A Study site

Figure 1. Locus map of the bathymetric gradient in Hog Island Bay in the Virginia

coastal bays.
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Figure 2. Nitrogen fixation rates along the depth gradient in Hog Island Bay. Total N,
fixation values for each replicate plot represent the sum of a minimum of 2 sediment

cores and a minimum of 3 Z. marina shoots.
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Figure 3. Seagrass and sediment parameters in replicate plots along the 0.6 m depth
gradient. Density is identified as potential proxy for light effects, as no differences were

observed in shoot primary productivity.
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the depth gradient (p = 0.009).
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ABSTRACT

Net N, fluxes reflect the balance of N inputs via N, fixation and losses via denitrification.
We used the N»:Ar technique to measure net N fluxes seasonally across a
chronosequence of restored seagrass (Zostera marina [L.]) meadows, comparing bare
sediment sites (n = 8) and nearby seagrass sites restored by seed broadcasting in 2006 and
2001 in the Virginia coastal bays. Overall, the restored seagrass meadows were net
denitrifying, and the rate of denitrification increased as the meadows become older (time
since seeding). Denitrification rates in the older (8 year) and younger (3 year) seagrass-
vegetated sites were 4.9 and 3.3 times higher, respectively, than nearby bare sediment
sites, which were also net denitrifying (47.3 + 12.7 pmol Np-N m™>h™ and 31.7 + 7.6
pumol No-N m~>h™' vs. 9.6 £ 14.6 pmol No-N m™>h™"). Water column NH, "™ was positively

correlated with N, fluxes. Sediment organic matter (OM) was also positively correlated



80

to both N, fluxes and Z. marina meadow age, suggesting that as NH,;" and OM build up
in seagrass-vegetated sediments over time, rates of denitrification rates are enhanced
relative to N fixation. The N removal capacity of bare sediment was nearly equal to the
terrestrial N loading rate for these coastal bays (1 g N m™y™), and vegetated sediments
removed 3.9-5.8 g N m™ y™', supporting the concept of seagrass beds as a “nutrient
sponge”. This study provides the first assessment of net N, fluxes for restored seagrass

systems, and the rates are comparable to other shallow temperate coastal systems.

INTRODUCTION

Seagrasses throughout the world are in decline, bringing about a shift in nitrogen
dynamics in shallow coastal systems (Waycott ef al. 2009). The decline of seagrasses is
driven largely by the chronic increase in anthropogenic N (Nixon 1995), which in turn,
triggers a state change where shallow coastal systems become dominated by micro- and
macroalgae (McGlathery 2001, McGlathery et al. 2007). The loss of seagrass coverage
leads to a decrease in N retention, as functioning seagrass meadows bind N in the plant
tissues, and ultimately senesce and are buried, often within the seagrass meadow
(Risgaard-Petersen et al. 1998, de Boer 2007). Without seagrasses to stabilize the
sediment and retain N, these nutrient pools are released into the water column disrupting
and accelerating the N cycle and creating conditions suitable for a state change. Bare
sediments in low-nutrient systems have been shown to shift from net denitrifying (N loss)
to net N fixing (N sink) following an increase in organic matter (Fulweiler ef al. 2007).

But when seagrasses become established, the associated bacteria and archaea in the
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rhizosphere and phyllosphere typically create a net N loss, denitrifying N at a rate higher
than, or in equilibrium with, N, fixation (Eyre et al. 2010), though the opposite trend has
been observed (Hemminga ef al. 1991, Risgaard-Petersen et al. 1998).

The high rate of primary productivity in seagrasses corresponds to a large N
requirement to maintain growth (Den Hartog 1970, Eyre & Ferguson 2002). To satisfy
this N requirement, seagrasses use a variety of mechanisms. Seagrasses take up as much
as 80% of their N requirement from sediment porewater and the water column (Short &
McRoy 1984, Pedersen & Borum 1993, Risgaard-Petersen et al. 1998). Seagrasses also
create drag on the overlying water column, indirectly trapping particulate matter and
organic material (Chen et al. 2007, de Boer 2007, Wicks et al. 2009) that can be broken
down and remineralized within the sediment to be taken up through the roots (Risgaard-
Petersen et al. 1998). Nitrogen fixation, primarily by bacteria in the rhizosphere, can
provide < 5-12% of the annual N requirement for temperate seagrasses (Welsh et al.
1996a, McGlathery et al. 1998) and up to 50% of the seagrass N demand in tropical
systems (O’Donohue ef al. 1991), but heterotrophic epiphytes also have been observed as
the dominant N,-fixing functional group in restored Zostera marina populations (Cole &
McGlathery submitted).

