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Abstract

Worldwide, seagrasses provide important habitats in coastal ecosystems, but seagrass meadows
are often degraded or destroyed by cultural eutrophication. Presently, there are no available tools for
early assessment of nutrient over-enrichment; direct measurements of water column nutrients are
ineffective since the nutrients typical of early enrichment are rapidly taken up by plants within the
ecosystem. We investigated whether, in a gradient of nutrient availability but prior to actual habitat
loss, eelgrass {Zostera marina L.) plant morphology and tissue nutrients might reflect environmen-
tal nutrient availability. Eelgrass responses to nitrogen along estuarine gradients were assessed; two
of these plant responses were combined to create an early indicator of nutrient over-enrichment.
Eelgrass plant morphology and leaf tissue nitrogen (N) were measured along nutrient gradients
in three New England estuaries: Great Bay Estuary (NH), Narragansett Bay (RI) and Waquoit
Bay (MA). Eelgrass leaf N was significantly higher in up-estuary sampling stations than stations
down-estuary, reflecting environmental nitrogen gradients. Leaf N content showed high variance,
however, limiting its ability to discriminate the early stages of eutrophication. To find a stronger
indicator, plant morphological characteristics such as number of leaves per shoot, blade width,
and leaf and sheath length were examined, but they only weakly correlated with leaf tissue N.
Area normalized leaf mass (mg dry weight cm-2), however, exhibited a strong and consistently
negative relationship with leaf tissue N and a significant response to the estuarine nutrient gradi-
ents. We found the ratio of leaf N to leaf mass to be a more sensitive and consistent indicator of early
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eutrophication than either characteristic alone. We suggest the use of this ratio as a nutrient pollution
indicator (NPI).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Significant declines in seagrass coverage have been reported from many coastal areas
(Short and Wyllie-Echeverria, 1996), and the declines are usually related to human activities
(Kemp et al., 1983; Cambridge and McComb, 1984; Short and Burdick, 1996; Burdick
and Short, 1999; Udy et al., 1999). Estuarine and coastal ecosystems receive increasing
amounts of nutrients as a consequence of anthropogenic loading (Valiela et al., 1992; Short
and Burdick, 1996; Tomasko et al., 1996; McMahon and Walker, 1998). Increased nutrient
loading is widely acknowledged to impact the structure and function of coastal ecosystems
(Valiela et al., 1990; Lapointe et al., 1994).

Nutrient over-enrichment leads to nuisance algal blooms, reduced dissolved oxygen in
the water column, and decreased fish stocks (Nixon et al., 1986; Taylor et al., 1999; Deegan
et al., 2002). Increased nutrient inputs to the water column can also adversely affect sea-
grass survival and production through stimulation of growth in phytoplankton, epiphyte and
macroalgal communities (Harlin and Thorne-Miller, 1981; Short, 1987; Short et al., 1995).
Stimulation of competing primary producers caused by water column nutrient enrichment
leads to reduction of light available to seagrasses and often to their demise (Harlin and
Thorne-Miller, 1981; Van Montfrans et al., 1984; Borum, 1985; Tomasko and Lapointe,
1991; Van Lent et al,, 1995).

Because of the harmful effects of nutrient over-enrichment on estuarine and coastal
ecosystems, early detection of eutrophication is critical for management. In New England,
eutrophication results from nitrogen over-enrichment, as estuarine systems in this region are
nitrogen limited (Ryther and Dunstan, 1971); detection of eutrophication requires focus on
nitrogen. Direct measurement of in situ nitrogen concentrations to estimate eutrophication
is ineffective, however, as estuarine conditions both dilute and dissipate nitrogen loading
through tidal and current action as well as microbial and plant uptake. Since phytoplankton
and submerged macrophytes can remove nitrogen from the water column rapidly (Morgan
and Simpson, 1981; Short and McRoy, 1984; Stapel et al., 1996; Terrados and Williams,
1997; Lee and Dunton, 1999b), over-enrichment of coastal ecosystems rarely can be de-
tected by direct measurements of water column nitrogen concentrations. One of'the general
indicators of nitrogen over-enrichment in temperate estuarine and coastal ecosystems has
been eelgrass (Zostera marina L.) die-off and a concomitant increase in algal competitors,
but by the time this occurs, ecosystem function has been severely disrupted (Kemp et al.,
1983; Orth and Moore, 1983; Short et al., 1995; Short and Burdick, 1996; Short et al., 1996).
Managers of coastal environments would benefit from an early indicator of over-enrichment
and eutrophication.
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Seagrasses respond to nitrogen enrichment both physiologically and morphologically
(Burkholder et al., 1992, 1994; Short et al., 1995; Taylor et al., 1995; Tomasko et al., 1996;
Udy and Dennison, 1997; Udy et al., 1999). Increased tissue N as aresult of N enrichment has
been reported for seagrasses (Bulthuis and Woelkerling, 1981; Harlin and Thorne-Miller,
1981; Short, 1987; Duarte, 1990; Bulthuis et al., 1992; Erftemeijer et al., 1994; Alcoverro
et al.,, 1997; Udy and Dennison, 1997; Tee and Dunton, 1999a). Additionally, seagrasses
from low-nutrient environments have significantly higher C:N and C:P ratios than plants
growing in high nutrient conditions (Atkinson and Smith, 1983; Duarte, 1990; Short et al.,
1990; Tee and Dunton, 1999a). Since increased external nutrient concentrations result in
increased seagrass tissue nutrient content, we hypothesized that the tissue nitrogen content
of eelgrass could contribute to an indicator of early over-enrichment.

