and thus a decrease in the diffusive
O2 supply from the surrounding water-column (Pedersen et al.,
2004; Borum et al., 2005). The amount of O2 passively diffusing
into the leaves from the water-column during darkness, is thus
highly dependent on the water-column O2 content, but is also
strongly affected by other factors such as the DBL thickness
(Binzer et al., 2005; Borum et al., 2006) and the leaf surface area.
The DBL surrounds all aquatic surfaces, such as seagrass leaves,
and functions as a diffusive barrier to the exchange of gasses and
nutrients with the surrounding water-column by impeding water
motions toward the leaf tissue surface (Jørgensen and Revsbech,
1985). The width and thus the mass transfer impedance of the
DBL depends on factors such as the surface topography and
the flow velocity, where e.g., relative low flow rates and uneven
surfaces increases the thickness of the DBL (Jørgensen and Des
Marais, 1990); both parameters are highly affected by epiphyte
growth on the leaf surface.
Light availability is the key environmental factor regulating
photosynthesis and thus the O2 supply during day-time, and
small decreases in irradiance can cause significant declines in
the growth and distribution of seagrasses (Burkholder et al.,
2007; Ralph et al., 2007). In eutrophic coastal waters, light
can be attenuated up to 100-fold in the upper 1–4 m of the
water column, often with dramatic changes in the spectral
composition (Sand-Jensen and Borum, 1991). Therefore, rooted
macrophytes are often spatially limited to biotopes with sufficient
light exposure, i.e., water depths experiencing a minimum of
10% of surface irradiance for temperate seagrasses (Borum,
1983; Duarte, 1991). Eutrophication can stimulate epiphyte
colonization on seagrass leaves (Richardson, 2006) potentially
affecting the light availability for the plant. Epiphytes may thus
have a major impact on the photosynthetic O2 evolution of
rooted macrophytes, such as seagrasses (Sand-Jensen, 1977).
The O2 budget of seagrass plants is regulated by a
complex interaction between several sources and sinks. Sources
encompass photosynthetic O2 evolution in leaves during
day-time and passive diffusion of O2 into the leaves from the
water-column in darkness. Sinks encompass the total O2 demand
of the surrounding sediment, including bacterial respiration and
chemical reactions with reduced compounds, as well as the plants
own respiratory needs. The amount of O2 produced or passively
diffusing into the leaves is affected by external physical factors
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Materials and Methods
Seagrass and Sediment Sampling
Marine sediment and Z. marina specimens with and without
leaf epiphyte-cover were collected from shallow coastal waters
(<2 m depth) at Aggersund, Limfjorden, Denmark. After
sampling, plants and sediment were transported to a nearby field
station (Rønbjerg Marine Biological Station, Aarhus University,
Denmark), where they were kept in constantly aerated water
reservoirs prior to experiments. Seagrass specimens with similar
above- and below-ground biomass ratios were selected from the
reservoirs and gently washed free of adhering sediment before
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(∼0.5 cm s−1 ) of aerated seawater (∼22◦ C, Salinity = 30) was
maintained in the seawater compartment of the flow chamber
by means of a pump submersed in an aerated seawater reservoir
(Figure 1).

transferred to the experimental split flow-chamber (see below;
Brodersen et al., 2014). In the following, seagrasses with epiphytecover refer to plants with ∼21% areal cover of filamentous algal
epiphytes on leaves in contrast to seagrasses without visible leaf
epiphyte-cover. The above- to below-ground biomass ratio was
1.0 and 0.8 of selected plants with and without leaf epiphytecover, respectively, based on g DW values obtained after drying
the plants in an oven at 60◦ C until a constant weight was
reached.

Light and O2 Measurements
We used scalar irradiance microprobes (sphere diameter 50 µm;
manufactured by a modified procedure of Lassen et al., 1992;
Rickelt et al., submitted) to quantify the light microenvironment
around leaves of Z. marina with- and without epiphyte cover
under two different irradiance levels (50 and 200 µmol photons
m−2 s−1 ; Figure 1A). The scalar irradiance microprobe was
connected to a fiber-optic spectrometer (USB 2000+, Ocean
Optics, USA), interfaced to a PC running spectral acquisition
software (SpectraSuite, Ocean Optics, USA). We measured
vertical profiles of spectral scalar irradiance in 0.1 mm steps
from the leaf surface to 1 mm above the leaf surface, and
in 1 mm steps from 1 to 10 mm from the leaf surface. To
quantify the downwelling irradiance, we recorded spectra of the
vertically incident light with the scalar irradiance microprobe
tip positioned over a black non-reflective light well at the
same position and distance in the light beam as the seagrass
tissue surface; in a collimated light field the downwellingand scalar irradiance are identical (Kühl and Jørgensen,
1994).
Clark-type O2 microsensors (OX-10 and OX-50, Unisense
A/S, Aarhus, Denmark; Revsbech, 1989) with a fast response