N, fixation rates characteristically higher in seagrass meadows, compared to bare
sediment. Highly productive seagrasses passively diffuse photosynthate into the
rhizosphere triggering bacterial activity (e.g., N, fixation: McRoy & Goering 1974,
Penhale & Smith, 1977, Oremland & Taylor 1977, Moriarty & Pollard 1982; and
denitrification: Risgaard-Petersen et al. 1998, Welsh et al. 2000). Peak (spring / summer)

rates of N, fixation in temperate seagrass-vegetated sediment range from 70-520 pmol N
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m~>d" (Capone 1988, Welsh ef al. 1996b, McGlathery et al. 1998, Welsh et al. 2000,
Cole & McGlathery submitted), 3—-30 times higher than associated unvegetated sediment
(McGlathery et al. 1998, Cole & McGlathery submitted). The elevated rates of
photosynthetically-catalyzed N, fixation provide a N source to the seagrasses, creating a
positive feedback. However, increases in water column NH4" concentrations
(anthropogenic or natural), potentially inhibit N, fixation by suppressing the formation of
nitrogenase (Howarth et al. 1988).

Seagrasses-associated microbes balance N, fluxes primarily through N fixation
(N3 sink) and denitrification (N; loss), though anammox has also been identified as a
mechanism for N loss (Mulder et al. 1995). Denitrifying bacteria are heterotrophic,
requiring anoxic sediment and a source of NOs™ (Rysgaard et al. 1996, Eyre & Ferguson
2002). Photosynthetic O, from seagrass lacunae is transported to roots, which is passively
diffused into the sediment (Christensen ef al. 1994). In these oxic microsites, nitrifying
bacteria convert NH ™ into NO5", which can then be converted into N, gas by denitrifying
bacteria in the anoxic sediment (Rysgaard et al. 1994) at rates comparable to N, fixation
(30670 pumol N m™d™, though rates have been observed as high as 5000 pmol N m?>d™';
compiled from McGlathery 2008). The N, balance in seagrasses is variable depending
upon location and season, suggesting that processes associated with seagrasses regulate
and balance N, fluxes (Welsh et al. 2000). Because seagrasses elevate sediment organic
carbon concentrations (Penhale & Smith 1977, de Boer 2007), providing a carbon source
for N,-fixing, nitrifying, and denitrifying bacteria, resource competition may limit any
one process from dominating (Pedersen & Borum 1993, Risgaard-Petersen et al. 1998,

Welsh et al. 2000).
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The loss of seagrasses and the resulting state change to bare or algal-dominated
sediment, and conversely, the restoration of seagrass habitat, have the potential to
strongly affect the relative rates of N, fixation and denitrification in marine systems. Bare
sediment in shallow, temperate coastal waters exhibits variable N, fluxes, depending
largely on temperature and the supply of organic C to the benthos, but are typically net
denitrifying (Fulweiler et al. 2007, Nixon et al. 2009). In shallow coastal systems where
macroalgae are the dominant primary producers, thick algal mats can effectively form a
barrier between the sediment and water column. The high absorption of water column
nutrients by the algal mats reduces the exchange of sediment / water NH; " (McGlathery
et al. 1997), and in a low-nutrient water column this process can inhibit denitrification
(Krause-Jensen et al. 1999).

This study provides the first dataset quantifying the N, flux in an ecosystem in
transition from bare to a seagrass-dominated state. Restoration efforts began in the
Virginia coastal bays in 2001 following a 70-year absence, and continued through 2008,
resulting in seagrass meadows of different ages (time since seeding). Overall, the
seagrass restoration efforts have resulted in the largest areal recovery of seagrasses (Z.
marina) worldwide (Orth ef al. 2010). Within this restored system, we have shown that
older seagrass meadows fix more N than both younger meadows and bare sediment (Cole
& McGlathery submitted). The dominant N fixing functional group has been identified as
heterotrophic epiphytes living on the surface of the seagrasses, contributing over 90% of
the fixed N. Sediment N fixation rates were low compared to literature values for
established seagrass meadows; and whilst no differences were seen between bare

sediment and the younger meadows, sediments in the older meadows fixed more N than
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bare sediments. This present study used the same chronosequence of replicate plots from
Cole & McGlathery (submitted)—older (8 year) vegetated, younger vegetated (3 year),

bare sediment—to determine if there was an effect of seagrass bed age on the balance of
sediment N, fluxes via N; fixation and denitrification, and to identify potential drivers of

the net N, flux.

