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ABSTRACT

The purpose of this study was to investigate the seasonal effects of short-term light

reduction on survival of the eelgrass, Zostera marina, Light was reduced to 10% of
ambieﬁt photosynthetically active radiation for periods of 8-10 weeks in 1.25 m by 1.25
m plots in field experifnenté conducted on intertidal and subtidal populations of Z.
marina. Experiments were conducted in summer, autumn, winter and spring.. Delayed
effects and recovery were monitored for 6-18 months after treatment. No mortths of
light reduction resulted in reduced density of Z. rn;arina' during spring and summer at
both the intertidal and subtid.al sites. No significant decreases compared to controls
were observed in autumn and winter during the two months of light reduction, but
delayed effects on density were observed in some treatments during subisequent seasons
of growth. Very little recovery was observed in any of the plots during the 6-18 months

following treatment. This study indicates that light reduction may have a greater effect

on survival of Zostera marina during spring and summer than it does in autumn or
winter; that light reduction during autumn and winter may have delayed effects on

density; that intertidal Z. marina may be more sensitive to light reduction than

subtidal Z. marina: and that recovery from even short-term light reduction may take

more than one year.






INTRODUCTION

Seagrasses are the basis of impoertant estuarine and shallow coastal communities
because of their high prodt;;ctivity (Zieman & Wetzel 1980), their role in structuring the
environment (Stoner & Lewis 1985), in providing habitat for fish (Pollard 1984). and -
other marine animals (Bell et al. 1984i, in nutrient cycling (Short 1983}, and
stabilizatiori of the sédiment (Harlin et al. 1982, Bulthuis et al. 1984). The importance
of seagrasses in the Padilla Bay estuary has been demonstrated by studies of the area
covered by seagrasses (Webber et al. 1987, Bulthuis 1991, 1995), their productivity
(Thom 1990), their role in nutrient cycling (Williams & Ruckleshaus 1993), and in
supporting crabs {Dinnel et al. 1993, McMillan et al. 1995) and food organisms of

juvenile fish (Simenstad et al. 1988, 1995).

Howgver, seagrass comrmmnities are not stahle (Larkum & West 1.983], and human
induced changes to the marine and estuarine environment have caused major losses of
seagrasses (Orth & Moore 1983, Cambridge & McComb 1984, Shepherd et al. 1989,
Giesen et al. 1990). Two of the major factors implicated in loss of seagrasses in the
above studies are increased nutrient inputs to marine coastal arcas ﬁnd increased
turbidity of the water (Kemp et al 19-83. Cambridge et al. 1986, Shepherd et al. 1989,
"Gilesen et al. 1990). 'Nutrient enrichment of coastal marine and estuarine waters resuits
in increased phytoplankton, epiphytes on leaves of seagrasses (Silberstein et al. 1986,
Williams & Ruckelshaus 1993) and development of macroalgae (Harlin & Thorne-
Miller 1981, Perkins & Abbott 1972, Bach & Josselyns 1978, Thom & Albright 1990).
Increased macroalgal biomass, particularly of species in the genera Ulva and
Eﬁtergmo;pha. is one of the most frequently reported results of eutrophication
fBulthuis & Cowdell 1982). This biomass can accumulate in large mats which may wash

onto beaches or settle in intertidal areas. When such mats of macroa]gaé settle onto
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intertidal areas inhabitated by seagrass, they reduce light to the seagrasses and can
cause anaercobic conditions underneath the mat (Perkins & Abbott 1972) and have been

reported as the cause of seagrass dicback (Den Hartog 1994).

Macroalgal biomass fluctuates seasonally, particularly m response to increased
nutrient inputs (Thom 1980, ’I‘home-‘Millcr et al. 1983, Thom & Albright 1990).
Macroalgal mats may be shifted from place to place in an estuary by waves and
currents, first covering an eelgrass bed and then leaving it uncovered. Similarly,
turbidity fluctuates widely in estuaries caused in part by changeé in. river flow Aor
human activities in the watershed. Thus, maci-oa}gal mats and turbidity peaks may
affect seagrasses for only short periods of time during the year rather than

continuously. One of the objectives of this study is to investigate the eﬂ'eéts of short-

term light reduction on survival of the eelgrass, Zostera marina.

Padilla Bay contains one of the most extensive stands of seagrasses in the Pacific
Northwest (Phillips 1984, Bulthuis 1995). Most of the lower intertidal and upper

subtidal in Padilla Bay is covered by the seagrass Zostera marina where growth and

morphology indicate healthy stands (Bulthuis 1995). However, the lower limit of

distribution of Zostera marina in Padilla Bay is only about -3.0 m (Bulthuis,

unpublished observations) which is not nearly as deep as the -6.6 m that Phillips’ work
indicated was the Hgﬁt compensation depth for eelgrass survival in other parts of Puget
Sound (Phillips 1972, 1974). The more restricted depth distribution in Padilla Bay than
that which Phillips found for Puget Sound as a whole is probably caused by decreased
water clarity in Padilla Bay. The seagrasses in Padilla Bay cover a large area that has a
very gradual slope frofn the upper intertidal to the subtidal (Bulthuis 1991). Because of

the very gradual slope an increase in turbidity and a decrease in the light commpensation




depth of one or two meters could result in the loss of an extensive area of seagrass

habitat.

Studies on the importance of light to seagrasses have usually emphasized the lower
limit of distribution which is often controlled by light (Duarte 1991). Light can also be
an important factor in the intertidal because higher temperatures result in an

"~ increased minimum light requirement (Bulthuis 1983b, 1987). In Western Port,
Australia, increased suspended sediment in the water was accompanied by death and
loss of intertidal seagrasses at the same time as subtidal seagrasses survived (Shepherd
et al. 1989). Therefore, a decrease in light may affect intertidal seagrasses without
necessarlly increasing the light compensation depth in a progressive and linear
fashion. Intertidal seagrasses also are located closer to the source of suspended
sediments to Padilla Bay and subjected to floating mats of green algae. Therefore, in
this study, light reduction experiments were conducted on both a subtidal and intertidal

population of Zostera maring in Padilla Bay.

