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ABSTRACT: We imposed a replicated gradient of water-column nitrate enrichment in large-scale 
experimental mesocosms to test the response of eelgrass to nitrate loading during the spring and fall 
growing seasons. In spring, controls without nitrate additions (<l pM ambient NO3--N) were compared 
to treatments with pulsed daily additions of low (LOW), moderate (MOD), and high (HIGH) enrichment 
(ca 3.5, 7.0, and 35.0 pM NO3--N d -', respectively). Under low water exchange simulating quiet 
embayments, eelgrass growth and survival significantly decreased at all enrichment levels, with most 
rapid decline at the highest nitrate loadings. Plant death was preceded by loss of structural integrity 
in the aboveground meristems. The adverse effects of nitrate enrichment in spring apparently were 
exacerbated by increasing/high temperatures and by macroalgal growth which reduced light 
comparably over time in all mesocosms. During fall we  maintained identical treatments except that 
the former HIGH regime was used to test the response of eelgrass to residual sediment N, accumu- 
lation (RES) wlthout additional enrichments. Eelgrass survival was significantly higher in controls 
and the RES treatment than under MOD enrichment. Nitrate-enriched plants maintained higher N 
uptakektorage In the aboveground tissue, but lower carbon storage In the rhizomes. The data indicate 
that water-column nltrate enrichment causes decline of eelgrass especially under increasing/high 
temperatures, as a d~rec t  phys~ological effect unrelated to algal l ~ g h t  attenuation. The mechanism likely 
involves Internal Imbalances in nutrient supply ratios resulting from sustamed nltrate uptake through 
the leaf tissue. 

INTRODUCTION 

Within the past few decades, catastrophic losses of 
thousands of hectares of seagrass habitat have oc- 
curred throughout the world (Cambridge & McComb 
1984, Orth et al. 1986, Gieson et al. 1990). Among the 
factors most frequently correlated with the disappear- 
ance of seagrass meadows are nutrient enrichment 
from sewage and agricultural drainage, and reduction 
in available light from floating and epiphytic algae 
(Borum 1985, Twilley et al. 1985, Orth et al. 1986, Wet- 
zel & Neckles 1986). The effects of cultural eutrophica- 
tion on seagrass survival would be expected to change 
with season, depending on growth periods for the sea- 
grass communities, seasonal shifts in species domi- 
nance, and the duration of perturbations. In Chesa- 
peake Bay, USA, for example, eelgrass Zostera marina 
L. maintained high production during periods of maxi- 
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mum turbidity and nutrient input associated with agri- 
cultural runoff dunng spring, followed by sudden die- 
off in early summer under subcritical temperatures, 
reduced nutrient loading, high grazing on nuisance 
shading algae, and increased water clarity (Kemp et al. 
1983, Orth et  al. 1986, Neckles 1990). Along a nitrate 
gradient in an  estuary in Denmark with influent 
sewage and agricultural drainage, epiphyte biomass 
on eelgrass increased 100-fold in the most enriched 
locations during summer, and this algal growth was 
implicated in the decline of the host plants (Borum 
1985). In a coastal lagoon in New England, USA, eel- 
grass production dunng the spring growing season 
was stimulated by water-column enrichments of 
ammonium and phosphate (Harlin & Thorne-Miller 
1981); similarly, in Chesapeake Bay mixed nutrient 
enrichment of the sediments enhanced eelgrass 
growth during spring (Orth 1977). 
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Under sustained nutrient enrichment and moderate 
or high water exchange, herbivores can effectively 
control epiphyte biomass (Orth & van Montfrans 1984, 
Neckles 1990). But in quiet upper embayments and 
coastal lagoons, epiphytes and macroalgae respond so 
quickly to water-column enrichment that they can sea- 
sonally outgrow grazing pressure, leading to severe 
Light reduction and decline of the underlying seagrass 
(Harlin & Thorne-Miller 1981, van Montfrans et  al. 
1984, Borum 1985). Eutrophication effects on seagrass 
meadows are most severe in sheltered habitats with 
reduced tidal flushing, where nutrient loadings are 
both concentrated and frequent, and where tempera- 
tures fluctuate more widely than in areas with greater 
water exchange (Harlin & Thorne-Miller 1981, Steven- 
son 1988, Maier & Pregnall 1990). High summer tem- 
peratures can act synergistically with light reduction 
to increase respiration, adversely affect enzymes in- 
volved in general metabolism, and sufficiently weaken 
the seagrass plants for invasion by disease organisms 
(Short et al. 1988, Zimmerman et al. 1989), while also 
stimulating rapid growth of epiphytes and thick mats 
of floating macroalgae under nutrient enrichment 
(Harlin & Thorne-Miller 198 1, Borum 1985). 

The majority of the phosphate and ammonium from 
anthropogenic sources tends to adsorb to particulates 
(Alberts & Moldenhauer 1981, Grobbelaar 1983, 
Froelich 1988, Simon 1989). One nutrient present in 
great abundance and readily available form for plant 
uptake is the highly soluble nitrate (Craig & Kuenzler 
1983, Jacobs & Gilliam 1985, Stanley 1988, Maier & 
Pregnall 1990). Most seagrasses obtain inorganic nitro- 
gen (N,, as ammonia and nitrate) from nutrient-rich 
sediments (McRoy & McMillan 1977, Kenworthy et  al. 
1982, Thursby & Harlin 1982, Short & McRoy 1984, 
Short 1987). They are also able to take advantage of Ni 
when it is available in the overlying water (Short & 
McRoy 1984), and apparently do so especially if grow- 
ing in sandy sediments where concentrations of ammo- 
nia and nitrate are low (Pregnall et  al. 1987). Eelgrass 
collected from sandy habitat in New England, for 
example, exhibited sustained high nitrate uptake 
under water-column enrichments through a 6 d exper- 
iment with no apparent 'shut-off' mechanism (Roth & 
Pregnall 1988). 

Along the North Carolina coast of the USA, the dom- 
inant seagrass, Zostera marina, lies at the southern- 
most extension of its range (Thayer et al. 1984) and 
grows stunted from high temperature stress (Den Har- 
tog 1970). Temperatures above 30 "C have been shown 
to be detrimental to eelgrass by greatly increasing res- 
piration and impairing enzyme activities (Lambers 
1985, Marsh et al. 1986, Zimmerman et al. 1989). Water 
temperatures in North Carolina coastal waters typi- 
cally reach 31 to 33 "C (National Oceanic and Atmos- 

pheric Administration [NOAA] 1980-1990), and maxi- 
mum shoot length of Z. marina averages only ca 40 cm 
(Thayer et al. 1984). Eelgrass response to nitrate 
enrichment in this southern 'fringe' habitat has not 
been examined. Accelerating coastal development in 
North Carolina has been associated with increased 
nutrient loading from septic effluent leachate (Stanley 
1988), and loss of eelgrass habitat in upper embay- 
ments has been reported anecdotally in the absence of 
long-term vegetation maps (Ferguson et al. 1988). 
Aside from adverse effects related to shading by 
enhanced macroalgal growth, higher Ni availability 
from coastal eutrophication could benefit eelgrass by 
alleviating Ni limitation which reduces plant produc- 
tion under non-limiting light (Orth 1977, Harlin & 
Thorne-Miller 1981, but see Zimmerman et al. 1987). 
Alternatively, if the adverse effects of water-column 
nitrate enrichment were greater than beneficial effects 
on Ni supplies, then Z,  marina in its southernmost 
range might be more susceptible to the additional 
stress than populations in cooler regions. 