Experimental Setup
Plants were horizontally positioned in the flow-chamber (one
plant at a time) with the leaf canopy in the free flowing
water phase compartment and the below-ground biomass
transplanted in homogenized sediment from the sampling
site in the adjoining “sediment” compartment (Figure 1). An
anoxic water column (∼2 cm depth) functioned as a liquidphase diffusion barrier to O2 intrusion over the sediment
compartment of the flow chamber, as preliminary studies had
shown a constant loss/efflux of reduced compounds such as
H2 S from the sediment during incubation. Illumination of the
leaf canopy was provided by a fiber-optic tungsten halogen
lamp (KL-2500LCD, Schott GmbH, Germany). The downwelling
photon irradiance (PAR, 400–700 nm) at the leaf surface was
measured with a spherical quantum sensor (US-SQS/L, Walz
GmbH, Germany) connected to a calibrated quantum irradiance
meter (ULM-500, Walz GmbH, Germany). A constant flow

FIGURE 1 | Schematic diagram of the experimental setups. (A) Above-ground light and O2 microsensor measurements. (B) Measurements on the
below-ground chemical microenvironment with Clark-type O2 microsensors. (C) Measuring light transmission spectra at the seagrass leaf surface.
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Flux Calculations

time (<0.5 s) and low stirring sensitivity (<2–3%) were used to
measure (i) the radial O2 loss (ROL) from the below-ground
biomass of Z. marina (∼1 mm from the root-apex; Figure 1B),
and (ii) the O2 concentration at and toward the leaf surface
(Figure 1A). The O2 microsensors were linearly calibrated from
signal readings in 100% air saturated seawater and anoxic
seawater (by addition of ascorbate) at experimental temperature
and salinity; prior to calibrations and measurements in natural
sediment, the microsensors were pre-contaminated with sulfide,
i.e., they were pre-polarized in a Na2 S solution, to avoid drifting
calibrations during experiments.
Microsensors
were
mounted
on
a
motorized
micromanipulator (Unisense A/S, Denmark) and connected
to a PC-interfaced microsensor multimeter (Unisense A/S,
Denmark); both were controlled by dedicated data acquisition
and positioning software (SensorTrace Pro, Unisense A/S,
Denmark). Microsensors and microprobes were carefully
positioned at the tissue surface (defined as 0 µm) by manual
operation of the micromanipulator, while observing the
microsensor tip and tissue surface with a USB microscope
(AD7013MZT, DinoLite, AnMo Electronics Corp., Taiwan).
When positioning the O2 microsensors at the below-ground
tissue surface, a root from the first root-bundle was first
gently un-covered from sediment before manually moving the
microsensor to the surface of the root-cap, where after the
root was gently covered again with sediment. Steady state O2
levels at the below-ground tissue surface were re-established
after ∼3 h (data not shown). Microprofiles of O2 concentration
were measured in depth increments of 50 µm.

The O2 flux between the leaf surface and the surrounding
seawater was calculated using Fick’s first law of diffusion:
JO2 = −D0

where D0 is the molecular diffusion coefficient of O2 in seawater
at experimental temperature and salinity (2.0845·10−5 cm−2 s−1 ;
tabulated values available at www.unisense.com), and ∂C
∂z is the
slope of the linear O2 concentration gradient within the DBL.
A cylindrical version of Fick’s first law of diffusion, described
by Steen-Knudsen (2002), was used to calculate the ROL from
the below-ground tissue surface (assuming a homogenous and
cylinder-shaped O2 loss from the roots):
J(r)root−cap = ϕD0 (C1 − C2 )/rln(

r1
)
r2

where ϕ is the porosity of the sediment and ϕD0 estimates the
diffusivity of O2 within the sediment at experimental temperature
and salinity, r is the radius of the root, and C1 and C2 are the
O2 concentrations measured at the radial distances r1 and r2 ,
respectively. Porosity was determined from the weight loss of
wet sediment from the sampling site (known initial volume and
weight) after drying at 60◦ C until a constant weight was reached
(Porosity = 0.51).

