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ABSTRACT: Long-term deterioration of water quality is known to reduce the importance of benthic
ecosystem metabolism in shallow coastal ecosystems, but drivers of spatial and short-term vari-
ability in ecosystem metabolism are poorly understood. We addressed this knowledge gap
through detailed seasonal measurements of ecosystem metabolism across depth gradients from
shallow (2 to 3 m) eelgrass-dominated to deeper (4 to 5 m) muddy regions of a shallow, productive
estuary. Combined measurements of gross primary production (GPP), respiration (R) and, by dif-
ference, net ecosystem production (NEP) by the open-water diel oxygen technique and in situ
chamber incubations showed high importance of shallow eelgrass habitats for metabolism at the
system scale. Seasonal variations in GPP, R and NEP increased with light availability and temp-
erature with highest NEP in all habitats during the warm and sunny mid-summer. The shallow
eelgrass-dominated and neighboring habitats were seasonally net autotrophic (NEP = 0.54 and
0.31 mg O, m~2 d!, respectively), compared to net heterotrophy (NEP = -0.26 mg O, m™2 d7!) at
the deeper muddy site. Detailed studies along depth gradients further confirmed the role of eel-
grass as a key driver of spatial differences in ecosystem metabolism across the estuary. Strong
northerly winds (>8 m s™!) caused short-term (<24 h) periods of similar oxygen dynamics and sim-
ilar apparent productivity in shallow and deeper waters, indicative of efficient lateral mixing,
while calm periods (<4 m s™') enabled formation of ‘pockets’, i.e. water masses with limited con-
nectivity, which exacerbated the metabolic differences between shallow and deep sites.
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INTRODUCTION

Benthic primary producers such as seagrasses play
important ecological roles as hotspots for production,
storage and export of organic carbon (Duarte et al.
2013, Duarte 2017) in addition to efficiently retaining
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nutrients, stabilizing sediments and stimulating bio-
diversity in shallow coastal ecosystems (e.g. Hem-
minga & Duarte 2000). The relative importance of
benthic and pelagic primary producers in shallow
estuaries is largely a function of water clarity and
strongly related to nutrient loading (Borum & Sand-
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Jensen 1996). Shallow coastal seafloors typically
have a high cover of benthic macrophytes in the
well-lit photic zone, where they can contribute sig-
nificantly to gross primary production (GPP) (Duarte
& Chiscano 1999, McGlathery et al. 2001, Oberg
2006). Reductions in water clarity of shallow coastal
waters, mostly due to eutrophication, have caused
global losses and reduced depth colonization of sea-
grass meadows (Short & Wyllie-Echeverria 1996,
Orth et al. 2006, Waycott et al. 2009). Historically,
most of the Danish estuaries were dominated by the
seagrass Zostera marina (eelgrass), but following the
wasting disease in the 1930s and partial recovery
thereafter, the extent and depth distribution of eel-
grass decreased markedly as eutrophication reduced
water clarity (Nielsen et al. 2002, Bostrom et al.
2014). For example, Limfjorden in Denmark experi-
enced a shift from a pristine, benthic macrophyte-
dominated clear water regime with high total GPP
in the early 20th century to a eutrophic, plankton-
dominated regime, still with high total GPP, in the
1980s when nutrient loadings peaked (Krause-
Jensen et al. 2012). Nutrient loadings and concentra-
tions in Danish coastal waters have decreased signif-
icantly since the 1980s, but improvements in water
clarity and eelgrass depth colonization have been
slow, with signs of recovery processes starting
only recently (Riemann et al. 2016). While the eutro-
phication-induced transition from a benthic- to a
pelagic-dominated system is well-documented, the
reversal —oligotrophication—is less well under-
stood (Duarte et al. 2009, Riemann et al. 2016), partly
because of multiple feedback mechanisms (including
unsuitable soft and organic-rich substratum) that
potentially delay the return of the vegetation (Max-
well et al. 2017). A few recent studies, however, pres-
ent trajectories of recovery and changes in overall
productivity, with a reversal to a benthic-dominated
system (McGlathery et al. 2012, Riemann et al. 2016,
Staehr et al. 2017).

In shallow coastal ecosystems such as Roskilde
Fjord, Denmark, where sufficient light reaches the
sediment surface to support benthic primary produc-
tion in most of the estuary (Staehr & Borum 2011), net
ecosystem production (NEP) is expected to be auto-
trophic (NEP > 0) with GPP exceeding ecosystem res-
piration (R) (Ziegler & Benner 1998, Kemp & Testa
2011). This expectation agrees with observed long-
term improvements in water clarity and greater
depth limits of the dominant macrophyte, Z. marina,
associated with increasingly autotrophic conditions
(Staehr et al. 2017). Although several studies have
assessed the relative roles of pelagic and benthic

compartments in shallow aquatic ecosystems (e.g.
Borum & Sand-Jensen 1996, Van de Bogert et al.
2007, Krause-Jensen et al. 2012), few have allowed
direct partitioning of the metabolic processes (e.g.
Caffrey et al. 1998, Hume et al. 2011, Murrell et al.
2018). Moreover, the relative contribution of benthic
versus pelagic primary producers along depth gradi-
ents and the temporal dynamics in ecosystem metab-
olism are poorly understood (Kamp-Nielsen 1992,
Kemp & Testa 2011).

Moving from shallow well-illuminated to deeper
shaded habitats will likely shift NEP from autotrophy
to heterotrophy with increasing plankton R and de-
creasing benthic photosynthesis. In support of this,
daily variations in oxygen and temperature show
declines with depth, indicative of higher metabolic
rates in the nearshore shallower waters related to the
presence of rooted autotrophs (Odum 1967, Swaney
et al. 1999). The partitioning of total ecosystem R be-
tween planktonic and benthic components is also
expected to change with depth, as planktonic pro-
cesses are strongly favored in deeper systems (e.g.
Kemp & Boynton 1992, Heip et al. 1995). Moreover,
temporal variation in external forcing variables,
including sunlight, wind, meteorological tides and
stream flow may cause significant day-to-day, and
even hourly, variability in GPP, R and NEP (Staehr &
Sand-Jensen 2007, Jennings et al. 2012). Hence,
short-term hourly increases in wind-induced water
turbulence can lead to higher rates of sediment re-
suspension, reducing water clarity, light penetration
and photosynthesis (Arfi et al. 1993), as well as rein-
troduction of labile organic matter into the water col-
umn, stimulating planktonic R (Demers et al. 1987).
Large daily variability in ecosystem production has
been associated with variations in cloud cover and
the resulting changes in sunlight (e.g. Fisher et al.
2003), as well as with wind-induced changes in mix-
ing and resuspension (Staehr & Sand-Jensen 2007).
Depending on water depth, sediment characteristics
and density of macrophytes, such external forcing
will interact with the complex local hydrodynamics
associated with the canopy structure, eventually
influencing oxygen dynamics and metabolic pro-
cesses in nearshore shallow habitats differently
(Hume et al. 2011).