METHODS

Study area

The Virginia coastal bays are at the southern end of the Delmarva Peninsula, part
of a 200 km long string of shallow coastal bays on the east coast of Virginia, 200 km
southeast of Washington, DC (Fig. 1). The Virginia coastal bays are barrier-built,
bounded to the east by a string of barrier islands separated by inlets to the Atlantic Ocean
and to the west by the mainland. The bays are shallow (average 1 m MSL), and have a 1
m tidal amplitude (Oertel 2001). There is no riverine input to this system, and circulation
is tidal and wind driven (Oertel 2001, Lawson et al. 2007). The two clusters of newly-
restored Zostera marina meadows were within the same body of water and were 22 km
apart, separated only by tidal channels, interspersed mudflats, and marsh. The two
seagrass sites were restored by seed broadcasting in 2001 and 2006 (Orth et al. 2010) and
in this study, we monitored 4 replicate 1-acre plots at 10° seeds acre™ at each site. At the
time of this study, the restored beds were 8 years old and 3 years old. The chemical and
physical characteristics of the bare sediments associated with these two seagrass sites

were not statistically different, with the exception of sediment organic matter, which was
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higher in the older meadow (2.3% + 0.1 SE) than the younger (1.7% + 0.3 SE) (full
comparison in McGlathery ef al. submitted). An on-going 17-year water quality dataset
collected in this study area by the Virginia Coast Reserve Long-Term Ecological
Research program shows that the water column N (0.5-4 uM NO,+NOs, 3.2-3.6 uM
NH,") and chl-a (1-6.5 ug L") are quite low relative to other shallow coastal systems and
show no trends of changing water quality during the period of record (VCR LTER data
base, www1.vcrlter.virginia.edu/homel/?q=data_wq). The low water column nutrients
and chl-a concentrations are consistent with the very low levels of N loads to this system
(1 gNm?y") compared to most other shallow coastal bays and estuaries (McGlathery et

al. 2007, Cole & McGlathery submitted).

Water column, sediment, seagrass sampling

During each sampling event, salinity, water temperature, and dissolved O, (DO)
measurements were made at 10 cm above the sediment surface within each replicate plot.
Salinity was measured using a hand-held refractometer, while temperature and DO were
recorded using a Hach HQ40d Portable Multi-parameter meter with an LDO probe.
Water samples were collected using a 60 cc syringe and filtered through 0.45 um supor
filter into a sterile Whirlpac bag that was sealed and frozen until analysis. Water samples
were analyzed for NO;", NH4", and PO,>" using a Lachat QuikChem 8500 equipped with
an autosampler. Sediment organic matter was collected from each core at the completion
of the N, flux incubation. Using a cut off 60 cc syringe, the sediment was cored down to
5 c¢m to coincide with the depth of maximum biomass in the seagrass rhizosphere. The

sample was weighed, then dried at 60 °C for 48 h before being reweighed and ashed in a
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muffle furnace at 500 °C for 68 h. Organic content was calculated as the difference
between sediment dry weight and ash-free dry weight. Zostera marina shoot density and
productivity were measured in each replicate plot coincident with the N,:Ar core
collection. Shoot density was measured by enumerating the number of shoots in a
randomly thrown 0.25 m* PVC quadrat in at least 2 locations in each replicate plot, and

shoot productivity was measured by the leaf-marking technique (Zieman 1974).

Core collection and pre-incubation

Sediment cores were collected seasonally on four occasions—in June, August,
and October 2009 and April 2010. The 30 cm long, 10.2 cm i.d. clear PVC cores were
inserted into the sediment using a push corer, extracted, capped at both ends, and held at
field water temperature until returned to the flow-through laboratory facility. Cores
contained approximatelyl5 cm of sediment and a 15 cm water column. Prior to coring in
vegetated sediment, the seagrass was trimmed to the sediment surface using scissors,
taking care to not disturb the area surrounding the shoot. The purpose of removing
aboveground biomass was to prevent oxygen bubble evolution (photosynthesis) in the
cores, which would disrupt the N,:Ar measurements. Also, the seagrass blades routinely
became tangled in the water circulation mechanism during trial runs. We recognize that
this allows us only to address the long-term effect of seagrass presence on the balance of
N, fixation and denitrification, and not the immediate effect of DOC release by
photosynthesizing vegetation on bacterial activity (Paerl et al. 1987, Tibbles et al. 1994,
McGlathery et al. 1998). At each site, we collected two sets of triplicate cores, one set in

vegetated sediment and another in bare sediment. In addition, 40 L of site water was
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filtered through a three-stage system, with 0.45 um as the finest mesh size. Cores were
capped and brought to the flow-through facility in Oyster, VA where they were placed in
a water bath with the 40 L carboy of site water at field temperature. In the water bath, the
core caps were vented (though water was not exchanged with the water bath), oxygenated
overnight using an aquarium pump and diffusers, and kept in the dark to ensure steady-

state conditions.

N;:Ar method

Prior to the incubation, the height of the water column was measured at 4
locations in each core, and approximately 90% of the water was siphoned off and
replaced with filtered site water from the 40 L header tank without disturbing the
sediment surface. Cores contained no air bubbles and were sealed airtight at the start of
the incubation, and the lids were outfit with a free-spinning magnetic stir bar, an inlet
port (connected to the 40 | header tank) and an outlet port (for sampling). Strong magnets
on the outside of a rotating carousel placed in the center of the core array caused the
magnetic stir bars to spin, circulating the water inside of the cores. In addition to the 3
replicate vegetated sediment cores and 3 replicate bare sediment cores, 3 cores were filled
with the filtered site water as a control. Incubations lasted for 5-10 h, depending on the
rate at which dissolved oxygen (DO) was drawn down; ideal study conditions were to
draw the DO concentration down at least 20% from initial in the 6 cores with sediment,
but not allowing the DO to drop below 2 mg O, L. The water bath and cores were kept

completely dark during the incubation to measure N, fluxes under heterotrophic
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conditions, as well as to inhibit bubble formation in the cores either by photosynthesis or
by temperature increases.