Statistical Procedures
Data were tested for normality (Shapiro-Wilk) and equal variance
prior to statistical analysis. Student’s t-tests were used to compare
treatments (with- or without leaf epiphytes) on data that met
the above-mentioned assumptions. Mann-Whitney Rank Sum
tests were used on data lacking normality and/or equal variance.
A Two-Way ANOVA was performed to examine the influence
of leaf epiphyte-cover and incident irradiance on O2 fluxes
across the leaf tissue surface (Table S1). Analysis of covariance
(ANCOVA) was used to examine the effect of leaf epiphytes
on scalar irradiance with distance from the leaf surface as a
covariant. The significance level was set to p < 0.05. Statistical
tests were performed in SigmaPlot and SPSS.

Light Calculations
To quantify PAR, we integrated the measured scalar irradiance
spectra over 400–700 nm and calculated the fractions of incident
PAR irradiance for each measured depth position. By multiplying
with the known incident photon irradiance (in µmol photons
m−2 s−1 ), measured with a calibrated quantum irradiance
meter (ULM-500, Walz GmbH, Germany) equipped with a
spherical quantum sensor (US-SQS/L, Walz GmbH, Germany),
absolute photon scalar irradiance levels in each depth could be
calculated as:


Az
E(PAR)z =
Ed
AD

Results
Light Climate

where E(PAR)z is the PAR photon scalar irradiance in depth
z, Az is the wavelength integrated signal in depth z, AD is the
wavelength integrated downwelling irradiance, and Ed is the
downwelling photon irradiance (in µmol photons m−2 s−1 ).
Since the leaves of Z. marina were ∼50 µm thick, it was not
possible to measure internal light gradients in the leaves with
microprobes. Instead we measured the spectral attenuation of
light through leaves with and without epiphyte cover. A leaf,
with- or without epiphytes, was positioned in a transparent
acrylate chamber illuminated from below and with the incident
irradiance determined as above (Figure 1C). Concomitantly, the
microprobe was positioned at the abaxial surface of the leaf
and the transmitted spectra were recorded on leaves with- and
without epiphytes.
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∂C
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Our observations on the light microclimate around the leaves of
Z. marina revealed that epiphyte cover affect the quantity and
quality of light reaching the seagrass leaf.
In the presence of epiphytes, photon scalar irradiance (PAR,
400–700 nm) on the surface of seagrass leaves was reduced
by 54 and 92% under a downwelling photon irradiance of
50 and 200 µmol photons m−2 s−1 , respectively (Figure 2).
Without epiphytes, we observed a 3 and 4% increase in
photon scalar irradiance at incident irradiance levels of 50
and 200 µmol photons m−2 s−1 , respectively. Analysis of
covariance (ANCOVA) confirmed significant difference in the
scalar irradiance at the leaf tissue surface of plants with leaf
epiphyte cover as compared to plants without leaf epiphyte cover
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FIGURE 2 | Profiles of photon scalar irradiance measured at two
different downwelling photon irradiances (50- and 200 µmol photons
m−2 s−1 ) on Z. marina leaves with- and without epiphyte cover. Left
panels show the scalar irradiance 0–10 mm from the leaf surface measured

in 1 mm steps. Right panels show the scalar irradiance 0–1 mm from the leaf
surface measured in 0.1 mm steps (enlarged plots of the scalar irradiance
showed in the left panels). Data points represents means ± S.D. n = 3; leaf
level replicates.

