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Seasonal Variations in Carbon and Nitrogen Constituents in Eelgrass (Zostera
marina L.) as Influenced by Increased Temperature and Water-Column Nitrate
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Fluctuations in nitrogen and carbon compounds were examined over an autumn growing season in the
submersed marine angiosperm Zostera marina L. (eelgrass). The experimental design included replicated
controls (ambient NO3-, typically <2 pM), increased water-column nitrate (8 pM NO3z- above ambient, pulsed
daily), increased environmental temperature (3 to 4 °C above 20-year weekly means), and combined increased
water-column nitrate and temperature. Above- and belowground tissues were collected weekly to biweekly and
assayed for total soluble carbohydrates, non-reducing carbohydrates, starch, «-cellulose, lipids, free amino acids,
total protein, tissue nitrate, tissue nitrite, and tissue ammonium. Tissue nitrate declined, and amino acids,
proteins, lipids, and cellulose increased as the growing season progressed in both control and treated plants. In
addition, there were seasonal quadratic responses for tissue ammonium, soluble carbohydrates, and non-
reducing sugars, with maxima during periods of optimal plant growth (mid- to late September). Increased
temperature promoted periodicincreases in amino acids and soluble carbohydrates, but decreased accumulation
of a-cellulose by the end of the experiment. Moreover, increases in water-column nitrate led to periodic
increases in tissue ammonium and amino acids, as well as decreases in non-reducing sugars. Toward the end
of the experiment, increases in soluble carbohydrates for plants grown under higher temperatures may have
been associated with an extension of the growing season. In contrast, decreased non-reducing sugars in nitrate-
enriched plants may have resulted from an increased carbon demand during nitrate assimilation/reduction, as
well as a reallocation of carbon to enhance amino acid synthesis.

Introduction on the prevailing environmental conditions (Short
1983, Zimmerman et al. 1987, van Lent ef al. 1995,
Touchette and Burkholder 2000). Moreover, during
periods of increased nitrate uptake, plants must divert
energy and carbon toward nitrate reduction and am-
monium assimilation, and toward amino acid syn-

thesis (Turpin et al. 1991). These processes could pro-

The marine angiosperm Zostera marina L. (eelgrass)
inhabits an environment that is characteristically
harsh for many plant species (Thayer et al. 1984).
Agquatic plants that reside in turbid, shallow-water
coastal habitats often undergo periods of low radia-
tion due to increased light attenuation caused by

either phytoplankton growth or sediment loading, as
well as increased epiphytic algal development on leaf
tissues (Morris and Tomasko 1993). Additionally, the
diffusion rate of carbon dioxide is 104-fold lower in
aqueous media relative to diffusion under atmo-
spheric conditions, and there is a tendency toward
the formation of bicarbonate rather than dissolved
carbon dioxide gas, which is more readily available
for photosynthesis (Riley and Chester 1989). Other
environmental parameters such as increased tempera-
ture (e.g., from global climate change) and salinity
alterations also may affect carbon availability/utiliza-
tion, and thereby alter internal demands for carbon
resources (Riley and Chester 1989, Zimmerman et al.
1989, Touchette 1999). Under such conditions, some
aquatic plant species may encounter carbon-limited
photosynthesis/growth (Adams 1985, Levavasseur ef
al. 1991).

Eelgrass has been shown to undergo periods of
carbon and/or nitrogen growth limitation, depending

mote an additional loss or ‘drain’ of carbon, thereby
lowering soluble carbohydrate supplies that otherwise
would have been allocated as food reserves in the
plant. Such a response has been suggested as a me-
chanism for decreased productivity and survival for
Zostera maring under water-column nitrate enrich-
ment (Burkholder et al. 1992, 1994).

The morphological characteristics of this marine
perennial require that it maintain adequate rhizomal
carbohydrate reserves to survive extended periods of
light attenuation, tissue loss (e.g., from herbivory, with
associated carbon demands for tissue replacement),
seasonally dependent growth (including dormancy
periods), flower and fruit development, and auxiliary
shoot and rhizome development. Zostera marina also
requires carbon skeletons to produce organic com-
pounds used in osmoregulation during hyper- and
hyposaline periods (Lingle 1987, Souza and Silva
1987, Fougere et al. 1991). Thus, the accumulation
and maintenance of non-structural carbohydrate re-
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serves are vital for the survival of Z. marina and other
closely related submersed marine angiosperms that
rely upon rhizomatous carbon reserves during periods
of low growth.

Little is known about seasonal variations in carbon
and nitrogen compounds in seagrasses and environ-
mental influences on these variations. Such informa-
tion would provide insights about how these plants
respond to various perturbations, especially tempera-
ture changes and nitrogen-linked eutrophication. The
data would also be useful for coastal resource man-
agers involved with establishment or replacement of
seagrass meadows, by indicating suitable time frames
for harvesting and transplanting. For example, plants
with higher reserves of nitrogenous compounds and
non-structural carbohydrates may have greater survi-
val potential when transplanted into new locations.
Therefore, the object of this study was to test the
hypothesis that environmental perturbations — espe-
cially water-column nitrate enrichment and increased
temperature — can influence the concentrations of
internal carbon and nitrogen constituents in Zostera
marina tissues. Plants experiencing nitrate enrichment
would be expected to have higher levels of nitro-
genous compounds (e.g., amino acids and proteins),
whereas plants experiencing higher temperatures
would be expected to have altered structural- and
soluble-carbohydrate levels (e.g., cellulose and su-
crose) due to increased respiration and decreased
photosynthesis.

