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ABSTRACT: Rates of nitrogen transformations and concentrations of extractable NH,™ and NO;~ (plus
NO,7) were measured in estuarine sediments vegetated with the submersed macrophytes Potamogeton
perfoliatus and Zostera marina, and in adjacent bare sediments, 3 or 4 times during the growing season.
Nitrification and denitrification potentials were measured in substrate-amended sediment slurries at 5
depth intervals to provide a measure of bacterial activity. In general, rates were significantly higher in
vegetated compared to bare sediments. It appears that both plant species affected nitrogen transforma-
tions through several similar mechanisms, while the microbial community, in turn, regulated nitrogen
available for plant growth. In P. perfoliatus beds, ammonification and potential nitrification rates were
correlated. Both exhibited summer maxima coinciding with peak plant biomass and productivity.
Although vertically integrated (0-12 cm) ammonification rates were about twice as high in vegetated
than in bare sediments, NH," pools were significantly lower, probably due to high plant nitrogen
demand. In contrast, denitrification rates were highest in spring when NO;~ concentrations peaked, and
were significantly correlated to nitrification rates in both spring and fall. Denitrification was only about
20 % of total NO3;~ reduction, suggesting that NH4™ production from NO3;~ may be important in
conserving nitrogen within the grassbed. In sediments with Z. marina, rates of ammonification, and
nitrification and denitrification potentials each exhibited a distinct seasonal cycle, indicating that rates
were not as tightly coupled as in P. perfoliatus beds. High ammonification rates exceeded plant demand
leading to NH,™ accumulation. Potential nitrification rates were highest in vegetated sediments during
fall. Denitrification rates, which were also greater in vegetated than in bare sediments, were highest in
spring when NO3;~ concentrations were high. Potential denitrification rates comprised about 10 % of
total NO;~ reduction, indicating that NO3~ reduction to NH,* dominated. The microbial communities
responsible for key nitrogen transformations in the sediments were enhanced by both P. perfoliatus and
Z. marina: ammonification by inputs of organic nitrogen; nitrification by release of O, by plant roots;
and denitrification by production of NO;~

INTRODUCTION

Submersed vascular plant beds, which occur along
salinity and latitudinal gradients (Stevenson 1988), are
important sources of primary production in shallow
aquatic ecosystems. These plants represent important
physical structures, which provide habitat and nursery
areas for many animals (Kikuchi 1980) and enhance the
deposition of particulate material (Fonseca et al. 1982,
Ward et al. 1984, Fonseca & Fisher 1986). Intercon-
nected roots and rhizomes also increase sediment sta-
bility (Orth 1977).
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Submersed plants can influence nitrogen cycling in
sediments by several direct and indirect mechanisms.
Ammonification, the microbial production of NH,* by
deamination of organic matter, may be enhanced in
vegetated sediments by: (1) decomposition of alloch-
thonous particulate organic material trapped within the
grassbed (Kemp et al. 1984); (2) microbial breakdown
of dissolved organic nitrogen released from plant roots
(Jergensen et al. 1981, Boon 1986, Smith et al. 1988);
and (3) decomposition of senescent plant material
(Kenworthy & Thayer 1984). Relatively high rates of
ammonification within macrophyte beds, compared to
unvegetated sediments, can be sufficient to supply the
nitrogen required for growth of the plants (lizumi et al.
1982, Dennison et al. 1987).
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Plant nitrogen requirements for growth may also be
met through nitrogen fixation. In tropical seagrass beds,
sediment nitrogen fixation has been estimated to pro-
vide from 20 to 50 % of plant nitrogen demand (Capone
et al. 1979, Capone & Taylor 1980). The contribution of
sediment nitrogen fixation in temperate grassbeds
tends to be lower than that in tropical beds, usually less
than 30 % (Lipschultz et al. 1979, Capone 1983). Sub-
mersed plants may enhance nitrogen fixation in sedi-
ments, particularly in oligotrophic tropical environ-
ments, by release of labile dissolved organic compounds
(Capone et al. 1979, O'Neill & Capone 1989).

Nitrification and denitrification are important proces-
ses controlling the loss of nitrogen in sediments. Nitrifi-
cation, the oxidation of NHs* to NO;~, is controlled
primarily by O, and NH,* supply (Henriksen & Kemp
1988), while denitrification, the reduction of NO,™ to
N, is controlled by NO3;™ and organic carbon supply
(Koike & Sprensen 1988). Often these 2 processes are
closely coupled in time and space (Jenkins & Kemp
1984). Relatively high nitrification activities in veg-
etated sediments have been attributed to release of
oxygen from eelgrass roots and rhizomes (lizumi et al.
1980). Denitrification rates may be stimulated by plant
metabolism either directly through excretion of dis-
solved organic carbon, or indirectly by increased NO;~
production from nitrification. Relatively high denitrifi-
cation activities have been measured in various sea-
grass (Capone & Taylor 1980, lizumi et al. 1980, Kaspar
1983) and freshwater macrophyte beds (Christensen &
Seorensen 1986).