(p < 0.01), as well as between photon scalar irradiance measured
at z = 10 mm and z = 0 mm for plants with leaf epiphyte cover
(p < 0.01). No significant difference was found between photon
scalar irradiance measured at z = 10 mm and z = 0 mm for
plants without leaf epiphyte cover (p > 0.05).
The decrease in scalar irradiance in the upper canopy
(1–10 mm above the leaf surface) was uniform across wavelengths
in the PAR region, while a spectral shift became evident in the
lower canopy (0–1 mm above the leaf surface) with blue light and
light around 675 nm being absorbed preferentially (Figure 3).
However, approaching the surface of the seagrass leaf we also
observed an enhanced absorption around 625 nm indicative of
phycocyanin found in cyanobacteria.
This was further clarified in the seagrass light transmission
spectra (Figure 4) where, in the absence of epiphytes, mainly
actinic light and light around 675 nm were absorbed,
corresponding to the absorption spectrum of Chl a. In the
presence of epiphytes there was a profound decrease in all
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wavelengths in the PAR region leading to a reduction in the
transmitted light with 71 and 88% (downwelling photon
irradiance of 50 and 200 µmol photons m−2 s−1 , respectively).
Students t-tests performed at 425, 560, and 675 nm (except at
425 nm under an incident irradiance of 50 µmol photons m−2
s−1 , where a Mann-Whitney test was performed due to data
lacking normality; p < 0.05) confirmed significant difference in
the transmitted light spectra between plants with leaf epiphyte
cover and plants without leaf epiphyte cover (p < 0.01). In
addition there was a relatively larger absorption of green light
in the presence of epiphytes, evident from a change in the ratio
of wavelengths 560:675 nm from six without epiphytes to three
with epiphytes suggesting absorption from accessory epiphyte
pigments.

Diffusive Boundary Layer and Photosynthesis
The O2 concentration microprofiles at the Z. marina leaf tissue
surface revealed a ∼4 times thicker DBL around leaves with
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FIGURE 5 | Vertical microprofiles of the O2 concentration measured
toward the leaf surface under four different incident photon
irradiances (0, 50, 100, and 200 µmol photons m−2 s−1 ). Red symbols
and lines represent leaves with 21% epiphyte-cover, Black symbols and lines
represent leaves without epiphyte-cover. y = 0 indicates the leaf surface.
Symbols and errors bars represent means ± SD. n = 3–4; leaf level replicates.

FIGURE 3 | Spectral scalar irradiance measured over Z. marina leaves
under an incident irradiance of 50 and 200 µmol photons m−2 s−1 with(right panels) and without epiphytes (left panels). Colored lines represents
spectra collected at the given depths in mm above the leaf surface expressed
as % of incident irradiance on a log-scale. n = 3; leaf level replicates.

Net O2 production increased with increasing photon
irradiance, as a result of enhanced shoot photosynthesis
(Figure 5). The lower light availability for plants with epiphytecover resulted in relatively lower net photosynthesis rates, and
the compensation irradiance increased from ∼12 to 27 µmol
photons m−2 s−1 for plants with epiphyte-cover (Figure 6;
Table 1). Despite the lower net photosynthesis in plants with
leaf epiphyte-cover, there was a higher build-up of O2 on the
tissue surface under moderate photon irradiances (100 µmol
photons m−2 s−1 ) as compared to plants without leaf epiphytecover, owing to limited gas exchange with the surrounding watercolumn as a result of the enhanced DBL thickness.

Radial O2 Loss
We used the measured steady state O2 microprofiles around
the root-cap of Z. marina with and without leaf epiphyte-cover
(Figure 7), to calculate the radial O2 flux into the surrounding
sediment. In light, we calculated the ROL from the root-cap to be
65.7 nmol O2 cm−2 h−1 from plants with leaf epiphyte-cover as
compared to 152.7 nmol O2 cm−2 h−1 from plants without leaf
epiphyte-cover (Table 1). The ROL maintained a ∼300 µm thick
oxic microzone around the root-cap of Z. marina (Figure 7). In
darkness, the ROL from the root-cap dramatically decreased to
0 nmol O2 cm−2 h−1 in plants with leaf epiphyte-cover (i.e., no
O2 was detectable at the root surface during darkness; Figure 7),
and 0.8 nmol O2 cm−2 h−1 in plants without leaf epiphytecover (Table 1). Epiphyte-covered plants did thus lose their oxic
microshield against H2 S intrusion in darkness.

FIGURE 4 | Spectra of scalar irradiance transmitted through Z. marina
leaves with- (red line) and without (black line) epiphyte cover and at
two different downwelling photon irradiances (50- and 200-µmol
photons m−2 s−1 ). Dashed lines represents ± S.D. n = 4; leaf level
replicates.