Seagrass morphology and growth are strongly linked to available nutrient resources.
Short (1983) reported a strong correlation between sediment N and eelgrass leaf morphol-
ogy. Plants characterized by short and narrow leaves grew in low nitrogen sediment, while
plants exhibiting long, wide leaves were found in high nitrogen sediments. Seagrass mor-
phological characteristics such as shoot height and blade width also respond to changes in
nutrient loading (Short, 1987; Udy and Dennison, 1997; Tee and Dunton, 2000), but they
are influenced by other environmental factors such as light availability, current and wave
strength, and tidal exposure.

Eelgrass leaf tissue N and plant morphology were measured along nitrogen gradients in
Great Bay Estuary (NH), Narragansett Bay (RI) and Waquoit Bay (MA), USA to correlate
eelgrass responses to levels of N exposure. To evaluate the geographic consistency of our
results, eelgrass physiological and morphological responses were compared among the
three estuarine systems. Many eelgrass morphological characteristics were then evaluated
to identify a measure that, in combination with leafN, would form arobust nutrient pollution
indicator (NPI).

2. Materials and methods

2.1. Study sites

The study was conducted in Great Bay Estuary (New Hampshire; 43°05/N, 70°50/W),
Narragansett Bay (Rhode Island; dUS6'N, 71°20/W), and Waquoit Bay (Massachusetts;
dUSGS'N, 70°30/W) along the New England coast, USA (Fig. 1). Twenty sampling stations
in the Great Bay Estuary, seven in Narragansett Bay, and five in Waquoit Bay were located
from the mouth of each estuary to upper estuarine embayments. Water column dissolved
inorganic nitrogen (DIN) concentrations in Great Bay Estuary and Narragansett Bay were
low in down-estuary locations and high up-estuary (Short et al., 1993). Pore water ammo-
nium concentrations were generally greatest in Great Bay Estuary, though the ammonium
regeneration rate was highest in Narragansett Bay sediments. Up-estuary, both Waquoit Bay
and Narragansett Bay showed poor water clarity.

Of the three, Great Bay Estuary had the greatest tidal range (>3 m). Water in the upper
part of Great Bay Estuary was well mixed and had consistently lower salinities and higher
summer temperatures than down-estuary in Little Bay and the Piscataqua River (Swift
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Fig. 1. Location of the three New England (USA) estuaries investigated. Study sites in Great Bay Estuary, New
Hampshire (A), Narragansett Bay, Rhode Island (B) and Waquoit Bay, Massachusetts (C). Twenty sampling
stations in Great Bay Estuary, seven in Narragansett Bay and five in Waquoit Bay were located from the mouth of
each estuary to up-estuary.
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and Brown, 1983; Short et al., 1986). Narragansett Bay had a greater tidal range than
Wagquoit Bay (1.0m versus 0.3m), with a small diurnal component (Short et al., 1993).
Salinities were less variable in Narragansett Bay (29—31%0) than in the other two estuaries.
Major oscillations of eelgrass populations in the Great Bay Estuary have been linked not
to pollution or increased nutrient loading but to outbreaks of wasting disease (Short et al.,
1986; Burdick et al., 1993). Eelgrass meadows in Narragansett Bay have exhibited relatively
high indices of wasting disease in the past, while Waquoit Bay eelgrass populations have had
consistently low levels of infection by wasting disease. However, epiphytes and macroalgal
and phytoplankton blooms have covered and eliminated most of the eelgrass beds that once
existed in Waquoit Bay; the gradient measured in Waquoit Bay ranged from oligotrophic
outside the Bay to elevated levels of nutrient loading in various sub-estuaries (Short and
Burdick, 1996). The upper parts of Narragansett Bay have been exposed to very high nutrient
loads for decades (Nixon and Pilson, 1983); no eelgrass exists in the uppermost reaches of
the bay.

2.2. Plant collection and morphological measurements

Ten mature terminal eelgrass shoots were collected individually from a boat using a
sampling hook at each sampling station during June 1998 in Waquoit Bay and September
1999 in Great Bay Estuary and Narragansett Bay. Sheath length was measured to the nearest
1.0 mm from the meristem to the top of the outermost intact sheath. Shoot height was
measured to the nearest 1.0 mm and the width of the longest leaf was measured to the
nearest 0.2 mm. The number ofleaves per shoot was counted. All epiphytes were carefully
scraped from the longest intact leaf using a razor blade, placed onto a pre-weighed glass
fiber filter, and dried at 60 °C to a constant weight. Epiphyte biomass was quantified on
a leaf area basis (mg dry weight epiphyte cm-2 leaf). Wasting Index was measured as a
percentage of diseased area for each leaf and then averaged for each shoot (Burdick et al.,
1993).

We measured area normalized leaf mass, which we refer to simply as “leaf mass” (mg dry
weight cm-2 leafarea), a weight per area of plant tissue similar to the “leaf weight per leaf
area” of Olesen and Sand-Jensen (1993) and the inverse of specific leaf area (SLA) used
by Olesen et al. (2002). Leaf mass was determined on the second and third youngest leaves
of each shoot. All epiphytes were removed from these leaves; six 10 cm long sections of
constant width were cut from the leaves to obtain samples of mature leaftissue. The cleaned
leaf sections were dried at 60 °C to constant weight and leaf mass was quantified.

2.2.1. LeafCandN content

Leaftissue C and N content were determined from tissues ofthe second and third youngest
leaves for each shoot. Dried leaf material was ground to pass through a 40 mesh screen in a
Wiley mill, and 2-3 mg of ground tissue was used to determine leaf C and N content using
an elemental analyzer (Carlo Erba Nitrogen Analyzer 1500); molar C:N was calculated.