In this paper, we compare microbial nitrogen transfor-
mation processes and porewater pools for 2 submersed
plant species, and adjacent unvegetated sediments,
occurring in Chesapeake Bay. The 2 plant species
selected for this study were redhead grass Potamogeton
perfoliatus and eelgrass Zostera marina, both of which
were historically abundant in Chesapeake Bay,
although populations have declined in recent decades
(Kemp et al. 1983). P. perfoliatus, which occurs in
oligohaline to mesohaline regions (salinity 0 to 15 %o},
exhibits seasonal peaks of production and biomass in
mid summer (Twilley et al. 1985). Z. marina, which is
found in euryhaline areas of Chesapeake Bay, follows a
bimodal seasonal production cycle with maximum rates
in late spring and early fall, and a precipitous late-
summer decline in biomass associated with high tem-
peratures (Wetzel & Penhale 1983). No previous studies
have compared ammonification, nitrification and de-
nitrification activities in vegetated versus adjacent
unvegetated sediments for any submersed plant
species. We hypothesized that the distinctly different
growth strategies and physiological characteristics of
these 2 plant species would result in different patterns of
sediment nitrogen cycling processes.

MATERIALS AND METHODS

Study area and sampling procedures. Sediment
cores were collected from areas in the middle of a
Potamogeton perfoliatus bed and from adjacent bare
areas in an experimental estuarine pond (area 350 m?,
mean depth 1 m, 38°36' N, 76° 14" W) located near the
Choptank River, a tributary of Chesapeake Bay, USA
(Twilley et al. 1985). Sediments were collected with
replicate 8.75 cm diameter clear acrylic cores for mea-
surement of extractable NH,* and porewater NO3~
plus NO,~ concentrations, as well as rates of
ammonification, nitrification, and denitrification. Half
of the cores were collected from vegetated areas and
the other half from unvegetated areas. Triplicate cores
were used for each set of nitrogen transformation
measurements, and for porewater nutrient concen-
trations. Measurements were made over 5 depth inter-
vals: 0-1, 1-2, 24, 4-8, 8-12 cm. Sediments from each
layer were completely mixed for all experiments. All
sediments were incubated in filtered (GF/F) water
from the Choptank River (salinity 10 to 12 %.}. Experi-
ments were conducted in July and September 1986,
and May 1987,

Cores with Zostera marina and bare sediments were
collected from the lower Eastern Shore of Virginia in
an area of Chesapeake Bay (MLW depth of 1m)
known locally as Vaucluse Shores (37°25'N, 75°39' W)
and transported back to the laboratory in coolers filled
with ambient water. Sampling and experimental pro-
tocols were the same for Z. marina as for Potamogeton
perfoliatus, except as described below. Measurements
were made at 0-1, 1-2, 2-6, 6-10, 10-14 c¢m depth
intervals. Choptank River water was used for these
experiments with salinity adjusted to ambient levels at
the Z. marina site (20 to 25 %.) by adding artificial sea
salt (Instant Ocean). Experiments were conducted in
June, August and November 1986, and April 1987

Plant biomass and production. Aboveground bio-
mass from each core was rinsed with fresh water, dried
for 24 h at 60°C, and weighed. On 2 occasions for
Potamogeton perfoliatus (July, August) and 3 occasions
for Zostera marina (April, June, August), triplicate sedi-
ment cores were collected and roots and rhizomes were
separated from each of the 5 depth intervals, dried at
60°C and weighed.

Productivities of Potamogeton perfoliatus (10 cm api-
cal stems) and Zostera marina (intact leaf bundles) were
measured as apparent daytime O, production in dupli-
cate 300 ml BOD bottles. Leaves were cleaned free of
loosely attached epiphytic material by hand prior to
each incubation. O, concentrations were measured with
polarographic electrodes at 30 min intervals for 3 h
under natural light and in the dark. Light levels were
adjusted, with neutral density screening, to ca
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200 uEinsteins m~% s~!, which is above saturation

(Dennison & Alberte 1985, Goldsborough & Kemp
1988). Measurements were made monthly from April to
September. Net diel productivity and C/N ratio of the
plant (Twilley et al. 1986, W. C. Dennison pers. comm.)
were used to calculate the nitrogen demand.

Nitrogen rate measurements. Potential nitrification
rates were measured with sediment slurries in flasks
{Henriksen 1980) by incubating ca 2 g of sediment,
50 ml of filtered estuarine water for 24 h under aerobic
conditions at 25°C on a shaker table. NH,C] was added
to bring NH,* concentrations to 1 mM. At 2 h and 24 h,
sediments from replicate flasks were centrifuged and
the water was filtered and analyzed for NO;™. On
several occasions, NO3;~ measurements made at 14, 24
and 56 h indicated that rates were linear over a 56 h
period.

