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ABSTRACT: The distribution of eelgrass Zostera manna L. has declined significantly throughout a
Danish embayment, the Limfjord, during the past 2 decades, parallel to increased nutrient input and
reduced light penetration. In this study monthly measurements of Secchi depth from 1986 to 1989 were
related to concentrations of nutrients, phytoplankton biomass (as chl a) and resuspended particles
(mineral and organic) to evaluate their influence on water turbidity within 10 different basins of the
Limfjord. The overall median concentrations of total N (0.87 mg I-') and total P (0.072 mg I-') were high,
and total N accounted for 55.6% of the spatial variability in the chl a concentrations. Secchi depth
transparency was highly variable as a result of seasonal fluctuations rather than spatial differences.
Within all 10 basins the seasonal changes in Secchi depth were closely related to suspended particle
concentrations (RZ= 0.408 to 0 667). Suspended inorganic matter could account for more of the variability in attenuation than chl a In half of the basins, and was closely related to wind-induced sediment
suspension. Episodes of high water turbidity associated with high wind activity are, therefore, likely to
influence the area1 distribution of eelgrass within the Limfjord. Reduction in nutrient loading is
expected to increase water clarity as suggested by the direct relationship of chl a to total N. The impact
is limited, however, by high levels of suspended mineral particles, such that Secchi depth transparency,
closely related to eelgrass depth penetration, is only likely to increase by 10.6 to 17.5 % following a 2 fold reduction in phytoplankton biomass. Continued resuspension following the long-term perturbation of the entire embayment is, therefore, likely to constrain eelgrass colonization following nutrient
abatement.
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INTRODUCTION

Benthic macrophytes support an important fraction
of the high primary productivity found in most shallow
coastal waters of temperate regions (Mann 1982).
Increasing nutrient loading, however, often leads to
increased abundance of phytoplankton and epiphytes
and, thus, to reduced light availability to submerged
macrophytes (Sand-Jensen & Borum 1991). As light
availability is a major determinant of shoot density and
biomass within seagrass meadows (Backmann & Barilotti 1976) and their abundance with depth (Dennison
1987, Duarte 1991, Sand-Jensen et al. 1994b),eutroph-
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ication often leads to a catastrophic mortality of deepgrowing plants, resulting in a decline of areas supporting seagrass growth. Hence, increased nutrient loading may be associated with a shift from dominance of
rooted macrophytes to dominance of phytoplankton
and ephemeral macroalgae, which are characterized
by fast biomass turnover and profound seasonal fluctuations in abundance (Borum 1985, Sand-Jensen &
Borum 1991, Duarte 1995).
In shallow coastal environments tidal and windinduced currents often have a large impact on water
turbidity (Ward et al. 1984, Gabrielson & Lukatelich
1985, Carter et al. 1994, Pedersen et al. 1995). Dense
seagrass meadows may, however, dampen the extent
of sediment suspension as the plants provide physical
protection against water turbulence and stabilize sur-
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face sediments (Fonseca et al. 1982, Ward et al. 1984).
Eutrophication, leading to vegetation changes and
reduced abundance of seagrasses, may increase sediment resuspension and, eventually, shoreline erosion
(Christiansen et al. 1981).These changes will, in turn,
further reduce light availability to the surviving seagrass meadows. Consequently, seagrass decline due to
increased nutrient loading is likely to accelerate,
through a series of feedback mechanisms.
In Limfjorden, a shallow and soft-bottom Danish embayment, the submerged vegetation is dominated by
eelgrass Zostera marina L. However, the present distribution of eelgrass is greatly reduced compared to early
records. At the beginning of this century, prior to the
massive eelgrass 'wasting disease', vast eelgrass
meadows covered approximately 25 % of the total area
and extended down to between 3.0 and 5.5 m (Ostenfeld
1908).In the late 1980s the depth limit of eelgrass was 1.5
to 4.0 m, and the areal coverage was reduced to only half
of that in 1901 (Olesen 1993).The major decline in eelgrass abundance observed within the Lirnfjord has taken
place during the past 2 decades (Bio/consult 1990b).This
development suggests that the low areal coverage of
eelgrass today is the result of recent changes in water
quality accompanying increased nutrient loading and
water turbidity (Limfjordskomiteen 1989).
The objective of this paper is to evaluate the influence of phytoplankton and suspended particles on
water transparency in 10 different regions of the
Limfjord, and their importance to present-day depth
distribution of eelgrass. The possible reasons for the
observed differences in light conditions among sites
are discussed, based on nutrient loading and potential
wind-driven sediment resuspension.