2.2.2. Statistics
All values are reported as meansi 1standard error (S.E.). Data were tested for normality
and homogeneity of variance to meet the assumptions of parametric statistics. Signifi-
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cant differences in seagrass morphological parameters and tissue nutrient content among
sampling stations within an estuary were tested using 1-way ANOVA, as were significant
differences in parameters among the three estuarine systems. When a significant difference
was observed, the means were analyzed by Tukey’s multiple comparison test to determine
where the significant differences occurred within and among estuarine systems. Slopes of
linear regressions between variables were tested for significance.

3. Results
3.1. LeafN content

Eelgrass leaf N content in the Great Bay Estuary ranged from 2.1 to 3.5% dry weight, and
was significantly {P < 0.001) higher in up-estuary stations than in those seaward (Fig. 2A).
Sampling stations at the mouth of the estuary, where water is well mixed with ocean water,
had the lowest plant tissue N content. Eelgrass leaf C content in the Great Bay Estuary also
differed significantly (P < 0.001) among sampling stations, but there was no discernable
pattern (Table 1). The C:N in eelgrass leaftissue exhibited an inverse trend to leaf N content
and was higher in down-estuary stations and lower in up-estuary stations (Fig. 3A).

In Narragansett Bay, eelgrass leaf N content varied little, from 2.0 to 2.3% (Fig. 2B), and
differences between stations were not significant (P = 0.072). Leaf C content was lower in
stations down-estuary than up-estuary and was significantly (P < 0.001) different among
sampling stations (Table 1). The C:N was not significantly (P = 0.41) different among the
Narragansett Bay stations (Fig. 3B).

In Waquoit Bay, eelgrass leaf N content ranged from 1.6 to 2.4% and was significantly
(P < 0.001) lower at the two stations located outside (W1) andjust inside (W2) the mouth
of the estuary (Fig. 2C). The C:N decreased significantly (P < 0.001) along the gradi-
ent in Waquoit Bay (Fig. 3C), showing a similar, but inverse, trend to leaf N content.
Leaf C content showed significant differences between sampling stations but no clear trend
(Table 1).

Comparing the three estuaries, mean values of eelgrass leaf N content (Fig. 2) were
significantly (P < 0.001) higher in the Great Bay Estuary (2.8% N) than in Narragansett
Bay (2.1% N) and Waquoit Bay (2.0% N). Mean C content (Table 1) was significantly
{P < 0.001) lower in Narragansett Bay (35.5% C) than in the Great Bay Estuary (37.9%
C) and Waquoit Bay (37.8% C). The C:N (Fig. 3) was highest in Waquoit Bay (22.6),
intermediate in Narragansett Bay (19.5), and lowest in the Great Bay Estuary (16.4).

3.2. Leafmass andplant morphology

Leafmass inthe Great Bay Estuary varied between 1.7 and 4.8 mg dry wt. cm-2 leafarea,
and was significantly (P < 0.001) higher seaward than at up-estuary stations (Fig. 4A). In
Narragansett Bay and Waquoit Bay, leaf mass was also significantly (P < 0.001) higher
seaward (Fig. 4B and C). Mean leaf mass varied among the three estuaries and was highest
in Narragansett Bay (5.1 mg cm-2) and lowest in Great Bay Estuary (3.0 mg cm-2; Fig. 4A
and B).
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Fig. 2. Leaf nitrogen content of eelgrass along estuarine gradients in Great Bay Estuary (A), Narragansett Bay
(B), and Waquoit Bay (C).
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Fig. 3. Ratios of carbon to nitrogen content of eelgrass leaves along estuarine gradients in Great Bay Estuary (A),

Narragansett Bay (B), and Waquoit Bay (C).
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Fig. 4. Leaf mass from the mouth of the estuary to up-estuary in Great Bay Estuary (A), Narragansett Bay (B),
and Waquoit Bay (C).
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Table 1
Morphological parameters, epiphytes, Wasting Index and leaf tissue nutrient content of Zostera marina along
nutrient gradients in Great Bay Estuary, Narrangansett Bay and Waquoit Bay

Site No. of leaves Sheath Shoot height Leafwidth Epiphytes Wasting Leaf C content
(Leaves shoot- 1)  length (cm) (mm) (mgem-2) Index (%) (%)
(cm)

Great Bay
Gl 45+0.2 144+ 1.0 599+ 39 43+0.2 0.013 1.6+ 05 383+04
G2 42+0.2 282+ 1.6 1131+ 78 4.8=+0.1 102+ 19 379+0.3
G3 39+0.3 174+ 13 781+ 51 45+0.1 0.013 104 + 26 38.6+0.2
G4 4.6+0.2 232+ 19 1065+8.3 57+0.2  0.003 151+ 29 371+04
G5 4.6+0.2 167+ 11 753+ 54 46+0.2 0.010 6.6+ 15 387+0.9
G6 45+0.2 195+ 07 906+ 34 58+0.1 0.679 77+ 24 364+0.2
G7 39+0.2 175+ 21 736+ 95 42+03  0.004 9.1+ 25 378+0.5
G8 4.6+0.3 150+ 19 768+ 99 41+0.2 0.192 6.7+ 28 381+0.2
G9 35+0.2 116+ 09 462+44 34+02 0.165 49+ 19 385+0.3
G10 35+0.2 126+0.7 586+4.9 45+0.2  0.008 1.0+ 04 36.7+0.2
Gil 4.6+0.2 155+ 1.0 802+4.7 49+0.2  0.066 03+0.3 37.8+0.2
G12 31+0.4 178+ 1.1 728+ 56 43+0.2  0.009 62+0.9 372+0.0
G13 39+0.2 152+ 23 641+96 38+0.3 0.580 17+ 15 36.7+0.2
Gl4 47+0.3 120+ 0.8 586+ 37 44+03 0.017 54+ 17 392+0.4
G15 4.0+0.3 142+ 1.0 698+ 68 39+0.2 0355 38+ 1.0 388=+0.9
Gl6 4.3 +0.2 207+ 0.8 863+4.5 38+0.1 0.013 15+0.5 375+0.3
Gl17 4.9 +0.1 186+ 1.3 87.0+6.1 48+0.2 0.016 12+0.6 379+0.5
GI8 4.5+0.2 139+ 06 66.7+4.9 43+0.2  0.035 0.7+0.3 378+0.4
G19 38+0.2 153+ 13 793+ 67 42+0.1  0.007 13+0.8 37.6+0.8
G20 4.1 +£0.2 98+ 05 505+ 37 42+0.2 0.000 105+ 29 38.7+0.2