We also used sediment slurries to measure potential
rates of denitrification (Serensen 1978, Kaspar 1983).
Approximately 5 g of sediment, 40 ml of 100 uM NO;~
and 5 ml of acetylene-saturated water were incubated
for 4 h under anaerobic conditions (water and head-
space were purged with nitrogen gas) at 25°C with
shaking. The bottles were sampled after 0, 2, and 4 h
for nitrous oxide (N,O) and NO; ™ in 1986. Rates of N,O
accumulation were linear over this time period. Four
hours was not sufficient to measure loss of NO3™, so
subsequent incubations (April and May) were run for O,
12 and 24 h to measure NO;~ disappearance. Gas
samples (4 ml) were taken from the headspace in each
bottle and analyzed for N,O. A Hewlett Packard gas
chromatograph with a ®3Ni electron capture detector,
with nitrogen as a carrier gas at a 15 ml min™! flow rate
(oven temperature 60°C, detector temperature 300°C,
inlet temperature 120°C) and a 2 m column packed
with Porapack Q, was used to measure N,O.

Ammonification rates were measured using a tech-
nique similar to that described by Aller & Yingst (1980).
Approximately 10 g of sediment in 30 ml of water were
incubated under anaerobic conditions at 25°C for 4 d
on a shaker table. The samples were centrifuged, and
water was filtered and analyzed for NH,* at 0 and 4 d
to estimate net NH;* production. Two time course
experiments were conducted with sampling at 0, 2, 3
and 4d and 0, 4 and 9 d. NH," production was linear
over the 2 sampling periods, except at the 6-10 and
10-14 cm depth intervals where NH,* production was
close to zero.

For all experiments, roots and rhizomes were not
included in the sediment slurries to avoid uptake or
leakage of compounds such as NH, ™ or DOC to or from
plant tissues. Consequently, the bacterial community
attached or immediately adjacent to roots and rhizomes
was not included. However, on 4 occasions, sediments
were scraped from roots and rhizomes and used to

measure potential nitrification, potential denitrification
and ammonification rates.

Porewater measurements. Sediment samples (about
15 g wet sediment) were extracted with 20 ml of 1N
KCl to determine extractable NH," concentrations.
These measurements include NH,* dissolved in the
porewater and sorbed to sediment particles. NO3;™ plus
NO,~ (hereafter referred to as NO3 ™) concentrations
were also measured in the KCl extracts. NH;* and
NO;~ concentrations in KCl extracts and KCl blanks
were analyzed with a Technicon II system. NH,* was
determined by the phenol hypochlorite method (Solor-
zano 1969), and the automated cadmium reduction
method was used for analysis of NOz~ plus NO,~
(APHA 1985). Concentrations of NHy™ and NO;~ are
reported in terms of volume of porewater, while rates of
nitrogen transformations are expressed in nmol N cm ™3
(dry sediment) h™!. Extractable NH,* concentrations
are reported in terms of porewater volume because
extractable NH," is in equilibrium between sediment
particles and porewater (Rosenfeld 1979) and would
thus be readily available to the plants. Percent water
was measured at all depth intervals.

We tested for differences in rates of nitrogen transfor-
mations between the vegetated and bare sediments
each month using the Kruskal-Wallis analysis of var-
iance for each nitrogen transformation (SYSTAT 1986).
Probabilities (p) of 0.1 or less were considered signifi-
cant and exact p values are usually reported. Non-
parametric analysis of variance was used instead of
parametric tests because of unequal variances, even
after transformation of the variables.

RESULTS

Rates of nitrogen transformations and concentrations
of extractable NHy* and NO;~ differed between veg-
etated sediments and adjacent bare sediments for both
plant species. Results are presented first for Potamoge-
ton perfoliatus and then for Zostera marina.

Potamogeton perfoliatus

Ammonification rates were significantly greater in
vegetated sediments compared to bare sediments (p
< 0.05), except in May. In bare and vegetated sedi-
ments, ammonification was usually highest at the sur-
face (0-1 cm}, and declined to 0 below 2 cm in bare
sediments (Fig. 1). Rates within the Potamogeton per-
foliatus beds were greatest in July at the 0-1 cm layer
(71.4 nmol N cm™® h™!), with a second peak in the 4-8
cm layer (9.8 nmol N cm™ h™!). Root and rhizome
biomass was concentrated in the top 8 cm (Fig. 2).
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Fig. 1. Vertical profiles of rates of ammonification, potential nitrification and potential denitrification (nmol cm ™ h™!) within

Potamogeton perfoliatus beds (closed

boxes, continuous lines) and adjacent bare sediments (open boxes, dashed lines) in May,

July and September. Means *+ standard errors (n = 3) are given. Note that the scale for denitrification rates in July is 10 % of that
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in other months

Ammonification rates, integrated over the top 12 cm, in

2 . . .
vegetated sediments were 2 to 3 times those in bare

Depth (cm)

sediments during summer and fall sampling periods,

but only slightly higher in the spring (Table 1). Rates in

bare and vegetated sediments were significantly differ-

ent in July (p <0.05) and September (p < 0.003), but

not in May (p < 0.14). Despite these higher ammonifi-

cation rates, extractable NH,* concentrations were

lower in the P. perfoliatus beds than in bare sediments

in spring and summer sampling periods (Fig. 3), where

NH,* concentrations increased with depth. Ammonifi-

| cation was significantly related to NH,* concentrations
in the top centimeter (Y = 145 + 5.11X, r = 0.69).