epiphyte-cover as compared to leaves without epiphyte-cover,
i.e., an increase in the DBL thickness from ∼350 to 1400 µm
(Figure 5). During darkness, passive diffusion of O2 from the
surrounding water-column resulted in a constant influx of O2
into leaves both with and without epiphyte-cover, supporting
the below-ground tissue with O2 (Figure 5; Table 1). However,
the thick DBL around leaves with epiphyte-cover impeded the
diffusive O2 supply in darkness as compared to plants without
epiphyte-cover [seen as a reduction in the seagrass leaf surface
O2 concentration from ∼198 to 51 µmol L−1 (Student’s t-test,
p < 0.001); Figure 5], leaving these plants more vulnerable to
low water-column O2 contents at night-time.
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Discussion
Our results provide clear experimental evidence that epiphyte
growth on Z. marina leaves reduces both light quantity and
quality reaching the seagrass leaf, thereby impeding the overall
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TABLE 1 | O2 fluxes across the leaf surface and radial O2 loss from the root-cap (∼1 mm from the root-apex).
Downwelling photon irradiance
µmol photons m−2 s−1

0

Leaves (+ Epiphytes)

Leaves (− Epiphytes)

Root-cap (+ Epiphytes)

Root-cap (- Epiphytes)

nmol O2 cm−2 h−1

nmol O2 cm−2 h−1

nmol O2 cm−2 h−1

nmol O2 cm−2 h−1
0.8 ± 0.1

−107.1 ± 1.0

0

50

60.6 ± 4.0a

271.9 ± 3.3

(–)

(–)

100

164.7 ± 4.9a

520.7 ± 12.8

(–)

(–)

200

221.2 ± 27.8a

800.9 ± 14.7

65.7 ± 21.0b

152.7 ± 7.5

−106.4 ± 1.8

(-) indicate no data points. Negative values denote net O2 uptake. Rates are mean ± S.D. n = 3–5; leaf/root level replicates.
significant difference between seagrasses with leaf epiphyte cover as compared to seagrasses without leaf epiphyte cover (control plants) (a Two-Way ANOVA, F3, 3 (PAR) =
2931.2, F1, 3 (epiphytes) = 3555.1, p < 0.01; b Mann-Whitney test, p < 0.05).
a,b Indicates

FIGURE 7 | Radial O2 loss from the root-cap of Z. marina (∼1 mm from
the root-apex) to the immediate rhizosphere measured at two different
photon irradiances (0 and 200 µmol photons m−2 s−1 ). Left panel show
radial O2 loss from seagrass with leaf epiphyte-cover, right panel show radial
O2 loss from seagrass without leaf epiphyte-cover. X = 0 indicates the root
surface. Error bars are ±SD. n = 3–5; root level replicates.

FIGURE 6 | Net photosynthesis rates as a function of downwelling
photon irradiance. Rates were calculated for the four different incident
irradiances (0, 50, 100, and 200 µmol photons m−2 s−1 ) and were fitted with
a hyperbolic tangent function (Webb et al., 1974) with an added term to
account for respiration (Spilling et al., 2010) (R2 = 0.99). Red symbols and line
represent leaves with ∼21% epiphyte-cover. Black symbols and line represent
leaves without epiphyte-cover. Error bars are ±SD. n = 3–4; leaf level
replicates.

of light reaching the leaf surface through the epiphyte canopy,
but as the generation time of unicellular and filamentous algae
colonizing the seagrass are short relative to the seagrass leaves,
there might have been a large proportion of dead epiphytes
thus acting as particulate organic matter with a more uniform
light attenuation (Figure 3, upper right). However, in the lower
epiphyte canopy (0–1 mm above the seagrass surface) there was a
non-uniform attenuation of light leading to a strong reduction
in blue light reaching the seagrass surface (Figure 3, lower
right). In the transmittance spectra, we saw a disproportionate
large amount of green light being attenuated in the presence
of epiphytes indicating the presence of a community possessing
accessory pigments able to utilize green light, such as red algal or
cyanobacterial phycobiliproteins.
Although a large proportion of the green light was attenuated
by epiphytes, blue and red light were almost completely removed,
leaving the plant in a light environment with predominately
green light which is less effectively absorbed by Chl a. Thus, both
quality and especially the quantity of light were diminished in
the presence of epiphytes thereby leaving the plant for longer
periods near the minimal light requirement for growth, which

plant performance during day-time. Furthermore, leaf epiphytecover lead to an enhanced thickness of the DBLs surrounding
the leaves, thus impeding the exchange of gasses and essential
nutrients with the ambient water-column. In darkness, this
resulted in a negative effect on the intra-plant O2 status
that subsequently reduced the oxidation capability of the
below-ground tissue, thereby rendering plants more vulnerable
to sediment-produced reduced phytotoxic compounds, such
as H2 S.