Séagrasses and light reduction

Seagrasses have died back from large embayments and estuaﬁef throughout the world
and often a major cause for the loss was decreased light from either increased nutrients
or increased suspended solids. In Cockbum Sound, Western Australia, the die back of
seaérasses was atfributed to increased nutrients. These nutrients caused an increase in
phytoplankion and epiphytes which in turn caused a decrease in light reaching

seagrass leaves. This resulted in death of the seagrasses and loss of ébout 3,300 hectares
of seagrass beds (Cambridge & M'c.Comb 1984, Cambridge et al. 1986, Silberstein et al
1986, Shepherd et al. 1989). In Chesapeake Bay, Orth and Moore (19;‘33) documented a
huge loss of seagrasses and suggested that “factors affecting the quantity and quality of |

light reaching the plant surface” may be related to the decline of seagrasses. Similarly,
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Kemp et al. (1983) concluded that the relative contribution of
nutrients>sediments>herbicides as factors causing the decline of submerged aquatic
vascular plants in Chesapeake Bay. Nutrients and sediments affected plants through a
reduction in light. In Gulf St. Vincent, South Australia, seagrass declines were reported
near sewage outfalls where nutrient-induced epiphyte loading reduced the light
reaching seagrass leaves (Shepherd et al. 1989). In Western Port, Victoria, Australia the
loss of 17,800 hectares was attributed to increased suspended sediments settling on
seagrass leaves and reducing light (Shepherd et gl 1989). In these and other studies of
seagrass loéses, a reducton in Light to seagrasses {often related to increased suspended
sediments or increased nutrent nputs) has been suggested as one of the major causes

{Phillips 1980, Livingston 1987, Shepherd et al. 1989).

The importance of light to growth and survival of seagrasses has been demonstrated in

numerous studies which mdmate that the lower limit of distribution of seagrasses is .
often controlled by light [Backman & Barilotti 1976, Bulthuis 1983a, Denmson 1987,

Dawes & Tomasko 1988, Orth & Moore 1988, Duarte 1991). Several studies have

examined the effects of reduced light on Zostera marina. Dennison and Alberte (1985)

recordéd decreased biomass and leaf growth rates when Zostera marina w.as shaded for

one month and cellular photosynthetic changes during one of their two experimental

periods. Their work demonstrated the importance of »’rhe hours per day that light

intensities saturated Zostera marina photosynthesis rather than average light

intensity alone (Dennison & Alberte 1982, 1985, Dennison 1987). Backman & Barilotti

(1976) decreased light over Zostera marina and demonstrated a reduction in standing
crop in a seagrass bed near the lower limit of distribution. In other seagrasses,

Neverauskas (1988) decreased light by 50% over Posidonia sinuosa and Posidonia

angustifolia. There was no change for six months, but a rapid decline over the

following six months. Congdon and McComb (1979) reduced light over Ruppia
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maritima and recorded reduced densities and standing crop over the ,cOuré;e of a year.
When irradiance was reduced to Heterozostera tasnianica, density decreased, leaf length
increased and leaf width and leaf growth rate remained the same (Bulthuis 1983a). Two
of the questions that the above studies have not addressed are: “Are there seasonal
differences in the effects of light reduction on Zostera marina?” and “Are there longer

term (one year) delayed effects of short term (one to two months) reductions in the light

to Zostera marina®?”.

Seasonal differences in effects of light reduction

‘The data.on seasonal effects of light reduction on Zostera marina is Sparse apd
conflicting. Some seasonal diﬂ’érenccs in the effects of light reduction may be expected.
When light was reduced tb the related seagrass, Heterozostera tasmanica, density

decreased more rapidly during summer than during winter (Bulthuis 1983a). These

results with Heterozostera tasmanica in Western Port, Australia, indicate that Zostera
marina in Padilla Bay would be more susceptible to reductions in light in summer than
in winter. However, the seasonal pattern of growth of Heterpozostera tasmanica and

Zostera marina differ somewhat (cf Bulthuis & Woelkerling 1983 with Phillips 1972,

Sand Jensen 1975, Nienhﬁis & deBres 1980, and Thom 1990) and the effects of light
reduction differed somewhat partiéularly with regard to leaf growth rate (cf Bulthuis
1983a with Dennison & Alberte 1985). Dennison (1987) iﬁdic_ated that individual

~ seedlings of Zostera marina in Great Harbor, Massachusetts may penetrate deeper than
the perenmnial éeagrass meadow during summer, hut die back during subsequent ﬁonths

because of low light levels. Dennison’s study indicates that Zostera marina in Padilla

Bay would be more susceptible to reductions in light in winter than in summer. - ‘Thus,
the available data regarding seasonal differences in the effects of light reduction on
Zostera marina is sparse and conflicting as to whether eelgrass would be more

susceptible to reduction in light in winter or in summer.
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- Delayed effects of light reduction
Long term or delayed effects may be expected from short term light reduction. A few
observations on long tefm effects have been made in studies whose focus had been the
immediate effects of light reduction. Backman & Barilotti (1876) removed light
reduction screens from three plots after two months and found that recovery took one
to six months. Dennison & Alberte (1985) reported that all seagrasses (2. marina) died
several weeks after removing the 30 day light reduction screen from one station (deep},
but that full recovery occﬁrred within 14 days at a second stationn (shallow). Seasonal
differences may be expected if productivity in one seasoﬁ (e.g. spring and summer) is.
used to support growth during a less favorable season (e.g. winter). Delayed effects may
be expected if short-term reductions in iight intensity reduce the photosynthate
exported and stored in the rhizomes. With _Iess energy resemves irt tﬁe rhizome,
seagrasses may be unable to survive the following winter and spring. Thus, seagrasses
may continue to survive through the late summer and autumn, even if light had been
reduced in early summer, but the seagrass may fail to produce new leaves the following
year because of reduced overwintering rhizome biomass.. Thus, another objective of the
presen’.c study was to determine whether there were any delayed effects to short-term

(two months) light reduction.