Differences in potential nitrification between veg-

etated and bare sediments were most pronounced in

July (Fig. 1) when potential nitrification had a similar

J temporal pattern as ammonification. During the sum-

T

Fig. 2. Potamogeton perfoliatus. Root + rhizome biomass
{g m~?) in (a) July and (b) August. Mean * standard errors

mer sampling period, highest rates of nitrification activ-
ity were in the top 1 cm layer, reaching a maximum

(n = 3) and biomass of aboveground plant parts are given value of 452 nmol N cm™> h~!in vegetated sediments.
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Table 1. Integrated depth profiles (0—12 cm) of potential nitro-

gen transformations (ammonification, nitrification, and deni-

trification) measured in sediment slurries from sediments

vegetated with Potamogeton perfoliatus and adjacent bare
sediments (mean (+ SE) for n=3)

Ammonification Nitrification Denitrification
(umol m~2 h™1)

Vegetated

May 111 (38) 3223  (604) 638 (110)
Jul 264 (45) 4760 (1036) 10 (1)
Sep 148 (42) 3859 (752) 262 (15)
Bare

May 102 (45) 3450 (851) 220 (111
Jul 105 (22) 1727 (326) 6 (2
Sep 40 (22) 2520 (336) 26 (10)

Vertical profiles revealed that nitrification potentials in
vegetated sediments were 3 times those in bare sedi-
ments at the 4-8 cm layer (Fig. 1). Although potential
nitrification rates in July were substantial below the

surface, there was no accumulation of NO3;™ at depth
(2-12 cm) in vegetated sediments. However, surficial
(0-1 cm) NO3~ concentrations were always greater
than overlying water concentrations. NO;~ concen-
trations were different in vegetated and bare sediments
(Fig. 3) in May and July. In sediments occupied by
Potamogeton perfoliatus, highest nitrification rates
occurred during sampling periods in summer, when
macrophyte production was also high (Fig. 1, Table 1}).
These potential nitrification rates were significantly
different between bare and vegetated sediments in
July (p <0.06) and September (p <0.003), but not in
May (p <0.22). Nitrification rates in vegetated sedi-
ments were significantly (p < 0.05) correlated with
porewater NH, ™ concentrations in the top 8 cm (Y =
—49.0 + 1.3X, 1 = 0.64) and with ammonification rates
at0-12 cm (Y = 59.2 + 4.7X, r = 0.67). Similar correla-
tions were not significant for the bare sediments.

The influence of Potamogeton perfoliatus on poten-
tial denitrification was different from its effect on
potential nitrification or on ammonification rates.
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September. Means * stan- 8+
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cate overlying water con-
centrations
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Denitrification potentials were generally lower than
ammonification and nitrification rates, ranging from 0
to 60 nmol N cm ™2 h™!. Denitrification potentials had a
subsurface maximum in July and September, while
rates were highest at the surface and declined with
depth in May. Rates were generally higher in veg-
etated than in unvegetated sediments and were signifi-
cantly different (p <0.001) in May and September, but
not in July (p < 0.21). In contrast to the seasonal pattern
of ammonification in P. perfoliatus beds, denitrification
rates were greater in spring and fall and lower in
summer (Fig. 1, Table 1). In vegetated sediments below
2 cm, potential denitrification and nitrification rates
were correlated (p < 0.11) in spring and fall (Y = 20.1 +
1.57X, r = 0.71).

In spring, total NO3™ reduction, in sediment slurries,
was higher in vegetated sediments than in bare sedi-
ments. Rates within the vegetated sediments were 260
nmol N cm ™2 h™! at the surface and 140 nmol N cm ™3
h~! at 6-10 cm, while rates within the adjacent, bare
sediments were 45 nmol N cm™2 h™! and showed little
variability below the 0—1 c¢m layer (Fig. 4). The relation-
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Fig. 4. Total nitrate reduction (open boxes) and denitrification

(closed boxes) (nmol cm™3 h™!) in Potamogeton perfoliatus
beds (continuous lines) and adjacent bare sediments (dotted
lines) in May

ship between total NO3;~ reduction and denitrification
suggests that denitrification comprised about 20 % of
total NO; ™ reduction (Y = —5.5 + 0.23X, r = 0.85).

Zostera marina

Nitrogen transformations (ammonification, potential
nitrification and potential denitrification) and concen-
trations (NH;* and NO3;™) were significantly (p < 0.10)
enhanced in Zostera marina sediments compared with
adjacent, bare sediments (Figs. 5 and 6, Table 2).
Ammonification rates were enhanced in sediments
within the eelgrass beds during all sampling periods.
The greatest differences in subsurface rates between
bare and vegetated sediments occurred in summer,

with less of a difference in the fall and spring (Fig. 5). In
June and August, rates were highest at the surface with
a second peak in the 2-6 cm layer (Fig. 5); these sub-
surface peaks coincided with the zone of maximum
root and rhizome biomass (Fig. 7). Rates in bare sedi-
ments decreased with depth. Ammonification rates
were significantly different (p < 0.10) between bare
and vegetated sediments, except in April. Extractable
NH, " concentrations during summer sampling periods
were much greater in vegetated than bare sediments
(Fig. 6). NH,* concentrations (X) and ammonification
rates (Y) were positively correlated (p < 0.008) for both
vegetated (Y = 161.6 + 3.54X, r = 0.59) and bare
sediments (Y = 64.4 + 11.9X, r = 0.63).