Narragansett Bay
N2 33+0.2 229+ 25 1120+ 53 37+0.2  0.031 347 £0.3
N3 33+£0.2 220+ 13 743+ 33 52+0.2 1.285 352 +0.3
N4 27+0.2 215+ 1.0 840+ 55 47+0.2 0567 34.8 £0.1
N5  31+0.2 127+ 14 547+45 4402 0292 357 £0.2
N6 29+0.2 133+ 09 63.7+28 44+02 0.124 36.1 £0.1
N7 33+0.2 141+ 15 712+ 73 43+0.2 36.1 £0.3
N8 2.7+0.2 89+ 09 364+ 37 3.0=+0.1 1.266 36.1 £0.2

Wagqouit Bay
Wl 39+0.2 63.8+4.6 43+0.1  0.000 37.8 £0.1
W2 4.0+£0.0 49.0+4.4 49+0.2  0.000 382 +0.2
W3 42+0.3 482+ 26 53+0.4  0.007 372 £0.2
W4 42+0.3 780+ 38 47+0.2  0.035 384 +0.2
W5 42+0.3 31,6 £ 20 4.8+0.3  0.052 374 £0.3

Values are mean + S.E.

Number of leaves per shoot was significantly {P < 0.001) different among sampling
stations in Great Bay Estuary, but there was no trend along the estuarine gradient (Table 1).
Numbers ofleaves per shoot were not significantly different among the sampling stations in
either Narragansett Bay or Waquoit Bay (P = 0.06 and 0.77, respectively; Table 1). Mean
leaf number per shoot was lowest in Narragansett Bay (3.0), and was not significantly
different between Great Bay Estuary (4.2) and Waquoit Bay (4.1; Table 1). Sheath lengths
were significantly (P < 0.001) longer in down-estuary than up-estuary stations in both
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Great Bay Estuary and Narragansett Bay, and were not significantly (P = 0.58) different
between these two estuaries (Table 1). Sheath lengths were not measured in Waquoit Bay.
Shoot heights varied throughout Great Bay Estuary, with no clear pattern along the gradient
(Table 1), although taller plants were associated with deeper water. In Narragansett Bay,
shoot height was greatest at the mouth of the estuary and least in the upper estuary. In
Waquoit Bay, shoots were significantly (P < 0.001) shorter at the mouth of the estuary.
Shoot heights varied in the three estuaries: the plants were significantly taller in Great Bay
Estuary (74.7 cm) and Narragansett Bay (70.9 cm) than in Waquoit Bay (54.1 cm; Table 1).
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Fig. 5. Relationships between leafnitrogen content and leaf mass in Great Bay Estuary (A), Narragansett Bay (B),
and Waquoit Bay (C).
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Leaf widths varied significantly (P < 0.001) between stations in Great Bay Estuary and
between stations in Narragansett Bay but were not significantly different (P = 0.07) in
Waquoit Bay. Leaves were significantly (P < 0.01) wider in Waquoit Bay (4.8 mm) than
in the Great Bay Estuary (4.4 mm) and Narragansett Bay (4.2 mm; Table 1). Leaf widths
showed no significant trends within each estuarine system.

3.3. Epiphytes and Wasting Index

Epiphyte biomass did not show any clear trends along the estuarine gradient in Great
Bay Estuary or Narragansett Bay. In Waquoit Bay, eelgrass leaves had more epiphytes
up-estuary than seaward (Table 1). Mean epiphyte biomass was highest in Narragansett Bay
(0.59 mg cm-2 leaf area) and lowest in Waquoit Bay (0.02 mg cm-2 leaf area; Table 1).

The extent of the wasting disease on eelgrass shoots was assessed using the Wasting
Index (Burdick et al., 1993) for Great Bay only because very low levels of wasting disease
were observed in Waquoit and Narragansett Bays during the study. Wasting Index in Great
Bay Estuary was significantly (P < 0.001) higher in seaward than in up-estuary stations,
although stations 1 and 21 were exceptions (Table 1).

3.4. Relationships between leafN content andplant characteristics

Eelgrass leaf N content exhibited negative relationships with leaf mass in all three estu-
arine systems (Fig. 5). Slopes of regression lines for these two parameters were similar for
Great Bay Estuary and Waquoit Bay, but the slope was steeper for Narragansett Bay. The
correlation between tissue N content and leaf mass was significant when values of the three
estuaries were combined (Fig. 6).