In the present research we experimentally imposed a 
gradient of water-column nitrate enrichment within a 
series of large-scale mesocosms to investigate the 
effects of nitrate loading on the eelgrass community. 
Our original hypothesis was that epiphytic algae 
would be stimulated by the nitrate additions, resulting 
in biogenic light attenuation that would promote eel- 
grass decline. Instead, however, we began to observe a 
direct adverse effect of nitrate on eelgrass survival, 
apparently unmediated by epiphytes or other commu- 
nity components. Here we report the long-term influ- 
ences of increased nitrate supply on eelgrass survival, 
during both spring and fall growing seasons for 
Zostera marina in warm North Carolina habitat. 

MATERIALS AND METHODS 

The eelgrass mesocosm system: physical/chemical 
characteristics. The experimental system is located 
outdoors by the shore of the Southeast Laboratory of 
the National Marine Fisheries Service (NMFS) on 
Beaufort Inlet, North Carolina. The system consists of 
12 fiberglass mesocosms coated with non-toxic white 
paint, and each mesocosm is 2 m In diameter X 1 m in 
height. Water depth and sediment thickness in the 
mesocosms during experiments were 0.5 m and 14 cm, 
respectively. Running seawater was pumped into the 
system from a depth of 4 m (at high tide), at a location 
upstream from the dock area at NMFS. Ambient 
nitrate and salinity of the bay water were < 1 FM 
NO3--N and 25 to 33 %, respectively, during the ex- 
perimental periods. Submersible pumps were used to 
create circular mixing, with current velocities main- 
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tained at 5 to 10 cm S-'. An aeration system bubbled air 
into the mesocosms from late afternoon to early morn- 
ing; aeration prevented the communities, with high 
plant and animal biomass, from encountering anoxia 
during warm nights (dissolved oxygen at ca 3.0 mg 1-' 
or higher with exception of 2 dates at ca 1.5 mg I-', 
based on weekly measurements near dawn). 

Maximum temperatures during experiments were 
maintained at 230 "C on warmest days, sometimes 
with use of neutral density shades which reduced 
photosynthetically active radiation (PAR) by about 
30 % while still maintaining light above saturation for 
eelgrass photosynthesis (>350 pEinst m-2 S-' at the 
canopy surface; Dennison & Alberte 1982, Marsh et  al. 
1986, Dennison 1987, Z i m e r m a n  et al. 1991). Diurnal 
temperature extremes in the mesocosms were 26 "C 
during both seasons, as compared to c4 "C in the 
embayment. Maximum temperatures reached 31 "C on 
5 dates in both late spring and early fall, as compared 
to 28 "C ambient bay water temperatures. However, 
ambient bay temperatures in North Carolina typically 
reach 33 "C in shallow, poorly flushed natural habitat 
which supports thick eelgrass beds (Thayer et al. 
1984), and even in the well-flushed bay water (NOAA 
1980-1990). 

The sediment consisted of clean dredge sand and 
salt marsh mud in a 3:l ratio by volume. To minimize 
heterogeneity, ca 8 tons of sediment were homo- 
genized with a cement mixer and distributed equally 
to a depth of ca 14 cm within the mesocosms. For 
nearly 1 yr before beginning the seasonal experiments, 
the sediment was maintained with transplanted eel- 
grass shoots (ca 500 plants m-2) in continuously 
exchanging bay water (one complete water exchange 
each 20 min). After 6 mo the sediment had become 
well-colonized by invertebrates. The rich and diverse 
invertebrate community included approximately 40 
species of gastropods, bivalves (with numerous scal- 
lops), amphipods, isopods, decapods (including blue 
crabs), copepods, tanaids, tunicates, and polychaetes. 
We also identified ca 60 species of epiphytic micro- 
algae and phytoplankton as well as 24 taxa of macro- 
algae. 

Biological characteristics of the mesocosm system. 
At 10 to 14 d before beginning each seasonal experi- 
ment, we removed all previously transplanted Zostera 
marina shoots and 'reset' the system with approxi- 
mately 12 000 freshly collected shoots from local un- 
enriched field habitat. Plants were sorted into loose 
bundles of 5 to 8 shoots, and were maintained in 
shaded outside water tables with flow-through sea- 
water until they were transplanted (within 2 d) into the 
mesocosms. The loose packing and small bundle size 
were modifications from field transplanting method- 
ology (Fonseca et al. 1985), and significantly improved 

survival and growth in the mesocosms (from approxi- 
mately 33 % survival with tightly packed bundles of 15 
shoots to > 78 % with the modified technique). Shoots 
were transplanted to attain initial densities of 2 650 to 
700 shoots mT2,  and were allowed to acclimate for 10 
to 14 d. One day before initiating the experiments, 
enclosure walls and macrophytes were cleared of most 
periphyton and macroalgae. Periodically as necessary 
during the experiments, macroalgal wall growth was 
removed (and quantified) to minimize confounding 
'wall' or enclosure surface-area effects. 

Macroinvertebrates were difficult to manipulate reli- 
ably, a problem encountered by researchers in other 
seagrass mesocosm systems (e.g. Neckles 1990). Popu- 
la t ion~ of amphipods in spring, and of both amphipods 
and small gastropods in fall, had greatly increased 
prior to initiation of experiments. Over a 72 h period 7 
to 14 d before transplanting, we reduced their numbers 
by either flushing with fresh water (spring), or by 
allowing the systems to develop anoxia (fall). These 
treatments still left abundant populations especially of 
amphipods. Other animals recruited into the meso- 
cosms in running seawater for 7 to 10 d prior to 
initiating experiments, and their populations slowly 
reestablished. Herbivory appears to control algal 
biomass seasonally in some seagrass habitats (Zimmer- 
man et al. 1979, Orth & van Montfrans 1984, Neckles 
1990), and could influence Zostera survival under 
nitrate enrichment. Hence, during the experiments ini- 
tial amphipod abundances within the Zostera canopy 
were considered as a covariate in the data analyses. 
The mesocosms included higher trophic leveis such as 
fish (small spot, croaker and pipefish) and blue crabs 
which entered as larval stages in the bay water inocu- 
lum. Small crabs were removed (baited and then 
netted out) when they disturbed the sediments suffi- 
ciently to create high turbidity in the overlying water. 