In this study, we utilized high-frequency open-
water measurements of oxygen, temperature, salinity
and wind speed to investigate temporal and spatial
variability in estuarine metabolism at sites with dif-
ferent benthic habitats and at different water depths.
This enabled us to characterize the seasonality
in GPP, R and NEP and investigate the regulatory
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importance of different external conditions over dif-
ferent time scales. Furthermore, a series of benthic
and pelagic oxygen in situ incubation studies al-
lowed assessment of the benthic and pelagic contri-
butions to the ecosystem-integrated rates. Multiple
measurements along a depth gradient made it possi-
ble to test expectations of larger magnitude of vari-
ability of ecosystem metabolism in shallow eelgrass-
dominated areas compared to deeper muddy parts of
the estuary. These measurements along a depth gra-
dient ultimately enabled us to evaluate the influence
of meteorological forcing events for short-term oxy-
gen dynamics in the coastal environment.

MATERIALS AND METHODS
Study sites

Our study was conducted in the southern, inner
part of Roskilde Fjord, a 30 km long, shallow estuary
(mean depth 3 m, surface area 123 km?) in north
Zealand, Denmark (Fig. 1). The outer part connects
to the Kattegat through the Isefjord, while a sill
restricts water transport between the outer and inner
part of the estuary. The inner part is slightly shal-
lower than the outer but has a larger surface area.
The water column in the inner part of the estuary is
well-mixed, with only short sub-diel stratification.
Depending on the strength of wind-driven ex-
changes, the average water residence time in the
inner part of the estuary ranges between 90 and

720 d (Kamp-Nielsen 1992, Josefson & Rasmussen
2000). Land use in the catchment is dominated by
agriculture (67 %), urban areas account for 15 %, and
the remaining watershed is covered with forests,
wetlands and lakes. Roskilde, the largest city in the
catchment, lies on the shore of the inner basin. His-
torically, Roskilde Fjord, like the rest of Denmark,
had very extended eelgrass meadows (Petersen
1901, Steemann-Nielsen 1951), and while these were
severely reduced by eutrophication, peaking in the
1980s, Roskilde Fjord and Denmark are still hotspots
of eelgrass distribution and have experienced recent
increases in eelgrass depth distribution (Riemann et
al. 2016, Staehr et al. 2017).

Temporal variability in ecosystem metabolism
was investigated through continued open-system
diel O, measurements as well as through episodic
benthic and pelagic incubations in 3 main sites in
the inner part of Roskilde Fjord from April (spring)
to December (winter) 2015 (Fig. 1, Table 1). Two of
the sites were located at 2 to 3 m depth, one rep-
resenting an eelgrass meadow (‘eelgrass’) and an-
other, approximately 100 m to the south, repre-
senting a neighboring, non-eelgrass site. The latter
is referred to as the ‘bare’ site, although the site
had scattered small stones (5 to 10 cm in diameter)
covered by filamentous algae. The third site
(‘'muddy’) represented the deeper (5 m) area char-
acterized by fluffy, organic-rich sediment with no
benthic vegetation. In our study, we distinguish
between eelgrass-dominated vs. bare vs. mud-
dominated areas and refer to these as different
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Fig. 1. Study sites in Roskilde Fjord, Denmark. Investigations were performed in 2 areas of the inner fjord, with Stn 60 repre-

senting the deeper (5 m) muddy (mud) area, and the shallower (2 to 3 m) experimental area (Exp) representing a vegetated

(eelgrass) and a non-vegetated (bare) site. The color scale in the central figure is a model estimate of the cover (0 to 100 %) of
eelgrass plants (Mohn et al. 2015)
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Table 1. Overview of sampling program and subsequent modelling. Study

sites are shown in Fig. 1

Field measurements of metabolic
rates and physical forcing

Study component Study sites

Study period

Diel oxygen measurements

Water quality sampling Muddy
Metabolic rates: seasonal study
Diel O, measurements Muddy, eelgrass,
(open) bare
Benthic incubations Eelgrass, bare

Pelagic incubations Muddy

Metabolic rates: short-term study
Diel O, measurements Depth gradient
(open)
Modelling of metabolic rates Muddy, eelgrass,

bare

May-Dec 2015
Apr-Dec 2015

3 occasions:

Apr, Jun, Aug 2015
14 occasions:
Apr-Dec 2015

26 Apr-20 May
across habitat types 2016
Jan-Dec

Rates of GPP, R and NEP were de-
termined from changes in the concen-
tration of dissolved oxygen (DO) fol-
lowing the diel oxygen technique as
originally described by Odum (1956).
In our study, continuous measurements
(every 10 min) of DO and water temper-
ature were made with miniDOT oxygen
optode loggers (Precision Measurement
Engineering), (hereafter termed 'oxy-
gen logger’) at the 3 main sites. Photo-

habitats due to their marked differences in sub-
strate and vegetation. Furthermore, to quantify
short-term effects of physical forcing, we conducted
a gradient study in May 2016 along a transect per-
pendicular to the shoreline (from ~100 to 500 m off
the shore) starting at 1.8 m and reaching ~5 m
depth, representing all 3 habitat types (Table 1,
Fig. 1).

Water quality sampling

Water quality sampling for measurements of total
and dissolved inorganic nutrients, phytoplankton
biomass (chlorophyll a; chl a), Secchi depth and pro-
files of temperature, salinity and oxygen was carried
out every 2 wk from May to December 2015 at the
muddy station, which coincided with a monitoring
site (Fig. 1; Stn 60) within the Danish National
Aquatic Monitoring and Assessment Program (DNA-
MAP). Sampling and measurements of dissolved
inorganic nitrogen (DIN; NO3™ + NO,™ + NH,*), dis-
solved inorganic phosphorus (DIP; PO,*") and chl a
followed standard technical guidelines (Kaas &
Markager 1998). Water column concentrations of
nutrients were measured at 1 m depth by colorimet-
ric methods (Danish Standards Association 1975,
1985). Chl a was analyzed from Whatman GF/F or
GF 75 Advantec filtered samples from 1 m depths
and extracted in ethanol according to Strickland &
Parsons (1972). To supplement these monitoring
data, water samples were taken from 1 m depth on a
bi-weekly to monthly basis to measure pelagic GPP
using a modified oxygen incubation technique as
described below.

synthetically active radiation (PAR) was
measured simultaneously at the same
frequency using 4 Odyssey PAR loggers (Dataflow
Systems) (henceforth termed ‘PAR loggers') placed
within a 2 m depth range at all 3 sites (Fig. 2C).
Odyssey loggers were calibrated based on parallel
measurements of PAR by a LICOR® 21 sensor. All
sensors were cleaned on a bi-weekly basis to reduce
sensor drift from fouling. Fouling of sensors was fur-
ther reduced by a copper mesh for the oxygen sensors
and by a copper film placed around the light sensors.
Sensor drift was corrected by assuming a linear de-
cline in sensitivity over each bi-weekly period.