Materials and Methods
Study area

The research was conducted in North Carolina, which
is the southernmost extension for eelgrass along the
western Atlantic Ocean (Thayer et al. 1984). In this
region eelgrass growth is stunted due to high tempera-
ture stress (Den Hartog 1970). Shallow waters in this
area often reach temperatures as high as 33°C from
late spring through early autumn (Thayer et al. 1984).
Temperatures above 30°C have been shown to ad-
versely affect more northern eelgrass populations by
increasing respiration and impairing vital enzyme ac-
tivities (Lambers 1985, Marsh et al. 1986, Zimmerman
et al. 1989).

Mesocosm system

The mesocosm system consisted of 12 fiberglass tanks
(2.0 m in diameter) that were sealed with nontoxic
white gelcoat resin. The tanks were 1.0 m in height
with a 60-cm working depth (including sediment and
water levels) that was established by creating a raised
floor. This raised floor was designed to accommodate
the relatively small eelgrass plants (typically <40 cm
in length), and to eliminate wall-shading effects. The
sediment consisted of clean dredge soils and sand

mixed in a 3:1 ratio by volume. The substratum depth
was adjusted to 30 cm in each tank. Prior to transplant-
ing, the system was allowed to acclimate in running
seawater for 4 months, thereby establishing natural
chemical and biological gradients in the sediment and
water column.

Temperature and water circulation (current 5 to
8 cm s71) were controlled using a chiller system that
consisted of three 4.5-tonne condensing units, each
capable of a maximum of 60,000 BTU h-! cooling
capacity. The chiller units had electronically con-
trolled thermal expansion valves that regulated the
flow of freon into each titanium heat exchanger. Each
mesocosm had an independent heat exchanger, there-
by providing independent temperature control. Each
tank was also independently plumbed in both intake
and outflow lines, so that there was no cross-contam-
ination among mesocosms.

Light reduction from high tide was simulated in
each mesocosm by using neutral density shades that
decreased photosynthetically active radiation (PAR)
by approximately 30 %. Shades were placed on each
tank for 3 h intervals on a rotating schedule to simu-
late light reduction during high tide (0900-1200 h for
3 days, followed by 1200-1500 h for 3 days, then 3 days
with no shading). Even under shaded conditions, light
levels were still above light saturation values that
have been reported for field populations of Zostera
marina (>350 nE m~2s-1; Dennison and Alberte 1985,
Dennison 1987).

Experimental design

Eelgrass shoots were harvested during mid-April from
natural populations in an unenriched site at Middle
Marsh, near Beaufort, North Carolina, USA. Plants
were maintained in running seawater while they were
individually cleaned of fouled tissue (e.g., old leaf
material), epiphytes (primarily diatoms and filamen-
tous algae), and sediment. The cleaned plants were
then transplanted into each tank at a density of 650—
700 shoots m~2. Plants were allowed to acclimate in the
tanks with running seawater for 4 months prior to the
initiation of treatments. The mesocosms and plants
were cleaned of excessive macroalgal (primarily Cla-
dophora and Polysiphonia) growth when necessary,
and immediately prior to initiation of treatments.
The experiment followed a split-plot design, with
condensing units defined as the plot variant. Although
each tank had individual circulating systems, tanks (in
groups of four) were attached to the same condensing/
compressor unit, thereby making the split-plot design
appropriate. The experiment began in early August,
prior to the initiation of autumn growth. Replicated
controls (n=3) were maintained with ambient NO3z-
and 20-year weekly temperature means (NOAA
1994), and replicated treatments (n=3) included (i)
increased water-column nitrate (HN; 8.0 uM above
ambient), (ii) increased temperature (HT; 3 to 4°C
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above 20-year weekly means for shallow bay waters
[depth <0.5 m]), and (iii) both increased nitrate and
increased temperature (HTN). Nitrate additions were
pulsed daily (at 0900 h), and nitrate was allowed to be
taken up by the established eelgrass communities
throughout the day. A 10 % water exchange was con-
ducted at 1700h to simulate conditions in poorly
flushed, shallow-water embayments and lagoons.
Plants were sampled by harvesting prior to the begin-
ning of the experiment, and then harvesting weekly
(August) to biweekly (September to October). A final
sample was collected at 14 weeks in November. Once
harvested, the plants were immediately frozen on dry
ice and transported to the laboratory where they were
stored at —70 °C until analysis. All samples were col-
lected at the same time of day (between 1500 and
1600 h) to minimize variability due to daily physiolo-
gical rhythms.