Sampling seasons and experimental design. Spring 
and fall experiments were con~pleted from 26 March to 
8 May and from 1 October to 17 December 1990. Eel- 
grass on the North Carolina coast maintains most 
active growth from February to early May, followed by 
dehiscence with less growth during summer, and then 
a smaller growth maximum during October to Decem- 
ber (Penhale 1977, Thayer et al. 1984). The spring 
experiment was run for 7 wk, after which nitrate addi- 
tions were terminated and the mesocosms were con- 
tinuously flushed with seawater through the s u m e r .  
Prior to the fall transplanting, schools of pinfish in the 
field clipped eelgrass leaves just above the shoot 
meristem, leaving plants with leaf length of only ca 3 to 
5 cm. These small shoots encountered an  unusually 
warm autumn, and the 2 factors in combination de- 
layed the effective growing season for Zostera marina 
by more than 1 mo. Field growth rates paralleled eel- 
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grass growth in our experimental system (Thayer et al. 
1984). Hence, we extended the fall experiment to 
10 wk to include cooler, more typical seasonal condi- 
tions (based on 10 yr mean seasonal temperatures; 
NOAA 1980-1990). 

The experiments followed a randomized block 
design (Gill 1978) with treatments blocked by dis- 
tance from the pumped inflow. To simulate exchange 
rates in a quiet upper embayment, exchange of meso- 
cosm water with fresh seawater was restricted to ca 5 
to 10 % of the tank volume per day. The spring exper- 
iment included triplicate controls (ambient N03--N at 
< 1 pM or ca 10 pg 1-') and treatments with pulsed 
additions of low (LOW), moderate (MOD) and high 
(HIGH) enrichment (3.5, 7.0, and 35.0 yM NO3--N 
d-l, respectively). These loadings were selected based 
on published information from coastal systems under 
eutrophication (Mahoney & Gibson 1983, Ramus & 
Venable 1987, Maier & Pregnall 1990, Neckles 1990, 
Mallin et al. 1991, Rudek et al. 1991). Each meso- 
cosm was independent of the others in plumbing of 
intake and outflow lines, so that there was no treat- 
ment cross-contamination. Nitrate was added daily 
between 08:OO and 10:OO h when high uptake was 
expected (Morris 1974, Turpin 1991), whereas water 
exchange was completed between 16:OO and 18:00 h 
during late afternoon. At only ca 1 h after enrichment, 
ca 65 % and ca 50 % of the nitrate added in the LOW 
and MOD treatments, respectively, had been taken 
up by the eelgrass communities (0.90.1 yM and 
3.1 + 0.5 FM remaining, respectively, as compared to 
0.1 ? 0.1 pM in controls; n = 6 sampling dates). The 
cumulative effect of the HIGH enrichments was more 
striking; the algae and angiosperms were unable to 
consume the nitrate added, and 24 h after additions 
nitrate was maintained at 140 to 300 PM. Such levels 
are similar to nitrate concentrations in septic effluent 
leaching into eelgrass habitat (e.g. Maier & Pregnall 
1990). During the fall experiment we maintained 
identical treatments in the same mesocosms, except 
that nitrate was not added to replicates of the former 
HIGH treatment. Instead, these mesocosms were used 
to test the influence of the sediment residual nitrate 
'memory' (RES) on Zostera marina growth (Caffrey & 

Kemp 1990). 
Physical and chemical variables. Environmental 

variables which were measured routinely included 
temperature, photosynthetically active radiation (PAR), 
pH, and water-column, nutrients nitrate (NO3--N), 
ammonium (NH,+-N), and total phosphorus (TP). Tem- 
perature was monitored daily with minimum/maxi- 
mum thermometers, and salinity was measured daily 
with a Reichert refractometer. The pH was measured 
weekly in mid-afternoon using an Orion field pH meter 
(model SA-250). PAR in the upper eelgrass canopy was 

recorded daily using a LiCor data logger (model 1000) 
connected to a submersible 4 ~ r  PAR quantum sensor 
(model LI-193SA). Readings were taken less fre- 
quently at the base of the canopy with increasing 
macroalgal development. The data were used to esti- 
mate mean PAR at the shoot meristem of Zostera 
manna in combination with biweekly data for macro- 
algal abundances. Samples for water-column nutrient 
analyses were collected weekly during the early morn- 
ing, and prior to addition of NO3--N in treatments. 
Weekly sampling was considered adequate to indicate 
general differences in nutrient concentrations among 
controls and treatments, based on data collected at  3 d 
intervals during Weeks 3 and 5 during spring. These 
tests showed a 3 to 4 % change in nutrients from con- 
trols and the LOW treatment, and a 7 to 12 % change 
in NO3--N from the MOD and HIGH enrichments over 
each weekly period. Nitrate was determined on a 
Technicon autoanalyzer (model 11), using the copper- 
cadmium reduction procedure of Parsons et al. (1985). 
Ammonium was measured with the Solorzano method 
(Parsons et al. 1985) following modifications of 
Burkholder & Sheath (1985) for immediate preserva- 
tion with phenol. TP was analyzed after acid persulfate 
digestion (Parsons et al. 1985). In addition, sediment 
pore-water NO3--N and NH,+-N were analyzed 2 wk 
before initiating the fall experiment to assess residual 
effects of the spring water-column treatments. Dupli- 
cate freshly collected sediment cores were sectioned 
at 1 cm intervals, and each section was placed over a 
supported Gelman AA filter in the upper compartment 
of a custom-designed centrifuge tube. The pore water 
was filtered while being centrifuged into the lower 
tube compartment at 4 "C. Pore-water NO3'-N and 
NH4+-N were analyzed following Cu-Cd reduction 
and the Solorzano method, respectively. At pore-water 
pH of ca 7.8, and using 1:4 sample dilutions under 
aerobic conditions, any minimal interference from 
sulfide would have caused < l 0  % underestimate of 
ammonium concentrations (Stumm & Morgan 1981, 
Grasshoff et al. 1983). 

Biological variables. Aboveground eelgrass growth 
was measured by the leaf puncture method of Zieman 
& Wetzel (1980). Shoots were marked at 4 wk intervals, 
with randomly selected subsets of 6 to 8 plants (or tags 
from dead plants) harvested weekly. Since shoots 
which were robust in appearance were selected for 
marking, the data represent maximum estimates for 
growth. Mean growth was overestimated especially 
under N enrichment. Change in shoot density in each 
mesocosm was determined by quantifying the total 
shoots within a marked 0.1 m2 quadrat. Total C, P, and 
N of aboveground and belowground Zostera marina 
tissue were measured at 3 wk intervals during fall 
(Analytical Laboratory Service, NCSU). 
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Epiphytic microalgae were quantified on the basis of 
eelgrass surface area at 2 wk intervals following the 
procedure of Burkholder & Wetzel (1989). To minimize 
heterogeneity of colonization with age of plant tissue, 
analyses were confined to the community from second- 
outer leaves. Leaves from a minimum of 15 shoots were 
collected from each mesocosm. Leaf-to-leaf variance 
within the composite samples was tested using quanti- 
tative counts of diatom cells from 15 separate leaves 
(coefficient of variation 18 %). Diluted subsamples of 
the epiphyte community were examined at 600 X 

under phase contrast with an Olyn~pus IMT inverted 
microscope using the Utermohl procedure (Lund et  al. 
1958). Analyses were restricted to formerly viable 
cells, designated for eukaryotes if chloroplasts were 
present or, for prokaryotic blue-green algae, if cells 
were pigmented. 