From April to December 2015, we applied 2 oxygen
loggers and a PAR logger at each site (Table 1). At
the deeper muddy site, oxygen loggers were at-
tached to a surface buoy approximately 1 m below
the sea surface, while at the shallow sites, sensors
were fixed to metal poles secured firmly into the sed-
iment, measuring approximately 30 cm above the
seafloor. We did not anticipate any effects of sonde
placement above sediment, as the water column was
fully mixed at all 3 sites throughout the measurement
period. At each site, we calculated the diffuse light
attenuation coefficient (Kpar) as the linear slope
between depth and the log of light intensity. Regres-
sions with a poorer fit (r> < 0.8) were excluded from
further analysis.

The supplementary short-term study of diel O,
variability represented a 4 wk period from 26 April to
20 May 2016 (Table 1), we deployed 5 oxygen log-
gers and 1 YSI 6600V2® multisonde measuring oxy-
gen, temperature, water level and salinity. The
equipment was placed along a depth gradient from
1.8 m inside the eelgrass meadow extending appro-
ximately 500 m perpendicular to the shoreline, north-
west towards the muddy site at 5 m depth. All sensors
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were attached to metal poles and positioned ~30 cm
above the sediment surface.

Benthic incubations

To investigate the importance of eelgrass meadows
and other benthic components for diel variations in
oxygen concentrations and daily water column net
fluxes, we used in situ chambers, which allowed us to
incubate a section of the seafloor with its benthic
community. Triplicate chamber incubations were
done at the 3 types of habitats in April (spring), June
(early summer) and August (mid/late summer) 2015,
corresponding to mean temperatures of 9, 16 and
21°C, respectively. Chambers consisted of gas-
impermeable transparent plastic bags (19 x 42 cm;
diameter x height = 12 1) attached to a hard PVC col-
lar which was secured firmly into the sediment with
metal plugs (Fig. 2A). Incubations were made over a
period of approximately 24 h with logging of oxygen,
temperature and light every 10 min by an oxygen
logger and a light logger placed at a depth of about
30 cm above the seafloor inside each chamber fixed
to a metal stick placed into the sediment.

Pelagic incubations

Water samples were collected on 14 occasions from
April to December at 1 to 2 m depth at the deeper
muddy site. These pelagic rates were assumed to also
represent pelagic rates at the shallower bare and eel-
grass sites. Triplicate measurements of pelagic meta-
bolism were done by in situ incubation of the sam-

pled water in 0.5 1 transparent glass jars (Fig. 2B) at-
tached to a buoy over approximate 24 h at 1 m depth.
An oxygen logger was inserted 5 cm into each glass
jar and recorded oxygen and temperature every
10 min. Next to these jars, a PAR logger recorded
light simultaneously within the same frequency.

Modelling of oxygen fluxes

To improve comparisons of metabolic rates be-
tween open-water and chamber measurements, we
applied a similar inverse modelling approach (Han-
son et al. 2008, Brighenti et al. 2015) which utilizes
data on irradiance and temperature to model meta-
bolic rates from high-frequency oxygen measure-
ments. This approach has less assumptions regarding
constant R and facilitated more realistic daily rates
using information on the ambient light and tempera-
ture conditions during similar periods. This approach
also minimizes a possible mismatch between open-
water and chamber fluxes that may result from differ-
ences in light and temperature conditions during
sampling.

Diel changes in DO for open-water measurements,
pelagic bottle incubations and benthic chambers
were modelled using Eq. (1):

Dot+1 = Dot + GPPt - Rt + Ft (1)

where DO,,; and DO, are the DO concentrations (mg
1‘1) at discrete times t+ 1 and ¢t with 10 min resolution;
GPP, is GPP at time t; R, is the ecosystem R at time ¢
(see Eq. 2); and F; is the net exchange of O, between
the lake and the atmosphere at time ¢ (Eq. 3). For bot-
tle and chamber incubations with no air-water gas

Fig. 2. Techniques applied to measure metabolic rates in different habitats: (A) in situ chamber for benthic oxygen fluxes,
(B) bottle incubations for pelagic primary production and respiration rates and (C) buoy with oxygen sensor at the open-water
muddy site (Stn 60)
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exchange, Eq. (1) was simplified by removing the
F, term. NEP was calculated using a light- and
temperature-dependent model (Eq. 2) described by
Brighenti et al. (2015):

ADO,,, =NEP, =

2
x tanh(ot x I, / Py ) = R x 1.077w ™% =

Pmax

where P, is the light saturation point, o is the initial
linear slope of the photosynthesis vs. light relationship
describing the average rate of photosynthesis per unit
of PAR and I,is the surface PAR (pmol photons m~2 s71)
measured at time t. Respiration was a function of the
rate of R at 20°C, water temperature (7,,) and a tem-
perature sensitivity constant equal to 1.07.

Net oxygen exchange between air and water was
calculated according to Staehr et al. (2010):

Ft = [kt (Doz - DOsat[t]) / Z] /2 (3)

where DO is the measured concentration in the water
and DOy, is the concentration in water at equilib-
rium with the atmosphere at ambient temperature
and pressure (Weiss 1970) at time ¢, k; is the coeffi-
cient of gas exchange for DO at time f and Z is the
total depth of the water column at the measurement
site. The value of k was calculated based on the rela-
tionship among Schmidt numbers (Sc) and tempera-
ture (Jdhne et al. 1987): k = kggo % (Sc/ 600)™%°, where
kgoo is the piston velocity calculated as function of
wind speed at 10 m height according to a model
developed for Roskilde Fjord (Merk et al. 2014).
Wind speeds were measured at a meteorology mast 1
km away from the experimental area.

The 3 parameters in Eq. (2) (Ppayx @ and Ry.x) were
estimated using a conjugate-gradient optimization
algorithm that minimized the sum of squared errors
between estimated and observed DO for each incu-
bation period with constraints on the parameter
space, i.e. lower and upper bound for each parame-
ter. The parameters P, 0, and Ry, were finally
used to estimate DO concentrations at every 10 min
using Eq. (1) above. Parameterization of DO curves
can be poor on days where oxygen dynamics are
dominated by physical exchanges (Hanson et al.
2008). To assess model performance (i.e. how well
the model fitted the observed DO data), we deter-
mined the coefficient of determination (r?). To reduce
bias by erroneously modelled DO curves, we
removed sonde days with r? below 0.2 (Obrador et al.
2014), resulting in removal of 15% of the 1068 sonde
days measured in total.

