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Abstract
The combined effects of light and nitrogen availability on population dynamical characteristics
(e.g. growth rate, biomass, density, flowering) of a perennial and semi-annual population of
Zostera marina L. were experimentally
studied in two non-tidal lagoons (Grevelingen and Veerse
Meer). Light reduction (z 70%) significantly reduced all population dynamical features measured
in both populations. Under reduced light uptake of nitrogen occurred by plants ofthe semi-annual
population, but the nutrient could not be used for growth. After enrichment with nitrogen plants
of neither population stored nitrogen; the nutrient was immediately used. Light limitation of
growth remained undetermined
for the semi-annual population, although mean values for biomass and density characteristics
doubled at light enhancement (studied in the Veerse Meer only).
Nitrogen enrichment had a significantly positive effect on the perennial population; leading to
enhanced above-ground
relative growth rate, flowering and above-ground
biomass. A lower
probability of recruitment through generative reproduction
(flowering) of the perennial population caused by nitrogen limitation apparently does not become compensated
for by a possible
higher vegetative production of shoots. Nitrogen limitation is thought to be a concomitant
factor in the sharp decline of Z. marina populations since 1985 in the Grevelingen.
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1. Introduction
The wide distribution
of Zostera marina L. (eelgrass) (Den Hartog, 1970) and numerous ecological studies (cf. Van Lent & Verschuure, 1994a,b) suggest that the species is well adapted to a wide range of environmental
conditions.
Life-history strategies of Z. marina may vary between two extremes (annual and perennial) along a
continuum
(Jacobs, 1982; Van Lent & Verschuure,
1994a). The displacement
of a
population
along this life-history continuum
may be determined by the impact of environmental
factors on growth and other traits constraining
survival (e.g. resource allocation) (Madsen, 1991). Populations of Z. marina are known to disappear completely
from time to time and sometimes do not recover (Rasmussen,
1977; Short et al., 1988).
Light and nutrient availability are primary growth regulators of Z. marina, as demonstrated by their relationship to relative growth rate, biomass, density and morphology (Dennison
and Alberte, 1985; Dennison
et al., 1987; Short, 1987; Zimmerman
et al., 1987, 1991). Eelgrass light requirements
(both intensity and period) are closely
associated with its depth distribution
(Dennison
& Alberte, 1982, 1985; Dennison,
1987). Nutrient limitation has been demonstrated
(Orth, 1977; Harlin & Thorne-Miller,
1981; Short, 1983a, 1987; Murray et al., 1992; Williams & Ruckelshaus,
1993), but is
not considered to be a general phenomenon
(Dennison et al., 1987). Zimmerman
et al.
(1987) concluded that nitrogen limitation of Z. marina should be rare in nature. All
studies mentioned above focussed on perennial populations
only.
Zostera marina populations
within one geographical region (delta area of the southwestern Netherlands),
but growing in different habitats, revealed high variability in
population dynamics, while certain characteristics
(e.g. flowering) showed large yearto-year variations. Light or nutrients were inferred, based on field studies (Van Lent
& Verschuure,
1994b), to limit growth of these populations
with different life-history
strategies. In one area with semi-annual
populations
(Veerse Meer), during the growing season the average monthly bottom irradiance
often remained below the light
saturation point for photosynthesis
of Z. marina. Considerable
short-term variations
in turbidity (described by the vertical extinction coefficient, k) were also likely to occur
as a result of high phytoplankton
blooms and macroalgae biomass. For perennial
populations
in a different locality (Grevelingen)
with comparatively
clear water, nitrogen limitation of growth was indicated by internal leaf nitrogen levels and relatively low
nutrient concentrations
in both surface- and interstitial water (Van Lent & Verschuure,
1994b). Therefore, in the growing season growth limitation by light and nitrogen was
assumed for the Veerse Meer and Grevelingen population, respectively. Contrary to the
Veerse Meer populations,
the distribution
and biomass of the populations
in the
Grevelingen has been declining rapidly since 1985 (L. Apon, unpubl. data, 1989; P.H.
Nienhuis, pers. comm.; F. van Lent, pers. obs.). The present experimental in situ study
aimed to test the hypothesis that productivity
of the Z. marina populations
in the
Grevelingen is nitrogen-limited
and of the Veerse Meer populations
light-limited. The
experiment was also designed to elucidate the influence of nitrogen and/or light availability on selected population dynamical characters.
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2. Material and methods
2. I. Study sites
Permanent quadrats (PQ) measuring 25 x 25 m were set up in monospecific beds of
2. marina in two non-tidal habitats of the delta area in the southwestern
Netherlands
(Fig. la): Grevelingen
and Veerse Meer (Fig. lb). Both PQs were situated at 1.25 m
depth. The Grevelingen is mesotrophic
and has a salinity comparable with the North
Sea. Based on field data, nitrogen limitation for growth was suggested for the perennial Grevelingen
population
(Van Lent & Verschuure,
1994b). In contrast with the

1: Grevelingen
2: Veerse Meer
Fig. 1. The delta area of the southwestern
Netherlands
(a) and the experimental
(1) and Veerse Meer (2). The study took place in the growing season of 1989.

sites (b) in the Grevelingen
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Grevelingen, Veerse Meer is eutrophic and brackish. The population in the Veerse Meer
is semi-annual
and according to field observations
growth is possibly limited by light
(Van Lent & Verschuure,
1994b). Temperature
does not differ significantly between
sites. For a detailed description
of these study sites one is referred to Van Lent &
Verschuure
(1994a,b). The study took place in the growing season of 1989 using
SCUBA-diving
equipment.
2.2.