We estimated percent cover by abundant macro- 
algae weekly (spring high-growth season) as a non- 
destructive measure of relative abundance (Mueller- 
Dombois & Ellenberg 1974). In each mesocosm 
macroalgae from three 0.1 m2 quadrats were harvested 
at the midpoint and end (fall) or at the end of the 
experiment (spring) for biomass determinations (as dry 
weight) of tissue dried a t  60 'C, also including the dry 
weight of macroalgal wall growth which had been har- 
vested 2 wk before the end of the spring experiment. 
Amphipod herbivores were quantified using a net-trap 
method (Crowder & Cooper 1982). One 15 cm diameter 
net with enclosed artificial plant was placed in 3 ran- 
dom locations along the mesocosm walls (where lacu- 
nar oxygen transport to the sediments was minimal, so 
as to avoid net dislodgement and flotation) for 2 wk 
periods. Periodic checks indicated that phytoplankton 
abundances were low (<500 cells ml-l) throughout 
both experiments. 

Statistical analyses. Separate data analyses were 
completed for the 2 seasonal experiments. Correla- 
tion analysis was performed initially by date to exain- 
ine relationships between eelgrass growth, epiphyte 
abundances, herbivore densities, macroalgal abun- 
dances, pH, PAR, temperature, lag-effect tempera- 
ture, and salinity (SAS 1987). After testing for homo- 
geneity of variance (Hartley's test; Gill 1978), data 
were square root-transformed where appropriate 
(SAS 1987). Two-way ANOVAs (with blocks and 
treatments as main effects) were used to detect 
differences among treatments for abundances of 
epiphytes, macroalgae, herbivores, and change in 
eelgrass shoot densities, and also for sediment pore- 
water NO3--N and NH4+-N (SAS 1987). Treatment 
means were compared using Fisher's protected least 
significant difference test, with a comparison-wise 
error rate (a = 0.05; SAS 1987; Day & Quinn 1989). 
Initial abundances of amphipod herbivores were con- 

sidered as a covariate in repeated measures analysis 
of treatment effects on eelgrass growth (Gill 1978). 
Two-way ANOVAs (with blocks and treatments as  
main effects) were also carried out at each measure- 
ment date to compare temperature, 'lag-effect' tem- 
perature (taken 7 d prior to growth measurements), 
salinity, pH, PAR, and water-column nutrients (NO,--N. 
NH,'-N, and TP). Repeated measures analysis was 
used to test for differences among treatments over 
time in Z. marina growth, macroalgal relative abun- 
dance, and eelgrass tissue N/P and C/N ratios (Row- 
ell & Walters 1976, SAS 1987, Merideth & Stehman 
1990, Potvin & Lechowicz 1990). 

RESULTS 

The spring experiment: environment and community 
components 

The spring season was unusually warm, with air 
and bay-water temperatures 7 "C and 4 "C higher 
than average, respectively (10 yr means; NOAA 
1980- 1990). Mesocosm water temperatures gradually 
increased over the spring season as  expected (daily 
means 13 to 27 "C), and salinity tracked precipitation 
events (range 24 f. 1 "/a, to 34 _+ 2 %. as  the mean t 1 
standard error [SE];  Fig 1).  On each sampling date, 
water temperatures varled by $1.5 "C among all 
mesocosms, and salinities varied by < 2 'Xm. By the third 
week of the experiment, pH was significantly lower 
in controls than in all treatments, indicating higher 
photosynthesis in enriched enclosures (p  = 0.048; 
Fig. 1). However, by the end of the experiment, pH 
was similar in controls and the HIGH regime. Light 
gradually declined in all enclosures as macroalgal 
biomass accumulated (Fig. 1). PAR was higher in con- 
trols than in all enrichments at Week 5 (p  = 0.042). At 
Week 6 PAR was comparable in controls and the HIGH 
treatment, but available light in controls remained 
significantly higher than in the LOW or MOD enrich- 
ments where macroalgal growth was rapidly increas- 
ing (p < 0.053). By Week 7, however, macroalgae had 
also increased in controls and PAR was comparable 
among all treatments. Mean PAR within the canopy 
remained higher than 25 % I. (or, > 350 pEinst m-2  S- ' )  

in all mesocosms throughout the experiment. 
Water-column nitrate measured 24 h after pulsed 

enrichments was significantly greater in the HIGH 
treatment than the other enclosures after 1 wk (p  = 

0.0001). and was also greater in the MOD treatment 
than in controls or the LOW treatment through about 
half of the experiment (p  < 0.037 for each of the first 
3 wk; Fig. 2). Nitrate concentrations 24 h after enrich- 
ment remained at < 4  PM in all but the HIGH regime 
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(3 Fig. 2. Nutrient concentrations NO3--N, NH,+-N and TP dur- 
1 ing the spring experiment (means 2 1 SE). Note that NO3--N 

o is plotted for controls and LOW and MOD enrichments on the 
MAR APRIL MAY left ordinate axis (PM X 10-'), whereas NO3--N for the HlGH 

treatment is plotted on the right ordinate axis (PM) 
Fig. 1. Temperature, salinity, pH, and PAR at the base of the 
eelgrass canopy (as percent total PAR just below the surface) 

during the spring experiment (means 2 1 SE) 
varied considerably, however, in both taxa dominance 
(mostly Entermoropha spp, and Ectocarpus siliculosus 

(range 194 k 53 pM to 316 k 52 FM). Ammonium Sauvageau) and timing of the response (Fig. 3A) .  
and phosphorus levels were comparable among all 
enclosures on most dates. Qualitatively highest TP in 
controls and lowest TP in the highest nitrate regime Eelgrass response in spring 
indicated that additional water-column phosphorus 
was removed by the plant communities under nitrate During the first 7 to 10 d after spring transplanting, 
enrichment as N/P supply ratios shifted and algal total leaf elongation of eelgrass shoots was ca 1 cm d-' 
growth increased (Tilman et al. 1982, Kilham & (Fig. 4). Plants were easily separated from the sedi- 
Kilham 1984). ment for ca 4 wk after transplanting. At that time 