The optimized parameters P, o and R,., were
subsequently used to calculate hourly rates of NEP,

GPP and R, inserting 10 min interval recordings of
the mean available light in the water column and
water temperature over a 24 h period. Mean light
availability (Epean) for primary producers (i.e. the
expected value of PAR to which an algal cell is
exposed, assuming that the water column is fully
mixed) was calculated according to Staehr & Sand-
Jensen (2007):

Emean = E0 (1 - e_KPARZ) /<KPARZ) (4)
where Kpg is the diffuse PAR attenuation coefficient
(m™), Zis the total depth of the water column, and E,
is the surface PAR (pmol photon m™2 s~!) measured at
the nearby (1 km) meteorological mast.

Daily rates of GPP, NEP and R were calculated as
the average hourly rates (over 24 h) multiplied by
24 h. Volumetric daily rates were then converted to
area-specific rates. For open-water measurements
and bottle incubations, this simply involved multiply-
ing volumetric rates (g O, m~3 d~!) with the depth (m)
of the water column at the measurement site. For
benthic chamber incubations, this conversion in-
volved multiplying with the volume (121 on average)
of the incubation bags and dividing by the area
(0.028 m?) of the incubation chambers. We display R
as negative values to facilitate rate comparison.

Statistical analysis

To enable a comparison of open-water (total),
pelagic and benthic estimates of GPP, R and NEP, we
applied a general linear mixed model (GLMM)
describing spatial variation among habitats and sea-
sonal (at a monthly resolution) variation as fixed fac-
tors, and variation among sampling days within
months as random factors in addition to residual vari-
ation. Since data on metabolic rates were not consis-
tently measured throughout the entire study period
for all 3 habitats (muddy, bare and eelgrass), mar-
ginal means were calculated from the GLMM to pro-
duce comparable means for spatial and seasonal
variation. The significance of the fixed effects in the
GLMM was tested using an F-test for the additional
variation explained by the given factor, i.e. compar-
ing the models with and without the factor. Tests for
differences in metabolic rates among habitats were
performed as contrasts between parameter estima-
tes. The GLMM was analyzed using PROC MIXED in
SAS v.9.3. Furthermore, the short-term temporal
variability in GPP, R and NEP for the open-water esti-
mates was estimated by calculating the standard
deviation of the residuals between observations and
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a 15 d moving average across the entire study period.
Statistical investigation of relationships between
variables was performed using a simple Spearman
ranks correlation analysis on the untransformed data.
Finally, to evaluate the level of background R (sensu
Solomon et al. 2013) associated with particulate and
dissolved organic matter, we performed a linear
regression model of R as a function of GPP (using
geometric means) and estimated the background R
level as the y-intercept.

RESULTS

Seasonal changes in physical and
chemical conditions

Depth profiles showed that the water column was
fully mixed from April to December with similar tem-
perature and salinity (data not shown) at surface and
bottom at the deeper muddy station (Fig. 3A). Daily
surface irradiance showed large day-to-day variation
and peaked around the equinox in late June, approx-
imately 2 mo before the peak of water temperatures
(Fig. 3A). Daily wind speeds averaged 4.4 m s
(range: 1.2 to 9.7 m s71), with 47% of days having
wind speeds <4 m s! and only 2% having wind
speeds >8 m s~! (Fig. 3B). Chl a levels were overall
low (range: 0.9 to 8.9 ug 1™!) and Secchi depths rela-
tively high (range: 3.2 to 5.1 m ~ visible at bottom),
considering the rather high nutrient levels (Fig. 3C).
Secchi depth was strongly related to chl a (ry = —0.54,
p = 0.008). Chl a peaked in late April indicating a late
spring bloom (Fig. 3C) with a corresponding draw-
down of DIN. Nitrogen remained almost completely
depleted until late August when a small increase
occurred (Fig. 3D). Following a phytoplankton bloom
in September (Fig. 3C), DIN levels declined. During
the DIN-depleted summer period, DIP increased, fol-
lowed by decreasing concentrations in late autumn
as DIN accumulated (Fig. 3D).

Temporal pattern of ecosystem metabolism in
different habitats

All 3 habitats exhibited a clear seasonality in
open-water estimates of GPP, NEP, and R (Fig. 4,
Table 2). GPP and R increased during spring, reach-
ing maximum in late summer and declining in fall
and winter (Fig. 4). GPP increased more strongly
with water temperatures and solar radiation than R
(Table 3). While GPP seemed unrelated to wind at
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Fig. 3. Seasonal changes in (A) daily water temperature at

1 and 4 m depth and surface irradiance (PAR), (B) daily wind

speed 10 m above sea level, (C) Secchi depth and chl a (bi-

weekly) and (D) dissolved inorganic phosphorus (DIP) and
nitrogen (DIN) (bi-weekly)

the deepest site, there was a significant correlation
between R and wind speeds for all 3 habitats. In
combination, these relationships indicate that net
autotrophy (NEP > 0) prevailed during warm, sunny
and calm periods (Table 3). R was weakly correlated
with GPP in the 2 shallow habitats (r; = 0.34, p <
0.001) compared to a stronger correlation in the
muddy habitat (r; = 0.63, p < 0.001). Regression
analysis of open-water R vs. GPP showed that back-
ground R was very low, as it was not significantly
different from zero (Student's t-test, p > 0.05) in any
of the habitats.
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Fig. 4. Daily estimates of gross primary production (GPP), res-
piration (R) and net ecosystem production (NEP) determined
from continuous oxygen measurements in 2 shallow (2 to 3 m)
sites dominated by (A) eelgrass and (B) bare sediments, and
(C) in the deeper (5 m) muddy site in Roskilde Fjord, Denmark
(April to December 2015). Ris presented as a negative number
to facilitate plotting on the same graph as GPP and NEP. Nega-
tive NEP values are days when R outpaces GPP. Solid lines are
14 d moving averages. (D) Mean (+95% CI) GPP, R and NEP
for the 3 sites over the study

There were overall significant differences in open-
water metabolic rates among the 3 habitats (Table 2).
Areal GPP was significantly lower in the deeper
muddy habitat (mean + 95 % CI: 4.60 + 0.59 g O, m™2

d™!) compared to the eelgrass (5.26 + 0.23 g O, m™2
d™') and bare habitats (5.40 + 0.23 g O, m2 d™!). Area
R was slightly higher in the bare habitat (5.13 +
0.33 g O, m~2 d7!) compared to the eelgrass (4.71 +
0.32 g O, m~2 d7!) and muddy habitats (4.84 + 0.66 g
0, m™2 d™Y). The metabolic balance (NEP = GPP — R)
was overall positive for the eelgrass (0.54 + 0.36 g O,
m~2 d!) and bare habitats (0.31 + 0.36 g O, m™2 d})
but negative for the muddy habitat (-0.26 + 0.64 g O,
m~2d™!), supporting expectations of net autotrophy in
the vegetated area and net heterotrophy in the non-
vegetated deeper muddy area.