Tissue analyses

Samples were analyzed for total soluble non-structur-
al carbohydrates, insoluble non-structural carbohy-
drates (starch), non-reducing carbohydrates (mostly
sucrose), cellulose, lipids, free amino acids, total pro-
teins, nitrate, nitrite, and ammonium in both the root-
rhizome complex and shoot tissues. Total soluble car-
bohydrates (reported as sucrose equivalents), includ-
ing non-reducing sugars, were determined by extract-
ing compounds from tissue using 70 % hot ethanol
with mortar and pestle. The extracts were centrifuged,
and the supernatant was collected and allowed to dry
in vacuo. The samples were resuspended in hot de-
ionized water, cleared with aluminum hydroxide, and
analyzed using anthrone (Yemm and Willis 1954, Van
Handel 1968). This procedure involved adding 0.20 %
anthrone in 71 % H2SO4 (4 °C), heating the sample for
10 min (100 °C), and measuring absorbance at 630 nm
on a Milton Roy Spectronic 601 spectrophotometer
(Ivyland, PA, USA). Determination of sucrose and
other non-reducing carbohydrates was conducted
using a similar anthrone procedure. However, inter-
fering reducing sugars (e.g., glucose and fructose)
were destroyed with hot concentrated alkali followed
by the determination of non-reducing carbohydrates
at low temperatures (40 °C; Van Handel 1968). Lipid
analysis was conducted following the procedures de-
scribed by Guisande and Serrano (1989), Vestal and
White (1989), and Ahlgren and Uppsala (1991),
wherein dried samples were extracted in chloro-
form-methanol (2:1 by volume) and then the solvent
was evaporated at low pressure under a N> gas atmo-
sphere. The samples were rehydrated in concentrated
H;S04 and heated at 100 °C for 10 min. After cooling
(to room temperature), lipid content was assayed
spectrophotometrically at 528 nm with vanilline re-
agent.

Starch analysis was conducted using the technique
described by Lustinec et al. (1983) and Coombs et al.

(1985). Tissue was ground in 32 % perchloric acid with
mortar and pestle. Homogenates were filtered (What-
man GF/A glass fiber filter), and iodine solution was
added. The precipitated starch-iodine complex was
collected on a glass fiber filter, and was washed con-
secutively with perchloric iodine solution, ethanolic
NaCl solution, and ethanolic NaOH solution (Lusti-
necet al. 1983). The filters with samples were dried and
starch was determined using 5 % phenol-H2SOy4 re-
agent, with absorbance from the colorimetric change
read at 480 nm. Cellulose analysis (o-cellulose) was
determined gravimetrically via the acid-detergent-
fiber method, which compared mass changes before
and after removal of all interfering inorganic and
organic material including lignin from the sample
(Southgate 1976).

Extraction of total proteins and free amino acids
involved grinding tissue in 0.37 M trichloroacetic acid
(TCA) as described by Clayton et al. (1988). The
homogenate was transferred to a centrifuge tube, 3.6
mM deoxycholic acid (DOC) was added, and the mix-
ture was maintained at room temperature for 20 min
(Bensadoun and Weinstein 1976). The sample was
then centrifuged at 3000 g for 15 min. The supernatant
was collected and analyzed for free amino acids using a
modified ninhydrin technique described by Kesner
and Kirschenbaum (1970). The protein pellet was re-
suspended in 0.1N NaOH and 2 % sodium dodecyl
sulfate (SDS) solution, and was maintained at room
temperature for 30 min (Peterson 1977). Protein was
assayed using the Smith BCA procedure (Smith ez al.
1985; Pierce protein assay reagent, Prod. No.23225),
with concentrations reported as BSA equivalents.

Amino acid analysis additionally was performed
using high-voltage electrophoresis to determine the
major amino acid constituents in the plant tissues
(Block er al. 1958, Rosenthal 1982). This semi-quanti-
tative analysis was completed on plants that were
collected during the maximum growth period (mid-
September, which also corresponded with the period
of maximum amino acid content). Amino acids were
extracted in a 70 % EtOH solution and applied to
Whatman 3 mm paper. Electrophoresis utilized a
pH buffer consisting of 2 M acetic acid, adjusted to
pH 1.8 with formic acid. Amino acid bands were re-
moved based on the position of known standards, and
were assayed for amino acid concentration using the
ninhydrin procedure as described above.

Tissue ammonium (NHy") levels were determined
as described by Guerrero (1987), with extracts ana-
lyzed spectrophotometrically (using a Technicon Auto
Analyzer, Chicago, IL, USA) at 640 nm following the
formation of indophenol via a reaction with ammo-
nium, hypochlorite, and phenol (Solorzano 1969).
Although this method has been criticized because of
reported color formation due to interfering amino
acids (e.g., Ali and Lovatt 1995), preliminary evalua-
tions using eelgrass tissues and standard amino acid
compositions (mostly glutamine and glutamate at con-
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centrations typical in eelgrass) revealed color inter-
ference values <1 %.

Tissue nitrate was extracted according to Raab and
Terry (1995), wherein nitrate samples were reduced to
nitrite via cadmium reduction and assayed spectro-
photometrically. Nitrite samples were assayed simi-
larly, excluding the cadmium reduction step.