Water samples for dissolved gas analysis (DGA) were collected in duplicate from
each of the 9 cores at 5 points throughout the incubation period in 12 mL clear soda glass
tubes. Opening the header tank reservoir and sampling port on each core allowed for
gravity-fed flow and replacement while samples were being taken. Tubes were collected
until overflowing, at which point the samples were poisoned with 0.2 mL of a saturated
HgCl, solution and the tubes were screw capped without trapping any bubbles. Samples
were immediately placed atop ice in a cooler and kept cold and in the dark until the gas
analysis. Water temperature and dissolved oxygen concentrations were measured during
the Ist, 3rd, and 5th (i.e., final) sampling events using a Hach HQ40d Portable Multi-
parameter meter with an LDO probe.

Na:Ar concentrations were measured following the method of Kana ef al. (1994)
using a Balzers quadrupole membrane inlet mass spectrometer system (MIMS) outfit
with a = 0.1 °C water bath and an in-line 600 °C furnace with a copper reduction column.
The furnace stripped the sample of O, in order to dissociate any N, that may have bound
as NO or N,O during the incubation period as per Eyre et al. (2002). The water bath was
programmed to the same temperature as the incubation (i.e., field temperature at time of

collection) to maintain dissolved gas concentrations.

Flux calculations
Dissolved gas values from the MIMS were corrected using linear regression of

machine drift during the analysis. These corrected values were used to calculate the flux
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of N across the sediment-water interface using linear regression as a function of N and
Ar concentrations (as N:Ar), incubation time, solubility table-predicted N, and Ar, core
area, and core water volume. Only linear portions of the regression were used to calculate
the net N, flux; non-linear curves or curves with any change in Ar concentration were
excluded. Net N, flux values from the control (water only) cores were subtracted from
the bare and vegetated core fluxes, though the average control core flux was significantly
smaller than either vegetated or bare cores, and had a mean ~ 0 pmol N»-N m™ h™,
indicating that there were no fluxes attributable to water column N, fixation or

denitrification.

Statistical analyses

N, fluxes, water column NH,", and sediment organic matter were grouped by
cover type (vegetated vs. bare), and seagrass meadow age (0y, 3y, 8, y) for comparative
analyses. For all statistical analyses, the aforementioned parameters were assembled by
replicate plot and all parametric assumptions were confirmed (including
heteroscedasticity and normality). A linear regression was fit to data pooled by meadow
age to detect an overall effect of time since seeding on net N, fluxes. Spearman
correlations were performed to test whether these sediment and water column parameters

were related to changes in net N flux with meadow age.
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RESULTS

During this study period (June 2009—April 2010), water temperatures varied by 15
°C, while salinity varied by no more than 2 %o (Table 1). A Spearman correlation
revealed that sediment organic matter (%) was significantly correlated to Zostera marina
meadow age (Table 2). The 8 y meadow did not have significantly more OM than the 3 y
meadow during any of the 4 individual sampling periods, but when data were pooled, the
older meadow had significantly more OM than the younger meadow (p = 0.03),
indicating that meadow age (time since seeding) influence sediment OM content. There
were no differences in the sediment OM in the bare and vegetated sediment in the
younger meadow, though significant differences were observed between the 8 y meadow
and bare sediment (p < 0.001).

Water column nutrients (NHs", NO3", PO,’") did not exhibit seasonal patterns
during the study (Table 1) and no significant differences were seen between the water
column parameters and the two seagrass meadows. The low concentrations of water
column nutrients were consistent with values reported by the Virginia Coast Reserve
Long Term Ecological Research water quality database (VCR LTER data base,
www l.vcrlter.virginia.edu/homel/?q=data_wq). Zostera marina shoot density was
significantly higher in the older meadow during each sampling period and also when all
data were pooled (p < 0.001). We observed that shoot primary productivity showed some
seasonal pattern, particularly that the lowest rates for both the younger and older

meadows were observed during the August sampling period (0.18 = 0.1 cm” d”' and 0.18
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+0.08 cm” d', respectively) when temperatures were highest (Table 3). Pooling
productivity rates from both sites revealed no statistical differences.