Days of net heterotrophy (NEP < 0) occurred during
all months for all 3 habitats (Fig. 4), but were slightly
more frequent at the muddy site (48 %) compared to
the shallower sites (44 %). While negative NEP oc-
curred in all months, the shallow sites mostly experi-
enced net heterotrophy during autumn, suggesting a
significant loss of autotrophic biomass here. The ana-
lysis of residuals from the 15 d moving average trend
showed higher day-to-day variability in open-water
metabolic rates in the muddy habitat, especially for
GPP and R (cf. Fig. 4). Standard deviations of the
residuals from the muddy habitat were 2.71, 2.67 and
2.74 g O, m~2 d~! for GPP, R and NEP. In comparison,
standard deviations of the residuals in the bare
habitat were 1.63, 2.43 and 2.63 g O, m™2 d~!, almost
similar to those of the eelgrass habitat (1.65, 2.30 and
2.50 g O, m™2 d"! for GPP, R and NEP, respectively).

Contribution of pelagic and benthic habitats to
ecosystem integrated rates

Based on the bottle incubations, we determined
areal-specific rates of pelagic GPP, R and NEP, which
were much lower than rates obtained with the open-
water measurements and the benthic chamber incu-
bations (Fig. 5). Pelagic GPP for the entire period
(April to December) was on average 2.0 g O, m™2d?,
compared to pelagic R of 1.6 g O, m™2 d?, indicating
that the water column was overall net autotrophic
(0.4 g O, m2 d7Y). Pelagic GPP estimates suggested
moderate seasonal variation in productivity (Fig. 6),
although the statistical test showed no significant dif-
ference between months (Table 2).

Benthic GPP and R, measured in benthic incubation
chambers, was overall much higher in the eelgrass
beds compared to the nearby shallow bare sediment
and the deeper muddy site (Table 4). The eelgrass site
was the only habitat with a net positive flux of oxygen
(NEP > 0) from the sediment to the water column
(Table 4). Low metabolic rates in the eelgrass habitat
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Table 2. General linear mixed model (GLMM) results for effects of habitats
and seasons on differences in total (open-water), pelagic and benthic (cham-
ber) GPP, R and NEP. Significant levels (p < 0.05) effects are highlighted in

Comparing open-water (~total) sea-
sonal average estimates of GPP, R
and NEP with estimates based on in

bold. Degrees of freedom (df) for the numerator (Num) and the denominator

(Den) along with the F-values are shown

situ benthic chambers (~benthic) and
bottle incubations (~pelagic), showed

~ o,

Type Variable Effect Numdf Dendf F P a close (~100%) agreement between
total and the sum of benthic + pelagic

Total GPP Habitat 2 387 74  <0.001 rates for the shallow eelgrass site
. bMonth . 1Z 219 2?(13 <0.001 (Fig. 5). Interestingly, although the

abitat x mont 387 . 0.352 . .
R Habitat 2 381 45 0.011 bare shallow s.1te had total metabolic

Month 7 219 7.3 <0.001 rates very similar to the nearby eel-
Habitat x month 14 381 1.2 0.244 grass site, the sum of the measured
NEP Habitat 2 381 4.4 0.013 benthic and pelagic rates could only
- b_ltV[tonth " 1Z ;;? "132 <g(1)g; account for 37% of the open-water
apitat X mon . . .

) GPP estimates and 54 % of the eco-
Pelagic = GPP Month 6 7 2.0 0.187 t R d at the b it
R Month 6 - 11 0463 system R measured at the bare site

NEP Month 6 7 1.3 0.369 (Fig. 5). A similar discrepancy was

Benthic ~ GPP Month 2 14 301 <0.001 found for the muddy site where the
Habitat 2 14 47.6  <0.001 sum of benthic and pelagic meta-

Month x habitat 3 14 13.7  <0.001 bolic rates only accounted for 46 and

R Month 2 14 12.8 0.001 47% of open-water GPP and R, re-

Habitat 2 14 15.3 <0.001 . . .

Month x habitat 3 14 2.9 0.072 spectively. This discrepancy between

NEP Month 2 14 13.2 0.001 open-water and chamber-based rates

Habitat 2 14 4.0 0.043 for the bare and muddy sites seemed
Month x habitat 3 14 4.2 0.026 connected to the substantially lower

Table 3. Daily values of water temperature (T,,), surface irradiance (PAR),
wind speed at 10 m (wind), GPP, R and NEP at the shallow eelgrass site (eel-
grass) and non-eelgrass site (bare) and the central, deeper Stn 60 (muddy)
habitat. The Spearman rank correlation coefficient (r;) is shown with the

significance levels (p)

benthic rates measured in these habi-
tats, compared to the eelgrass-domi-
nated habitat where benthic rates
were multifold higher (Fig. 5). How-
ever, integrating across all months
and habitats with the GLMM, total

] GPP, R and NEP were only approxi-
Habitat  Parameter  —— GPP —— R NEP mately 10% higher than the sum of

I, p I P I p : ) )
pelagic and benthic rates, suggesting
Eelgrass Ty 0.61 <0.0001 0.28 <0.0001 0.32 <0.0001 a relatively good agreement between
PAR 0.53 <0.0001 0.15 0.0235 0.34 <0.0001 estimated rates. While pe]agj_c and
Wind  -0.08  0.2491 0.15 0.0224 -0.18  0.0067 benthic processes showed different
Bare T, 0.65 <0.0001 0.26 <0.0001 0.30 <0.0001 seasonality, their overall contribution
PAR 0.52 <0.0001 0.09 0.1775 0.36 <0.0001 to total rat il ith 54. 56

Wind  -0.10  0.1362 029 <0.0001 -0.36 <0.0001 0 tota Ora €s were sunilar, wi '
Mud T, 0.46 <0.0001 039 <0.0001 0.17  0.0187 and 46% of GPP, R and NEP, respec-
PAR 0.54 <0.0001 0.20 0.006 048 <0.0001 tively, accounted for by benthic pro-

Wind  -0.08 03125 0.25 0.0006 -0.36 <0.0001 cesses.

in April were measured during strong winds (>8 m s7),
low irradiance and highly turbid cold water, possibly
explaining the much lower rates compared to other
months (Fig. 6). Benthic rates of both GPP, R and NEP
all showed significant seasonal variation with signifi-
cant differences among the 3 sites (Table 3). For GPP
and NEP, there was significant interaction between
habitats and seasons, indicating that seasonal varia-
tion differed among habitats.

Changes in metabolic rates with depth and
wind conditions

Deploying an array of oxygen, light and temperature
loggers for 4 wk from the near-shore shallow (1.8 m) to
the deeper central site (5 m) enabled us to calculate
daily GPP, R and NEP along a depth gradient (Fig. 7).
Although volumetric rates were 3-fold higher at the
shallow sites, water-column integrated rates were
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Fig. 5. Comparison of GPP, R and NEP mean rates for the 3
studied habitats in Roskilde Fjord obtained from open-water
oxygen measurements representing total rates, and bottle
incubations representing pelagic rates and benthic chamber
rates. Means represent April to November for total rates,
April to September and December for pelagic rates, and
April, June and August for benthic rates. Error bars: +95 %
CI of the means

more similar along the gradient. Nevertheless, shallow
sites had almost twice as high areal GPP and R, with
small, albeit positive and significant, NEP compared to
NEP ~ 0 at the deeper sites.