Potential nitrification rates were also greater in veg-
etated than bare sediments, except in November.
These rates increased throughout the year and were at
a maximum in November (Fig. 5, Table 2) despite
relatively low NH;" concentrations at that time. Poten-
tial nitrification was significantly different between
vegetated and bare sediments in June (p < 0.008) and
November (p < 0.03), but not in April (p <0.41) or
August (p <0.12). NO3~ concentrations in sediments
were relatively high in June and November at both
bare and vegetated sites, in April at the vegetated site,
and much greater than overlying water concentrations
during all sampling periods (Fig. 6). Potential nitrifica-
tion rates (X) and NO3;~ concentrations (Y) were signifi-
cantly (p <0.08) correlated in vegetated sediments
below the top centimeter (Y = 0.70 + 0.16X, r = 0.47).
NO;3;~ concentrations generally decreased with depth,
while vertical profiles of nitrification potential exhi-
bited subsurface maxima (1-2 cm) in April and
November (Fig. 5). Nitrification potentials did not seem
to be related to either NH,* concentrations or
ammonification rates.

The enhancement of potential denitrification rates in
vegetated versus bare sediments was similar to that
observed for ammonification. Maximum denitrification
rates were in the 0-1 cm layer except in August (Fig. 5).
Rates were higher in spring and fall than in summer
(Fig. 7, Table 2). Differences between bare and veg-
etated sediments were significant in all 4 months (p
< 0.06). Potential denitrification rates were positively
correlated (p < 0.0001) with NO3;~ concentrations in
vegetated sediments (Y = 0.05 + 0.52X, r = 0.94), but
not in bare sediments. Although NO;™ concentrations
and denitrification potentials were related, nitrification
potentials and denitrification potentials were not. The
vertical pattern for total NO;™ reduction in vegetated
sediments was very similar to that of denitrification in
April, having high rates at the surface (240 nmol N
cm™® h™!) and a second peak at 6-10 cm (Fig. 8).
Denitrification and NO;™ reduction rates were signifi-
cantly correlated (p < 0.05) in vegetated (Y = —3.17 +
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Fig. 5. Vertical profiles of ammonification, potential nitrification and potential denitrification rates (nmol cm ™ h~!} within Zostera
marina beds (closed boxes, continuous lines) and adjacent bare sediments (open boxes, dashed lines) in April, June, August, and
November. Means + standard errors (n = 3) are given

0.13X, r = 0.88), but not in bare sediments. In general,
denitrification represented about 10 % of total NO;~
reduction in vegetated sediments, and a much smaller
fraction of total NO3; ™ reduction in bare sediments.

DISCUSSION
Nitrogen transformation rates

Results indicate that both Potamogeton perfoliatus
and Zostera marina significantly influence nitrogen
transformation processes and nitrogen pools in sedi-
ments. The seasonality of ammonification and nitrifica-
tion potentials tended to follow the growth cycle of P.
perfoliatus, while denitrification did not. Although
there were strong seasonal patterns for the rates of
nitrogen transformations in Z. marina beds, each pro-

cess exhibited a different seasonality. The observed
rates were generally similar to those found in other
systems containing submersed plants (Koike & Hattori
1978b, lizumi et al. 1980, Kaspar 1983, Kepkay 1985,
Boon et al. 1986a, b, Christensen & Sprensen 1986,
Dennison et al. 1987, Short 1987; Table 3). The sedi-
ment nitrogen cycling rates for these 2 Chesapeake
Bay plant populations were at the upper end of the
range of values reported, particularly for nitrification
and nitrate reduction.

Comparisons of these rates in vegetated and adja-
cent bare sediments may, in fact, underestimate the
effect of the plant, since the bare sites were close to the
grassbed and subject to the plants’ influence. For the
results presented, the bacterial community attached to
rhizoplane was excluded, which may underestimate
the macrophyte effect. On several occasions experi-
ments were run using proximal sediments attached to
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Table 2. Integrated depth profiles (0—14 cm] of potential nitro-

gen transformations (ammonification, nitrification, and deni-

trification) in sediments vegetated with Zostera marina and
adjacent bare sediments (mean (* SE) for n = 3)

Ammonification Nitrification Denitrification
(umollm~=2h™Y)

Vegetated

Apr 1094 (108) 410 (79) 209 (22)
Jun 1027 (232) 604 (67) 71 (4)
Aug 1053 (188) 1168 (76) 67 (27)
Nov 1134 (517) 2481 (175) 99 (16)
Bare

Apr 346 (43) 228 (93) 67 (9)
Jun 251 (47) 248 (39) 29 (1)
Aug 182 (17) 983 (61) 44 (18)
Nov 305 (30) 2273 (288) 10 (2)

roots and rhizomes. For 2 of the 4 nitrification experi-
ments, these samples had higher rates than bulk sedi-
ments surrounding plants. In the other experiments,
rates associated with sediment scraped from the roots
and rhizomes were the same or lower than those within
the vegetated sediments. These results do not clearly
define the spatial dimensions of plant influence on the
activity of microbial community. Finer-scale sampling,
as well as incubation of roots and rhizomes themselves,
might resolve this question.