Net N fluxes increased significantly with Z. marina bed age (Fig. 2). There were
no significant differences between sites, but the pooled N, flux data showed that the
restored seagrass meadows in Virginia coastal bays were net denitrifying (positive N,
flux), and that the magnitude of net denitrification increased as the seagrass beds matured
(Fig. 3). Average fluxes in the 3 y meadow ranged from 13—57 pmol No-N m~h™', while
fluxes in the 8 y meadow were generally larger, ranging from 6-98 pmol Np-N m™h™'
(Fig. 3). Minimum N, fluxes were observed in October in the 3 y meadow, and in August
in the 8 y meadow (Fig. 4), coincident with the lowest water column NH," in each
meadow, respectively (Table 1).

Sediment organic matter was correlated with seagrass meadow age and with N,
fluxes (Table 2), suggesting that the buildup of OM as seagrass meadows age may
influence N, fluxes. As a required nutrient for nitrification—denitrification, water column
NH," was positively correlated with N, fluxes (Table 2).

Oxygen uptake rates from the incubation cores did not show a strong seasonal
pattern in the 3 y old Z. marina meadow (Fig. 5). Vegetated sediment O, uptake rates in
the younger meadow did not differ across sampling dates, nor were the vegetated
sediments different from the associated bare sediment at any time. However, O, uptake in
vegetated sediment was higher than in bare sediment when all data were pooled (-55.0 +
0.2 mmol O, m>d™ and -34.1 + 0.3 mmol O, m™d™, respectively; p = 0.02). At the older
(8 y) meadow, the highest O, uptake rates were observed in August 2009 (-88.9 = 9.0

mmol O, m™d™"), and were significantly different from the bare sediment. The sediment
g y
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O, uptake rates in vegetated sediments in the 8 y Z. marina meadow in October and April
were (-42.3 + 1.2 mmol O, m?d™" and -57.9 + 0.7 mmol O, m™>d”', respectively) and

were significantly greater than the bare sediment O, uptake for both dates (Fig. 5).

DISCUSSION

The N, flux rates were increasingly net denitrifying across a restored seagrass
chronosequence, and this correlated with increasing concentrations of sediment organic
matter (OM) and water column NH, " (Table 2, Fig. 2). Average net N, flux rates in this
study (8 y meadow: 47.3 + 12.7 pmol No-N m~h™'; 3 y meadow: 31.7 + 7.6 pmol No-N
m~>h'; bare: 9.6 + 14.6 pmol N,-N m™h™") were comparable to N fluxes observed in
other temperate seagrass meadows (Welsh et al. 2000, Eyre & Ferguson 2002, Eyre et al.
2010) and associated with submerged vegetation in temperate lakes (Risgaard-Petersen &
Jensen 1997). In addition, the difference between N, fixation and denitrification rates in
another Zostera marina-vegetated system (Risgaard-Petersen ef al. 1998) was within the
same range as rates observed in this study.

The differences in average rates of N flux between vegetated and bare sediment
for all seasons (Fig. 3) suggest that the mechanisms regulating net N fluxes were plant-
mediated. This is supported by related work in the Virginia coastal bays by Cole &
McGlathery (submitted) where N, fixation in Z. marina-vegetated was significantly
higher than bare sediment during peak growth (June—July).

The water column NH," concentrations—collected 10 cm above the sediment

surface—were lower than the 17-year mean reported by the Virginia Coast Reserve
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LTER (this study: 2.58 + 0.58 uM NH,", 30-y mean: 3.40 pM NH," = 0.23) (VCR LTER
data base, www 1.vcrlter.virginia.edu/homel/?q=data_wq). Additionally, water column
NOs;  was 0.37 uM NOj;™ £ 0.11, over 13 times less than the 30-year average (5.06 uM
NO; =+ 0.15). Despite these low concentrations, we observed that water column NH,"
was correlated to N, fluxes (Table 2), and peak fluxes corresponded to peak NH," values
in each of the two seagrass meadows (Table 1, Fig. 4). In vegetated sediment with
elevated OM concentrations, NH;" production through mineralization can be as high as
16-34 mmol N m™>d' (Iizumi et al. 1982, Dennison ef al. 1987), though rates in the
Virginia coastal bays range from 1-10 mmol N m”>d"' (Anderson et al. 2010). We
believe that sediment mineralization is the most likely source of NH," in the water
column. In a low-nitrogen system like the Virginia coastal bays, we expect high
competition for NH;" and NO; between microbes and seagrasses (Risgaard-Petersen
2003, McGlathery 2008). The correlation between NH," concentrations and N, fluxes
indicates that the tight coupling between nitrifying and denitrifying bacteria may be out-
competing Z. marina, providing a mechanism for the N limitation in seagrass tissue at
this site (C:N: 21-37; Cole & McGlathery submitted).