Data analyses

Statistical analyses were performed using Statistical
Analysis Software (SAS). The data analysis included
repeated-measures ANOV Awith days from initiation
of treatment as the repeated-measures factor. This
analysis considered both linear and quadratic models
to describe the associated response curves (Meredith
and Stehman 1991). In addition, pre-planned compar-
isons were conducted for each individual sample date
using two-way ANOVA (LS means and LSD) to assay
treatment response that may not have been associated
with time. All probability values (p) were considered
significant at a less than 0.05.

Results

Shoot density, based on fixed 0.10 m2 quadrats, in-
creased over time for control plants, whereas shoot
density declined in both nitrate and temperature treat-
ments (alone or in combination; Fig. 1). The declines in
shoot densities of treated plants occurred during the
period of maximum shoot production in controls (Sep-
tember through mid-November). These declines were
not associated with algal light attenuation, as indi-
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Fig. 1. Shoot density of Z. marina over the growing season,
in control mesocosms, and in treatments including high tem-
perature (HT), high nitrate (HN), and high temperature and
high nitrate (HTN). Letters above the error bars represent
the statistical relationship within each sample period (e.g., all
bars with A are considered for that date). Data are given as
means £ 1 standard error [SE],

cated by a lack of significant treatment effects on
macroalgal and epiphyte biomass (p=0.08 and 0.10
for nitrate and temperature treatments, respectively).

Starch and nitrite were not detected in either above-
or belowground tissues (minimum detection levels 2
ng mL“l and 5 pg mL-1 extract for nitrite and starch,
respectively). The lack of detectable nitrite in eelgrass
tissues suggests that sensitivity to nitrite accumulation
was not involved in the growth responses observed in

Table 1. Summary of treatment effects on carbon and nitrogen constituents in Zostera marina.

Constituent High temp.
Leaf tissue

Ammonium Decrease6
Nitrate Decreasel-4-s
Amino acids Increase8 K4
Protein Increaseld
Sucrose Increaseld
Tot. carbohydrates No change
Cellulose No change
Lipids No change
Root/Rhizome tissue

Ammonium No change
Nitrate No change
Amino acids Increase3
Protein Increasel4-s
Sucrose Increaseld-s
Tot. carbohydrates Increase3-H4
Cellulose Decreasel4
Lipids No change

High NO3- High temp, and NCh
No change Increase6-8

No change Increase2-3>s
Increase8 Increase8-14>s
Decrease2 Increase8-s
Decreasel4 Increase

No change No change

No change No change

No change Decreaseld
Increase2 Increase2-6>8>s

No change Decrease4
Increase8 Increase2-3>48>14>s
No change Increase

No change Increasel4-s

No change Increase3-84

No change Decreasel4

No change No change

Tissue components include ammonium, nitrate, amino acid, protein, sucrose, total carbohydrate, cellulose, and lipid in leaf and
root/rhizome tissue. Responses include significant increase, decrease, or no change relative to the control (significance as
defined when p <0.05). Numbers following response indicate the sample period (i.e., experimental week) where significance
was detected, and the letter S represents a significant seasonal response (repeated measures ANOVA).
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the nitrate treated plants (Shimazaki ef al. 1992).
However, significant changes were observed in other
carbon and nitrogen compounds. Many of these com-
pounds changed appreciably in concentration over the
course of the growing season as a response to either
environmental influences (e.g., temperature, nutri-
ents) or growth status (Table I). These changes in-
cluded a linear decline in tissue nitrate concentration
over time (p=0.01, leaf tissue), as well as linear in-
creases in free amino acid concentrations (p =0.0001,
leaf; p=0.0001, root-rhizome), total protein concen-
tration (p =0.0083, leaf; p =0.0001, root-rhizome), and
lipid concentration (p =0.0001, leaf; p=10.0001, root-
rhizome) over the autumn. There were also quadratic
responses with time for tissue ammonium concentra-
tion (p =0.0001, leaf; p=0.0001, root-rhizome), solu-
ble carbohydrate concentration (p=0.0001, leaf;
p=0.0001, root-rhizome), and sucrose levels
(p =0.0001, leaf; p=0.008, root-rhizome), with max-
imum concentrations measured during September.
Early in the growing season, tissue nitrate concentra-
tions were influenced primarily through an interaction
betweenwater-columnnitrate and environmental tem-
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Fig. 2. Seasonal variation in tissue nitrate (fresh weight
[FW] basis) for Z.marina leaf tissue (upper panel), and
root/rhizome (lower panel), in control mesocosms, and in
treatments including high temperature (HT), high nitrate
(HN), and high temperature and nitrate (HTN). Letters
above the error bars represent the statistical relationship
within each sample period (e.g., all bars with A are consid-
ered similar for that date). Data are given as means + 1 SE.

perature (TN; Fig.2). At higher temperatures, in-
creased water-column nitrate often was related to an
increase in tissue nitrate. Such increases were observed
in leaf tissue throughout the month of August
(p <0.046), and inroot-rhizome tissue during early Sep-
tember (p =0.03). However, toward the end ofthe sea-
son this trend was no longer maintained, and relatively
low nitrate levels occurred in plant tissues from late
September through the remainder ofthe experiment.