NH,* production and plant demand
The depth distributions of ammonification within

both Potamogeton perfoliatus and Zostera marina beds
were very similar, although the magnitude and sea-
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sonal pattern of ammonification were distinctly differ-
ent. The highest ammonification rates (Table 1) coin-
cided with the summer peak in productivity and bio-
mass of P. perfoliatus (Kemp et al. 1984, Twilley et al.
1985). In contrast, the correspondence between Z.
marina productivity and ammonification rates was not
as strong, with ammonification rates slightly higher in
April and November than in the summer (Table 2).
Different sources of organic matter contribute to
ammonification rates, and the importance of any par-

Total Nitrate Reduction
(nmol cm3h' ")

o2 100 200 300 T 100 200 300
— Denitrification 'I
E 4F < | #
£
Q |
o
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Fig. 8. Total nitrate reduction (open boxes) and denitrification

(closed boxes) (nmol cm™ h™?) in Zostera marina beds (con-

tinuous lines) and adjacent bare sediments (dotted lines) in
April

ticular source may vary seasonally. Decomposition of
allochthonous particulate organic nitrogen, such as
from the spring phytoplankton bloom, would be most
important in the early summer (Malone et al. 1988).
Deamination of dissolved organic nitrogen released
from macrophyte roots may represent a small fraction
of ammonification, but release would be greatest when
production is high (Smith et al. 1984a, Smith et al.
1988). A third source of organic matter is autochthon-
ous biomass: roots, rhizomes, leaves and epiphytes
(Kenworthy & Thayer 1984). NH,* production from
mineralization of these tissues could occur throughout
the year from turnover of leaves, roots and rhizomes,
but peak rates would probably occur after the late
summer senescent period. Assuming all senescent leaf
biomass to be retained within the Potamogeton per-
foliatus and Zostera marina beds, NH,; production
through decomposition of plant biomass (Figs. 2 and 7)
would contribute ca 20 % of the observed ammonifica-

Table 3. Ranges of rates of nitrogen transformation processes (ammonification [A], nitrification [N], denitrification [D] and NO3
reduction [NR]) from sediments occupied by Zostera marina and other submersed macrophytes, nmol cm ™3 h=3

Macrophyte A N D NR Source
Zostera spp-
Z. marina 0-90 1-27 0-35 30-230 This study (vegetated)
Z. marina 6—160 7 0-3 - lizumi et al. (1980, 1982)
Z. marina - 81 0-30 54 Koike & Hattori (1978a, b)
Z. marina 7-35 - - Dennison et al. (1987)
Z. marina 0-1 - - - Short (1987)
Z. marina 0-13 - - - Blackburn et al. (pers. comm.)
Z. capricorni 5-14 - - 7-10 Boon et al. (1986a, b)
Z. novazelandica - - 2-7 2-8 Kaspar (1983)
Other submersed macrophytes
Potamogeton perfoliatus 0-70 0-450 0-60 81-260 This study (vegetated)
Syringodium filiforme 2-48 - - - Short et al. (1985)
Thalassia testudinum 0-1 - - - Kemp et al. (1988)
Eriocaulon septangulare - 1-7 - - Kepkay (19895)
Littorela uniflora - - 0-2 - Christensen & Serensen (1986)
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tion rates in these macrophyte beds. The actual con-
tribution of decomposing Z. marina biomass to
ammonification may be less since about 90 % of the
nitrogen in senescing leaves is translocated to other
tissues (Borum et al. 1989). In addition, some of the leaf
biomass is probably transported outside the beds by
tides and currents. Further research is needed to
resolve the contribution of allochthonous versus autoch-
thonous material to ammonification.

NH,* turnover in sediments with both Potamogeton
perfoliatus and Zostera marina was high. Calculations
of NH," turnover, based on ammonification rates and
porewater NH4* pools, in the top 8 cm, were from 1 to
2 d7!in sediments with P. perfoliatus, and 4 to 10 d~ ! in
Z. marina sediments (Table 4). These turnover rates are
faster than rates of about 1.5 d™! reported for a shallow
(1.3 m) Z. marina bed in Massachusetts, USA (Denni-
son et al. 1987). Enhanced abundances of macrofauna,
associated with Z. marina sediments (Homziak et al.
1982), may contribute to the relatively increased NH,*
pools and turnover rates resulting from animal excre-
tion and bioturbation (Henriksen et al. 1980).

Ammonification within grassbeds represents a
potentially important source of nitrogen for plant
growth. During May and July in Potamogeton per-
foliatus beds, NH,* concentrations were lower in veg-
etated than bare sediments (Fig. 2). This is not surpris-
ing when one compares ammonification and calculated
plant uptake of nitrogen (Table 4). Ammonification
rates were integrated over the top 8 cm to estimate an
ambient rate of net ammonium production. We
assumed that the rates from the slurry experiments are
comparable to rates in intact sediments (as in Aller &
Yingst 1980), since the sediments were incubated
anaerobically without addition of any substrate (as in
nitrification and denitrification experiments). In May,
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when P. perfoliatus biomass was low, ammonification
rates were slightly less than the calculated uptake
rates. In July, plant uptake was about 10 times the
ammonification rate, which led to a depletion of
extractable NH,* concentrations in vegetated sedi-
ments, relative to bare sediments (Fig. 2}. In September
when productivity was reduced, ammonification rates
exceeded plant demand. An important assumption of
this calculation of plant nitrogen demand by P. per-
foliatus is that remobilization and translocation of nitro-
gen from senescing leaves is small.