As 2 of our oxygen loggers in the 3 to 4 m depth
interval malfunctioned, our characterization of the
depth gradient was not as detailed as planned.
Aggregating data into a nearshore (1.8 to 2.1 m
depth) and deep (4.1 to 5 m depth) area allowed
us to investigate the importance of short-term
wind and water movement events for diel changes
in oxygen and the derived daily rates of ecosystem
metabolism at contrasting depths (Fig. 8). During
the 4 wk measurement campaign, considerable
variation in wind speed, wind direction, water
level and surface light was observed. The relatively

long, narrow and shallow hydromorphology of the
estuary, oriented in a south—north direction (Fig. 1),
makes water level in the inner part sensitive to
northerly winds, forcing water from the outer
broad into the shallow inner broad, where our
study was carried out. This wind-driven increase
in water level was clearly observed on 3 occasions
during our measurement campaign, and the
increases in water levels scaled with the duration
and strength of northerly winds (Fig. 8A,B). In the
first event, relatively weak northerly winds (4 to
5 m s7!) only persisted for 2 d, causing a water
level rise of 0.3 m (Fig. 8A,B). The second event
lasted for 3 d with similarly weak winds, causing a
water level rise of 0.4 m. The last event lasted 5 d,
but with winds ranging between 6 to 12 m s7},
resulting in a water level rise of 0.5 m lasting for
3 d (Fig. 8A,B). During this last event, observed in
situ light levels dropped considerably. Although
these meteorological events were short-lived, they
had marked effects on the variability and magni-
tude of DO at the shallow sites (Fig. 8C). Large
daily variability in oxygen ranging from 80 to
200% saturation were immediately reduced to
variations similar to the deeper offshore sites, with
diel oxygen variations ranging between 80 and
110% saturation (Fig. 8C). Consequently, daily
GPP was lower on days with reduced oxygen
dynamics, with the duration and strength of the
wind-driven water movements driving rates down
(Fig. 8D). This indirect effect of wind on apparent
ecosystem productivity was also evident when
plotting GPP and NEP against daily mean levels of
wind speed (Fig. 9). While productivity at the
deeper sites appeared to be unaffected by wind
conditions, winds had a significant negative effect
on both apparent GPP and NEP at the shallow
sites becoming net heterotrophic at winds above
8 m s

DISCUSSION

This study provides a direct comparison of inte-
grated ecosystem metabolism rates in 3 functionally
different habitats within a temperate shallow estu-
ary. Seasonal application of the diel oxygen tech-
nique in combination with incubations of benthic vs.
pelagic compartments at different depths further-
more enabled us to evaluate conditions affecting
temporal variability along a depth gradient and to
quantify the relative importance of benthic and pela-
gic compartments.
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Table 4. In situ determined benthic rates (g O, m™2 d™!) of
GPP, R and NEP for 3 different habitats (eelgrass, bare sedi-
ment and muddy sediment) in Roskilde Fjord. Values are

means of triplicates + SD; nd: no data

Habitat  Process April June August
Eelgrass GPP 04 +0.5 8.8+2.6 3.5+1.38
NEP 02+04 21+1.5 -1.6 £4.2
R -02+£01 -67+22 -51x5.5
Bare GPP 03+09 1.7+0.8 1.7+3.7
NEP -02+04 -04=x0.7 -24+26
R -05+£06 -21=x14 -4.0x5.0
Muddy GPP nd 1.0+24 0.3+0.7
NEP nd -1.0+1.6 -14+14
R nd -20+14 -1.8+2.1

Metabolism (g O, m™ d™)

Temporal variability in open-water
metabolic rates

Our modelled ecosystem metabolism
from continuous oxygen measure-
ments showed large variations in GPP,
R and NEP on a daily basis and across
seasons and habitats. The magnitude
and temporal variability in open-water
metabolic rates resembled those found
for North American estuaries (Caffrey
2004). Similar to Caffrey (2004), we
found that the balance between GPP
and R was largely determined by the
habitat type. Accordingly, our shallow
sites inside or just outside the eelgrass
meadows were significantly more net
autotrophic compared to the more net
heterotrophic, deeper muddy site with
greater dominance of pelagic pro-
cesses. As observed in other studies in
shallow estuaries and lakes, our daily
NEP estimates indicated large shifts
from net autotrophy to net heterotro-
phy over both seasonal (monthly) and
even daily time scales (e.g. Staehr
& Sand-Jensen 2007, Kemp & Testa
2011). At the central deeper station,
there was a general pattern of spring
net autotrophy transitioning to summer
heterotrophy, consistent with a long-
term analysis of net oxygen exchanges
in Roskilde Fjord (Staehr et al. 2017). In
comparison, the shallow sites showed
less seasonality in NEP, remaining
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Fig. 7. Differences in GPP, R and NEP rates across a shallow
depth gradient in Roskilde Fjord. Rates are means over 24 d

with 95 % CI
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Fig. 8. Time series of (A) wind speed and direction, (B) water level and surface
light, (C) oxygen saturation level and (D) GPP during a 4 wk spring period in
Roskilde Fjord. In (C) and (D), the shallow (1.8 to 2.1 m) and deeper (4.1 to 5 m)
part of the estuary are contrasted, using data from the transect investigation.
Shaded areas highlight periods with changes in water level related to

changing wind speed and direction

mostly positive throughout the year, although with a
clear drop in productivity during late autumn when
light and temperature decreased and storm-related
loss of vegetation occurred. Our residual analysis
showed that day-to-day variability was clearly larger
at the central pelagic-dominated station for both GPP
and R, and to a lesser extent for NEP. This suggests
that deeper stations dominated by pelagic processes
and with stronger light limitation are more sensitive
to changes in nutrient conditions and incoming light.

had an annual GPP ranging between
575 and 663 g C m~2 yr'! across the
muddy and eelgrass habitats. These
values are in the high end of the spec-
trum compared to GPP values repor-
ted by Borum & Sand-Jensen (1996)
for 34 coastal systems (median: 346;
range: 28 to 820 g C m2 yr'!) and the
nearby Limfjorden where GPP was estimated to have
reached 350 g C m~2 yr~! during pristine conditions
(Krause-Jensen et al. 2012). Annual NEP ranged
from —35 g C m~2 yr ! in the muddy area to 74 g C m~2
yr'! in the vegetated area, similar to previous find-
ings by Caffrey (2004) using the open-water oxygen
technique (range: —55 to 68 g C m™2 yr™!) in 5 shallow
estuaries dominated by submerged aquatic vegeta-
tion. In comparison, net primary production, esti-
mated from net accumulation of plant biomass, may
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be several times higher within dense beds of peren-
nial macrophytes (Borum & Sand-Jensen 1996). For
example, Wium-Andersen & Borum (1984) estimated
annual (April to October) net above-ground produc-
tion of 814 g C m~2 yr ! in a Danish estuary. The sig-
nificantly lower NEP rates obtained from the open-
water oxygen measurements are not surprising as
this technique accounts for oxygen production and
consumption by both auto- and heterotrophs occupy-
ing both benthic and pelagic components (Staehr et
al. 2012). In addition, depending on water exchange,
the oxygen technique will integrate processes that
can easily exceed the area of the densely vegetated
macrophyte beds (Hume et al. 2011). In support of
this, NEP rates measured within benthic chambers
under calm wind conditions (2 to 4 m s7!) in June
were up to 4 times higher than NEP rates calculated
from parallel open-water oxygen measurements
within the dense eelgrass bed.