Light manipulation

Light reduction was accomplished
with shading screens, causing a 70% reduction
of ambient light intensity. Green polyethylene sheets (Wunderleen
9014) were secured
on metal frames (/al.60 m), which were fixed on poles just below the water surface.
Metal frames without shading sheets were used as control.
Enhancement
of light was established using light reflectors. Mirrors were attached
on the inside of metal frames, which had a diameter increasing from 1.00 m (bottom)
to 1.60 m (top) and a height of 0.80 m. Consequently,
the mirrors made an angle of
~55” with the bottom. Metal frames without mirrors, but with translucent
Plexiglas
boards instead (to obtain equal current conditions)
were used as controls. Lines and
pins kept reflectors and controls anchored.
Screens, reflectors and controls were regularly cleaned from algal and invertebrate
growth.
2.3. Nitrogen enrichment
For sediment nitrogen enrichment the fertilizer Azolon 38N was used. This fertilizer
(grains) contains 38% nitrogen and is based on ureaformaldehyde
chains with three
different lengths to provide a slow and gradual release of nitrogen (the length determines
the time of release: within weeks up to one year under terrestrial conditions).
The
fertilizer did not contain other nutrients.
Plots of 0.20 x 0.20 m were set out and for each plot at five places a small core
(1212.2 cm) was taken to a depth of 10 cm. The fertilizer was added to the holes left
by the cores and subsequently
the cores were put back in place. Enrichment
of sediment took place with 500 g fertilizer (190 g N) per square metre, at the beginning of
the study period (May/June until August).
2.4.

Experimental

design

In the Grevelingen,
in total four shading screens (light reduction) and four controls
were placed randomly within the PQ. Sediment plots under two shading screens and
two controls were fertilized with nitrogen. For the Veerse Meer the same design was
used, with the addition of two light reflectors (light enhancement)
and their two controls.
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2.5. Light measurements
Light intensity (PAR: photosynthetically
active radiation,
i.e. wavelengths
400700 nm) was measured twice (June/July) using a LI 192 SB sensor (pE.rn-*.s-‘).
For
shading screens and controls light readings were taken above (irradiance)
and just
below the water surface, half way and at the bottom of the water column. For reflectors and their controls the light was measured above and just below the water surface
and half way the height of the frames.
2.6.

Nitrogen in interstitial and surface water

Samples of interstitial water from O-5 and 5-10 cm depth were taken once in July
described
by Zimmermann
et al. (1978) and
using so called “sediment-sippers”,
Montgomery
et al. (1979). Interstitial
water was collected in PVC vacuum bottles,
which were transported
in a coolbox to the laboratory. The water was filtered through
a Sartorius (0.20 pm) filter using a syringe. Analyses for ammonium
and nitrate plus
nitrite (the fraction of nitrite will not be mentioned further) took place with an autoanalyzer (Technicon
II) according to the method of Parsons et al. (1984). Nutrient
concentrations
(PM) were calculated over 10 cm depth.
Surface water samples were taken in PVC bottles and filtered through a Schleicher
& Schuell (1 .O pm) filter in the laboratory. Ammonium
and nitrate plus nitrite content
was determined in the same way as in the interstitial water samples.
2.7.

Biomass and density

In the Grevelingen the experiment started at the end of May 1989. Two months later
at each shading screen and control, two samples (0.20 x 0.20 m) were dug out to a depth
of 15 cm. The samples were sieved and stored in plastic bags in a coolbox. In the
laboratory the material was separated into leaves, generative stems, spathes (aboveground material) and rhizomes with roots (below-ground
material). The numbers of
flowering and non-flowering
shoots were counted. The fractions were rinsed and if
present, epiphytes were removed by scraping and washing. Dead biomass (unattached,
dark brown leaves and dark brown/black
rhizomes) was discarded. All the material was
dried at 60-80 “C to constant dry weight (DW) and ash-free dry weight (AFDW) was
determined by combustion
at 550 “C for 2 h.
In the Veerse Meer the experiment started in mid June and after 2 months sampling
took place following the same procedure as for the Grevelingen.
One sample was dug
out for each reflector and its control.
2.8. Above-ground

relative growth rate

Relative growth rate of above-ground
material was determined using a leaf-marking
method (Sand-Jensen,
1975). Seagrass turfs were dug out, placed in plant boxes (containers of 0.32 x 0.32 x 0.12 m) and put in a sediment space with the dimensions of the
container under shading screens, in reflectors and controls (with and without nitrogen
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enrichment).
Nitrogen enrichment of the containers took place using the same method
as mentioned above. For both Grevelingen (June/July) and Veerse Meer (July/August)
in each container
ten randomly
selected shoots were marked and collected after
approximately 2 wk, when ten shoots were marked again. This procedure was repeated
two times. Only non-flowering shoots were marked. All leaves were individually marked
with a felt-tip pen (black, non-toxic) at a constant distance from a reference point (upper
rim of the enclosing leaf sheath). The newly produced above-ground
tissue per shoot
was directly harvested and with the remainder dried at 60-80 ‘C to constant dry weight
and combusted at 550 “C for 2 h. Weight increase and total weight were then used in
calculations.
(Net) above-ground
relative growth rate (RGR, in day-‘; the fraction of aboveground plant material produced per unit time) was calculated as:
RGR,

= P,,/B,,

where P,, is above-ground
production per shoot per day (g AFDW.shoot-*-day’)
and
B,, is above-ground
biomass per shoot (g AFDW.shoot-‘)
(at time of recollection).
2.9.