In contrast, extractable NH," concentrations were
usually higher in sediments vegetated with Zostera
marina than adjacent bare sediments. NH,* produced
during ammonification was in excess of the estimated
nitrogen required by the plants (Table 4). In fact,
throughout the growing season plant nitrogen demand
was always less than the NH,™ supplied by ammonifi-
cation. This is similar to what both Kenworthy et al.
(1982) and Dennison et al. (1987) reported for Z. marina
beds in North Carolina and Massachusetts, respec-
tively. In contrast, plant nitrogen demand exceeded
regeneration when organic inputs were lower, where
eelgrass was recolonizing an area (Short 1983} and in
Potamogeton perfoliatus beds (Table 4).

Nitrification

In coastal marine sediments, nitrification tends to be
controlled by availability of both NH,* and O, (Henrik-
sen & Kemp 1988), although high concentrations of
sulfide may be inhibitory (Hansen et al. 1981). Sub-
mersed plants directly affect nitrification by 2 proces-
ses: by uptake of NH,* that would otherwise be nit-
rified, and by root release of O, which oxidizes the

Table 4. Comparison of rates of calculated plant nitrogen uptake with rates of sediment ammonification and porewater NHJ pools
and turnover in top 8 cm of sediments containing Potamogeton perfoliatus and top 6 cm of sediments containing Zostera marina

Month Productivity* Biomass® Nitrogen demand” Ammonification NH7 pool Turnover
(mg O, g~td™) (gm ) (mmol Nm~™2d™ ) (mmol Nm™?d}) (mmol m~?) (dh
Potamogeton perfoliatus
May 49.0 50 3.7 2.2 2.6 0.8
July 104.4 467 60.2 6.3 6.2 1.0
September 31 174 0.7 2.9 1.4 2.1
Zostera marina
April 29.2 44 1.5 10.3 1.9 5.4
June 12.0 250 2.4 22.8 5.2 4.4
August 56 324 1.4 21.3 2.0 10.6
November 12.2 183 2.6 8.5 1.7 5.0

¢ Net daytime apparent O, productivity measured at ambient light with excised P. perfoliatus and Z. marina leaves incubated

in BOD bottles (see text)
> Assuming C/N atomic ratios of 18.1 for P. perfoliatus (Twilley et al. 1986) and 20 for Z. marina (W Denmson pers. comm.),

and a metabolic O/C molar ratio of 1.2 J
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rhizosphere, creating a more favorable environment for
aerobic processes (Wium-Andersen & Andersen 1972,
Jaynes & Carpenter 1986). In this study, potential nit-
rification rates in the sediments with Potamogeton per-
foliatus were highest in July and about an order of
magnitude greater than rates in Zostera marina beds.
The relatively high rates of root O, release from P.
perfoliatus compared to Z. marina (Sand-Jensen et al.
1982, Smith et al. 1984b, Kemp & Murray 1986, Caffrey
1989) may account for the higher potential nitrification
rates in P, perfoliatus beds. The rates of potential nitrifi-
cation in the Z. marina beds in this study were compar-
able to those previously reported in Izembek Lagoon,
Alaska {Koike & Hattori 1978a; Table 3).

In most coastal marine sediments, nitrification is not
generally limited by NH,™ supply, since nitrifiers satu-
rate at NH, " concentrations which are low (50 to 100
uM) compared to porewater NH, ™ pools (Henriksen &
Kemp 1988). However, in sediments where plant
demand for NH,;* is high compared to production,
competition between nitrifiers and plants may occur,
particularly in close proximity to the roots. This appears
to be occurring in the Potamogeton perfoliatus sedi-
ments studied here, since nitrification was significantly
related to both NH,* concentration and ammonifica-
tion rates in vegetated sediments but not in bare sedi-
ments. In contrast, the absence of a significant correla-
tion between ammonification and nitrification in sedi-
ments with Zostera marina indicates that plant-micro-
bial competition for NH,* was unimportant in requlat-
ing nitrification.

NO;™ reduction: losses versus conservation

Denitrification depends on NO3;~ and organic carbon
availability and is inhibited by sulfides (Serensen
1987). Rates of denitrification potential within the
Potamogeton perfoliatus beds were very similar to rates
measured in this study and previously in sediments
with Zostera spp. (Koike & Hattorl 1978b, lizumi et al.
1980, Kaspar 1983; Table 3), but higher than those
reported for oligotrophic lake sediments vegetated
with Littorella uniflora (Christensen & Serensen 1986).
These high rates of denitrification and NO;™ reduction
have been associated with plant roots (Blotnick et al.
1980, Christensen & Serensen 1986). Although denit-
rification potential was enhanced in the sediments with
P. perfoliatus compared to bare sediments, the rates did
not exhibit the summer maximum that ammonification
and nitrification potential did. Instead, denitrification
was highest in spring when NO3;~ concentrations were
high and insignificant in the summer when porewater
NO;~ concentrations were less than 1 pM.