The objectives of the present study have been to investigate the effects of short-term

{two months) light reduction on survival of eelgrass, Zosterg marina, in Pagdilla Bay,

Washington, The specific factors that have been investigated are seasonal differences

in the effects of short-term light rpducﬁon. differences between an intertidal and a

subtidal populations of Z. marina, delayed effects of short-term light reduction, and

recdvery during the first year following short-term light reduction.
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METHODS

Light available to Zostera marina was reduced experimentally to 10% of control

irradiance using neutral density screens at two sites: an intertidal site and a subtidal
site (Fig. 1). ’I;he intertidal site, approidmately 25 m by 25 m, was located in an -
apparently uniform bed of Z, marina that extended more than 100 m in all directions.
Withiﬁ the uniform bed, but outside the experimental site were baxe patches varying in

" size from about 2 m aiameter to 10 m diameter. Sediment level was about G to +0.25 m |
depth where O is chart datum, MLLEW. Spring tidal amplitude is about 2.5 m, The
subtidal site was located at a depth of about -2.5 m, about 150 m above ‘the lower limit of
distribution on a gently sloping bottom, Zostera marina extended more than 100 m in

all directions with some evidence of thinning Z. marina close to the lower limit. The

subtidal site was a rectangle about 12 m wide and iOO m long oriented parallel to the
. lower limit of distribution so that the whole experimental area was at a similar depth

and similar distance from the lower limit of distribution.

Experiments were initiated in March, June, September, and December 1993. An
additional 'experiment was initiated in March 1994, in which only density of Z. marina
was measured. At each site four replicates of thrée “treétments” were allocated (in a
random block design) to plots in three rows and four colurnns for each experiment.
Subsequent experiments were allocated in an adjacent block of rows and columns.

Plots were 1 m by 1 m within 2 1.25 m by 1.25 m screen (light reduction plots) or a 1.25 m
by 1.25 m frame without s.creen (control plots). The space btheen plots and between
rows was at least 2 m. The three treatments were control, light reduction, and
pretreatinent. Biomass samples were taken from the pretreatiment plots at the time
each experiment was started, with no furfher samples or measurements taken from

pretreatment plots. At the end of the two months of light reduction, biomass samples
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were taken from one control and one light reduction plot. . Chlorophyll concentration

in the leaves of Z. marina was determined in four control and four light reduction plots

at the beginning of each experiment, and in three conﬁ‘ol aind thrge light reduction plots
after one month and after two months of light reduction. Density was determined in
each plot at the beginning of the experimént and monthly in each control and light
reduction plot (except for the ones from which bilomass s'amples were taken) thereafter

through December 1994, 21 wmonths after initiation of the first experiment.

Screens were set up on PVC frames 0.55 m above the sediment at the intertidal site and
0.85 m above the sediment at the subtidal site so as not to restrict water flow. Screens
were made of three layers of neutral density greenhouse shade cloth. Screens were
cleaned each month. Light measurements with a PAR (photosynthetically active
radiation, 400 - 700 nm) light sens-or made under the screens and outside of the screens
"both during submergence and emergence indicated an average light reduction of about

ten percent with a range of 4 - 23%.

All measurements and sample collection at the subtidal site were conducted with
SCUBA. At the intertidal site, SCUBA was used during autumn and winter, but during
Iate spring and suminer measurements at the intertidal site were made by walking to

the site during suitable daytime low tides.

Biomass was measured in triplicate quadrats (0.25 m by 0.25 m) in each plot. Above
ground leaf material was clipped at the sediment éurface and placed in marked bags,
kept on ice for transport to the iabératory, stored at 5 °C for up to seven days, washed in
freshwater, and cleaned of debris and large epiphytes. Sediments toa depth ¢f 0.15m
were dug from each biomass quadrat, rinsed of sediment in the field, transported and

stored as for leaf material, and cleaned of shells and animals in freshwater. Dry weight
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of leaf and root/rhizomes was determined by drying to a constant weight at 105 °C; ash-

free dry weight by heating to 550 °C for two hours and reweighing.

Chlorophyll was measured in 1 cm? sections from the center of 2-4 whole leéves
haphazardly selected in randomly allocated quadrats in each plot. Leaf samples were
maceratea, extracted in 90% acetone overnight (Dennison 1990) and absorption
measured in a narrow bandwidth spectrophotometer and chlorophyll a and b

calculated with the equations of Jeffrey and Humphrey (1975).

Density was measured non destructively by counting all shoots above the sediment
surface in 0.25 m by 0.25 m quadrats, three randomly allocated quadrats per plot at the

intertidal site and four per plot at ﬁe subtidal site,
RESULTS

The experimental frames were designed to reduce light to the eelgrass and to have little
or no effect on other factors affecting growth and survival of Z. marina, However,
drifting algae tended to get caught on the frames at the intertidal sité in both control
plots and light reduction plots and lay on the eelgrass when the tide flats were exposed.
Each month these drift algae were removed from the frames. The affected area was
usually within 0.1 m of the corner posts and thus not in the measured plot area (central
1 m?). Butin May 1993, accumulations of macroalgae (maﬁﬁy of the genera Laminaria, -
Ulva, and Enteromorpha) were much larger than other months and covered parts of the
plot area in both control plots and light reduction plots. At the time, the spring (March.
1993) experiment was the only experiment set up. Similar accumulations of
macroalgae were not seen during the remainder of the study. Thus, eelgrasses in the

spring (March 1993} intertidal experiment experienced both reduced light with screens
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in the treatment plots and reduced light (and other effects of macroalgal mats) in both

~ the treatment and control plots.

During the 21 months that eelgrass density was measured at the experimental sites,
changes were noted in the patchiness of the intertidal site. One of the “sparse-bare”
pgtches in the surrounding meadow increased in size during the summer of 1993 and
extended into a few of the plots (both control and light reduction plots) in the spring
1993 experimental area. Thus, results measuring ‘delayed effects’ and ‘recovery’ of the

-spring 1993 experiment are interpreted with caution.

Seasonal ﬂuctqations

Density, leaf dry weight and chlorophyll content of the leaves of Zostera marina were

measured in control plots on numerous occasions throughout the year as each

experiment was set up and concluded. Combining these data from the conirol plots
provides an indication of thé natural seasonal changes in these parameters. Dens_ity
was measured in control blots from the different seasonal experiments each month,
The density waé similar in control plots from all experiments except for the intertidal
spring 1993 experiment. Control plots from spring 1993 had lower density in June and
had less than control plofs from other seasons almost every month for the following 18
months. Therefore, the spring 1993 controls were not included after June 1993 when

computing the mean densities for all controls at the intertidal site,

Density of Z. marina at the subtidal site was highest in summer and autumn with 100-

140 shoots per m2 and lower in winter and spring with 50-80 shoots per m-2 (Fig. 2).
Peak density during 1994 was about 70% as high as peak density during 1993. Density
at the intertidal site was always higher than density at the subtidal site (Fig. 3), but the

seasonal pattern at the intertidal site was almost the reverse of the subtidal site:
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density increased during winter to a maximum during spring and then decreased during
late autumn (1993) or summer and autumn (1994). Peak densities during spring at the

intertidal site were about two times the densities during autumn (Fig. 3).