Organic carbon and nitrogen, and chlorophyll analyses of organic material

Plant material was sampled following the same procedure as described above for
“biomass and density”. After drying to constant dry weight, above- and below-ground
material was ground to powder with a bullet-mixer for elementary analyses. Organic
carbon and total nitrogen were determined using a Carlo Erba NA-1500 autoanalyzer
according to a method described by Nieuwenhuize
et al. (1994).
Analyses for chlorophyll were carried out on leaves kept frozen to -20 “C. The
material was freeze-dried, ground with glassbeads and simultaneously
extracted with
acetone for 24 h. The solution was then centrifuged for 5 min and the amount of
chlorophyll a and b was determined by HPLC (Millipore Waters) according to the
method of Brown et al. (198 1).
2. IO. Statistics

Differences in characteristics
of 2. marina caused by light reduction and/or nitrogen
enrichment were analyzed with nested ANOVA, using an a priori hypothesis test. The
(S)um-of-(S)quares
treatment effect was separated into three single degree of freedom
components:
light (I), nitrogen (N) and light * nitrogen (I * N). All three were tested over
the error (M)ean (S)quares. I stands for the treatment effect of light reduction without
nitrogen enrichment,
while N represents the treatment effect of nitrogen enrichment
under ambient light conditions.
A significant interaction (I * N) demonstrates
a different influence of nitrogen enrichment under ambient light conditions than at light reduction, or vice versa, a different influence of light reduction under ambient nitrogen
conditions than at nitrogen enrichment.
Differences caused by light enhancement
and
other comparisons
of means were analyzed with ANOVA. Means are given with
standard error (SE), and differences were considered
to be significant at a level of
p<o.o5.
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plots are used (Wilkinson,

3. Results
Shading screens decreased the amount of light reaching the bottom significantly by
up to 84% (irradiance at controls 620 k 60 and shading screens 98 + 8 pE.rnm2.s-‘,
respectively; N = 6 Grevelingen).
Reflectors in the Veerse Meer increased the amount
at reflectors and 225 + 25 ~E.m-2.s-1
at conof light by 72% (388k 13 pE.m-2.s-1
trol plots; N = 4).
Ammonium
concentrations
in interstitial waters of nitrogen enriched plots (58.4 +
6.6 PM) remained significantly higher in the Grevelingen
then those in control plots
(19.5 + 4.1 PM) (N = 4) after about 45 days following enrichment.
Nitrate concentrations did not differ significantly (overall mean 2.05 + 0.30 PM). In the Veerse Meer
ammonium
concentration
in nitrogen-enriched
plots (71.4 T 28.9 PM) did not differ
significantly from that in control plots (50.5 k 3.4 PM) (N = 4) after 45 days. Also for
nitrate no significant differences could be shown between nitrogen-enriched
plots and
controls (overall mean 1.34 + 0.22 PM).
Light reduction had a significant negative effect on biomass and density (total number
of shoots, number of flowering shoots, total above-ground
biomass, biomass of generative stems plus spathes, below-ground
biomass and total biomass) and aboveground relative growth rate of the Grevelingen
population
(Figs. 2a-f and 4a,
Table la). Light reduction explained at least 54% of the variance in these properties
(Table lb). Nitrogen enrichment significantly increased the number of flowering shoots,
total above-ground
biomass, biomass of generative stems plus spathes and aboveground relative growth rate, while a combination
of nitrogen enrichment and light reduction had a significant negative influence on all these features and total biomass as
well.
With the exception of the below-ground
biomass (for which the treatment effect was
not significant), light reduction also significantly decreased all characteristics
of biomass
and density mentioned for the Veerse Meer population as well as above-ground
relative growth rate (Figs. 3a-f and 4b, Table 2a), and explained up to almost 100% of the
variance (Table 2b). Neither nitrogen enrichment nor the combination
of light reduction and nitrogen enrichment
showed a significant effect on biomass, density or relative growth rate. The same accounted for light enhancement,
although biomass and
density doubled (Table 3a,b).
Light reduction increased significantly the nitrogen content (N as percent DW) of
rhizomes and roots of the Grevelingen population (explained 64.9% of the variance).
The treatments had no significant effect on the nitrogen content of leaf material or the
carbon content (C as percent DW) (Table 4a,b). For the Veerse Meer population, light
reduction significantly increased the nitrogen content of both leaves and stems plus
spathes (explained 95.5% and 95.6% of the variance, respectively), while the carbon
content significantly decreased for stems plus spathes (explained 62.9% of the variance)
(Table 5a,b).
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The treatments had no significant effect on the leaf chlorophyll
mg*g-’ DW) of the populations
(Table 6a,b).