Denitrification potential within the Zostera marina

bed also exhibited a summer minimum and was
strongly correlated to NO;™ concentration. Since NO3~
concentration and denitrification were positively corre-
lated, NO3~ availability and nitrification may be the
dominant factors controlling denitrification. Another
factor that may have influenced seasonality of denitrifi-
cation in these grassbeds is increased root release of
dissolved organic carbon (Christensen & Serensen
1986). Presumably, this process was active in the spring
and fall when Z. marina productivity was high. Ele-
vated porewater sulfide concentrations, which were
probably maximal in summer, could also have inhibited
denitrification in these beds or interfered with the
denitrification assay (acetylene block) method (Seren-
sen et al. 1980).

Reduction of NO;~ to NH;" is another important
pathway, which results in nitrogen being retained
within the system as NH, ™, instead of being lost as N,
through denitrification. The relative availabilities of
NO;™ and organic carbon appear to control which path-
way, denitrification or NO3;~ reduction to NH,™, pre-
dominates. Denitrification is favored when NO3;™ con-
centrations are high and organic carbon is low, while
NO;~ reduction to NH, " predominates when the oppo-
site conditions occur (Sgrensen 1987, Koike & Serensen
1988). These measurements may overestimate the
importance of denitrification relative to NO;™ reduction
to NH,; ™, since sediment slurries were amended with
high concentrations of NO;™.

Total NO;™ reduction rates within Potamogeton per-
foliatus beds were similar to those measured in Zostera
marina beds in this study and by Koike & Hattori
(1978a) (Table 3). In this study, denitrification com-
prised about 20 % of the total NO3;™ reduction in these
sediments with P. perfoliatus and only 10% in sedi-
ments with Z. marina. In sediments vegetated with
Zostera spp., 2 patterns have been reported. In one
case, denitrification dominated total NO3;™ reduction
(Kaspar 1983); in the other denitrification was a small
fraction of NO3™ reduction (Boon et al. 1986b). NO;~
reduction to NH,* represents a recycled source of NH,*
which is capable of supporting both plant assimilation
and bacterial nitrification.

Balance among nitrogen transformation processes

An important characteristic of nitrogen cycling in the
Zostera marina bed studied here was the relative
balance among the measured nitrogen transformation
processes. Vertically integrated ammonification rates
and nitrification potentials were about the same order
of magnitude, while denitrification potentials were
usually about 10 % of nitrification (Table 2). This is in
sharp contrast to rates in Potamogeton perfoliatus beds,
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where nitrification potentials were usually 10 times
greater than either ammonification or denitrification
potentials (Table 1). However, nitrification and denit-
rification rates reported in this paper are potential rates
of nitrogen transformations and represent the activity
of the bacterial communities capable of using these
specific metabolic pathways. For nitrifiers, which have
a specialized metabolism (Fenchel & Blackburn 1979),
high potentials indicate large bacterial populations and
high nitrification rates, provided substrate availability
and temperature are appropriate (Henriksen 1980).
Bacteria which can use NO3;™ as a terminal electron
acceptor are facultative denitrifiers also capable of var-
ious other metabolic pathways (Hattori 1983). For this
reason, relations between potential and actual rates of
denitrification are probably not as direct as for nitrifica-
tion.

Supply of organic material, both dissolved and par-
ticulate, may be part of the reason why sediment nitro-
gen cycling processes differed markedly between the 2
study sites dominated by different plant species.
Organic nitrogen and carbon are essential substrates
for ammonification and denitrification, respectively.
The Potamogeton perfoliatus beds, which are in ponds,
are characterized by low inputs of allochthonous
organic matter, so particulate organic inputs may have
limited growth of ammonifier and denitrifier popula-
tions. In those sediments, not only were the different
nitrogen transformations very closely coupled, but the
competition between plant and bacteria communities
for NH,* may have been more intense as well. In
contrast, the microbial community in the Zostera
marina bed was probably not limited by organic matter,
so the different nitrogen transformations were not as
closely related as they were in P. perfoliatus beds.
Instead, other factors, such as temperature, O, release
from plant roots, and sulfide concentrations may have
been more important in controlling nitrogen transfor-
mations.

In summary, the microbial communities responsible
for key nitrogen transformations in sediments were
enhanced by the presence and activities of both
Potamogeton  perfoliatus and Zostera  marina:
ammonification by inputs of organic nitrogen, nitrifica-
tion by release of O, by plant roots, and denitrification
by production of NO;~. The magnitude of these effects
varied on a seasonal basis and appeared to be related
to the growth cycle of the 2 plant populations. While
submersed plants affected nitrogen cycling through
several mechanisms, the microbial community, in turn,
regulated the nitrogen available to the plants for
growth. These interactions between bacterial and plant
communities create a complex network of controls
which regulates nitrogen cycling within these 2 grass-
beds.
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