The dry weight of leaves per unit area of Z. marina at the intertidal site was at a

‘maximum in summer, after the ‘spring maximum in density, and at a minimum in
winter of about one-fourth to one-third of the summer maximum (Fig. 4). At the
subtidr;ll site, the seasonal pattem of dry weight of leaves was similar to the intertidal
site, but summer maxima were about twice as high (Fig. 5). Ash-free dry weight averaged
55% of leaf dry weight at the intertidal and subtidal sites. Percent ash-free dry weight
was only four to five percent belovs.r the mean during thé summer months, so the
seasonal pattérn of ash-free leaf dry weight was similar to the pattern for leaf dry

weight.

Leaf dry weight per individual shoot at the intertidal site indicated two sizes of shoots:
one during May to September with a weight of 0.4to 0.5 g per sho;)t, and a sec_ond during -
December to March with a weight of 0.1 to 0.2 g per shoot (Fig. 6). At the subtidal site,
leaf dry weight per shoot was always greater than at the intertidal site (from 0.4t0 2.2 g

pef shoot) and there was some indication of a seasonal trend with a maximum in

summer and a minimum in winter/ earlyISpring (Fig. 7).

The concentration of chlorophyll 2 and b in the leaves of Zostera marina was sﬁnﬂar
throughout the year at both the subtidal and intertidal sites with some indication. of an
increase in chlerophyll in winter (Dece_mber to March) at the intertidal site. At the
s'ubtidal site, monthly mean concentrations were usually 25-32 pg per cm? and at the

intertidal site 19-23 pg per cm? from March through October and 26-33 pg per cm2 from
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November to March. Mean concentrations at the subtidal site were about 5 pg per cm?2

‘higher than at the intertidal site.

The photon flux density at the water surface in Padilla Bay fluctuated throughout the
year as expected for this latitude (48°N) with a maxima in June and July and a minima
in December and January (Fig. 8). Water temperature in the channels in Padilla Bay
fluctuated between a high of 15 °C in July and August to a low of 5 °C in during December
to February (F.ig'. 8). Temperature on £he intertidal flats during low tide can be several

degrees higher or lower depending on air temperature, wind, and solar radiation.

Immediate effects of light reduction
At the subtidal site, light reduction during spring 1993 caused a reduction in density of

about 25%, but this 6ccurred ata -time when control plot densities nearly doubled (Fig.
9). Leaf dry weight in control plots quadrupled from March 25 to June 2, 1995 during
which time leaf dry weight in light reduction plots decreased to less than one-fourth of
the initial weight (Table 1). Similarly, ash-free dry weight of leaves, dry weight and
ash-free dIy weight of rhizomes, and leaf dry weight per shoot all increased in control
plots and either decreased or remained the same (leaf dry weight per shoot) in the light

reduction plots (Table 1). On the other hand, the concentration and ratio of chlorophyll

in the leaves of Z. marina did not change with time or, with reduced light (Table 2).

During spring 1994 density in control plots appeared to increase slightly, whereas

density of Z. marina in light reduction plots decreased to less than half in two months

(Fig. 9).‘

At the intertidal sites, light reduction for two months during spring caused an
immediate and drastic reduction in density of Z. marina both in 1993 and 1994 (Fig. 10)

at a time when density in control plots were changing very little if at all. Similarly, the
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dry weight and ash-free dry weight of leaves and rhizomes were much lower after two
months of light reduction compared to controls (Table 3). Even the few surviving shoots
of Z. maring in the light reduction plots had about one half the leaf dry weight per shoot
as did shoots in control plots (Table 3), Light reduction had no measurable effect on

chlorophyll a, chlorophyll b, or their ratio in leaves of Z. marina during the spring

experiment at the intertidal site (Table 4).

During summer, at the subtidal site, density of Z. marina decreased during two months
of light reduction to about one half of density in control plots (Fig. 9). Similarly, dry
weight of leaves and leaf dry weight per shoot deceased in light reduction plots (Table 1).
Nine weeks after treatment the concentration of chlorophyll in leaves of Z. marina

under light reduction screens was lower than in control plots (Table 2).

At the intertidal site, during summer, the response of Z. marina to light reduction was
similar to the response at the subtidal site (Fig. 10, Table 3) except that there was no
significant decrease in chlorophyll per unit leaf area, with even some indication of an

increase in chlorophyll after four weeks (Table 4).

During autumn at the subtidal site, density decréased similarly in both control plots
and light reduction plots so that there was no measurable effect of light reduction on
ldensity of Z. marina (Fig. 9). In the two plots in which le_af dry Wéights were measured,
there was less in the light redﬁctioﬁ plot than in the control plct (Table 1). Chlorophyll
content of leaves of Z. rﬁarina was lower in light reduction plots than in control plots-
after four weeks, but similar in concentration after twelve weeks (Table 2). There was

no change in chlorophyll a/b.
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During autumn at the intertidal site, light reduction had no measurable effect on
density with decreases measured in both control plots and light reduction plots (Fig.
10). Leaf dry weight and leaf dry weight per shoot, on the other hand, were lower in the
single light reduction plot compared to the single control plot (Table 3). Chlorophyll a
and b appeared to increase after four weeks and nine weeks of light reduction, but there

was no effect of chlorophyll a/b (Table 4).

During winter at the subtidal site, light reduction had no measurable effect on density,
leaf dry weight, leaf dry weight per shoot, or chlorophyll a/b of Z. marina (Fig. 9, Tables
1 and 2). After ten weeks of light reduction the chlorophyll content was lower in leaves

from light reduction plots than in control plots (Table 2).
During winter at the intertidal site, light reduction for eleven weeks had no measurable
effect on density, leaf dry weight, leaf dry weight per shoot, chlorophyll content of

leaves or chlorophyll a/b of Z. marina (Fig. 10, Tables 3 and 4).