Importance of benthic and pelagic contributions

To distinguish benthic and pelagic contributions to
total areal GPP, R and NEP, we applied 24 h oxygen
chamber incubations and compared these with daily
rates calculated from open-water oxygen measure-
ments. The analytical approach was essentially the

same for benthic, pelagic and open-water measure-
ments, with the modification that incubations did not
account for air-water gas exchange.

Pelagic rates of metabolism measured in this study
were similar to rates reported by Mantikci (2014) for
the central part of Roskilde Fjord, where a combina-
tion of C and oxygen incubation techniques was
used. Converting rates by Mantikci (2014) using a
molar O,:C quotient of 1, GPP ranged between 0.3
and 5.3 mg O, m™2 d™}; R between 0.3 and 3.2 mg O,
m~2d! and NEP between 0.1 and 3.5 mg O, m2d™..
These levels are consistent with those reported here
(Fig. 6), and both studies report similar seasonality
with peaks in June and July. Oxygen fluxes across
the water—sediment interface were measured in light
and dark incubations of sediment cores as part of the
DNAMAP, including Stn 60 in Roskilde Fjord (Dals-
gaard 2003). Dalsgaard (2003) reported seasonal
ranges in GPP from 0.1 to 1.5 ¢ O, m™2d™}; R from 0.3
t0 2.0 g O, m™2 d~! and NEP from -0.7 to 0.5 g O, m™2
d™l. These levels resemble those measured for the
muddy station (Table 4), with monthly variation mir-
roring that of water temperature (Fig. 6). Thus,
pelagic and benthic rates reported in this study have
similar levels and temporal variability as those previ-
ously reported.

Comparing open-water (total) rates with pelagic
and benthic incubations demonstrated that benthic
metabolism is important and often dominating in
shallow coastal environments. This was particularly
prominent in the eelgrass area where the benthic
habitat alone accounted for approximately 90% of
total GPP and R and 64 % of NEP. While the unvege-
tated shallow site had total metabolic rates very sim-
ilar to the nearby eelgrass site, the sum of the meas-
ured benthic and pelagic rates could only account for
37 % of the open-water GPP estimates and 54 % of R
(Fig. 5). An even greater discrepancy between total
and the sum of pelagic and benthic rates was found
for the muddy site. We attribute this difference to the
metabolic footprint of the eelgrass meadow markedly
exceeding beyond the confines of the meadow,
thereby supplying oxygen to the neighboring unveg-
etated site as well as the deeper central sites. We
interpret the observed systematic differences in
metabolism between areas differing substantially in
substrate conditions and vegetation cover mainly as
differences between different habitats, rather than
just spatial differences related to factors such as dif-
ferences in water depth. This terminology agrees
with Caffrey (2004), who also categorized her sites
based on the dominant habitat adjacent to the
deployment site.
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The importance of benthic processes was not sur-
prising given the shallowness of the estuary and its
relatively clear waters, providing sufficient light at
the sediment surface to support benthic primary pro-
duction throughout the studied areas. Previous eval-
uations of the benthic versus pelagic contribution to
the inner part of Roskilde Fjord suggested that
phytoplankton contributed between 100 and 62 % of
total areal GPP (Borum & Sand-Jensen 1996). How-
ever, water quality has improved significantly since
the 1990s, especially in the inner parts of the estuary
(Staehr et al. 2017). Accordingly, chl a has decreased
by 50% and Secchi depth has increased by approxi-
mately 1 m, enabling eelgrass to expand from 2 to
2.6 m depth, and the improved light environment has
likely stimulated the growth of benthic algal commu-
nities (Sand-Jensen & Borum 1991, Staehr et al.
2017). It is therefore plausible that the benthic com-
partment now plays a much larger role compared to
the 1990s. This change should render the system
more autotrophic and a greater sink for carbon and
nutrients (McGlathery et al. 2007, Fourqurean et al.
2012) stored in the sediments by accumulation of
slowly degradable roots and rhizomes and allochtho-
nous organic matter trapped by the seagrasses
(Kennedy et al. 2010, Duarte et al. 2013).

Depth gradients in metabolic rates

Shallow areas dominated by benthic vegetation
maintaining large standing carbon stocks tend to
have a higher NEP compared to deeper waters dom-
inated by phytoplankton of lower standing stocks
(e.g. Caffrey et al. 1998, Nixon et al. 2001, Caffrey
2004). In agreement with this, we observed a clear
trend with decreasing GPP, R and NEP from the shal-
low sites toward the central deeper habitat. Differ-
ences in metabolic rates among the 3 investigated
areas were much more pronounced when comparing
volumetric rates (rather than areal rates), which for
GPP were 2.5-fold lower at the muddy deeper site
compared to the 2 shallow sites, thus reflecting that
the same area-specific production was concentrated
in a smaller volume at the shallow sites with benthic
dominance. Similar conclusions were made by Odum
(1967), who found a clear declining trend in oxygen
concentration with increasing depth, reflecting higher
metabolic rates (on a volumetric basis) in shallower
waters where temperatures are higher and plant pig-
ments are more concentrated (Kemp & Testa 2011). It
is a general feature that the compression of the
photic zone from several meters in phytoplankton

communities to centimeters in macrophyte stands to
millimeters scale in dense microalgal mats is paral-
leled by a marked increase in volumetric photo-
synthesis while areal photosynthesis remains re-
markably constant (Krause-Jensen & Sand-Jensen
1998). The observed shift from positive towards neg-
ative NEP with increasing depth and distance from
the shore also supports the concept that non-advec-
tive physical processes drive a net transport of
organic matter from shallow to deeper areas (Kemp
et al. 1997, Van de Bogert et al. 2007).