7 A y = -2.07x + 8.72
r’ = 0.64
p <0.01

Leaf Mass ( mg cm™)

® Great Bay Estuary
14 a Narragansett Bay

B Waquoit Bay
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Leaf Nitrogen Content (%)

Fig. 6. Relationship between leaf nitrogen content and leaf mass for the three estuarine systems.
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Fig. 7. Leaf nitrogen content vs. morphological parameters, leaf carbon content, epiphyte biomass, and Wasting
Index in Great Bay Estuary, Narragansett Bay, and Waquoit Bay.
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Fig. 7. (Continued).

In Great Bay Estuary, leaf N content did not significantly correlate with any other plant
morphological characteristic, with epiphyte biomass, nor with Wasting Index (Fig. 7). In
Narragansett Bay, leaf N content negatively correlated with sheath length and shoot height
and positively correlated with leaf tissue C content (Fig. 7). Feaf tissue N content showed
positive correlations with number of leaves per shoot and epiphyte biomass in Waquoit Bay

(Fig. 7).
3.5. Ratios ofleafN content to leafmass

Mean ratios of eelgrass leaf N content to leaf mass (NPI) ranged from 0.4 to 2.2 in the
Great Bay Estuary, and were significantly (P < 0.001) higher up-estuary than seaward
(Fig. 8A). In Narragansett Bay, the mean ratios varied from 0.3 to 0.6, and also showed
significant differences (P < 0.001) among sampling stations (Fig. 8B). The mean ratios in
Wagquoit Bay, which ranged from 0.3 to 0.8, were lowest at the seaward station (W1) and
were significantly (P < 0.001) higher in the upper parts of the estuary (Fig. 8C).

4. Discussion

Dissolved inorganic nutrient concentrations in the water column can be measured directly,
but such measures represent only the instantaneous nutrient status after rapid uptake by
primary producers and dilution. The nutrient content of marine plants responds to the
nutrient availability and motion of the surrounding waters (Fonseca and Kenworthy, 1987;
Carpenter et al., 1991; Fong et al.,, 1994b; Hurd et al., 1996; Stevens and Hurd, 1997).
Marine plant tissue nutrient content has thus been suggested as an indicator of environmental
nutrient history (Atkinson and Smith, 1983; Duarte, 1990; Short et al., 1990; Fong et al.,
1994a; Fourqurean et al., 1997). To derive a robust indicator of nutrient overenrichment,
we conducted a space-for-time substitution using nutrient gradients to evaluate eelgrass
response to nitrogen availability in three estuaries.
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Fig. 8. The Nutrient Pollution Indicator (NPI), defined as the ratio of leaf nitrogen content (% N) to leaf mass,
along nutrient gradients in Great Bay Estuary (A), Narragansett Bay (B), and Waquoit Bay (C). Values with same
letter (listed above each bar) are not significantly (P < 0.05) different among sampling stations.
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For eelgrass, we found leaf N content provides an integrated measure of environmen-
tal nitrogen experienced by the plants. Unfortunately, similar to previous investigation
(Fourqurean et al., 1997), we found that eelgrass N content alone was often too variable to
clearly demonstrate significant differences in nitrogen availability. Eelgrass morphological
characteristics such as number of leaves per shoot, blade width, sheath length and shoot
height correlated only weakly with eelgrass leaftissue N content, and these relationships of
plant morphology to N content were not consistent for the three estuarine systems (Fig. 7).
After analyzing many plant characteristics, a second variable, leaf mass (area normalized,
i.e., weight of leaf tissue per unit leaf area), was found to vary consistently with changes
in nitrogen availability across a range of enrichment, and the relationship was significant
when values of the three estuaries were combined (Fig. 6). Further, its response was highly
correlated to, and inverse to, that of eelgrass leaf N content; as nitrogen available to the
plants increased, leaf mass decreased.

We found that leaf N content alone could not significantly separate sampling stations
located along the nitrogen gradient in Narragansett Bay (Fig. 2B), but ratios of leaf N
content to leaf mass were significantly different along the gradient (Fig. 8B). In Great Bay
Estuary, the highest leaf N content (3.5%) was 1.7-fold greater than the lowest (2.1%),
but the highest ratio of leaf N content to leaf mass (2.2) was 5.5-fold that of the lowest
ratio (0.4). These differences in scale between measures of leaf N content alone and ratios
of leaf N content to leaf mass indicate the greater sensitivity of the ratio to changes in
environmental nitrogen. By combining leafN content and leafmass in aratio (leafN (%) deaf
mass), changes in both plant nitrogen chemistry and plant morphology are captured by
the NPL

Because seagrasses can take up inorganic nitrogen from both the sediment and the water
column (lizumi and Hattori, 1982; Thursby and Harlin, 1982, 1984; Short and McRoy,
1984; Stapel et al., 1996; Pedersen et al., 1997; Terrados and Williams, 1997; Lee and
Dunton, 1999b), eelgrass leaf N content reflects the nitrogen availability in both, which are
not separated by using rooted plants for the NPI. Although the NPI is useful as applied here
for detecting changes in nutrient gradients within an estuarine system, testing of hydropon-
ically deployed eelgrass is necessary for direct comparison between estuaries (Lee et al., in
preparation).