Delayed effects and recovery after light reduction

After removal of the screens that reduced light for ten weeks during spring 1993 at the
subtidal site, density of Z. marina continued to decline through all seasons (Fig. 11).
Sixteen months after removal of the screens, the lowest density in the treatment plots

- was recorded; and although plots were monitored for nineteen months after the ten
week light reduction, the plots never recovered their previoué density, nor the density of
adjacent control plots (Fig, 11). After removal of the screens after eight weeks in spring
1994, density of Z. marina at the subtidal site increased para]lei to the ﬁlcreases in the

control plots. In the seven months following removal of the screens, Z. marina did not

decline further (as measured by density of shoots}, nor did it recover to densities

recorded in the control plots {Fig. 12).
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At the intertidal site, after removal of the screens, only a few scattered plants remained
in the light reduction plots. These few plants remained during the following nineteen
months with reported means fluctuating widely as randomly allocated quadrats
included or excluded tfle few plants '(Fig. 13). Z. maring never recovered in these plots,
but control plots in this area also declined over nineteen months (Fig, 14). The area in
which these plots were located appeared to be undergoing a change during this period of
time (see second paragraph of Results section). In spring 1994, after removal of screens,

density of Z. marina remained low and neither declined further nor recovered during

the following seven months (Fig. 15).

Following light reduction during summer, Z. marina in subtidal plots never recovered

during the following fifteen months (Fig. 16). Delayed effects were not obvious, but
during the second growing season the difference between control and light reduction

plots was greater than during the first season (Table 5, Fig, 16).

In intertidal plots, after light reduction during summer, no further decline was
observed during the following sixteen months although density did not increase in light
reduction plots the following spring when density in control plots tripled (Fig. _17).
There was no clear sign of recovery during this period, although density in contrel plots
declined during the winter of 1994 fo values similar to the densities observed in the

surnmmer light reduction plots (Fig. 17).

Light reduction during autumn at the subtidal site did not cause a decrease in density .
different from the control plots (Fig. 9}. During the following twelve months, densities
in the light reduction plots fluctuated similar to the control plots, indicating no delayed

effects (Fig. 18).
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In contrast, at the intertidal site, where light reduction dur]ng autumn also had not
caused an imr_nediaté decrease in density (Fig. 10), there was a clear delayed effect as
density of Z. marina continued to decline in plots that had had light reduced (Fig. 19).
At the same time density in control plots increased dramatically during winter and
sjnring (Fig. 19). By the time of the second winter, thirteen months after the light
reduction screens had been removed, density in the ]ight reduction plots was similar to
density in the control plots, W‘hether these plots fully recovered is not known, because
of the termination of the experiment. Full recovery would be ﬁldicated by a large
increase in density during the following winter and spring (1995) as occurred during

1993 and 1994 in the control plots (Fig. 19).

During winter at the subtidal site, light reduction had not caused a significant decrease |
in density (Fig. 9). During. the next two and a half months density in light reduction
plots was slighﬂy lower than in control ploté, but in May 1994 there was still not a clear
difference between control and light reduction plots (Fig. 20). During the next three
months of suminer, density in the control plots almost doubled while density in light

| reduction plots decreased slightly {Fig. 20). Thus, a delayed effect from light reduction
during winter was observed the following summer, four and more months after the light

reduction screens had been removed.

At the intertidal site, also, light reducﬁon during winter had not caused a significant
decrease in density (Fig. 10). Dﬁng the following nine months density in the light
reduction plots was slightly lower than in the control plots, but the effect on density
was equivocal and difficult to interpret with confidence (Fig. 21). By December 1994, .
the control plots appeared to be increasing wﬁile the treatment plots contix\iued to

decline (Fig, 21), possibly indicating a delayed effect.
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DISCUSSION

Short-term (8 - 12 week) light reduction (10%) caused a decrease in density of Zostera

marina at both a subtidai and intertidal site durihg spring and sumrmer, but not during

winter or autumn (Table 5). Zostera marina was more sensitive to light reduction in

spring and summer than during winter. These results are counter intuitive because
there is greater incfdent light during summer than winter (Fig. 8). Indeed, the seasonal
changes in incident Iight have been invoked by many authors as causes for tfle seasonal
changes in biomass and density of eelgrasses (Sand-Jensen 1975, Kentula and McIntire

1986, Dennison 1987, Thom and Albright 1990, Thom 1990).

If reduced light during winter is causing the seasonal decrease in biomass and density, a
~further .reduction during winter, such as caused by the light reduction screens, would
have been expected to cause a further decrease in density. The lack of any decrease in
' density under screens indicates that the seasonal decrease in density of Z. marina is not
caused primarily by reduced solar photon flux density during winter. Light may be a
| secondary factor, interacting with other factors such as temperature and endogenous
seasonal pattems. but these results indicate that light is not the major controlling

factor causing reduced density of Z. marina during winter in Puget Sound.

Short-term (8 - 10 week) light rechiction (10%) had a greater effect on Z. m at the
intertidal site than at the subtidal site: the light reduction screens caused a greater
decrease in density in spring and sumrmer at the intértidal site than at the subtidal site -
(Figs 9 and 10). Again, these results are counter intuitive because there is greater |

incident light at the intertidal site than at the subtidal site. The iricreased effect of light
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reducton at the mterﬁdal site may have been diue (among gother things) to differences in
temperature or differences in the suitability of the site for growth of Z. marina.
Temperature at the two sites was not measured during this study, but would be expected
to be similar. 'I‘i_dal flow into Padilla Bay tends to briné water from the area of the
subtidal site to the area of the intertidal site with each daily tide {(Bulthuis and Conrad
1995) and therefore temperatures should be similar, Temper;atures taken at stations
near the experimental sites duﬁng a water quality study during 1985-1986 (Cassidy and
McKeen 1986) indicated mean temperatures within 1 - 2 °C of each other all seasons of
the year. These temperafures, however, were taken during high tide when the sampling '
vessel could acces's the intertidal site. During low tides the temperature of the ponded
water at the intertidal site may increase up to 10 °C higher than during high tide

: (Bulthuis, unpublished data). Higher temp ératur'es increase the respiration rate
(Bulthuis 1983b, Marsh etal 1986) of seagrasses and thereby increase the minimum
light required for a positive carbon balance (Bulthuis 1987). Therefore, the greater
effect of light reduction at the intertidal site could be a resuilt of a greater }ight
requirement because .of higher temperatures, This may be a partial explanation of
some of the differences bet-,ween the subtidal and intertidal sites, but the length of time
of temperature increase during low tide seems too short to explain the substantial

differences in response to light reduction, particularly during spring and autumn.