Significant treatment responses also were found in
tissue ammonium concentrations (Fig. 3). During mid-
August, there was a significant increase in below-
ground tissue ammonium with elevated water-column
nitrate (HN and HTN; p =0.025). Moreover, there was
a significant interaction between environmental tem-
perature and water-column nitrate in affecting leaf
and root-rhizome tissue ammonium by mid- to late
September (HTN; p=0.033, and p =0.003, for leafand
root-rhizome tissue, respectively). On those dates,
plants exposed to the combination of elevated
water-column nitrate maintained significantly higher-
tissue ammonium relative to plants in high tempera-
ture or high nitrate treatments alone.

Leaf i i Control
200 . tzzzi HT
rm HN
mmm HIN
100 «
B
50 m
Si
Root-Rhizome
C?D? 150
t-
100

1 2 3 4 S a 14
Sept. Nov.

Week

Fig. 3. Seasonal variation in tissue ammonium for Z. marina
leaf tissue (upper panel) and root/rhizome tissues (lower
panel), in control mesocosms, and in treatments including
high temperature (HT), high nitrate (HN), and combined
high temperature and nitrate (HTN). Letters above the error
bars represent the statistical relationship within each sample
period (e.g., all bars with A are considered similar for that
date). Data are given as means + 1 SE.
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Concentrations of free amino acids were signifi-
cantly altered under treatment conditions (Fig. 4). In-
creased temperatures were associated with significant
increases in free amino acids of root-rhizome tissues
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Fig. 4. Seasonal variation in free amino acids (glutamine
equivalent) in Z. marina leaf- (upper panel) and root/rhi-
zome-tissue (lower panel), in control mesocosms, and in
treatments including high temperature (HT), high nitrate
(HN), and high temperature and nitrate (HTN). Letters
above the error bars represent the statistical relationship
within each sample period (e.g., all bars with A are consid-
ered similar for that date). Data are given as means £ 1 SE.

by late August (HT and HTN; p=0.01), and of leaf
tissue by late September (p =0.025). Nitrate-enriched
plants maintained higher free amino acids in root-
rhizome tissues by late September, relative to unen-
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Fig. 5. Seasonal variation in total protein (BSA equivalent)
in Z.marina leaf- (upper panel), and root/rhizome-tissues
(lower panel), in control mesocosms, and in treatments in-
cluding high temperature (HT), high nitrate (HN), and high
temperature and nitrate (HTN). Letters above the error bars
represent the statistical relationship within each sample per-
iod (e.g., all bars with A are considered similar for that date).
Data are given as means + 1 SE.

Table II. Amino acid composition (% of major constituent pool) in Z. marina tissues for control plants and treated plants in
high temperature (HT), high nitrate (HN), and high temperature and nitrate (HTN; Sept., week 8; means + 1 SE).

Tissue (amino acid) Control HT HN HTN
Leaf tissue

Alanine 0.17 £0.15 ND ND ND
Aspartic acid 11.9 4.1 19.1 £2.7 18.2 £5.4 15.9 £1.1
Glutamine/Glutamic acid 78.4 £5.5 69.8 £3.9 70.9 £2.7 78.6 £2.9
Valine 9.5 +1.7 11.0 £4.0 10.9 £8.1 5.5+2.9
Root/Rhizome tissue

Alanine 14.2 1.6 22.6 £4.4 14.5 £6.1 14.1 £1.2
Aspartic acid 15.6 £1.6 55+4.3 11.6 £5.9 18.1 £4.2
Glutamine/Glutamic acid 65.7 £3.4 66.8 £4.3 73.9 £0.1 60.1 £5.3
Valine 4.5+3.3 5.0+2.5 ND 7.8+£0.7

Note that alanine was not detected (ND) in all treatments.
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riched plants (HN and HTN; p=0.04). A nitrate-by-
temperature interaction also was observed in leaf tis-
sue of treated plants during the same period
(p=0.002), and in root-rhizome tissues by mid-No-
vember (p=0.049). These interactive responses re-
sulted in significantly lower free amino acid levels at
higher temperatures under water-column nitrate en-
richment. Amino acid analysis of Zostera marina tis-
sues with high-voltage electrophoresis revealed that
by mid-September, the most prevalent free amino
acids consisted of alanine, aspartic acid, glutamine/
glutamic acid (not separated using this technique),
and valine (Table II).

Protein levels in leaf tissues were affected by an
interaction between water-column nitrate and tem-
perature during early September (HTN; Fg.5;
p <0.035), wherein a significant increase in leaf pro-
tein content occurred at higher temperatures under
nitrate enrichment. In contrast, significant increases in
protein content of root-rhizome tissue were later ob-
served under higher temperatures without nitrate en-
richment (HT, November; p=0.01).

For all growing conditions, lipid concentrations in
aboveground tissues (range 5.7-17.2 mg g dry
weight) were higher than in belowground tissues
(range 2.8-9.5 mg g-! dry weight, based on three sam-
ple dates; Table IIT). However, no significant treat-
ment effects on lipid content were observed.