METHODS
Study area. The Limfjord is a eutrophic shallow,
brackish water area, with a mean depth of about 4.9 m
and a surface area of 1500 km2 The fjord is connected
to the open waters of the North Sea to the west and the
Kattegat to the east through narrow entrances (Fig 1)
and is characterized by small tidal amplitude ( ~ 0 . m).
5
The dominant saltwater inflow is with westerly winds
from the North Sea and the average salinity ranges
from 32%0in the west to 22%0in the inner parts of the
fjord. The Limfjord is surrounded by intensively cultivated fields and urban areas. Hence, the nutrient load
is low in the western part of the Limfjord and increases
towards the inner parts, being proportional to the supply of freshwater from the catchment area.
Sampling and analysis. The data presented were
collected as part of a survey of the water quality of the
Limfjord and include measurements from sampling
positions at the center of 10 relatively distinct basins
(Fig. 1). The size of the basins varied between 40 and
380 km2 and the mean depth between 1.6 and 7.4 m.
Measurements of Secchi depth and sampling took
place monthly from March 1986 to December 1989.
Water samples were collected just beneath the water
surface and were analyzed for total nitrogen (total N)
and phosphorus (total P), chlorophyll a (chl a) and
particulate suspended matter. Total N was measured
colorimetrically as nitrite after oxidation of unfiltered
water samples with peroxidisulfate (Koroleff 1972),
followed by reduction to nitrite through cadmium
columns. Total P was determined as ortho-P following
oxidation with peroxidisulfate (Koroleff 1976). Chl a
concentrations were measured spectrophotometrically

Fig. 1 Map of Limfjorden, Denmark, showing
sampling stations
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after extraction in 96% ethanol (Wintermanns & d e
Mots 1965). Water samples for analyses of suspended
particulate matter were filtered onto preweighed
Whatman GF/A filters, dried at 105°C and reweighed
to determine dry weight. Suspended materials were
further analyzed for the organic fraction (particulate
organic matter, POM) as weight loss on ignition at
550°C and the inorganic fraction (particulate inorganic
matter, PIM) as the ash content remaining.
Median values were used to represent the central
tendency of all measured variables. The proportional
contribution of temporal and spatial variation to the
overall variance observed was obtained by performing
a nested ANOVA for balanced designs (Sokal & Rohlf
1981).
The relationship between Secchi depth and lightattenuating particles was expressed by the equation
for vertical attenuation of light in water

where I, is surface light intensity, I, is light intensity at
the Secchi depth (S),k ' is the light attenuation caused
by factors other than suspended particles, a' is the specific attenuation coefficient of particles, and C is the
concentration of particles (Lorenzen 1972, Qrk 1983).
Assuming a constant ratio between I, and Is, Secchi
depth can be described as inversely proportional to
light attenuation (Lorenzen 1980)
S-' = k + uC

(2)

where k is kl[ln (IolIs)]-'and o: is oc'[ln (Io/Is)]-'.
The contribution of different particulate compounds
to light attenuation is considered additive (Kirk 1983).
Thus, the particulate light attenuation ( a C ) was
partitioned into 3 fractions, describing attenuation
caused by chl a [ U . , ~ , C PIM
~ ~ ~ )( a, P I M C P I and
M ) POM
( c ( ~ ~ Multiple
~ C ~ ~linear
~ ) regression
.
was applied to
describe their relationship to Secchi depth. The relative importance of chl a a n d suspended organic a n d
inorganic matter as light-attenuating components was
assessed from partial correlation analysis. The distributions of all measured variables were approximately
loa-normal and were therefore transformed loaarithmically prior to statistical analysis.
Wave-induced near-bottom orbital velocity above
the bottom was estimated at each sampling site in
order to describe the influence of wind-induced resuspension on variations in particulate matter load to the
water column. Wind data were obtained at Thyboron,
a weather station located in the western art of the
Limfjord. The orbital velocity was calculated according
to Christiansen et al. (1992) and was based on measurements of wind fetches in 12 different directions
and the water depths at the sampling positions (range
among basins: 5.0 to 12.0 m). The estimated orbital
d

d
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velocities were then weighed according to the frequency of each wind direction. The wind speed was
held constant at 10 m S - ' . This velocity was chosen as
wind speed below this level is unlikely to cause measurable suspension at the deeper sampling stations
(Sand-Jensen et al. 1994a). The monthly frequency
of wind speeds at or above this level ranged between
4 a n d 42?;, during the study period. The bottom sediments were low in organic content (5 to 1 5 % ) compared to the water column (38 to 54%) (Limfjordskomiteen 1976). Resuspension should increase the
proportion of mineral particles and the wave-induced
orbital velocity was, therefore, related to the concentration of inorganic particles in surface waters.
Eelgrass depth distribution was determined by
SCUBA diving along depth transects in each of the
investigated basins during summer 1989 (Bio/consult
1990a, b, Petersen 1991). The maxlrnum depth limits
recorded were related to growing season (Apnl-September) averages of Secchi depths, calculated from
mean values of 2 to 6 measurements every month.