Primary producers compete for inorganic nutrients in the water column (Fong et al.,
1994b). Since phytoplankton (in the water column) and epiphytes (on the seagrass blade
surface) encounter nutrients released to the water before these nutrients reach seagrasses,
they out-compete seagrasses for nutrients (Short et al., 1995). Excessive nutrient loading
in an estuary can convert the seagrass-dominated community to a plankton-dominated or
macroalgal-dominated ecosystem, or a system with excessive amounts of epiphytic algal
growth on the seagrass (Short et al., 1993). Narragansett and Waquoit Bays already have
converted to phytoplankton and macroalgal dominance, respectively, and have lost large
amounts of their seagrass habitat (Valiela et al., 1992; Short et al., 1993). Nutrients entering
Narragansett Bay and Waquoit Bay are likely taken up by various algal communities first,
with eelgrass leaves exposed to the remaining nutrient concentrations. Nutrient competition
among primary producers may be a cause of the lower leaf N content of eelgrass growing
in Narragansett Bay and Waquoit Bay (Fig. 8B and C). Eelgrass leaf tissue N content is
likely not fully representative of the nitrogen regime of estuarine systems which have large
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populations of phytoplankton or macroalgae, making the NPI useful primarily at early stages
of overenrichment.

In conclusion, eelgrass leaf N content reflected the environmental nitrogen exposure
which plants experienced. Plant morphological characteristics such as number of leaves
per shoot, blade width, sheath length and shoot height showed inconsistent trends along
the three estuarine gradients and correlated only weakly with eelgrass leaf N content. Leaf
mass showed strong and consistent negative correlation with all three nitrogen gradients and
with eelgrass leaf N content, suggesting that leaf mass also reflects environmental nitrogen.
The ratio of eelgrass leaf N content to leaf mass (NPI) provides a robust and sensitive early
indicator of overenrichment. Further testing of the NPI will evaluate temporal differences
and relate the indicator to absolute nutrient exposures.

Acknowledgements

We thank Drs Di Walker and Jon Vermaat for comments on the manuscript and Cathy
Short for editing. Thanks to Billy Palmatier, Darren Scopel, and Blaine Kopp from UNH, as
well as Chris Powell from the Rhode Island Division of Marine Resources, for field work.
Funded by the Cooperative Institute for Coastal and Estuarine Environmental Technology
(CICEET) a partnership between the National Oceanic and Atmospheric Administration
(NOAA) and the University of New Hampshire. NOAA grant No. NA770R0357. Jackson
Estuarine Laboratory scientific contribution number 406.

References

Alcoverro, T., Romero, J., Duarte, C.M., Lépez, N.I., 1997. Spatial and temporal variations in nutrient
limitation of seagrass Posidonia oceanica growth in the NW Mediterranean. Mar. Ecol. Prog. Ser. 146, 155
161.

Atkinson, M.J., Smith, S.V., 1983. C:N:P ratios of benthic marine plants. Limnol. Oceanogr. 28, 568-574.

Borum, J., 1985. Development of epiphytic communities on eelgrass (Zostera marina) along a nutrient gradient
in a Danish estuary. Mar. Biol. 87, 211-218.

Bulthuis, D.A., Axelrad, D.M., Mickelson, M.J., 1992. Growth of the seagrass Heterozostera tasmanica limited
by nitrogen in Port Philip Bay. Aust. Mar. Ecol. Prog. Ser. 89, 269-275.

Bulthuis, D.A., Woelkerling, W.]., 1981. Effects of in situ nitrogen and phosphorus enrichment of the sediments
on the seagrass Heterozostera tasmanica (Martens ex Aschers) den Hartog in Western Port, Victoria. Aust. J.
Exp. Mar. Biol. Ecol. 53, 193-207.

Burdick, D.M., Short, F.T., 1999. The effects of boat docks on eelgrass beds in coastal waters of Massachusetts.
Environ. Manag. 23, 231-240.

Burdick, D.M., Short, F.T., Wolf, J., 1993. An index to assess and monitor the progression of wasting disease in
eelgrass Zostera marina. Mar. Ecol. Prog. Ser. 94, 83-90.

Burkholder, J.M., Glasgow Jr., H.B., Cooke, J.E., 1994. Comparative effects of water-column nitrate enrichment
on eelgrass Zostera marina shoalgrass Halodule wrightii and widgeongrass Ruppia maritima. Mar. Ecol. Prog.
Ser. 105, 121-138.

Burkholder, J. M., Mason, K.M., Glasgow Jr., H.B., 1992. Water-column nitrate enrichment promotes decline
of eelgrass Zostera marina: evidence from seasonal mesocosm experiments. Mar. Ecol. Prog. Ser. 81, 163-
178.

Cambridge, M.L., McComb, A.J., 1984. The loss of seagrass from Cockburn Sound Western Australia. I. The
time course and magnitude of seagrass decline in relation to industrial development. Aquat. Bot. 20, 229-243.



214 K.-S. Lee et al. /Aquatic Botany 78 (2004) 197-216

Carpenter, R.C., Hackney, ].M., Adey, W.H., 1991. Measurements of primary productivity and nitrogenase activity
of coral reef algae in a chamber incorporating oscillatory flow. Limnol. Oceanogr. 36, 40-49.

Deegan, L.A., Wright, A, Ayvazian, S.G., Finn, ].T., Golden, H., Merson, R.R., Harrison, J., 2002. Nitrogen loading
alters seagrass ecosystem structure and support of higher trophic levels. Aquat. Conserv.: Mar. Freshwater
Ecosyst. 12, 193-212.

Duarte, C.M., 1990. Seagrass nutrient content. Mar. Ecol. Prog. Ser. 67, 201-207.

Erftemeijer, P.L.A., Stapel, J., Smekens, M.J.E., Drossaert, WM.E., 1994. The limited effect of in situ phosphorus
and nitrogen additions to seagrass beds on carbonate and terrigenous sediments in South Suawesi, Indonesia.
J. Exp. Mar. Biol. Ecol. 182, 123-140.