In contrast to most estuarine systems where sediment organic matter is abundant
(Nixon 1995, Nixon et al. 2001), the Virginia coastal bays have low sediment OM, driven
primarily by low N loading rates of 1 g N m™y™ (Cole & McGlathery submitted) and
subsequently, water column primary production (organic carbon) (McGlathery et al.
2007). The low water column chl @ concentrations (1-6.5 pg chl a I'') in the Virginia
coastal bays indicate that the sediments likely received little organic carbon from the

water column, potentially constraining N, fixation and denitrification activity. We found
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the lowest N, flux rates in bare sediment, which also had the lowest amount of sediment
organic matter (Table 1, Fig. 6). Additionally, organic matter was positively correlated
with both Z. marina meadow age and N flux (Table 2), indicating as organic matter
builds up in the sediments of restored meadows with time, while the rates of N loss (via
denitrification) increase (Fig. 3, Fig. 6). Organic carbon addition experiments in shallow
temperate systems have shown similar relationships between net denitrifying sediments
and OM using both NOj flux experiments (Caffrey ef al. 1993) and the N,:Ar technique
(Fulweiler et al. 2007, 2008). Tibbles et al. (1994) demonstrated that an addition of labile
organic matter (plant storage polysaccharides, laminarin, and glycogen) stimulated
nitrogenase activity and thus, N, fixation while Dahllof & Karle (2008) found that Z.
marina beds became net denitrifying with an increase in OM. Cole & McGlathery
(submitted) showed an increase in N, fixation as Z. marina beds age, a process driven
primarily by shoot density which results in both the release of photosynthate into the
phyllosphere and rhizosphere and an increase in sediment OM. We suggest that the
increase in sediment OM would enhance mineralization at rates exceeding N, fixation,
increasing NH, " availability, which is nitrified in the oxygenated rhizosphere, and
denitrified into N, gas. This shift in the N, balance is supported by the linear increase in
net N, fluxes that we observed with an increase in seagrass bed age and the positive
correlation of the N, fluxes with sediment OM (Table 2, Fig. 2).

Since our experimental design excluded aboveground biomass and measured
fluxes under heterotrophic (dark) conditions, we cannot include short-term effects of
plant photosynthesis on bacterial activity. We suspect that had we left Z. marina

aboveground tissues in the sediment cores and performed the incubation under light
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conditions, the seagrasses may have added O into the root zone, increasing the potential
for coupled nitrification—denitrification. However, in a low-nutrient environment like the
Virginia coastal bays, primary producers may outcompete the bacteria for NH,', thus
reducing overall nitrification—denitrification (Ottosen et al. 1999, Risgaard-Petersen &
Ottosen 2000). Furthermore, the exudation of photosynthate into the rhizosphere and
phyllosphere could have increased rates of N fixation and denitrification, potentially
altering the overall net N, flux. Therefore, the N, flux rates presented in this study may
be over- or underestimates, depending on whether N fixation or denitrification has a
stronger response to seagrass photosynthetic products. Net N, fluxes from the N,:Ar
method for light incubations with vegetated cores have proven problematic, as dissolved
N, gasses preferentially absorb into photosynthetically-derived O, bubbles (A. Giblin
personal communication). Denitrification measurements using the isotope pairing method
(IPM) allow for the presence of seagrasses (e.g., Pinardi et al. 2009), but IPM has been
shown to underestimate denitrification by 35-85% (Ferguson & Eyre 2007). In this study,
we chose to identify the overall N, flux balance along an age chronosequence, and we
were interested in relative differences between meadows.

Anammox (anaerobic ammonium oxidization) is a less understood pathway
whereby ammonium is oxidized using NOj as an electron acceptor under anaerobic
conditions (Mulder et al. 1995, Koop-Jakobsen & Giblin 2009), and like denitrification,
anammox results in a net loss of N, gas. Annamox typically represents < 10% of total N,
produced in both shallow marine systems (Risgaard-Petersen et al. 2003) and temperate
salt marshes, and its contribution decreases with salinity (Koop-Jakobsen & Giblin 2009).

Few studies of anammox exist in vegetated marine systems, though seagrass sediments
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represent a potential anammox hotspot. Net N, fluxes from the N»:Ar method used in this
study include inputs from anammox but cannot distinguish specific sources and sinks,

unlike the isotope pairing technique (Risgaard-Petersen et al. 2003).

System-wide scaling

The net N, fluxes for bare sediment in this study were 1.57 g N m™y™', indicating
that bare sediment alone is capable of removing over 100% of the anthropogenic N inputs
to this coastal bay system (1 g N m™y") (Cole & McGlathery submitted). This net N loss
may partially explain the exceptionally low water column DIN concentrations in this
system (VCR LTER data base, www .vcrlter.virginia.edu/homel/?q=data_wq). This is
also consistent with the nutrient budget created for Hog Island Bay by Anderson et al.
(2010) indicating that high rates of primary production were supported mostly by
remineralization in the sediments and efficient nutrient cycling. The recovery of Zostera
marina in the Virginia coastal bays after a nearly 70-year absence (Orth et al. 2006) may
further intensify the N removal capacity, as the vegetated sediments were more net
denitrifying than bare sediment alone (Fig. 3). If seagrass coverage was scaled to the
habitable portion of the Virginia coastal bays (-0.6 m >z <-1.6 m MSL, Carr ef al.
2010), N removal capacity would be 3.9-5.8 g N m™ y™', far exceeding the anthropogenic

N inputs.