content
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4. Discussion
The results indicate that for the Grevelingen as well as for the Veerse Meer eelgrass
populations,
above-ground
relative growth rate and biomass is primarily controlled by
light availability. In principle, photosynthetic
capacity determines other metabolic processes and implicitly also nutrient uptake. According to Dennison
(1987) eelgrass
requires about 98 pE*m-2.s-1
to support photosynthesis,
and irradiance must exceed
this level for at least 6 h per day to support growth (Dennison & Alberte, 1985). Our
shading screens reduced bottom irradiance below that required to maintain photosynthesis for a prolonged period of time. In the Veerse Meer the shading screens indeed
pushed the bottom irradiance below the maximum light saturation point mentioned by
Dennison (1987) [Veerse Meer control: 244 + 35 (N = 2) shading screens: 57 & 6 (N = 4)
PE.mm2.s-’ 1. In the Grevelingen,
however, the shading screens yield a bottom irradiante equal to the maximum light saturation point cited [ Grevelingen control: 620 k 60
(N = 2) shading screens: 98 k 9 (N = 4) pE.mm2.s-1].
[Shading screens did not alter
the light spectrum (M.L.J. van Veghel, unpubl. data, 1988)].
Leaf chlorophyll content was not significantly affected by the treatments for neither
the Grevelingen
nor the Veerse Meer population
(Table 6a,b). Using in situ shading
screens, Dennison & Alberte (1982, 1985) only occasionally found a significant increase
in leaf chlorophyll content for either relatively shallow or deep growing populations.
They stated that photosynthetic
characteristics
of Z. marina are less responsive to light
manipulations
compared with growth and biomass parameters.
Nitrogen content of some tissues significantly increased, while the carbon content
significantly
decreased for stems plus spathes of the Veerse Meer population
only
(Table 5a,b): apparently uptake of nitrogen occurred in this population, but the energy
to use this resource for leaf growth appeared to be insufficient. The carbon reserves of
tissue involved in the generative reproduction
process were drawn down.
For the Veerse Meer population
light enhancement
had no significant effect on
growth, biomass and density (Table 3a,b). The controls for the light reflectors in the
Veerse Meer gave an irradiance half way the frames of 226 + 26 (N = 4) pE.rnm2 s -‘.
If the value of 98 pE.rne2 s-l for the maximum light saturation point mentioned by
Dennison (1987) is correct, the controls would already be light saturated for growth and
Fig. 2. Box-and-Whiskers
plots for the effect of nitrogen enrichment, light reduction and the combination
of nitrogen enrichment
plus light reduction
on biomass and density characteristics
of the Grevelingen
population:
number of shoots (a), number of flowering shoots (b), above-ground
biomass (c), biomass of
generative stems plus spathes (d), below-ground
biomass (e) and total biomass (f). Number and biomass
(g AFDW) are calculated for 0.04 m*. Conditions represent control (C), nitrogen enrichment ( + N), light
reduction ( - I) and light reduction plus nitrogen enrichment ( + N - I). The center horizontal line represents
the median of the values, the lower and upper hinges split the remaining halves in half again and the whiskers
show the range of values that fall within 1.5 Hspreads of the hinges (Hspread is the absolute value of the
difference between the values of the two hinges). Values outside the inner fences (inner fence = lower hinge
minus or upper hinge plus 1.5 Hspread) are plotted with asteriks.
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Table I
Statistical ANOVA tables (a) and percent of variance (b) for the treatment response of the number of shoots,
number of flowering shoots, above-ground
biomass, biomass of stems and spathes, below-ground
biomass,
total biomass and relative growth rate of the Grevelingen population

ss

df

MS

b-ration

P

9685.229
264.062
28476.563
315.063
98.188

98.640
2.689
290.022
3.209

0.000
0.140
0.000
0.111

Treatments
N
I
I*N
Error

221.729
162.563
370.563
150.063
21.438

10.623
7.583
17.286
7.000

0.004
0.025
0.003
0.029

Treatments
N
I
I*N
Error

29.867
6.290
76.182
6.529
0.279

106.988
22.533
275.043
23.388

0.000
0.001
0.000
0.001

Treatments
N

1.792
1.036
3.286
1.055
0.098

18.260
10.553
33.474
10.753

0.00 1
0.012
0.000
0.011

Treatments
N
I
I*N
Error

1.951
0.387
23.311
0.173
0.609

13.057
0.635
38.252
0.283

0.002
0.449
0.000
0.609

Treatments
N
I
I*N
Error

65.696
3.557
184.707
8.825
1.163

56.499
3.059
158.849
7.589

0.000
0.118
0.000
0.025

Treatments
N
I
I*N
Error

72.166
45.663
147.629
14.107

0.000
0.000
0.000
0.000

Treatments
N

(4

Number ofshoots
29055.688
264.062
28476.563
315.063
785.500
Number
683.188
162.563
370.563
150.063
171.500

3
1

1
1
8

qf,floweringshoots

Above-gromd
89.602
6.290
76.782
6.529
2.233

3
1
1
1
8
biomass (g AFD W)
3
1
1
1
8

Biomuss qj’stems plus spathes (g AFD W)
5.311
3
1.036
1
3.286
1
1.055
1
0.785
8
Below-ground biomass (g AFD W)
23.871
3
0.387
I
23.311
1
0.173
1
4.857
8
T&d bionzuss (g AFD W)
197.089
3
3.551
1
184.707
1
8.825
1
9.302
8
Ahooe-ground relative growth rate (dq
0.007
3
0.00 1
1
0.005
I
0.000
1
0.006
195

I
I*N
Error

‘1
0.002
0.001
0.005
0.000
0.000

I
I*N
Error
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1 (continued)

@I
Number of shoots
Number of flowering shoots
Above-ground
biomass (g AFDW)
Biomass of stems plus spathes (g AFDW)
Below-ground
biomass (g AFDW)
Total biomass (g AFDW)
Above-ground
relative growth rate (day _ ‘)