Fong, P., Donchoe, R M., Zedler, J.B., 1994a. Nutrient concentration in tissue of the macroalga Entromorpha as
a function of nutrient history: an experimental evaluation using field microcosms. Mar. Ecol. Prog. Ser. 106,
273-281.

Fong, P., Foin, T.C., Zedler, J.B., 1994b. A simulation model of lagoon algae based on nitrogen competition and
internal storage. Ecol. Monogr. 64, 225-247.

Fonseca, M.S., Kenworthy, W.]J., 1987. Effects of current on photosynthesis and distribution of seagrasses. Aquat.
Bot. 27, 59-78.

Fourqurean, J.W., Moore, T.O., Fry, B., Hollibaugh, J.T., 1997. Spatial and temporal variation in C:N:P ratios
315N and 813C of eelgrass Zostera marina as indicators of ecosystem processes Tomales Bay, California, USA.
Mar. Ecol. Prog. Ser. 157, 147-157.

Harlin, M.M., Thorne-Miller, B., 1981. Nutrient enrichment of seagrass beds in a Rhode Island coastal lagoon.
Mar. Biol. 65, 221-229.

Hurd, C.L., Harrison, PJ., Druehl, L.D., 1996. Effect of seawater velocity on inorganic nitrogen uptake by
morphologically distinct forms of Macrocystis integrifolia from wave-sheltered and exposed sites. Mar. Biol.
126, 205-214.

Tlizumi, H., Hattori, A., 1982. Growth and organic production of eelgrass (Zostera marina ) in temperate waters
of the Pacific coast of Japan. IlI. The kinetics of nitrogen uptake. Aquat. Bot. 12, 245-256.

Kemp, WM., Boyton, WR., Stevenson, J.C., Twilley, R R., Means, J.C., 1983. The decline of submerged vascular
plants in the upper Chesapeake Bay: Summary of results concerning possible causes. Mar. Tech. Soc. J. 7,
78-89.

Lapointe, B.E., Tomasko, D.A., Matzie, W.R., 1994. Eutrophication and trophic state classification of seagrass
communities in the Florida Keys. Bull. Mar. Sci. 54, 696-717.

Lee, K.-S., Dunton, K.H., 1999a. Influence of sediment nitrogen-availability on carbon and nitrogen dynamics in
the seagrass Thalassia testudinum. Mar. Biol. 134, 217-226.

Lee, K.-S., Dunton, K.H., 1999b. Inorganic nitrogen acquisition in the seagrass Thalassia testudinun: Development
of a whole-plant nitrogen budget. Limnol. Oceanogr. 44, 1204-1215.

Lee, K.-S., Dunton, K.H., 2000. Effects of nitrogen enrichment on biomass allocation, growth, and leaf morphology
of the seagrass Thalassia testudinum. Mar. Ecol. Prog. Ser. 196, 39-48.

McMahon, K., Walker, D.I., 1998. Fate of seasonal, terrestrial nutrient inputs to a shallow seagrass dominated
embayment. Estuar. Coast. Shelf Sci. 46, 15-25.

Morgan, K.C., Simpson, F.]J., 1981. Cultivation of Palmaria (Rhodymenia) palmata: effects of high concentrations
of nitrate and ammonium on growth and nitrogen uptake. Aquat. Bot. 11, 167-171.

Nixon, S.W.,, Pilson, M.E., 1983. Nitrogen in estuarine and coastal marine ecosystems. In: Carpenter, E.J., Capone,
D.G. (Eds.), Nitrogen in the Marine Environment. Academic Press, New York, pp. 565-648.

Nixon, S.W., Oviatt, C.A., Frithser, J., Sullivan, B., 1986. Nutrients and the productivity of estuaries and coastal
and marine ecosystems. J. Liminol. Soc. S. Afr. 12, 43-71.

Olesen, B., Sand-Jensen, K., 1993. Seasonal acclimatization of eelgrass Zostera marina growth to light. Mar. Ecol.
Prog. Ser. 94, 91-99.

Olesen, B., Enriquez, S., Duarte, C.M., Sand-Jensen, K., 2002. Depth-acclimation of photosynthesis, morphology
and demography of Posidonia oceanica and Cymodecea nodosa in the Spanish Mediterranean Sea. Mar. Ecol.
Prog. Ser. 236, 89-97.

Orth, R.J., Moore, K.A., 1983. Chesapeake Bay: an unprecedented decline in submerged aquatic vegetation.
Science 222, 51-53.

Pedersen, M.F., Paling, E.I., Walker, D.I., 1997. Nitrogen uptake and allocation in the seagrass Amphibolis
antarctica. Aquat. Bot. 56, 105-117.



K-S. Lee et al./ Aquatic Botany 78 (2004) 197-216 215

Ryther, J.H., Dunstan, W.N., 1971. Nitrogen, phosphorus and eutrophication in the coastal marine environment.
Science 171, 1008-1013.

Short, F.T., 1983. The seagrass, Zostera marina L. plant morphology and bed structure in relation to sediment
ammonium in [zembek Lagoon, Alaska. Aquat. Bot. 16, 149-161.

Short, F.T., 1987. Effects of sediment nutrients on seagrasses: literature review and mesocosm experiment. Aquat.
Bot. 27, 41-57.

Short, F.T., Burdick, D.M., 1996. Quantifying eelgrass habitat loss inrelation to housing development and nitrogen
loading in Waquoit Bay Massachusetts. Estuaries 19, 730-739.