Concentrations of total soluble carbohydrates were

highly variable (Fig. 6). Nevertheless, there was a sig-
nificant effect of high temperature on soluble carbo-
hydrates in root-rhizome tissues by late August (HT
and HTN; p =0.049), followed by a significant nitrate-
by-temperature interaction affecting soluble carbohy-
drates of the root-rhizome complex latter in the ex-
periment (HTN; late September, p =0.048; mid-No-
vember, p=0.011).

There were significant treatment effects on non-
reducing carbohydrate (primarily sucrose) concentra-
tions in both above- and belowground tissues (Table
IIT). In mid-November significant temperature and
nitrate treatment effects on leaf tissue were observed
relative to the controls, wherein increased tempera-
ture was associated with higher sucrose levels (HTand
HTN; p=0.01), and increased nitrate was associated
with decreased sucrose (HN and HTN; p=0.039).
Moreover, non-reducing sugars significantly in-
creased in root-rhizome tissues under higher tempera-
tures (HT and HTN; p=0.017).

Throughout this investigation, cellulose levels typi-
cally ranged between 10 and 20 % dry weight in both
above- and belowground tissues. There was no signif-
icant change in cellulose of leaf tissue that could be
related to either season or treatments (Table I). Never-
theless, both season (p =0.006) and temperature (HT
and HTN; p=0.026) significantly affected cellulose
content in belowground tissues. As the season pro-
gressed, root-rhizome cellulose content significantly

Table III. Sucrose, a-cellulose, and lipid concentrations in aboveground (above) and belowground (below) tissues of

Z. marina.

Date Tissue Control HT HN HTN
Sucrose (mg g ' FW)

Aug. above 42+07 8719 5.6+1.6 45+0.6
week-3 below 247+2.3 18.8+0.9 208+53 293+19
Sept. above 249+47 287+79 234+25 229+6.2
week-8 below 27.0+3.3 31.5+9.2 18.6 £3.3 281238
Now. above 35+02 87+1.1T 2.6+ 1.0N 5.0+ 1.4T&N
week-14 below 12.0+34 23.5+54T 8.8+1.8 15.5+1,8T
a-Cellulose (% dry weight)

Aug. above 16.8£3.0 261 5.6 18.1+£1.6 16.7+£0.9
week-3 below 14.0£1.3 14.8+0.8 16.8+£2.8 13.5+1.3
Sept. above 22.2+47 19.2+1.1 28.6+1.0 18.3+1.0
week-8 below 15514 14.7+0.9 14.4+2.7 12.5+0.6
Now. above 20.8 £0.02 17.2+1.0 172+£52 21.7+4.5
week-14 below 20.5+1.1 16.6 £1.5T 25.4+5.7 16.3+0.6T
Lipids (mg g-! dry weight)

Aug. above 7.0+1.3 8.1+0.3 6.8+0.4 6.5+0.5
week-3 below 3.7+02 4.0+0.5 39+0.6 39+03
Sept. above 124+2.4 8.2+07 13.7+£1.9 83+14
week-8 below 56+19 59+1.0 4507 44+1.2
Now. above 14.1£3.8 11.3£0.8 8.7+1.0 13.4+3.5
week-14 below 5.6+0.3 52+09 7.0+1.1 49+1.0

Data are given as means = 1 SE (n = 3). Significant differences are indicated by T (for temperature effects) and N (for nitrate
effects). HT, high temperature; HN, high nitrate; HTN, high temperature and nitrate.
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Fig. 6. Seasonal variation in total soluble carbohydrates (su-
crose equivalent) in Z. marina leaf- (upper panel), and root/
rhizome-tissues (lower panel), in control mesocosms, and in
treatments including high temperature (FIT), high nitrate
(FIN), and high temperature and nitrate (HTN). Letters
above the error bars represent the statistical relationship
within each sample period (e.g., all bars with A are consid-
ered similar for that date). Data are given as means £ 1 SE.

increased in both controls and treated plants. How-
ever, in high temperature treatments, cellulose accu-
mulation in belowground structures was substantially
less than for plants that were grown at ambient tem-
peratures.

Discussion

In aquatic systems, due to the reduced nature of sedi-
ment pore water, ammonium generally is the domi-
nant form of inorganic nitrogen available to below-
ground tissues (Riley and Chester 1989). Nitrate typ-
ically is localized within the water-column such that,
for submersed plants, uptake and reduction of nitrate
often are restricted to aboveground tissues. In this
study, tissue nitrate concentrations were approxi-
mately twice as high in aboveground tissues as in
belowground structures. Nevertheless, leaf nitrate le-
vels tended to be low in comparison to values observed
in certain terrestrial plants. For example, nitrate con-
centrations in Zostera marina ranged from below de-
tection to ¢.8 pg g1 FW in aboveground tissue.