Amphipods and epiphytic microalgae were highly (Week 3 of the experiment), the shoots became firmly 
variable in abundance, and significant differences anchored and dislodged plants had abundant roots, 
were not detected among treatments (Table 1). Herbi- noticeably more than when first planted. This period of 
vore densities were low at the beginning of this exper- apparent energy allocation into root production corre- 
iment, and apparently did not significantly affect sponded to reduced aboveground growth, followed in 
abundances of epiphyte microalgae, macroalgae or Week 4 by aboveground growth in controls (ca 1.8 cm 
eelgrass. LOW and MOD enrichments noticeably stim- d-l) and in the LOW and MOD treatments (mean 0.7 
ulated macroalgal growth from Weeks 5 to 7 (greater cm d-l and 1.0 cm d- ' ,  respectively). Negligible leaf 
total biomass in LOW enrichment than in the HIGH elongation occurred at 3 wk, however, in the HIGH 
treatment; p < 0.056 for each week; Fig. 3). Relative nitrate enrichment. 
abundance of macroalgae varied inversely with PAR in At Weeks 4 to 5 of the experiment, we made a 
controls and all treatments (p < 0.031), indicating that startling observation: nearly all Zostera marina shoots 
macroalgae gradually reduced available light. Macro- in the HIGH nitrate regime were bright green and 
algal response among replicates of a given treatment appeared robust, but when we attempted to gently 
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Table 1 Abundances of epiphytic algae (primarily diatoms, blue-green algae, cryptomonads and dinoflagellates, as total cells 
X ~ O ~ c m - ~ )  and amphipod herbivores (individuals X 103 m-2) during the spring and fall experiments (means f 1 SE) 

Date Control LOW MOD HIGH 

Spring 

Epiphytic microalgae 26 Mar 1.25 f 0.61 1.10 2 0.09 1.01 2 0.07 2.27 f 0.43 
24 Apr 0 65 f 0.30 0.54 2 0.23 1.54 2 0.38 2 10 + 0.98 

8 May 3.36 f 0.91 6.21 2 2.34 27.60 2 14.96 30.6' 

Amphipod herbivores 26 Mar 17 1 f 12.7 3.4 t 3.3 1.3 + 1.2 3.4 t 2.8 
24 Apr 36.6 f 31.7 9.7 t 9.4 5.8 + 5.6 33.7 k 28.9 

8 May 36.4 f 24.0 41.2 ? 40.0 25.4 f 24.6 57.8 f 33.0 

Fall 
Epiphytic microalgae 16 Oct 7.87 t 1.28 10.23 ? 7.00 16.65 + 1.74 9.49 f 3.57 

12 Nov 2.71 + 1.51 7.78 ? 4.26 10.91 2 6.19 2.73 + 0.86 
10 Dec 0.95 f 0.30 2.45 + 1.15 1.26 ? 0.53 0.39 f 0.11 

Amphipod herbivores 16 Oct 0.6 f 0.2 0.3 + 0.1 0.3 t 0.1 0.8 f 0.5 
12 Nov 0.5 t 0.4 1.4 2 0.6 1.0 + 0.1 0.8 f 0.3 
10 Dec 0.3 f 0.2 0.9 f 0.2 0.7 ? 0.5 0.5 f 0.2 

'All plants in 2 of 3 replicates were dead, and few plants remained in the third replicate 

sever leaves for epiphyte collections, the meristematic 
region disintegrated - the plants crumbled and literally 
fell apart in our hands. During Weeks 5 to 7 nearly all 
of the shoots from the HIGH regime died and collapsed 
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to the sediment, regardless of abundances of epi- 
phytes, macroalgae, or macroinvertebrate herbivores 
(eelgrass growth in the HIGH treatment significantly 
less than in controls [Weeks 5 to 71 and significantly 
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Fig 3. Total abundance of macroalgae during the spring ex- 
periment, as (A) relative abundance, and (B) harvested dry 
weight per unit surface area at the end of the experiment 
(means + 1 SE). Dominant genera in the harvested material 
were Ectocarpus (controls), Enteromorpha (LOW and MOD 

enrichments), and mat-forming Spirulina/Lyngbya (HIGH) 

Fig. 4. Zostera manna. Response of eelgrass to water-column 
nitrate enrichment in the spring experiment, as (A) above- 
ground growth of eelgrass during the spring experiment 
(total elongation of all new leaf tissue, as means + 1 SE); 
and (B) change in shoot numbers (percent change, means 

? 1 SE) 
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less than other treatments [Weeks 6 to 71 at p < 0.006 in 
each week; Fig. 4). After 6 to 7 wk most plants under 
MOD enrichment exhibited similar deterioration, and 
growth under both the LOW and MOD treatments was 
significantly less than in controls (p  c 0.037 in each 
week; Fig. 4). Under high temperatures during the last 
week (maxima 27 to 30 'C), eelgrass growth declined 
even in the controls (from 1.6 cm d-' at Week 6 to 1.2 
cm d-' at Week 7). Such declines are typical of the 
onset of dehiscence in field populations of eelgrass 
(Thayer et al. 1984). 

Over the unusually warm spring, shoot densities 
decreased slightly (by ca 10 %) even in the controls 
(Fig. 4 ) .  All plants had disappeared from the HIGH 
nitrate regime, however, with 99 k 1 % reduction in 
densities. Moreover, in LOW and MOD ennchments 
eelgrass had declined by 280 % (all treatments sig- 
nificantly less in shoot density than controls; p i 0.002). 
The striking decrease in eelgrass growth between con- 
trols and N-enriched plants could not be attributed to 
differences in temperature, salinity, pH, PAR, or abun- 
dances of macroalgae, epiphytic microalgae or amphi- 
pod herbivores. 

After terminating the experiment, we cleared the 
mesocosms of most macroalgae and then flushed them 
continuously with running seawater until late August. 
Nonetheless, by mid-June ca 80 % of the remaining 
eelgrass in the former LOW and MID treatments had 
developed high infestation by the opportunistic slime 
mold-like protozoan Labyrinthula (Newell 1982), and 
only a few plants remained by late July. In marked 
contrast, the former control plants were abundant and 
appeared robust, with low incidence of fungal attack 
(< l 0  %).  

The fall experiment: environment and community 
components 

As in spring, the fall season was also unusually 
warm, with air and bay-water temperatures 7 "C and 
3 "C higher than average, respectively (10 yr means; 
NOAA 1980-1990). Mesocosm water temperatures 
gradually decreased but were > 15 "C throughout most 
of the experiment (Fig. 5). Salinities were 30 % or 
higher except following appreciable precipitation, 
with minima at ca 26 'X0 in late October (Fig. 5). The pH 
gradually increased and was qualitatively highest in 
the MOD enrichment and lowest in the RES treatment 
throughout the fall, but clear differences among treat- 
ments were not observed (Fig. 5). Similarly, PAR did 
not differ among treatments except on one date in 
early December when developing mats of the green 
macroalga Chaetomorpha linum (O.F. Miiller) Kiitz. 
declined in 2 control replicates. During the following 

l 
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--t MOD 

I 
8.5 * RES 

Q 

8.0 
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Fig. 5. Temperature, salinity, pH, and PAR at  the  base of the 
canopy during the fall experiment (means + 1 SE) 

week, however, C. linum again increased and PAR 
decreased to comparable levels in the controls as in the 
treatments. 