While gradients in metabolic rates were observed
with increasing depth and distance from the dense
eelgrass meadows, habitat differences were less
obvious in the data set covering a temporal range
from April to December. As an example, the shallow
eelgrass and bare (~unvegetated) areas had almost
identical magnitude and seasonality in GPP, R and
NEP, despite the much lower benthic rates measured
here. The discrepancy between total rates and the
sum of benthic and pelagic rates in the bare habitat
suggests that open-water rates measured in this
habitat were strongly affected by excess oxygen
produced in the nearby dense eelgrass meadow. Al-
though the muddy central site had a comparable
higher pelagic contribution, there was also a discrep-
ancy between total rates and incubations here, sug-
gesting that the oxygen spillover effect from dense
eelgrass beds can be an important feature affecting
oxygen dynamics in an area that far exceeds the local
meadow.

Importance of environmental conditions for
temporal variability in metabolic rates

Despite the observed differences in day-to-day
variability of metabolic rates among the shallow and
deeper areas, they displayed similar temporal varia-
tion and magnitude in open-water metabolic rates,
having quite similar responses to abiotic conditions in
terms of increasing net autotrophy during calm,
warm and sunny periods. Similar temporal variation
and relationships with meteorological drivers charac-
terize productive temperate lake ecosystems (Staehr
& Sand-Jensen 2007, Staehr et al. 2010, Laas et al.
2012). Other studies of estuarine ecosystem metabo-
lism have, however, reported weak relationships be-
tween NEP and prevailing temperature (negative),
light (positive) and wind (negative) conditions (Caf-
frey 2004, Hoellein et al. 2013, Murrell et al. 2018).
Studies of GPP, R and NEP using the eddy correlation
technique have reported substantial day-to-day vari-
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ability strongly coupled to variations in light and hy-
drodynamic conditions (Hume et al. 2011, Lee et al.
2017). Based on the eddy correlation technique,
which takes into account the lateral exchange of oxy-
gen, significant differences in metabolic rates have
also been identified between a seagrass site and a
nearby unvegetated site (Hume et al. 2011). This sug-
gests that the parameterization of diel oxygen
changes applied in our study is not sufficiently sensi-
tive to separate such lateral exchanges between
neighboring sites. Interestingly, a recent study has
shown how the difference between open-water and
bottle incubations of DO can be used as a proxy of
benthic contribution, which in shallow seagrass-
dominated environments can be important, indicating
that the open-water method can capture both water
column and benthic processes (Murrell et al. 2018).
Inability of the open-water oxygen technique to
account for lateral oxygen exchanges in calculations
of metabolic rates likely explains the apparently
strong effects of wind observed at the shallow sites
(Figs. 8D & 9). The larger diel oxygen excursions at
the shallow sites (2 to 3 m) were almost instantly
reduced to levels and variations corresponding to
those of the deeper sites (4 to 5 m) when wind con-
ditions (wind speed and direction) forced a signifi-
cant (~20 to 30 cm) shift in water levels. Larger
uncertainties in calculated metabolic rates are
therefore likely to occur on cold, windy and cloudy
days where diel changes in oxygen are mostly gov-
erned by physical forcing rather than by biological
activity, which our model is insufficient to capture.
We therefore excluded those extreme days with
poor model performance (r?> < 0.2), which typically
represented situations when water levels increased
and surface irradiance was low, observed as drops
in calculated GPP (and NEP; not shown). Even after
excluding days with poor model fit, there was a
strong negative effect of wind speed on apparent
GPP and NEP (Fig. 8). The choice of models to cor-
rect for the effect of wind on the exchange of oxy-
gen across the air—water interface can affect calcu-
lated metabolic rates (Marino & Howarth 1993).
Sensitivity studies, however, show that this issue is
a greater problem in oligotrophic systems, with small
diel variations in oxygen concentrations around sat-
uration (Staehr et al. 2010),which was seldom the
case in the shallow eelgrass-dominated habitat.
Finally, as air-sea exchange is more effective in the
surface layers (Wanninkhof et al. 2009), wind-
induced turbulence has a proportionately larger
effect on the metabolic rate calculations in shallow
than in deep water (Caffrey 2004). Other studies

have explained the negative effect of wind on meta-
bolic rates as a result of lower light availability,
either due to deeper mixing of phytoplankton (e.g.
Staehr & Sand-Jensen 2007, Hu et al. 2015), ele-
vated levels of suspended particles (e.g. Arfi et al.
1993) or co-variation with wind and reduced surface
light from cloud cover (Fisher et al. 2003). Elevated
respiration caused by wind-induced resuspension of
labile organic matter from the sediment surface into
the water column (Demers et al. 1987) may also
reduce NEP (Dokulil 1994). Nevertheless, our results
indicate that a significant dilution or spillover effect
occurs between adjacent habitats. Except for peri-
ods with very limited water movement, it therefore
seems appropriate to think of the measured open-
water metabolic rates as apparent, rather than
absolute rates of local production and respiration.
While this is a weakness of the open-water oxygen
method for determining site-specific metabolic rates,
it supports the use of this technique when aiming
to evaluate system-integrated rates across larger
heterogeneous areas as compared to compartment
specific rates where incubation techniques are pre-
ferable (Kemp & Testa 2011, Staehr et al. 2012).

CONCLUSIONS

This study confirms the important functional and
biogeochemical role of eelgrass meadows in the
coastal systems. Besides their local importance as
biologically diverse and productive hotspots, the con-
siderable spillover of oxygen from seagrass meadows
to neighboring areas implies an ecological and bio-
geochemical impact extending beyond their physical
coverage. Furthermore, this spillover effect is not
limited to oxygen, but concerns other biogeochemi-
cally relevant substances as well, such as organic
carbon and nutrients. Our study suggests that the
extent of this footprint is strongly affected by prevail-
ing wind forcing (Fig. 10), but surface irradiance,
local physical characteristics (depth, fetch), sediment
characteristics (sediment grain size, organic matter
content), density of aquatic vegetation and water
quality (Secchi depth and chl a concentration) also
modulate this effect. While other methods, such as
the eddy correlation technique, are superior in
accounting for lateral exchanges, our study shows
that open-water oxygen measurements in combina-
tion with chamber incubations are well suited to
assess the importance of different habitats and envi-
ronmental conditions for spatio-temporal variability
in estuarine metabolism.
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Fig. 10. Conceptual diagram for depth gradients in GPP and R from shallow nearshore to deeper central parts of Roskilde
Fjord, under calm (left) and windy conditions (right). At shallower depths, light conditions favor benthic primary producers
such as eelgrass in soft sandy habitats. These plants have higher areal GPP and a net positive oxygen balance. With increasing
depth, planktonic and benthic microalgae capable of utilizing the high ambient nutrient levels and relatively high light levels
dominate GPP and R. Muddy sediments at deeper depths prevent any significant establishment of macrophytes and contribute
with high oxygen demand, resulting in negative NEP. Increasing wind efficiently mixes water from deeper areas onto shallow
nearshore habitats, containing lower oxygen concentrations and higher levels of suspended matter, thereby reducing water
transparency and elevating pelagic oxygen consumption
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