A .t_j;econd “explanation” for the increased effect of light reduction at the intertidal site is
the overall marghai habitat that sucﬁ a sife represents for Z. w Z. marina is
essentially a submerged marine plant that is able to extend its range up into the
inteftidal when the periods of exposure are short, or the topography of the sand/mud
flat forms a shallow (1 - 5 c¢m deep) bowl' that retains water during low tide, or the
morphology of the shoots and leaves retards water flow off of the flats (Powell &

Shaffner 1991}, or the leaves lie directly on the wet sediment surface. All of these
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situations keep the leaves wet in an environment where the leaves are in danger of
drying out and dying. Other factors, such as freezing, ice scour, and grazing by

herbivorous birds (Baldwin & Lovvorn 1994) also make the intertidal habitat marginal

for growth of Z. marina. In such an environment, the additienal stress of lowered light
may have more effect than in a suitable subtidal habitat, That is, plants in the
intertidal that ﬁlay have multiple stressors may not have been able to build up the
reserves (in rhizomes or shoots) to survive an 8 - 12 week reduction in f)hoton flux

density to 10% of control irradiance.

A third objective of this study was to investigate the delayed effects of short-term light

reduction; that is, “Are there further changes in the Z. marina population within

experimental plots during the folli)wlng twelve months of full light that may be
attributable to the short-term light reduction?” The only ex.peri.ments tha;c showed a
clear delayed effect were the winter experiment at the subtidal site and the autumn
experiment at the intertidal site. In addition, there was a slow continuous decline in
density after removal of the screens in spring at the subtidal site. The delayed effects of
the Hght reduction during winter at the subtidal site we1;c especiany striking because
the treatment plots and control plots had about the same density for three months
following removal of the sereens and then during summer densi& in the control plots '
| incfeased while density in treaﬁnent plots remained the same (Fig. 20). Thus, the
. effects were first observed about four months after the screens had been removed. At the
end of the autumn intertidal experiment, densities in the control plots and the light
reduction plots were similar. However, during the next three months (December to
February) density in the control plots increased three to four timgs the November
minimum while density in the-light reduction‘plots remained simﬂar or increased only
slightly [Fig 19). One explanation for the delayed effects of light reduction may be

reduced carbohydrate reserves in the rhizomes. The reserves may have been used to
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sustain shoot growth during the time of light reduction so that the total density of
shoots did not decrease. However, during the time of density increase (winter for
intertidal, summer for subtidal) there were insufficient reserves in the ligh£ reduction
plots to produce new shoot growth. As a result, densitf w0u1d remain constant in the
light reduction plots while it increased in the control plots. Dennison & Alberte (1985)
also reported delayed effects of light reduction. They feduced light for 30 daysto Z.

marina at a “deep” station and several weeks after they removed the screen, all Z.

marina died. However, the present study is the first documentation of delayed effects

first being observed some three months after the light reduction.

A fourth objective of this study was to investigate the rate of recovery during the year
following short-term light reduction. Assessment of “recovery” will depend on the |
definition of what constitutes recovery. When “recovery” is defined as similar shoot |
density for two consecutive months in control and light reduction plots, then recovery
was observed in the intertidal summer and autumn experiments and in the subtidal
winter experiment (Figs. 17, 19, 20). However, in all three cases, “recovery” occurred
because the density in control plots declined to the values observed in the light
reduction plots, not because the density in the light reductidn plots increased. If
“recovery” is defined as an increase in shoot densﬁy at the time when density increased
in control plots (summer for subtidal, winter for intertidal) then no‘“recovery” was |
observed in any of the experiments during the 7-19 months following removal of the
screens (Table 5). Backman and Barilott (1976) reported recovery in light reduction

| plots one to six months after removal of light reduction écreens. Why eelgrass

recovered in their experiments and not in the present study is not clear.

In addition to density of shoots of Z. marina, shoot biomass and chlorophyll content of

the leaves were measured to indicate the effects of light reduction. Shoot biomass
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generally mirrored shoot density as an indicator of the effects of light reductic;n (Table
1). However, because shoot biomass is a destructive sampling technique, the limited
sampling precludes va]id statistical comparisons and provides no indication of delayed
effects or of recbverj. One of the disadvantages of shoot density as a measure of the
effects of light reduction is that shoots that survive (or regenerate), no matter how small
are counted equ_ally with large healthy shoots. This contrast was especially evident at
the subtidal plots where large shoots with leaves more than 1 m long were being counted
equally with shobts with leaves ab;:)ut 0.2 m tall. The leaf dry weight per shoot in thé
light reduction plots vs. control plots at the end of the subtidal spring and summer
experiments (Table 1) and at the end of the intertidal spring, summer, and autumn
experiments (Table 3) illustrate this contrast. Thus, light reduction both reduced

density and reduced the weight of the surviving shoots.

" The concentration of chlorophyll and the chlorophyll a/b rations were not affected by
the light reduction screens. This result contrasts with the increased chlorophyll
content and increasing chlorophyll a/b ratios réported for Z. marina at increasing
depths (Dennison and Alberte 1986) and for reduced light levels tOIesen and Sand-

Jensen 1993).

In conclusion, this study has shown that short-term (8 - 12 weeks) light reduction to

about 10% has a greater effect on density of Z. marina during spring and summer than

it does in autumn and winter; that such light reduction may have delayed effects when
light is réduced during autumn and winter; that intertidal Z. marina may be more
sensitive to light reduction than subtidal Z. marina; and that recovery of Z. marina

from even short-term light reduction may take more than one year.
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Table 1. Dry weight of leaves and roots/thizomes of subtidal Zostera marina in control and experimental
plots at which irradiance was reduced to 10% for about two months. Mean (* standard error of the
mean) of four plots at start of experiment (2 sample quadrats per plot) and mean for one reduced
irradiance plot and one control plot after treatment (3 or 4 sample quadrats per plot).