During both fall and spring, water-column nutrient 
concentrations were similar in the treatments, except 
that the RES treatment was not comparable to the 
former HIGH treatment (Figs. 2 & 6). Within 24 h after 
nitrate additions, water-column NO3--N was highest 
under MOD enrichment. Ammonium and TP were 
similar among treatments except during the first half of 
the fall, when TP was slightly higher in the RES treat- 
ment than in treatments with pulsed NO3--N additions 
(Fig. 6) .  

Profiles of Ni in sediment pore water taken 2 wk 
before the fall experiment indicated that NO3--N from 
sediment depth 1 to 2 cm was distinctly lower in the 
former MOD treatment than in controls or other treat- 
ments (Fig. 7). A sharp increase in NO3--N at 10 cm 
also occurred in the (former) MOD and especially the 
HIGH treatments; these maxima reflected seepage of 
NO3--N to the base of the mesocosms, well below the 
eelgrass roots and rhizomes. The presence of 2 ca 0.1 
pM NO3--N throughout the depth profile in all meso- 
cosms suggested that the sediments were microaero- 
bic, attributed to oxygen diffusion from the lacunar 
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Fig 6. Nutnent concentrations NO3--N, NH,+-N and TP 
during the fall experiment 

system to the rhizosphere, and to burrowing activities 
of abundant polychaetes and other animals (Penhale & 

Wetzel 1982, Kristensen 1988). Ammonium concentra- 
tions generally were ca 100-fold higher than NO3--N 
(Fig. 7 ) ,  and comparable to (low) values of sediment 
NH,+-N measured from natural eelgrass habitat (Ken- 
worthy et al. 1982). In contrast to the depth profile 
observed for NO3--N, under MOD enrichment an  
NH,+-N maximum of about 120 ,uM occurred near the 
sediment surface at depth 2 to 3 cm, likely reflecting 
microbial denitrification (Fig. 7) .  

As in spring, amphipod herbivores and epiphytic 
microalgae were highly variable among replicates 
within a given treatment (Table 1).  Significant effects 
of the highly variable herbivore densities on epiphyte 
or macroalgal abundances were not discerned among 
treatments. Macroalgal growth was only 10 % and 
30 %, respectively, of the biomass produced in the 
LOW and MOD treatments during spring (Figs. 3 & 8) .  
Total biomass was comparable among all meso- 
cosms until Week 7 of the experiment, when macro- 
algae began to increase under MOD enrichment (sig- 

CON --m-- 
LOW + 

Flg. 7.  Initial N, regime in the sedlment pore-water for the fall experiment, including NO,--N and NH,+-N (left and right panels, 
respectively; means + 1 SE) 
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nificantly higher than in other treatments by the end of 
the experiment; p < 0.021). As in spring, dominance 
among taxa (mostly Chaetomorpha linum and 
Cladophora montagneana Kiitz., also with Ectocarpus 
siliculosus and Enteromorpha spp. in late Nov-Dec) 
was variable among replicates within a given treat- 
ment. Surprisingly, macroalgae showed negligible 
growth in the RES treatment throughout the fall (less 
than in controls or other treatments; p < 0.003; Fig. 8). 
and minimal macroalgal growth also occurred in the 
LOW treatment. Autumn epiphyte and macroalgal 
abundances were not highly correlated with amphipod 
densities, pH, salinity, temperature, or PAR. 

- LOW - MOD 

CON LOW MOO RES 

Fig. 8. Response of macroalgae and eelgrass to nitrate enrich- 
ment in the fall experiment. (A) Macroalgal abundance as 
harvested dry weight per unit surface area (means f 1 SE). 
Chaetomorpha was abundant throughout the experiment, 
codorninant with Cladophora (Oct through mld-Nov) and 
Ectocarpus (late Nov-Dec). ( B )  Aboveground growth of 
Zostera marina (total elongation of all new leaf tissue, as 
means f 1 SE). (C) Change in shoot numbers of Z. marina 

(percent change, means t 1 SE) 

Eelgrass response in fall 

Maximum aboveground growth of eelgrass shoots 
4 d after initiating fall treatments was comparable to 
initial growth during spring (1.0 to 1.3 cm d- '  and 0.9 to 
1.2 cm d-' in fall and spring, respectively; Fig. 8). At 
the end of Week 2 of the experiment, leaf growth 
decreased among all mesocosms while the plants 
apparently allocated most energy into root production 
as in spring. From late October to mid-December, 
aboveground growth increased or was constant in the 
controls and the LOW and RES treatments, whereas 
growth decreased or remained constant under MOD 
enrichment. High variability occurred among the repli- 
cates of the MOD treatment, however; growth in 2 of 3 
replicates was much lower than in all other treatments, 
but some plants in the third replicate were robust and 
grew rapidly, resulting in coefficients of variation 
>50 % on some dates. There was a trend of highest 
aboveground growth in controls and lowest growth in 
the MOD treatment (Fig. 8). However, 2-way ANOVA 
and repeated measures analysis did not yield signifi- 
cant differences in the fall eelgrass growth among the 
controls and treatments. 

As during spring, the aboveground growth measure- 
ments were taken from the most robust plants in the 
treatments and, thus, represent maximum growth esti- 
mates. At the population level the adverse effects of 
water-column nitrate enrichment on eelgrass shoot 
densities during fall were more striking. In contrast to 
the spring season, Zostera marina exhibited a positive 
change in shoot densities (i.e. lateral growth) by the 
end of fall in controls and all treatments, although in 
only 1 of 3 mesocosms of the MOD enrichment (Fig. 8). 
Lateral shoot production was highest in controls and 
the RES treatment (ca 60 + 23 % increase in shoot 
numbers), qualitatively less in the LOW nitrate regime 
(32 + 10 % increase), and much lower in the MOD 
treatment (2 2 14 O/o increase, with the SE reflecting 

0 

decreased shoot numbers in 2 replicates; shoot num- 
bers significantly higher in controls and the RES treat- 
ment than in MOD enrichment; p < 0.029). This decline 
in shoot densities was visually obvious in 2 of 3 repli- 
cates of the MOD treatment after 6 wk of pulsed daily 
nitrate additions, and coincided with the period of min- 
imum aboveground growth. At that time, the meri- 
stems of remaining shoots became noticeably weak- 
ened in structural integrity, and the tissue was easily 
macerated relative to plants from the lower nitrate 
regimes. Aboveground shoot growth was not signifi- 
cantly correlated with salinity, PAR, pH, temperature, 
or abundances of macroalgae, epiphytic microalgae, or 
amphipod herbivores. 