Light Microenvironment and Shoot
Photosynthesis
Light availability on the surface of the leaves of Z. marina
covered by epiphytes was dramatically decreased compared to
leaves without epiphytes in agreement with previous studies
(Drake et al., 2003; Pedersen et al., 2014). Effectively, this
means that a higher downwelling photon irradiance is needed to
meet the compensation irradiance for the epiphyte covered leaf
(Figure 6). We expected a larger change in the spectral quality
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is high in Z. marina (∼20% of surface irradiance; Dennison
et al., 1993). A recent study showed ∼90% reduction in biomass
under prolonged diminished light conditions, comparable to
the decrease in light shown here (Kim et al., 2015). It has
been speculated that the high minimum light requirement for
growth reflects that seagrasses often grow in anoxic, sulfide-rich
sediments (Ralph et al., 2007). The presence of sulfide results
in decreased photosynthesis and increased O2 consumption
in the dark (Goodman et al., 1995; Holmer and Bondgaard,
2001), which means that more light is needed to drive a
sufficient photosynthetic O2 supply to maintain positive growth.
Diminished light conditions due to epiphyte cover can thus
reduce the fitness of the plant.
The ∼4 times enhanced DBL thickness around leaves with
epiphyte-cover adversely affected the internal O2 supply to the
below-ground tissue at night-time. In addition, it lead to a buildup of O2 at the leaves surface under high incident photon
irradiance (≥100 µmol photons m−2 s−1 ; Figure 5), which
potentially could lead to enhanced photorespiration (as surplus
internal O2 molecules may bind competitively to RuBisCO
instead of CO2 resulting in decreased CO2 fixation and reduced
photosynthetic efficiency) and/or internal oxidative stress
(Maberly, 2014). At low photon irradiance (50 µmol photons
m−2 s−1 ), the reduced light availability and lower photosynthetic
activity, seemed to counter-balance this internal O2 buildup caused by the insulating DBL (Figure 5). Furthermore,
the epiphytes themselves, i.e., filamentous algal epiphytes and
most probably leaf- and filamentous algal epiphyte-associated
bacterial communities, contribute with oxygenic photosynthesis
and respiration, thereby further enhancing the O2 consumption
at the leaf surface during night-time. Correspondingly, we found
a ∼2 times higher compensation irradiance of plants with
leaf epiphyte-cover, as compared to plants without epiphytecover (Figure 6). This may be a very important factor during
prolonged events of poor light conditions, such as during
dredging operations and eutrophication, making plants with leaf
epiphyte-cover more prone to sulfide invasion as a result of
inadequate internal aeration (Pedersen et al., 2004; Borum et al.,
2005). The generally reduced net photosynthesis rates of plants
with epiphyte-cover (Figure 6), was most likely a combined result
of the poor light conditions and a limited influx of CO2 from
the surrounding water-column. Such DBL-induced limited gas
exchange with the ambient water-column can lead to inorganic
carbon limitation enhancing photorespiration (e.g., Maberly,
2014) thereby impeding shoot photosynthesis.

previously reported by Jensen et al. (2005; Table 1), a lower
oxidation capability of the below-ground tissue will almost
certainly have a negative effect on the overall plants performance.
ROL has been shown to improve the chemical conditions in
the immediate rhizosphere of seagrasses due to enhanced sulfide
reoxidation (Brodersen et al., 2015). The oxic microshield at the
root-cap surface can thus protect the apical root meristem from
reduced phytotoxic compounds, such as H2 S, through chemical
re-oxidation with O2 .