whereas values ranging from 0.90 pg to 4.3 mg NO3s-
g-t FW have been observed in certain crop plants (i.e.,
corn [Zea mays L.], tomato [Lycopersicon esculentum
Mill.], spinach [Spinacea oleracea L.], and lettuce
[Lactuca sativa L.]; Steingrover et al. 1982, Bellaloui
and Pilbeam 1991, Teyker et al. 1991, Gaudreau et al.
1995). The low nitrate levels observed in Zostera ma-
rina suggest that under these growing conditions, ni-
trate tends to be reduced and assimilated relatively
quickly, in contrast to plants that tend to accumulate
nitrate in vacuoles prior to reduction (Miller and
Smith 1992, Zhen et al. 1992). Our data demonstrated
a strong seasonal trend in tissue nitrate content of
eelgrass. Tissue levels tended to be highest early in
the growing season (early August), and slowly de-
clined to levels below detection by the end of Septem-
ber (<2 ng mL«1 extract). The accumulation of nitrate
during warmer periods may have reflected decreased
activities of enzymes involved in nitrogen assimilation
at higher temperatures (e.g., nitrate reductase and
glutamine synthetase), especially for plants that in-
habit cooler climates (Laurie and Stewart 1990, Gao
et ai. 1993, Touchette ef ai. 1996).

Like tissue nitrate concentrations, tissue ammo-
nium levels were strongly dependent on season (via
a quadratic response). Tissue ammonium content re-
mained fairly stable (between 50 to 75 pg g 1t FW) until
late September when levels began to increase (up to
150 pg g1 FW), followed by a significant decrease in
ammonium content by mid-November (near 25 pg g 1
FW). Little is known about ammonium accumulation
and assimilation in seagrasses. Ammonium levels in
these tissues were comparable to concentrations ob-
served in terrestrial plants, which typically range from
8 to 790 pg g1 FW (e.g.. Zea mays L. and Citrus spp.
tissues; Magalhaes and Huber 1991, Ali and Lovatt
1995).

Amino acid levels in Zostera marina were compar-
able to those observed in other seagrasses. In Z. ca-
pricorni Aschers., amino acid concentrations have
been reported to range from 0.3 to 2.5 mg g1 FW in
leaf tissue (data converted to glutamine equivalents;
Udy and Dennison 1997a and b). In Halodule pinifolia
(Miki) den Hartog shoot tissue amino acids ranged
from 1.6 to 2.6 mg g1 FW (Longstaff and Dennison
1999). However, higher levels of free amino acids were
reported in Posidonia australis Hook. F., approaching
15 mg g1 FW (data converted to fresh weight by
assuming 80 % water content; Augier et al. 1982).
Amino acid levels in Zostera marina tissue (this study)
ranged from 5.0 pg g1 FW to 3.0 mg g 1 FW in leaves,
and from 4.0 pg g-1 FW to over 7.0 mg g-1 FW in root-
rhizome tissues. This study revealed strong seasonal
variations in free amino acid concentrations. Prior
to initiation of autumn growth, amino acid levels
were <1mgg 1 FW. Amino acid concentrations stead-
ily increased until mid-September, corresponding to
periods of increased plant growth and development.
There was a decrease in free amino acids toward the
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end of the growing season as plant productivity began
to subside. An apparent inverse relationship between
leaf tissue nitrate and free amino acid concentrations
was also observed throughout this study. That is, while
tissue nitrate concentrations were high early in the
growing season and then slowly decreased, amino acid
levels were low initially and then slowly increased. If
lower enzyme activity had limited tissue nitrate reduc-
tion during warmer periods, then lower activities of
other enzymes involved in N assimilation similarly
may have restricted the formation/accumulation of
amino acids (Touchette 1999). Increased temperature
and/or elevated water-column nitrate periodically af-
fected free amino acid levels, often by elevating free
amino acids in both above- and belowground tissues.
The temperature response of free amino acids was
strongest in belowground tissues during periods asso-
ciated with rapid plant growth and development.
Total protein content in Zostera marina was influ-
enced by season and tissue type. Compared to other
seagrasses, these levels were relatively high. In Phyl-
lospadix scouleri Hooker leaves, protein levels were as
low as 3.8 mg g~ FW (data converted to fresh weight
by assuming 80 % water content; Neighbors and Horn
1991). However, in Thalassia testudinum Konig, total
protein levels can range from 5 to 26 mg g-! FW in leaf
tissue and from 2 to 10 mg g-! FW in belowground
structures (Burkholder et al. 1959; Durako and Moff-
ler 1985). Few previous studies have contributed sea-
sonal observations on protein content in temperate
seagrasses. However, in more tropical species (e.g.,
Halodule wrightii Aschers., Ruppia maritima L., Syr-
ingodium filiforme Kiitz., and Thalassia testudinum),
leaf protein levels were highest in winter or spring —
periods associated with relatively high productivity
(Lazar and Dawes 1991, Dawes 1986, Durako and
Moffler 1985). In this study, protein levels in leaf
tissues of Zostera marina were highly variable. As
observed in other seagrasses, protein content in be-
lowground tissues increased during periods of high
growth, with little apparent effect from experimental
treatments. By mid-November, there was significantly
higher root-rhizome protein in plants grown at higher
temperatures compared with control plants. Toward
the end of the growing season, protein levels of control
plants, like free amino acid concentrations, began to
decline. This seasonal response may have been de-
layed for plants at higher temperatures (i.e., from
extension of the growing season) and, thus, significant
declines in protein concentrations were not observed
in plants subjected to high temperature treatments.
Lipid content typically comprises less than 5 % dry
weight in submersed aquatic angiosperms (Dawes ef
al. 1987, Dawes and Lawrence 1989, Lazar and Dawes
1991, Tomasko et al. 1993). In this study, eelgrass lipid
content ranged from 0.6 to 1.5 % dry weight in leaf
tissue, and from 0.4 to 0.7 % dry weight in the root-
rhizome complex. There was a small but significant
increase in lipid content of Zostera marina as the

growing season progressed. However, lipid content,
although comparatively low, was not significantly
affected by either increased temperature and/or
water-column nitrate enrichment.