Data on tissue content indicated that by mid- 
November, eelgrass from the LOW and MOD treat- 
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Table 2. Zostera marina. T~ssue content ( lYb dry weight) of C ,  N, and P In aboveground (Above) and belowground 
(Below) t~ssue  of eelgrass during the fall experiment. Data are given as  means t 1 SE for 8 to 10 shoots from each mesocosm 
(n = 3 replicate rnesocosrns per treatment) except for tissue collected in October, when low shoot biomass required pooling the 
aboveground and belowground tissue of the 24 to 30 shoots from all replicates within each treatment. Asterisks ( ' )  indicate sig- 

nificant differences from tissue content in controls (Student t-test, p < 0.05) 

Date Tissue Control LOW MOD RES 

Carbon 

16 Oct Above 
Below 

28 Oct Above 
Below 

19 Nov Above 
Below 

16 Dec Above 
Below 

Nitrogen 

16 Oct Above 
Below 

28 Oct Above 
Below 

19 Nov Above 
Below 

16 Dec Above 
Below 

Phosphorus 

16 Oct Above 
Below 

28 Oct Above 
Below 

19 Nov Above 
Below 

16 Dec Above 
Below 

ments had significantly higher N in their above- 
ground and belowground tissue (p < 0.0281, indi- 
cating elevated nitrate uptake relative to plants 
in the controls and the RES treatment (Table 2). 
During a warming period in late November when 
growth had noticeably declined in 2 of 3 replicates 
of the MOD regime, eelgrass from the MOD treat- 
ment had significantly less C than controls in both 
above-ground and belowground tissue (p 0.05; 
Table 2). Further, by early December aboveground 
tissue P was significantly lower in LOW and MOD 
enrichments than in the controls (p 0.05), although 
aboveground P in both enriched regimes remained 
higher than levels indicative of P limitation (Duarte 
1990). 

These differences in tissue nutrient content were 
reflected in C/N and N/P ratios. Eelgrass from both 

pulse-enriched treatments had significantly higher 
N/P ratios in both aboveground and belowground 
tissue (p  < 0.031; Fig. 9). The C/N ratios of shoots from 
the LOW and MOD enrichments were similar and 
steadily decreased in aboveground tissue (from means 
of 18 to 19 in October to 12 + 3 in December; p i 
0.052), but C/N values in belowground tissue of 
enriched plants did not significantly decrease until 
December (37 to 38 in October to 19 to 22 in December; 
p < 0.038; Fig. 10). In contrast, control and RES plants 
showed no change in aboveground C/N ratios (ca 18), 
which were about 30 % higher than those of enriched 
plants by December. However, the C/N ratios of 
belowground tissue in December were significantly 
higher than during late October in both controls and 
the RES treatment (ca 60 % higher than in LOW-MOD 
plant tissue by December; p < 0.049). 
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Fig. 9. Zostera manna. Tissue N/P ratios of eelgrass during 
the fall experiment. Data are given as means f 1 SE for 

(A) aboveground and (B) belowground tissue 

DISCUSSION 

These experiments demonstrate that under condi- 
tions simulating poorly flushed coastal habitat, even 
low levels of chronic, water-column nitrate enrichment 
can promote the decline of eelgrass. In the North 
Carolina area, adverse effects of nitrate enrichment 
were exacerbated during the spring growing season 
under increasing temperatures and reduced light from 
proliferating macroalgae. In spring our mesocosms 
all maintained similar temperature and (decreasing) 
light availability, but Zostera marina declined even 
in low water-column nitrate enrichment, with more 
dramatic effects under increased nitrate loading. Dur- 
ing autumn, 2. marina declined under low/moderate 
water-column nitrate enrichment despite decreasing 
temperatures, relatively low macroalgal abundances, 
and moderate to high light availability. The data 
strongly indicate that long-term nitrate additions 
(weeks to months) cause eelgrass decline as a direct 
physiological effect, likely enhanced by increasing 
temperatures and light reduction. 

Although the physiological mechanism(s) involved 
remain to be determined, the 'crumbling' meristems on 
shoots with intact bright green leaves and the tissue 
nutrient content provide intriguing clues. Imbalances 
in ratios of nutrient supplies ( U N ,  N/P) are significant 
in determining community composition and species 
survival among phytoplankton, macroalgae and rooted 
angiosperms in freshwater, estuarine and marine habi- 
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Fig. 10. Zostera marina. Tissue C/N ratios of eelgrass during 
the fall experiment (data given as in Fig. 9) 

tats (Gerloff & Krombholz 1966, Atkinson & Smith 
1983, Kilham & Kilharn 1984, Smayda 1989). Zostera 
marina has also been inferred to respond to imbal- 
ances in nutrient supplies, on the basis of its C, N, and 
P content (Atkinson & Smith 1983, Duarte 1990). 
Hence, hypotheses which merit consideration in ex- 
plaining our observations are that chronic water- 
column nitrate enrichment causes eelgrass decline by 
forcing the plants into carbon limitation, phosphorus 
limitation, or other severe internal nutrient imbalance. 

In both seasons the data indicate that Zostera 
marina took up pulsed nitrate from the water as it 
became available. This premise is supported by Roth & 

Pregnalls' (1988) short-term experiments with eelgrass 
from shallow sandy field habitat, wherein shoots sus- 
tained high nitrate uptake from enriched water 
through a 6 d period. As there is little intercellular 
space available for nitrate accumulation (den Hartog 
1970), within the leaf tissue high quantities of nitrate 
would have been converted into ammonia either 
immediately or following vacuolar storage. Ammonia 
production, in turn, would have required the plant 
to shunt substantial carbon resources for immediate 
conversion into amino acids (Salisbury & Ross 1978, 
Turpin 1991). If high nitrate uptake was maintained for 
an extended period (e.g. weeks), then despite non- 
limiting light availability and abundant carbon in the 
medium, perhaps the plants were not able to fix 
enough carbon to support their total carbon demand. 
The aboveground meristem likely would be severely 
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affected if insufficient carbon was available for struc- 
tural growth, whereas mature leaves that formed prior 
to the onset of carbon stress would be expected to 
retain structural integrity. Eventually, toxic levels of 
ammonia could accumulate under high nitrate uptake, 
especially if the plants began to become depleted in 
carbon supplies for amino acid production (Salisbury & 

Ross 1978). Physiological stress from imbalances in 
nutrient supplies can result in accumulation of ammo- 
nia as well as other toxic metabolites in the meristem- 
atic region (Levitt 1980). Phosphorus limitation could 
become an additional contributing factor in eelgrass 
decline under sustained uptake of water-column 
nitrate as internal nutrient supply ratios shifted, and as 
P was increasingly consumed in active nitrate trans- 
port, amino acid synthesis, and other energy-requiring 
processes associated with elevated nitrate uptake 
(Tilman et al. 1982, Turpin 1991). 