Short, F.T., McRoy, C.P., 1984. Nitrogen uptake by leaves and roots of the seagrass Zostera marina L. Bot. Mar.
27, 547-555.

Short, F.T., Wyllie-Echeverria, S., 1996. Natural and human-induced disturbance of seagrasses. Environ. Conserv.
23,17-27.

Short, F.T., Burdick, D.M., Granger, S., Nixon, S.W., 1996. Long-term decline in eelgrass, Zostera marina L.,
linked to increased housing development. In: Kuo, J., Phillips, R.C., Walker, D I, Kirkman, H. (Eds.), Seagrass
Biology: Proceedings of an International Workshop, pp. 291-298.

Short, F.T., Burdick, D.M., Kaldy, J.E., 1995. Mesocosm experiments quantify the effects of eutrophication on
eelgrass, Zostera marina. Limnol. Oceanogr. 40, 740-749.

Short, F.T., Burdick, D.M., Wolf, J., Jones, G.E., 1993. Eelgrass in Estuarine Research Reserves along the
East Coast, USA, Part I: Declines from pollution and disease; Part II: Management of eelgrass meadows.
NOAA—Coastal Ocean Program Publication, p. 107.

Short, F.T., Dennison, W.C., Capone, D.G., 1990. Phosphorus-limited growth of the tropical seagrass Syringodium
filiforme in carbonate sediments. Mar. Ecol. Prog. Ser. 62, 169-174.

Short, F.T., Mathieson, A.C., Nelson, J.I., 1986. Recurrence of the eelgrass wasting disease at the border of New
Hampshire and Maine, USA. Mar. Ecol. Prog. Ser. 29, 89-92.

Stapel, J., Aarts, T.L., van Duynhoven, B.H.M., de Groot, J.D., van den Hoogen, PH.W., Hemminga, M.A.,
1996. Nutrient uptake by leaves and roots of the seagrass Thalassia hemprichiiin the Spermonde Archipelago
Indonesia. Mar. Ecol. Prog. Ser. 134, 195-206.

Stevens, C.L., Hurd, C.L., 1997. Boundary-layers around bladed aquatic macrophytes. Hydrobiologia. 346, 119—
128.

Swift, M.R., Brown, W.S., 1983. Distribution of bottom stress and tidal energy dissipation in a well-mixed estuary.
Estuar. Coast. Shelf Sci. 17, 297-317.

Taylor, D.I., Nixon, SW., Granger, S.L., Buckley, B.A., McMahon, J.P., Lin, H.-J., 1995. Responses of coastal
lagoon plant communities to different forms of nutrient enrichment—a mesocosm experiment. Aquat. Bot. 52,
19-34.

Taylor, D.I., Nixon, S.W., Granger, S.L., Buckley, B.A., 1999. Responses of coastal lagoon plant communities to
levels of enrichment: a mesocosm study. Estuaries 22, 1041-1056.

Terrados, J., Williams, S.L., 1997. Leaf versus root nitrogen uptake by the surfgrass Phyllospadix torreyi. Mar.
Ecol. Prog. Ser. 149, 267-277.

Thursby, G.B., Harlin, M.M., 1982. Leaf-root interaction in the uptake of ammonium by Zostera marina. Mar.
Biol. 72, 109-112.

Thursby, G.B., Harlin, M.M., 1984. Interaction of leaves and roots of Ruppia maritimain the uptake of phosphate,
ammonia and nitrate. Mar. Biol. 83, 61-67.

Tomasko, D.A., Lapointe, B.E., 1991. Productivity and biomass of Thalassia testudinumas related to water column
nutrient availability and epiphyte levels: field observations and experimental studies. Mar. Ecol. Prog. Ser. 75,
9-17.

Tomasko, D.A., Dawes, C.]., Hall, M.O., 1996. The effects of anthropogenic nutrient enrichment on turtle grass
(Thalassia testudinum) in Sarasota Bay, Florida. Estuaries 19, 448-456.

Udy, J.W., Dennison, W.C., 1997. Growth and physiological responses of three seagrass species to elevated
sediment nutrients in Moreton Bay, Australia. J. Exp. Mar. Biol. Ecol. 217, 253-277.

Udy, J.W., Dennison, W.C., Lee Long, W.J., McKenzie, L.J., 1999. Responses of seagrass to nutrients in the Great
Barrier Reef, Australia. Mar. Ecol. Prog. Ser. 185, 257-271.

Valiela, 1., Costa, J., Foreman, K., Teal, ] M., Howes, B., Aubrey, D., 1990. Transport of groundwater-borne
nutrients from watersheds and their effects on coastal waters. Biogeochemistry 10, 177-197.



216 K.-S. Lee et al. /Aquatic Botany 78 (2004) 197-216

Valiela, I., Foreman, K., LaMontagne, M., Hersh, D., Costa, J., Peckol, P., DeMeo-Anderson, B., D’ Avazo, C.,
Babione, M., Sham, C., Brawley, J., Lajtha, K., 1992. Couplings of watersheds and coastal waters: sources and
consequences of nutrient enrichment in Waquoit Bay Massachusetts. Estuaries 15, 443-457.

Van Lent, F., Verschuure, ].M., Van Veghel, M.L.J., 1995. Comparative study on populations of Zostera marina
L. (eelgrass): in situ nitrogen enrichment and light manipulation. J. Exp. Mar. Biol. Ecol. 185, 55-76.

Van Montfrans, J., Wetzel, R.G., Orth, R.J., 1984. Epiphyte-grazer relationships in seagrass meadows:
consequences for seagrass growth and production. Estuaries 7, 289-309.