Soluble carbohydrate levels in this southernmost
Zostera marina ecotype were lower than those re-
ported for more northern eelgrass populations. Krae-
mer and Alberte (1993), found soluble carbohydrates
over 100 mg g-! FW (sucrose equivalent) in Z. marina
rhizome tissue. Moreover, in the European species
Zostera noltii Hornem., seasonal variation in leaf tis-
sue carbohydrate ranged from below detection to 150
mg g1 dry weight (Vermaat and Verhagen 1996).
Although the present study combined root and rhi-
zome tissue for analysis, the bulk of the belowground
tissue was rhizomatous (84.2 + 3.0 %; on a dry weight
basis). Therefore, the relatively low carbohydrate lev-
els reported in root tissue alone (typically less than 7
mg g~ FW; Kraemer and Alberte 1993) could not have
accounted for the lower soluble carbohydrate mea-
surements reported as total belowground structures
for this study.

There was a strong seasonal response in total solu-
ble carbohydrates of both control and treated eelgrass
in this study. Initially, carbohydrate levels were rela-
tively low. However, as plant growth and development
progressed, tissue concentrations increased to levels
approaching 50 mg g-! FW in the root-rhizome com-
plex and 40 mg g-! FW in leaf tissue (by mid—Septem-
ber). Toward the end of the season (mid-November),
carbohydrate concentrations once again declined, and
were < 15 mg g-! FWin leaf tissue, and <30 mg g1 FW
for root-rhizome tissue. During this later period, a
significant interaction between higher temperature
and nitrate was observed in carbohydrate content of
the root-rhizome complex. Soluble carbohydrates in-
creased at higher temperatures, and decreased under
elevated water-column nitrate. The temperature re-
sponse likely occurred because of an extension of the
growing season (as previously discussed), and/or an
enhancement (up-regulation) of enzymes involved in
carbon metabolism. The nitrate response, however,
may have been associated with increased carbon de-
mands for nitrate reduction and amino acid synthesis
(Turpin et al. 1991). This association is further sup-
ported by similar observations on non-reducing sugars
(primarily sucrose) in both above- and belowground
tissues. That is, toward the end of the growing season,
there was an increase in sucrose levels with increased
temperature, and a decrease in sucrose levels under
water-column nitrate enrichment relative to the su-
crose content of control plants.

Observed levels of structural carbohydrates such as
cellulose in Zostera marina (ca. 16 to 28 % dry weight
in both above- and belowground tissues) were com-
parable to values reported for seagrass in other inves-
tigations. In Halophila engelmannii Aschers., Dawes et
al. (1987) reported cellulose values ranging from 11.6
to 12.3 % dry weight in shoots, 20.5 to 25.0 % in rhi-
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zomes, and 8.4 to 16.9 % in roots. In this study, treat-
ment effects were observed only in belowground tis-
sues; near the end of the autumn growing season, there
was a significant decrease in cellulose content of ex-
perimental (higher temperature) plants. Lower cellu-
lose content is uncharacteristic of cool-temperature
plants during periods of elevated temperature (Ford et
al. 1979). That is, temperate plants tend to increase
cellulose content at higher temperatures, whereas
tropical plants tend to decrease cellulose concentra-
tions (Ford et al. 1979, Fales 1986, Roberts ef al. 1992).
The data from this experiment suggest that Zostera
marina plants grown under normal temperatures have
higher cellulose content than plants grown in warmer
waters. This increase in cellulose coincides with a sig-
nificant increase in new shoot productivity for these
plants, suggesting that increasing plant structural in-
tegrity is important for new shoot development.
Overall, many of the carbon and nitrogen constitu-
ents in Zostera marina showed seasonal variations.
Compounds such as amino acids, proteins, and carbo-
hydrates generally increased during periods of max-
imum productivity. It is likely that ample supply of
these compounds is necessary in order to achieve
maximum growth. Another prominent trend in both
above- and belowground tissues was increased amino
acids, proteins, and carbohydrates toward the end of
the growing season in plants subjected to elevated
temperatures. This response may have occurred be-
cause of an effective extension of the growing season,
wherein plants under elevated temperatures contin-
ued to maintain relatively high productivity relative to
plants at ambient temperature. The influence of ele-
vated temperatures on nitrogen compounds may, in
part, result from decreased activity of important en-
zymes involved in nitrogen metabolism during periods
of high temperature (e.g., nitrate reductase and glut-
amine synthetase; Touchette and Burkholder 2000).
Such decreases in enzyme activity may account for the
higher tissue nitrate and lower free amino acids in late
summer. As temperature inhibition of these important
enzymes was alleviated (later in the growing season),
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