These or related mechanisms may be operative in 
effecting eelgrass disappearance from quiet embay- 
ments and poorly flushed lagoons, which can receive 
much higher loading than that imposed in our low or 
moderate enrichments (Mahoney & Gibson 1983, 
Ramus & Venable 1987, Maier & Pregnall 1990, Neck- 
les 1990). Following physiological stresses imposed by 
nutrient supply imbalances, N, enrichment may secon- 
darily affect weakened plants by enhancing suscepti- 
bility to opportunistic pathogens such as Labyrinthula. 
Eelgrass and other angiosperms are known to 
decrease production of anti-microbial phenolics while 
increasing protein synthesis in Ni-enriched, light- 
replete conditions (Bazzaz et al. 1987, Buchsbaum et 
al. 1990). 

Observations by other researchers suggest potential 
synergistic interactions between water-column nitrate 
and suspended sediment loading (or other source of 
light reduction, such as macroalgal overgrowth) in 
adversely affecting eelgrass. In Chesapeake Bay, for 
example, eelgrass has declined in early summer fol- 
lowing turbid spring conditions with relatively high 
nitrate inputs (Kemp et al. 1983, Orth et al. 1986, 
Moore et al. 1989). This decline may have occurred, in 
part, because the plants were unable to store sufficient 
carbon under the former light limitation and elevated 
nitrate. Carbon stress would be exacerbated par- 
ticularly under increasing/high temperatures, which 
would increase respiration and consumption of stored 
carbohydrates that would otherwise have been avail- 
able for other biosynthesis requirements (Zimmerman 
et al. 1989). Other angiosperms in flooded anaerobic 
sediments enriched with nitrate have been shown to 
increase carbohydrate consumption by the root tissue 
(Bertani et al. 1987). If operative in Zostera marina, this 
activity would also decrease availability of carbon 
reserves to aboveground tissue. Moreover, high tem- 

peratures would inactivate translocation enzymes that 
normally shunt stored carbon from the rhizome to the 
aboveground meristem (Zimmerman et al. 1987, 1989). 
The hypothesis of Zimmerman et al. (1989) that root- 
zone anoxia may inactivate these carbon translocation 
enzymes should apply to eelgrass in deeper locations 
with muddy sediments high in sulfide, but would be 
less likely for photosynthesizing plants in shallow, 
sandier habitat similar to that of the mesocosms, with 
sediments that are aerobic for some distance from the 
rhizosphere following lacunar transport of oxygen 
from aboveground to belowground tissue (King & Klug 
1982, Penhale & Wetzel 1982). 

Eelgrass roots typically encounter high ammonia 
and nitrate (Kenworthy et  al. 1982, Short & McRoy 
1982, Short 1987). The highest water-column enrich- 
ment regime in our spring experiment resulted in sig- 
nificantly greater sediment NO,--N storage at depth 
(10 cm, > 5 cm below most of the eelgrass roots and rhi- 
zomes) than in controls or other treatments, but higher 
sediment concentrations commonly occur in the field 
(Kenworthy et al. 1982, Short & McRoy 1982). Benthic 
denitrifiers would be expected to strongly mediate Ni 
supplies to the roots while other microbial decom- 
posers increased the availability of phosphorus and 
other nutrients (Smith et al. 1984, Caffrey & Kemp 
1990). By comparison, such microbial controls would 
be much less effective at  reducing nitrate concen- 
trations in the enriched and well-oxygenated water 
column (Koike & Sorensen 1988, Paasche 1988). 

Our experiments demonstrated that there is a 
strong effect of season on the response of macroalgae 
as well as eelgrass to increasing water-column nitrate. 
Decreased macroalgal production in the high nitrate 
regime relative to that in the low or moderate enrich- 
ments suggests that the macroalgae may also have 
encountered some degree of nitrate inhibition (Stef- 
fensen 1976), but at much higher loadings than Zostera 
marina. Rapidly growing macroalgae such as Entero- 
morpha and Ectocarpus were more highly stimulated 
in spring, and they may have beneficially affected eel- 
grass by acting as nutrient 'sponges' (Harlin 1978) 
while also adversely affecting Z. marina in all of the 
mesocosms by reducing light. The seasonal differences 
in macroalgal response may have been related, in part, 
to inherent seasonality of the dominant taxa. On the 
North Carolina coast, all Ectocarpus spp. and most 
Enteromorpha spp. are cold-optimal with highest 
abundances of field populations attained in winter- 
early spring, whereas Chaetomorpha linum and 
Cladophora montagneana are generally considered 
late summer-autumn forms (Schneider & Searles 
1991). Like other 'weedy' taxa, these genera can 
respond quickly to pulsed nutrient additions (Ramus & 
Venable 1987). Herbivore abundances in the meso- 
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cosms were low or moderate relative to field densities, 
and it is probable that higher grazing pressure would 
have reduced algal biomass particularly during the fall 
season of increased herbivore activity (Orth & van 
Montfrans 1984, Neckles 1990). However, natural pop- 
ulation~ of algal grazers (e.g. many gastropods and 
amphipods) generally are low in spring (Zimmerman 
et al. 1979, Orth & van Montfrans 1984). Hence, 
herbivory Likely would be inadequate to control these 
nuisance algae in the spring season of maximal 
growth, especially under nutrient stimulation. 

It might be argued that the direct adverse effects of 
water-column nitrate enrichment on eelgrass would be 
less severe in cooler climates under more optimal tem- 
peratures for growth. Osrnond (1987) encouraged 
physiological research on plants 'at the edges of their 
geographical range . . . as a means of understanding 
their responses to stress and disturbance.' While the 
threshold concentrations may vary with geographic 
region, we predict that nitrate inhibition from water- 
column enrichment also plays a significant role in 
determining the survival of eelgrass meadows in more 
northern areas such as New England, where Harlin & 
Thorne-Miller (1981) described the complete disap- 
pearance of dense eelgrass growth in a wide ring 
around nitrate-leaching pots. These researchers addi- 
tionally reported that, whereas eelgrass production 
was stimulated with ammonium or phosphate enrich- 
ments, increased growth did not occur with nitrate 
along diffusive gradients even at some distance from 
the enrichment source. The present study indicates 
that, for eelgrass, nitrate should be regarded as more 
than a potential source of nutrient in N-limited coastal 
habitat, and as more than an indirect source of algal 
turbidity. Instead, chronic exposure to nitrate-enriched 
waters is directly lethal to Zostera marina even at low 
enrichment levels, and likely represents an important 
causative agent in the disappearance of eelgrass 
meadows from many quiet embayments and coastal 
lagoons throughout the world. 
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