RESULTS
Spatial and temporal variability
Measured levels of nutrients, suspended particles
a n d Secchi depths a r e presented as the overall median
value, the upper a n d lower quartiles a n d the range
(minimum and maximum values) for all stations a n d
sampling dates (Table 1 ) .The median concentration of
total N (0.87 mg I-') was approximately 10-fold higher
than that of total P (0.072 mg I-'), a n d both nutrients'
levels were within the high range of nutrient concentrations measured in a comparative study of water
quality in several Danish coastal areas (Sand-Jensen et
al. 1994b). The concentrations of chl a during the 4 yr
sampling period ranged from 0.1 to 140 pg 1-' and were
Table 1. Secchi depth and concentrations of total N, total P,
chl a and particulate inorganic (PIM) and organic [POM)
matter measured within 10 different b a s ~ n sof the Llmflord.
Data are presented as the overall median value, the upper
and lower quartlles (25 and 75% fract~les)and the range
( m n -max ) (n = 450)
-

1
1

Variable

Medlan value

Total N lmcr I-')
Total P (mg I-')
Chl a (pg l-')
POP4

'

Secchl depth (m)

0.87

i

0.072

Upper and
lower quartlles

Range

0.66-1.20

0.29-4.00

0.049-0.094
3.0-10.0
1 9-3.6
1 6-4 7
2 5-5.0

0.014-0.270
0.1-140.0
0.1-9.5
0.1-40.6
0.5-11.3

1
1
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highly skewed, as 50% of all measurements were
below 5 pg 1-'. Similarly, the median value of suspended inorganic matter (2.9 mg I-') and organic matter (2.7 mg I-') was several-fold lower than the maximum values encountered (40.6 and 9.5 mg 1-',
respectively). The Secchi depth ranged between 0.5
and 11.3 m with the majority of measurements (75% )
below 5.0 m and a median value of 3.5 m.
Examination of the extent of variability in the measured components among basins compared to the temporal variability within each basin demonstrated that
between 81.8 and 96.3% of the total variability was
attributable to seasonal fluctuations (Table 2). Nutrients, suspended particle concentrations, and Secchi
depth showed small changes among the locations in
the Limfjord, and the median values only varied 1.8 to
3.3-fold among basins (data not shown).
Nutrient concentrations along the Limfjord were
proportional to the supply of freshwater. Hence, salinity within the 10 Limfjord basins was significantly
inversely related to total N (R2= 0.746, p < 0.01) and
total P content (R2 = 0.611, p < 0.01). The relationship

Table 2. Relative amount of variability (nested ANOVA) in
total N, total P, particulate inorganic (PIMI and organic (POM)
matter, chlorophyll a (chl a), and Secchi depth among the 10
basins in the Lirnfjord compared to the seasonal variability
within basins. The ANOVA test is based on monthly measurements during a 4 yr penod at 10 different stations.
F-values are from the ANOVA testing differences among
stations. "p < 0.01, "'p < 0.001
Variable
Total N
Total P
PIM
POM
Chl a
Secchi depth

Among (Yo)

Within (Yo)

F-values

14.8
3.7
9.3
4.6
4.5
18.2

85.2
96.3
90.7
95.4
95.6
81.8

8.8"'
2.7"
5.6"'
3.2"'

3.1"
11.0"'

between nutrient concentrations and phytoplankton
biomass was described from the growing season
median concentrations of chl a , total P and total N.
Chl a concentrations were directly related to total N
(R2= 0.556, p < 0.02), but not to total P (R2= 0.135, p =
0.296) (Fig. 2).
Concentrations of suspended inorganic particles
were directly related to the estimated near-bottom
orbital velocities (R2 = 0.576, p < 0.01) (Fig. 3). The
unexplained variability in concentrations of inorganic
particles among stations is in part due to uncertainties
in the estimated velocity. Also, variations in sediment
grain size among stations and the effect of topography
on local wind speeds are expected to affect the relationship between calculated orbital velocity and suspended inorganic matter. The relatively high y-intercept of the relationship suggests that other factors
besides suspension of bottom sediments, such as ter-