Spring treatment  Summer treatment Autumn treatment  Winter treatment
leaf dry weight leaf dry weight leaf dry weight leaf dry weight -
(g/0.0625 m2) (g/0.0625 m2) (g/0.0625 m?2) {g/0.0625 m2)

mean s.e. mean $.e. mean s.e. mean 5.8
Leaf Dry Weight
At start of experiment 414 10570 21.22 - 13587 6.27 #2265 2.66  10.387
Two montﬁs later . |
Control 16.64 15.92 5.39 1.40
Reduced irradiance 0.73 817 2.60 '1.69
Leaf Ash-free Dry Weight
At start of experiment 274 0575 10.67 +£1742 3.03  t1074 1.35 20208
. Two months later
Contro} 8.98 7.95 . 3.02 ~ 0.84
Reduced irradiance 0.36 412 1.37 1.04
Root/Rhizome Dry Weight
At start of experiment 3.73 x1100
Two months later
Control - 6.54
Reduced irradiance 1 0.73

Root/Rhizome Ash-free Dry Weight

At start of experiment 233 0725
Two months later
Control } 4.84
. Reducedimadiance 0.0
Leaf Dry Weight per Shoot
(g per shoot)
At start of experiment 0.81 +0.381 226 10452 1.41 10392 0.83 zoax1
Two months later
-Control 1.86 1.63 . 0.88 0.34
Reduced irradiance - 0.87 0.96 0.62 0.37

~
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Table 2. Chlorophyll a & b in leaves of subtidal Zostera marina in experimental plots at wheih irradiance was
reduced to 10% of control plots for ten to twelve weeks. Mean (+ s.e.) of 3 to 4 plots (2 to 4 samples per plot),

Chlorophyll a Chlorophyll b Chlorophyll a+b

(pg chl/ sq cm) (1g chl/ sq cm) (Jig chl/ sq cm) Chloropbyll a/b
mean *s.e, mean =s.e. mean Is.e. mean is.e.
Spring Experiment — '
Before treatment  (25Mar93) 204 #142 79 1059 283 £201 2.6 £0.02 .
After ten weeks (2 Jun93)
Control 18.4 +£1.65 72 1052 25.6 216 25 1006
Treatment 20.6 +1.29 8.3 4051 289 180 25 001
Summer Experiment '
Before treatment (25 Jun 93) 211 212 8.7 +088 29.8  £3.00 24 +0.01
Afier five weeks (27 Fu193) ‘ '
Control - 18.0 =+124 73 047 25.3  +1.70 2.5 003
Treatment 17.2 1541 6.6 4215 23.8 736 2.6 1006 .
After nine weeks (26 Aug 93) :
Control 17.1 1026 72 012 243 1039 24 1001
Treatment 127 #2.01 54 087 18.0 =230 24 4001
Autumn Experiment
Before treatment (23 Sep 93) 19.5° 084 ‘8.0 +035 274 118 24 1002
Afier four weeks (19 Oct93)
Control . 233 #1279 97 +112 329 4390 2.4  +0.03
Treatment 152 086 64 030 216 113 24 007
After twelve
weeks (14 Dec 93) ‘
Control _ 15.5 +1.33 59 +058 21.5 191 2.6 .05
Treatment 147 +1.31 54 078 20.1 +2558 2.8  +0.08
Winter Experiment ‘
Before treatment (21 Dec 93) 172 +i.02 - 67 1049 - 239 +151 2.6 1005
After five weeks (26 Jan 94)
Control 21.8 1056 87 1040 30.5 1094 25 006
Treatment 206 #47 82 +188 28.8 1658 2.5 0,06
After ten weeks (3 Mar 94) ' .
Control 24.1 13.64 94 +158 33.5 #5.22 2.6 2004

Treatment . 18.6 1249 7.1 +11.04 25.8 4353 2.6 005
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Table 3. Dry weight of leaves and roots/rhizomes of intertidal Zostera marina in control and
experimental plots at which irradiance was reduced to 10% for about two months. Mean ( standard
error of the mean) of four plots at start of experiment (2 sample quadrats per plot) and mean for one

reduced irradiance plot and one control plot after treatment (3 or 4 sample quadrats per plot).

Spring treatment Summer treatment Aufumn treatment  ‘Winter treatment
leaf dry weight  leaf dry weight leaf dry weight leaf dry weight
Treatment (/0.0625 m2) (£/0.0625 m2) (£/0.0625 m2) (g/0.0625 m2)
* Iean mean s.e. mean g.e. - mean s.e . -
Leaf Dry Weight
At start of experiment 1134  £247 717  +f121. 2,64 1073
Two months later '
Control 7.87 6.47 4,51 3.81
Reduced irradiance  0.09 1.44 0.75 2.80
Leaf Ash-free Dry Weight
At start of experiment 631 128 347 1059 1.64 1043
Two months later
Control ‘ 4,62 3.44 2.65 2.24
Reducediradiance  0.05 0.68 0.46 1.67
Root/Rhizome Dry Weight
At start of experiment 3.58 10.73 3.86 064
Two months later
Control 5.07
Reduced irradiance 0.72
Root/Rhizome Ash-free Dry Weight
At start of experiment 224 1065 2,63 1046
Two months later
Control 297
Reduced imadiance 0.34
Leaf Dry Weight per Shoot
(g per shoot) :
At start of experiment 0.51  +0.049 0.47  +0.080° 0.14 . %0024
Two months later
Control 041 0.44 024 0.11
0.08 0.10