N
(%I
23.8
7.0
19.3

14.3

98.0
54.2
85.7
61.1
97.7
93.7
71.4

22.0
7.3
19.6
4.5
14.3

a response to more light could not be expected. Yet, compared with the control, mean
values of the light enhancement
experiment for biomass and density characteristics
were
all nearly twice as high. The limited number of replicate samples may have prevented
a significant result. With the minimum of replicates used, significant results implicate
a very strong effect of the manipulation.
Not significant results, however, may merely
indicate that the experimental
design had not the power to detect changes in reponse
to the treatment. Mean values of the light enhancement
experiment and the control for
above-ground
relative growth rate were similar, however. For leaf chlorophyll content
a significant
difference between control and light enhancement
was not shown
(Table 3d), but leaf chlorophyll content of eelgrass from the control plots in the Veerse
Meer was about 3-fold higher than those under shading screens in the Grevelingen
(Table 6a,b). It could be that the low chlorophyll content of Grevelingen
leaves was
derived from nitrogen limitation, but then nitrogen additions should have increased
chlorophyll concentrations.
It is possible that the process determining leaf chlorophyll
content only responds slowly to changes in light, depending on the circumstances.
As
already mentioned earlier, photosynthetic
characteristics
of Z. marina are less responsive to light manipulations
compared with growth and biomass parameters (Dennison
& Alberte, 1982, 1985). In conclusion, light limitation affecting relative growth rate and
biomass under ambient conditions is undetermined
for the Z. marina population in the
Veerse Meer.
Nutrient enrichment (N, P or N + P) of Z. marina beds (in situ or mesocosm studies) has been found in the past to influence relative growth rate, biomass, density and
plant morphology (Orth, 1977; Harlin & Thorne-Miller,
1981; Short, 1987; Murray
et al., 1992; Williams & Ruckelshaus,
1993). In situ nutrient limitation was reported
(Orth, 1977; Short, 1983a, 1987; Williams & Ruckelshaus,
1993) and ammonium
saturation levels for growth (in sediment pore water only) of 100 PM (Dennison et al.,
1987) and even 500 PM (Williams & Ruckelshaus,
1993) were mentioned. In both the
Grevelingen
and the Veerse Meer, ammonium
[Z. marina prefers ammonium
above
nitrate (Iizumi & Hattori, 1982; Thursby & Harlin, 1982; Short & McRoy, 1984;
Hemminga et al., 1994)] concentrations
in interstitial water can fall below 100 PM (Van
Lent & Verschuure,
1994b, this study) during the growing season. Therefore, it is not
surprising that the Z. marina population in the Grevelingen
showed a clear response
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Table 2
Statistical ANOVA tables (a) and percent of variance (b) for the treatment response of the number of shoots,
number of flowering shoots, above-ground
biomass, biomass of stems and spathes, below-ground
biomass,
total biomass and relative growth rate of the Veerse Meer population
SS

(a)

df

Number
4481.500
110.250
4290.250
8 1.ooo
2459.000

of shoots

Number
733.250
0.250
729.000
4.000
383.000

offloweringshoots

3
1
1
1
8

F-ration

P

1493.833
110.250
4290.250
8 1.ooo
307.375

4.860
0.359
13.958
0.264

0.033
0.566
0.006
0.622

Treatments
N
I
I*N
Error

244.417
0.250
729.000
4.000
47.875

5.105
0.005
15.227
0.084

0.029
0.944
0.005
0.780

Treatments
N
I
I*N
Error

90.716
0.530
271.616
0.000
8.516

10.653
0.062
31.896
0.000

0.004
0.809
0.000
0.994

Treatments
N
1
I*N
Error

11.215
0.093
33.546
0.006

0.003
0.768
0.000
0.942

Treatments
N
I
I*N
Error

3.156

0.086

Treatments
Error

9.183
0.00 1
27.537
0.011

0.006
0.97 1
0.001
0.920

Treatments
N
I
I*N
Error

10.263
0.167
29.663
0.806

0.000
0.684
0.000
0.371

Treatments
N
I
I*N
Error

3
1
1
1
8

Above-ground
272.147
0.530
271.616
0.000
68.125
Biomass
94.422
0.262
94.144
0.016
22.45 1

MS

biomass (g AFD W)
3
1
1
1
8

of stemsplus

spcrthes (g AFD W)
3
3 1.474
I
0.262
I
94.144
1
0.016
8
2.806

Below-ground biomass (g AFD W)
3.121
3
2.637
8
Total biomass (g AFD W)
328.067
3
0.017
1
327.923
1
0.128
1
95.267
8
Above-ground relative growth rate (day0.002
3
0.000
I
0.002
1
0.000
1
0.010
195

1.040
0.330

109.356
0.017
327.923
0.128
I 1.908
‘J

0.001

0.000
0.002

0.000
0.000
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Table 2 (continued)

95.7
99.4
99.8
99.7

Number of shoots
Number of flowering shoots
Above-ground
biomass (g AFDW)
Biomass of stems plus spathes (g AFDW)
Below-ground
biomass (g AFDW)
Total biomass (g AFDW)
Above-ground
relative growth rate (day- ‘)

99.9
100.0

Table 3
Mean values with standard error (SE) of biomass and density characteristics
(a), above-ground
relative growth
rate (day ‘) (b), nitrogen (N as percent DW) and carbon (C as percent DW) content of plant tissue (c) and
chlorophyll a plus b content (mg g ’ DW) of leaf material (d) of the Veerse Meer population as a result
of light enhancement
(+ I)
+I

Control
Mean

*SE

Mean

*SE

(4

N=2

Number of shoots
Number of flowering shoots
Above-ground
biomass (g AFDW)
Biomass of stems plus spathes (g AFDW)
Below-ground
biomass (g AFDW)
Total biomass (g AFDW)

36.0*
17.5 +
7.77 f
4.58 f
0.82 f
8.59 f

(h)