Dark O2 Microdynamics in the Rhizosphere
During darkness, no O2 was detected at the root-cap surface
of plants with leaf epiphyte-cover, indicative of inadequate
internal aeration in contrast to plants without leaf epiphytecover, where low levels of O2 were detectable at the root-cap
surface during darkness (Figure 7; Table 1). Such breakdown
of the oxic microshield in presence of epiphytes on seagrass
leaves can be of great importance, as a shift to anaerobic
metabolism in the root-system results in a much less efficient
energy utilization than with aerobic metabolism, as anaerobic
conditions inhibit the translocation of carbohydrates supporting
plant metabolism (Zimmerman and Alberte, 1996; Greve et al.,
2003). Previous studies of Z. marina have shown that the ROL
from the root-apex persists during darkness at a much higher
flux rate (up to 16.2 nmol O2 cm−2 h−1 measured 2 mm behind
the root-apex) than reported in this study (Jensen et al., 2005;
Frederiksen and Glud, 2006). This apparent discrepancy may
be explained by bacterial colonization of the root-cap surface
consuming the small amounts of leaked O2 through microbial
respiration and/or by ferrous sulfide (FeS) and iron plaques.
Sulfate reducing bacteria have thus previously been isolated from
surface-sterilized roots of Z. marina (Nielsen et al., 1999; Finster
et al., 2001).
Interestingly, the root-cap mediated O2 leakage to the
rhizosphere may also be important for plant-beneficial rootassociated microbial processes, such as H2 S re-oxidation, in
addition to simply detoxifying reduced substances in the
immediate rhizosphere through spontaneous chemical reactions.
Bacterially-mediated H2 S oxidation is about 10.000–100.000
times faster than the chemical reaction alone (Jørgensen and
Postgate, 1982) and therefore has potential to be of high value
for the plants. It has been suggested that H2 S oxidation also
takes place inside the plant (Holmer et al., 2005; Holmer and
Hasler-Sheetal, 2014), as seagrass exposed to high sediment H2 S
levels showed internal accumulation of elemental sulfur that is an
intermediate in the sulfide oxidation. This process is, however,
driven by simple chemical reactions between H2 S and O2 and
is not mediated by intra-plant enzymes or bacteria (Pedersen
et al., 2004) as seen in some marine invertebrates (Grieshaber and
Völkel, 1998).
The lower light availability for photosynthesis of plants with
filamentous algal epiphyte-cover seemed to be the key factor
behind the lower ROL from the root-cap (Figure 7), as a result
of the relative lower net photosynthesis rates and thereby lower
O2 production in leaves, as compared to plants without epiphytecover (Figure 6). This might seem obvious, but the DBL-induced
impedance of O2 exchange with the water-column of plants with

Light-driven O2 Microdynamics in the
Rhizosphere
Photosynthetic O2 evolution resulted in the establishment of
a ∼300 µm wide oxic microzone around the root-cap of
Z. marina at the approximate position of the apical root meristem
(Figure 7). Plants with epiphyte-cover exhibited a negative effect
on the below-ground tissue oxidation capacity with ∼2 times
lower ROL from the root-apex during light stimulation of the
leaf canopy, as compared to plants without leaf epiphyte-cover.
Although the ROL in light from the root-cap of plants with
and without epiphyte-cover were of similar magnitude to fluxes
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more vulnerable to H2 S invasion during prolonged events
of poor light conditions in the surrounding water-column.
Seagrasses with leaf epiphyte-cover are thus more prone to
anthropogenic impacts and activity in coastal environments,
as leaf epiphytes reduce their resilience toward environmental
disturbances.

epiphyte-cover, could also have resulted in an enhancement in
the aerenchymal O2 level (seen as the build-up in the surface
O2 concentration on Figure 5) and thereby a concomitant
higher ROL from the root-apex, but this effect was apparently
overruled by lower seagrass photosynthesis due to epiphyte
shading and/or inorganic carbon limitation due to increased DBL
thickness.
Burnell et al. (2014) recently demonstrated that high
incident photon irradiance (∼200 µmol photons m−2 s−1 ) in
combination with elevated water-column CO2 concentrations
(up to 900 µl L−1 , representing future predictions of enhanced
water-column CO2 levels) had a negative effect on seagrass
biomass and leaf growth, as compared to low light conditions.
The observed negative growth response to combined high CO2
and light conditions appeared to be closely related to overgrowth
of seagrass leaves with filamentous algal epiphytes. This finding
supports our microsensor measurements demonstrating the
negative effects of leaf epiphyte-cover on the intra-plant
O2 status and the below-ground tissue oxidation capacity.
Epiphyte-impeeded O2 evolution in seagrass leaves causing
reduced internal aeration and increased H2 S intrusion may
result in enhanced seagrass mortality if unfavorable light
conditions persist for longer periods of time. This emphasizes
the importance of minimizing nutrient loading into seagrass
inhabited marine coastal waters, as eutrophication often leads
to poor light conditions, low water quality, algal blooms and
enhanced night-time O2 consumption in the water column.
In conclusion, the present study shows that epiphyte-cover
of seagrass leaves leads to reduced oxidation capability of the
below-ground tissue, due to a combined result of lower light
availability and thicker DBLs around leaves, impeding seagrass
photosynthesis. This synergetic negative effect on the plants
performance, resulted in a ∼2 times higher compensation
irradiance in Z. marina leaving epiphyte-covered seagrasses
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