Reduced irradiance 0.27

0.18
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Table 4. Chlorophyll a & b in leaves of intertidal Zostera marina in experimental plots at wheih
irradiance was reduced to 10% of control plots for nine to eleven weeks. Mean (x s.e.) of 3 to 4

plots (2 to 4 samples per plot).
IS GO QO oo
mean ds.e. mean dse, mean s.e. mean Fs.e.
Spring Experiment
Before treatment  (26Mar93) 162 078 57 027 220 #l04° 28 1003
After nine weeks (26 May 93)
Controt 15.7 1045 58 008 21.5 041 2.7 £0.09
Treatment 14,7 5.8 20.5 .25
Summer Experiment
Before treatment  (22Jun93) 154 #113 53 031 207 #4329 007
After four weeks (20 Jul93)
Control 13.4 182 52 #0716 18.6 +2.57 2.6 +0.08
Treatment 18 +239 71 $105  25.1 4342 2.6  +0.09
After nine weeks (27 Aug 93)
Control- 142 x1.20 57 . 1049 199 +1.67 25 006
Treatment 15.7 276 7.1 113 22.8 4388 22 008
Autumn Experiment.
Before treatment  (15Sep 93)  14.4  +0.88 51 056 19.5 +1.25 3.2 .i0.64
After four .weeks (14 Oct §3)
- Control 13.1 +1.85 48 +0.69 179 255 27 1002
Treatment 18.8 225 72 066 26.0 *2.90 2.6  +0.09
After nine weeks (16 Nov 93)
Control 207 #5517 7.3 £1.80 28.0 +7.30 2.8 3007
Treatment 295 +361 11,1 +126 406 486 2.7 #006
Winter Experiment ' '
Before treatment  (22Dec93) 249 £139 87 044 336 182 28 003
After four weeks (21 Jan 94) ' )
Control 191 292 72 %116 26.3 +4.08 27 1004
Treatment 20.3 176 7.8 . w07 28.1 246 2.6 003
After eleven weeks (8 Mar 94)
Control 21.1  +095 72 1033 283 1118 29 012
Treatment 174 #1558 $022 232 136 30 4000
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Table 5. Summary of effects of nine to twelve weeks of light reduction to 10% on density
of Zostera marina during four seasons at a subtidal and intertidal site in Padilla Bay,
Washington. Potential recovery was monitored for 19 months (Spring '93) to 7 months
(Spring '94) after removal of the light reduction screens. When there was no effect,
possible recovery is not applicable (NA).

Immediate effect? Delayed effect? Recovery?
Subtidal .
Spring '93 Yes Yes No
Summer '93 Yes Yes? ' No
Autumn 93 No No NA
Winter '93 No Yes " Yes/No
Spring 94 : Yes No ' No
Intertidal '
Spring 93 Yes No No
Summer '93 ‘ Yes : No ‘ Yes/No
Autumn ‘93 No Yes Yes/No
Winter '93 | No No" NA
Spong '94 . Yes No No
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Figure 2. Density of Zogstera marina in control plots at the subtidal site for the duration of the experiment (March 1993 1o
December 1994); mean +s.e. (n=3 plots in March 1993 increasing up to 12 plots by March 1994 and thereafter).
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307 Control plots, intertidal and subtidal
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Figure 3. Density of Zostera marina in contfol plois at the intertidal site (closed circles) and the subtidal site (open circles) from March
1993 to December 1994. Mean = s.e., n=3 plots in March 1993 increasing up to 12 plots by March 1994 and thereafter.
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Figure 4. Leaf dry weight of Zostera marina in the conirol plots at the intertidal
experimental site from May 1993 to March 1994. Mean +s.e., n=1 to 3 plots.
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Figure 5. Leaf dry weight of Zostera marina in the control plots at the intertidal site (open
circles) and at the subtidal site (closed circles) from May 1993 to March 1994. Mean =+ s.e.,
n=1 to 3 plots.
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Figure 6. Leaf dry weight per shoot of Zostera marina in the control plots at the intertidal
site from May 1993 to March 1994. Mean +s.e., n=1 to 3 plots. -
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Figure 7. Leaf dry weight per shoot of Zostera marina in the control plots at the intertidal
site (open circles) and at the subtidal site (closed circles) from May 1993 to March 1994.
Mean = s.e., n=1 to 3 plots. -
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instrument was used for other experiments, in particular from 12 Dec 93 to 15 Jan 94.]
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Figure 9. Density of Zostera marina in shaded and control plots at the subtidal site, mean *s.e., n=3 plots. Shade
experiments were initiated 3 months apart beginning in March 1993.
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- Subtidal, shaded in spring '93
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Figure 11. Density of Zgstera marina at the subtidal site in plots (n=3) shaded for 10 weeks during spring 1993 (sohd
bar) and in control plots (n=3 to 12) from all experimenis; mean + s.e.
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Subtidal, shaded in spring '94
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Figure 12. Density of Zostera marina at the subtidal site during 1993 and 1994 in plots (n=3) shaded for 8 weeks
during spring 1994 (solid bar) and in control plots (n=3 to 12) from all experiments; mean =+ s.e.
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Intertidal, shaded in spring
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Figure 13. Density of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 9 weeks during‘ '
spring 1993 (solid bar) and in control plots (n=3 to 12) from all experiments; mean =+ s.e.
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Figure 14. Density of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 9 weeks__ during
spring 1993 (solid bar) and in control plots (n=3) from the spring experiment; mean * s.e.
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Figure 15. Density of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 7 weeks during
~ spring 1994 (solid bar) and in control plots (n=3 to 12) from all experiments; mean = s.e.
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Subtidal, shaded in summer
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Figure 16. Density of Zostera marina at the subtidal site during 1993 and 1994 in plots (n=3) shaded for 9 weeks
during summer (solid bar) and in control plots (n=3 to 12) from all experiments; mean + s.e.
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Intertidal, shaded in summer
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Figure 17. Dens1ty of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 9 weeks durmg
summer (solid bar) and in conirol plots (n=3 to 12) from all expenments mean  s.e.
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Subtidal, shaded in autumn
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Figure 18. Density of Zostera marina at the subtidal site during 1993 and 1994 in plots (n=3) shaded for 12 weeks
during autumn (solid bar) and in control plots (n=3 to 12) from all e;xperiments; mean £ s.e.
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Figure 19. Density of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 9 weeks during
autumn (solid bar) and in control plots (n=3 to 12) from all experiments; mean = s.e. '
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Figure 20. Density of Zostera marina at the subtidal site during 1993 and 1994 in plots (n=3) shaded for 10 weeks
during winter (solid bar) and in control plots (n=3 to 12) from all experiments; mean * s.e.
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Figure 21. Density of Zostera marina at the intertidal site during 1993 and 1994 in plots (n=3) shaded for 11 weeks during
winter (solid bar) and in control plots (n=3 to 12) from all experiments; mean =+ s.e.
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