N=57

N=58

0.033 & 0.001

0.033 + 0.001

N=2

N=2

Leaves
Stems and spathes
Rhizomes and roots

2.20 f 0.04
1.02 f 0.02
1.02 f 0.04

2.28 2 0.28
1.11 + 0.04
1.09+0.19

C as percent DW
Leaves
Stems and spathes
Rhizomes and roots

40.9 + 0.90
38.8 + 0.83
32.5 & 1.25

40.2 f 1.00
38.2 + 0.30
32.2 k 0.40

(d)

N=2

N=2

12.1 f 0.21

13.4 f 1.30

Above-ground
(e)

N as percent

Leaf chlorophyll
Number

relative growth
DW

a + b (mg.g

and biomass

rate (day _ ‘)

’ DW)

(g AFDW)

are calculated

for 0.04 m2

N=2
11.0
2.5
1.72
1.00
0.3 1
2.03

85.0 t 6.0
34.5 t 3.5
14.87 f 2.71
8.21 * 1.71
1.60 + 0.06
16.48 f 2.76
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Table 4
Statistical ANOVA tables (a) and mean values with standard error (SE) (b) for the treatment response of
the nitrogen (percent N as DW) and carbon (percent C as DW) content of plant tissue of the Grevelingen
population

ss

df

MS

F-ratio

P

(a)
N (IS percent D W.
Leaves
0.822
0.331

3
5

0.274
0.066

4.137

0.080

Stems and spathes
Rhizomes
0.189
0.027
0.109
0.032
0.078

Treatments
Error

Data set not complete

and roots

C ns percent D W:
Leaves
11.637
7.515

3
1
1
1
7

0.063
0.027
0.109
0.032
0.01 I

5.638
2.434
9.735
2.869

0.028
0.163
0.017
0.134

Treatments
N
I
1.N
Error

3
5

3.879
1.503

2.581

0.166

Treatments

Stems and spathe.
Rhizomes and mm
16.330
19.475

(b)

Data set not complete

3
7

5.443
2.782
+N

Control
Mean

1.957

+ SE

N

Mean

Treatments
Error

0.209

+N-I

-I

+SE

N

Mean

*SE

N (IS percent D WC
Leaves
Stems + spathes
Rhizomes + roots

1.70 f 0.07
1.10+0.34
1.13~0.11

4
2
4

1.64kO.12
1.25kO.13
1.12*0.05

4
4
4

2.16 + 0.20
No data
1.22 + 0.02

C us percent D W:
Leaves
Stems + spathes
Rhizomes + roots

37.2 _+0.23
33.6 + 2.10
37.0 & 0.73

4
4
4

35.0 _+0.88
35.0 t 0.72
36.6 + 0.58

4
4
4

35.4iO.81
No data
34.45 1.11

N

3
3

Mean

USE

N

2.28 & 0.03
No data
1.39 f 0.05

2

36.1 k 0.37
No data
35.9 _t 0.38

4

2
4

(above-ground
relative growth rate, biomass of generative stems and spathes, aboveground biomass and density of flowering shoots) to sediment nitrogen enrichment
(Figs. 2b-d and 4a, Table la) and may be considered
as nitrogen-limited.
This is
consistent with the low nitrogen content of the leaves, 1.77, DW (Table 4b), similar
to those in other seagrasses demonstrated
to be nitrogen-limited
(less than 27, DW,
Duarte, 1990). In the Veerse Meer both surface- and interstitial water nutrient (ammonium, nitrate and phosphate) concentrations
reach higher maximum values (Van
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Table 5
Statistical ANOVA tables (a) and mean values with standard error (SE) (b) for the treatment response of
the nitrogen (percent N as DW) and carbon (percent C as DW) content of plant tissue of the Veerse Meer
population

ss

MS

F-ratio

P

1.203
0.149
3.243
0.000
0.070

17.171
2.132
46.268
0.000

0.001
0.188
0.000
0.986

Treatments
N
I
1.N
Error

0.559
0.074
1.599
0.002
0.023

23.935
3.182
68.526
0.090

0.001
0.125
0.000
0.774

Treatments
N
I
1.N
Error

3
5

0.042
0.016

2.720

0.154

Treatments
Error

3
7

2.285
0.697

3.278

0.089

Treatments
Error

Stems and spathes
81.326
12.090
43.956
13.861
16.23 1

10.760
4.469
16.249
5.124

0.008
0.079
0.007
0.064

6

29.109
12.090
43.956
13.861
2.705

Treatments
N
I
1.N
Error

Rhizomes and roots
34.667
109.315

3
4

11.556
27.329

0.423

0.747

Treatments
Error

df

(a)
N as percent D W.
Leaves
3.610
0.149
3.243
0.000
0.491

7

Stems and spathes
1.676
0.074
1.599
0.002
0.140
Rhizomes
0.127
0.078

and roots

C as percent D WC
Leaves
6.856
4.880

(b)

Control
Mean

+N
+ SE

N

Mean

+N-I

-I
+_SE

N

Mean

+_SE

N

Mean

+_SE

N

N as percent D W:

Leaves
Stems + spathes
Rhizomes + roots

2.50 k 0.07
1.17*0.04
1.01 f 0.06

4
4
3

2.30 k 0.03
1.03 * 0.02
1.oo 2 0.05

4
4
4

3.46kO.13
1.98 + 0.25
1.18~0.03

4
2
3

2.28 + 0.03
1.78 f 0.02
1.24 f 0.06

2
2
3

C as percent D W:
Leaves
Stems + spathes
Rhizomes + roots

41.3 f 0.56
39.4 * 0.54
26.7 f 2.46

4
4
3

40.3+0.14
39.3 f 0.45
31.0k2.93

4
4
4

42.2 + 0.99
33.6 f 1.63
28.9 f 0.00

4
4
2

41.3 f 0.72
37.7 f 0.15
31.6* 1.95

3
2
3
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Lent & Verschuure,
1994b) than in the Grevelingen:
the Veerse Meer is considered
eutrophic and Grevelingen
mesotrophic.
One and one-half months after nitrogen enrichment was performed, in the Veerse Meer no significant differences in ammonium
concentrations
between nitrogen enriched plots and controls could be found. We may
speculate that compared with the Grevelingen,
the Veerse Meer might have more intensive microbial processes (e.g. denitrification)
in the sediment, that higher exchange
rates between sediment and water column exist and/or that nitrogen concentrations
in
interstitial water of the Veerse Meer were so high, that the addition of more nitrogen
did not result in significant differences among controls and nitrogen-enriched
plots.
Sediment characteristics
of the Grevelingen and Veerse Meer are different with respect
to grain size composition,
oxygen content of interstitial
water, etc. (Van Lent &
Verschuure, 1994b).
Zostera marina is able to take up nutrients by roots as well as leaves (Iizumi &
Hattori, 1982; Short & McRoy, 1984; Hemminga et al., 1991, 1994). Below-ground
biomass of the Veerse Meer population
is relatively low (Van Lent & Verschuure,
1994a). To meet the nutrient requirements
of the Z. marina population in the Veerse
Meer it is possible that this population
is more depending on leaf uptake than the
Grevelingen
population,
which has a relatively high below-ground
biomass, assuming
that potential nutrient uptake rates are equal between populations.
Surface water ammonium and nitrate concentrations
were higher in Veerse Meer than in Grevelingen
(2.1 PM NH, and 0.7 PM NO, versus 0.7 PM NH, and 0.0 PM NO,, respectively).
Short & McRoy (1984) stated that at surface water ammonium concentrations
of 2 PM
and low production
rates, potential leaf uptake would exceed nitrogen demand.
Considering the relatively high growth rates of the Veerse Meer population (Van Lent
& Verschuure,
1994a), in principle part of the nitrogen demand could be met by leaf
uptake. For the Grevelingen population, nitrogen concentrations
in surface- as well as
interstitial water apparently are not sufficient to reach potential above-ground
growth
rates and biomass.
In the growing season, the nitrogen content of tissues from the Veerse Meer population is clearly higher than the nitrogen content of tissues from the Grevelingen population until August (Van Lent & Verschuure, 1994b). It is possible that the Veerse Meer
population,
contrary to the Grevelingen
population,
is able to store nitrogen in the
beginning of the growing season. The accumulated
nitrogen could then later be used
at times of shortage. If this assumption
is correct, an effect of nitrogen-enrichment
is
not to be expected in the Veerse Meer, as the nitrogen content of the tissues prior to
the experiment could have determined the potential for growth. The conclusion that the
Fig. 3. Box-and-Whiskers
plots for the effect of nitrogen enrichment, light reduction and the combination
of nitrogen enrichment
plus light reduction on biomass and density characteristics
of the Veerse Meer
population:
number of shoots (a), number of flowering shoots (b), above-ground
biomass (c), biomass of
generative stems plus spathes (d), below-ground
biomass (e) and total biomass (f). Number and biomass (g
AFDW) are calculated for 0.04 m’. Conditions represent control (C), nitrogen enrichment ( + N), light reduction ( - I) and light reduction plus nitrogen enrichment ( + N - I). The center horizontal line represents
the median of the values, the lower and upper hinges split the remaining halves in half again and the whiskers show the range of values that fall within 1.5 Hspreads of the hinges (Hspread is the absolute value of
the difference between the values of the two hinges). Values outside the inner fences (inner fence = lower hinge
minus or upper hinge plus 1.5 Hspread) are plotted with asteriks.
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Table 6
Statistical ANOVA tables and mean values with standard error (SE for the treatment response of the chlorophyll a + h content (mg,g- ’ DW) of leaf material of the Grevelingen (a) and Veerse Meer (b) population
df