Conclusions
Based on these results, we can conclude that restored Zostera marina meadows

were net denitrifying, and became more so as the meadows aged. The seagrass-associated
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increases in sediment organic matter and water column NHy", paired with the
oxygenating of the rhizosphere by the seagrasses likely enhanced coupled nitrification—
denitrification, resulting in net denitrifying benthos. Previous studies of these same Z.
marina meadows have shown that N, fixation increased with seagrass bed age (Cole &
McGlathery submitted), and while this present study does not dispute this finding, we can
say that denitrification increased at an even greater rate. Our results confirm the concept
of seagrasses as a “nutrient sponge” and that the continued recovery of seagrasses in the
Virginia coastal bays will restore and enhance the ecosystem service of nutrient removal

as watershed N moves across the land-sea margin.
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Table 1. Water column and sediment parameters measured during core collection. All water column parameters were sampled 10 cm

above the sediment surface, and sediment organic matter (OM) was sampled at the completion of N, flux incubations. Values in

parentheses () represent standard error.

Water  Salinity  Vegetated Bare Vegetated Bare Vegetated Bare Vegetated Bare
(°C) (%o) Sediment OM (%) NH," (uM) NO;™ (uM) PO, (uM)
June 2009 3y 27 31 1.13 (0.30) 139 (0.20) 10.87 (3.20) —_— 1.26 (7.03) —_— 16.42 (7.03) —_—
8y 25 32 1.37 (0.17) ' ’ 3.61 (1.01) —_— 0.91 (0.48) —— 2.22 (0.80) —_—
August 2009 3y 29 32 - - 0.82 (0.13) 3.65 (1.12) —_— 0.17 (4.76) —_— 5.28 (4.76) —_—
8y 29 30 1.71 (0.13) ' ’ 0.79 (0.27)  1.13 (0.06) 0.15 (0.08) 0.18 (0.04) 0.73 (0.08) 0.67 (0.08)
October 2009 3y 20 30 1.01 (0.18) 1.08 (0.20) 0.00 (0.00) 0 (0.00) 0.51 (0.19)  0.09 (0.02) 0.71 (0.19)  0.61 (0.02)
8y 22 30 1.39 (0.11) ' ' 1.39 (0.03) 1.34 (0.49) 0.08 (0.05) 0.77 (0.15) 0.55 (0.09) 0.71 (0.02)
April 2010 3y 14 32 1.23 (0.28) 0.84 (0.15) 3.59 (1.88) 1.21 (0.17) 0.55 (0.09)  0.05 (0.05) 0.42 (0.09) 0.35 (0.05)
8y 17 32 1.21 (0.61) ' ' 1.29 (0.64)  0.90 (0.45) 0.04 (0.04) 0.03 (0.03) 0.17 (0.01) 0.15 (0.00)
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Table 2. Spearman correlations between Zostera marina meadow age, net N, fluxes, and
water column parameters revealed that sediment organic matter (OM) increased with
meadow age, while both OM and water column NH,4" were positively correlated with N,
fluxes, indicating that they are the likely drivers of the N, fluxes across the

chronosequence.

NH," oM
coeff. p coeft. p
N, flux 0.478 0.018 0.393 0.047
Meadow age 0.085 0.691 0.497 0.010
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Table 3. Seagrass-specific measurements from the restored meadows were measured at
the time of Nj:Ar core collection. Unlike shoot-specific productivity, shoot densities were
significantly different between the 3 y and 8 y sites, and neither parameter correlated to

net N, fluxes.

. ] Productivit

Density (m?) (e’ d_l)y

June 2009 3y 84 (30) 1.93 (0.31)

8y 406 (25) 0.30 (0.08)

August 2009 3y 77 (22) 0.18 (0.10)

8y 397 (11) 0.18 (0.08)

October 2009 3y 45 (16) 1.13 (0.11)
8y 339 (20) — —

April 2010 3y 34 (10) 0.63 (0.20)