SS

MS

F-ratio

P

1.337
0.673

1.987

0.205

(a)
Grevelingen
4.011
4.710

legf chlorophJN a + h
3
7
Control

Grevelingen
Chlorophyll

n+h

SS

+N

Treatments
Error
+N-I

-1

MeankSE

N

Mean+SE

h

MeanisE

N

Mean 2s~

N

4.5 20.21

4

3.5-tO.28

4

3.9kO.53

4

5.220.65

3

df

MS

F-ratio

P

6.519
2.40 1

2.715

0.115

@I
Veerse Meer leaf chlorophyll
19.558
3
19.209
8

a+h

Control
Mean
Veerse Meer
Chlorophyll a + b

+N
&SE

10.9 + 0.74

Treatments
Error
+N-I

-I

N

MeanisE

N

MeanisE

N

Mean + SE

!V

4

9.3* 1.68

4

11.7 + 1.10

4

12.2 k 0.85

4

population dynamical characters of the Veerse Meer population
studied are not limited by nitrogen would remain valid.
For both Grevelingen
and Veerse Meer populations,
nitrogen enrichment
had no
significant effect on nitrogen or carbon content of tissues (Tables 4a,b and 5a,b), implying that storage of nitrogen during the experiment did not occur and the nitrogen
taken up by roots or leaves immediately was used for growth.
As Z. marina populations
in the Grevelingen
only occur down to 2 m depth, light
cannot be regarded there (or at deeper sites, the water being very clear) as a limiting
factor for growth under ambient conditions
(Van Lent & Verschuure,
1994b). This
means that the limited supply of nitrogen determines to a certain degree its population
dynamical characteristics.
Especially flowering capacity (number of flowering shoots
and biomass of generative stems and spathes) seems to be influenced. Van Lent &
Verschuure (1995) postulated that flowering might involve a higher demand for nitrogen. In contrast, Short (1983b) found a higher number of spathes on nitrogen-poor
sediments than on nitrogen-rich
sediments. The nitrogen-poor
sites were shallower
(1.2 m maximum difference) than the nitrogen-rich
sites, however, and differences in
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light availability might have influenced the results. The effect of nitrogen on flowering
of Z. marina has not been subject to experimental manipulation
as yet.
Up to 1984 Z. marina populations in the Grevelingen were known to produce flowers
frequently and abundantly
(Nienhuis & De Bree, 1977, 1980; P.H. Nienhuis, pers.
comm.). After 1985 flowering showed large fluctuations
from year to year (Van Lent
& Verschuure,
1994b). A possible relationship
with fluctuating
salinities has been
suggested, while the present study indicates that the amount of inorganic nitrogen
available may be of importance
for the development
and abundance
of flowering.
However, no significant relationship between in situ inorganic nitrogen concentrations
in interstitial or surface water and in situ number of flowering shoots or biomass of
generative stems and spathes was found (Van Lent & Verschuure, 1994b).
Below-ground
biomass of the Grevelingen population did not show any response to
nitrogen enrichment (Fig. 2e, Table la), suggesting that the extra nitrogen made available was allocated completely to above-ground
production and (reproductive) biomass.
Both above-ground
and generative biomass did increase in response to nitrogen enrichment (Fig. 2c,d, Table la). Nitrogen limitation, therefore, did not seem to have
induced the Grevelingen
population to make a shift towards a larger investment into
below-ground
structures (with a possible higher vegetative production
of shoots) as
opposed to above-ground
(reproductive)
tissue in order to compensate for the apparent lower prospect of recruitment through flowering. This suggestion assumes that the
increase in below-ground
biomass would have involved faster rhizome growth rates,
which does not have to be necessarily so. Root biomass may have increased instead.
This is doubtful however, as indicated by Short (1983b), who found a greater root
development at low sediment ammonium concentrations
compared with relatively high
sediment ammonium levels, presumably to enhance nitrogen uptake. Further research
on individual plant level concerning resource allocation is recommended,
as well as the
distinction of below-ground
biomass into rhizome and root biomass.
The distribution
and biomass of Z. marina populations in the Grevelingen has been
declining rapidly since 1985 (L. Apon, unpubl. data, 1989; P.H. Nienhuis, pers. comm.;
F. van Lent, pers. obs.). Herman et al. (1994) proposed silicon limitation to be the main
cause for this dramatic decline, which can be ascribed to apparently inadequate growth
rates as well as a lack of recruitment.
Flowering in some recent years did not occur
at all (Van Lent & Verschuure, 1994a), while it has been reported in the past, especially
at greater depth (Nienhuis & De Bree, 1980). This implies that recolonisation
through
seedlings of open spaces in particular will not happen. If above-ground
relative growth
rates are insufficient to sustain below-ground
growth and compensate for respiration,
vegetative spread will also not take place and mortality is enhanced. Our study shows
that a shortage of available nitrogen sources prevents populations
in the Grevelingen
from reaching their potential growth rates and flowering capacity. Although nitrogen
supply accounted for not more than 24% of the variance in the number of flowering
shoots and 14% of the variance in above-ground
relative growth rate, the nitrogen
limitation is likely to intensify the effect of a possible silicon limitation. Hence, nitrogen limitation can be regarded as a concomitant
factor in the decline of the Grevelingen
eelgrass populations
shown. Inorganic nitrogen concentrations
in the surface water of
the Grevelingen
did decline since 1980 (Holland, 1991).
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condition
Fig. 4. Box-and-Whiskers
plots for the effect of nitrogen enrichment, light reduction and the combination
of nitrogen enrichment plus light reduction on above-ground
relative growth rate (da_+-‘) of the Grcvchngcn
(a) and Veerse Mcer (b) population.
Conditions represent control (C), nitrogen enrichment (+ N), light reduction ( - I) and light reduction plus nitrogen enrichment ( + N I). The center horizontal line represents
the median of the values, the lower and upper hinges split the remaining halves in half again and the whiskers show the range of values that fall waithin 1.5 Hsprcads of the hinges (Hsprcad is the absolute value of
the difference between the values of the two hinges). Values outside the inner fences (inner fence = Iowcr hinge
minus or upper hinge plus 1.5 Hsprcad) arc plotted \hith astcriks
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Both perennial populations
in the Grevelingen
and semi-annual
populations
in the
Veerse Meer can be considered
former intertidal populations,
submerged after the
enclosure of the estuaries (Van Lent & Verschuure, 1994b). Interpretation
of isozyme
patterns showed a genetic similarity of 0.90 between Grevelingen
and Veerse Meer
populations
(De Heij & Nienhuis,
1992), while germination
and growth experiments
revealed
a genotypic
background
for morphology
and flowering (Van Lent &
Verschuure, 1995). The relative influence of genotypic differentiation
in the differences
among the populations
studied remains open for discussion, but the impact of environmental factors seems to be of major importance.
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