8y 277 (48) 1.14 (0.08)
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Figure 1. The Virginia coastal bays including locations of Zostera marina restoration
plots. Replicate vegetated (n = 4) and bare (n =4) plots exist at each of the 2 meadows.
No significant differences were found between the 2 sets of bare plots, resulting in a

pooled data set for bare sites (n = 8).
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Figure 2. A linear regression of all N, fluxes across the chronosequence shows that the
Virginia coastal bays are net denitrifying (N loss), and that N loss intensifies as seagrass
meadows increase in age. "0 y" data represent bare sediment. Replicate plots are

presented as a single point.
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the potential for net denitrification. Error bars display standard error (£1 SE).
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Figure 5. Oxygen uptake measurements from N»:Ar incubation cores. While no
differences were observed between the restored seagrass meadows during any sampling
period, differences between vegetated and bare sediment were observed in the 8 y
vegetated plots in August (p = 0.003), October (p = 0.01), and April (p <0.001),
confirming that under heterotrophic conditions, vegetated sediment respire at a higher

rate than bare sediment alone. Error bars display standard error (£1 SE).
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Figure 6. Conceptual diagram of N, fluxes across a chronosequence of restored seagrasses in the Virginia coastal bays. In both bare
and vegetated sediment, denitrification is the dominant process regulating net N, fluxes. Cole & McGlathery (submitted) have
demonstrated that sediment N fixation increases with seagrass meadow age, regulated by organic matter (OM) availability in the
sediment. In this study, we have confirmed that net N, fluxes are driven by sediment OM and water column NH,". The increased

oxygenation potential of the rhizosphere by seagrasses may increase denitrification, resulting in net denitrification.
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Chapter Six: Conclusions

Summary

This dissertation is apposite to the growing field of research showing that
seagrasses are essential in mediating the flow of nitrogen (N) as it moves from terrestrial
into marine systems. The low N loading rates to the Virginia coastal bays coupled with
the ability of seagrass-associated microbial communities to remove N from the system as
N, gas supports the long-term datasets that show that the Virginia coastal bays have some
of the lowest water column N and chl-a concentrations of any coastal water body along
the east coast of the United States. The major inputs of N to the Virginia coastal bays
were agricultural fertilizers and direct deposition onto the surface of the bays; the major
determinant of which source was larger depended on the land to bay area ratio (Chapter
2). The N input rates into the Virginia coastal bays are the lowest in the mid-Atlantic, and
among the lowest along the east coast of the US. The microbes associated with newly
restored seagrass (Zostera marina) meadows in this system fixed N, gas at increasing
rates as the meadows age, and the oldest meadows fixed N, at rates comparable to
established seagrass meadows, but is unique in that the dominant functional group of N,
fixers was heterotrophic epiphytes (Chapter 3). These heterotrophic epiphytes dominated
the N,-fixing community in water shallower than 1.25 m MSL, but as the seagrasses
reached further toward the 1.6 m MSL seagrass depth limit, total rates of N, fixation
dropped off logarithmically, and sediment N,-fixing bacteria became the dominant
functional group (Chapter 4). Denitrifying bacteria removed N from the system at higher

rates as the Z. marina meadows aged. If the seagrass meadows in the Virginia coastal
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bays were restored to all available habitats within the system, the bacterial communities
associated with the seagrasses would be capable of removing N at rates twice as high as

the current loading rates measured in Chapter 1 (Chapter 5).

Future research

The role of N in the marine
environment is complex, particularly in the
presence of seagrass beds (Fig. 1). To date,
nearly all measurements of N, fluxes in
seagrass meadows have come from either the
Isotope Pairing Technique (IPT) (Welsh ef al.
2000, Pinardi et al. 2009) or mass balance of
individually-measured fluxes (Hemminga et

al. 1991, Pedersen & Borum 1993), though

other techniques exist (Devol 1991, Groffman

et al. 2006). The results presented here

Figure 1. The nitrogen cycle in a

dovetail nicely with a recent study published
) , seagrass meadow.
by Eyre et al. (2010) in which the authors
calculate a N budget for a shallow
oligotrophic subtropical system and measure N, fixation and net N, fluxes in seagrass
meadows using the same methods of this dissertation. Yet while this dissertation provides

net N; fluxes in Zostera marina meadows, the grasses were removed, and the incubation

was done ex situ in ambient conditions. A non-destructive, closed-system method for
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measuring N, fluxes in vegetated sediment still does not exist for both light and dark
conditions. Additional research currently underway using a combination of stoichiometry
and the N»:Ar method may soon solve this methodological shortcoming (A. Giblin,
personal communication).

Little is known about the ecological impact that newly restored seagrasses have
on their environment. The restoration efforts in the Virginia coastal bays are possible
because of the rare conditions that caused and followed the removal of Z. marina in the
late 1920s. Most seagrass loss worldwide is the result of anthropogenic influences
(Waycott et al. 2009), but the lack of such influences in the Virginia coastal bays presents
a unique opportunity to observe and quantify the ecological effects that new seagrass
meadows induce. Many of the assumptions in this dissertation focus on the effects that Z.
marina has on its microbial community. In order to provide a more complete budget of N
processes in these meadows, information quantifying: DOC exudation rates into the
phyllosphere and rhizosphere, N burial of detritus, oxygenation rates and associated
nitrification rates, sediment porewater profiles, and benthic infauna would be useful, and
warrant further research. As seagrasses continue to decline worldwide (Orth ef al. 2006,
Waycott et al. 2009), continued advancement of the field of seagrass ecology becomes all

the more important in the conservation and preservation of these ecosystem engineers.
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