Total Nitrogen (rng I-']

o
0.05

t
0.06

I
0.07

0.08

0.09

Total Phosphorus (mg I-')

Fig. 2. Relationships between concentrations of chl a and (a)
total N and (b)total P. Each data point represents the growing
season (Apnl-September) median concentrations for each
sampling station. Line describes the linear regression of chl a on
total N. R2. coefficient of determination; p: significance level

Orbital velocity (cm

S-']

Fig. 3. Relationship between the overall median value of suspended inorganic matter (PIM) in the water column and estimated wave-generated near-bottom orbital velocity. Line
describes the linear regression of PIM on orbital velocity (R2=
0.576. p < 0.01)
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restrial run-off and wind- and tidal-induced advective
transport, have a major impact on the supply of inorganic particles to the water column.
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Table 4. Coefficients of determination (R2),calculated from
the partial correlations between Secchi depth ( S )and concentrations of chl a and particulate inorganic (PIM) and organlc
matter (POM). Data from each sa~npling station (1-10)
represent 45 measurements. ns: not significant. 'p < 0.05.
"p < 0.01, '"p < 0.001

Suspended particles and Secchi depth
Results from multiple regression analysis showed
that the combined effect of chl a and suspended
organic and inorganic matter on Secchi depth
accounted for 40.8 to 66.7 % of the total variability in
Secchi depth (Table 3). Secchi depth did not respond
significantly to changes in chl a, POM or PIM within all
basins. Thus, POM was a poor descriptor of light attenuation and affected Secchi depth significantly in only
half the basins investigated (Tables 3 & 4). The light
attenuating effect of chl a (achl)
varied little among the
6 basins where relationships were significantly different from zero, showing slopes of Secchi depth against
chl a concentrations from 0.137 to 0.233 m-2 mg-' chl a,
whereas the relations of Secchi depth and PIM were
more variable (range for the slopes: 0.115 to 0.468 m-'
g-' PIM) (Table 3). The y-intercept (k),describing the
background attenuation caused by dissolved organic
matter and pure water only varied 1.4-fold among
basins.
The relative impact of chl a, POM and PIM on Secchi
depth was estimated from partial correlation analysis.
The correlations between Secchi depth and suspended
organic matter were weak within all basins (Table 4,
Fig. 4). For chl a the coefficient of determination (R2)
ranged between 0.002 and 0.493 and exceeded that of
PIM (range: 0.011 to 0.570) at 5 stations (Table 4). The
relationship between Secchi depth and chl a was
stronger in areas with high water clarity (Fig. 4). In
contrast, suspended inorganic particles tended to dominate particulate light attenuation in turbid waters.

Stn

S and chl a

S and POM

1
2
3

0.009 ns
0.045 11s
0.002 ns
0.153'
0.334 " '
0.493"'
0.177"
0.248"'
0.323"'
0.252"'

0.008 ns
0 146'
0.111'
0.064 ns
0.221
0 058 ns
0 101'
0.139'
0.050 ns
0.015 ns

4

5
6
7
8
9
10

"

S and PIM
0.570"'
0.329"'
0.435 " '
0.203
0.011 ns
0.065 ns
0.113'
0.101'
0.134'
0.388"'

Secchi depth and eelgrass depth limit
During the growing season of 1989, the average
Secchi depth ranged between 2.7 and 5.1 m among
stations. However, marked temporal variability was
apparent in all stations, and Secchi depth varied 2.0- to
5.8-fold at 9 of the stations and 12-fold at 1 station (not
shown). The eelgrass depth limits ranged from 1.9 to
3.7 m and tended to increase with Secchi depth (R' =
0.413, p < 0.05) (Fig. 5).

DISCUSSION
The Secchi depth transparency within the Limfjord
was highly influenced by suspended particle concentrations, which accounted for 41 to 67 % of the variability in Secchi depth (Table 3). Chl a was the major contributor to particulate light attenuation at half of the

Table 3. Results of multiple linear regression analysis of reciprocal Secchi depth (S-',m-') against concentrations of chl a (pg I-')
and particulate inorganic (PIM, mg 1-') and organic (POM, mg I-') matter. a,,,,, aplM
and a,,,, are the specific attenuation coefflcients (+95% confidence limits) of chl a, PIM and POM, and k is the background attenuation. RZ is the square of the correlation
coefficient (n = 45)
Stn
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S e c c h i depth (m1

Fig 5 Relatlonsh~pbetween eelgrass depth 11m1tand S e c c h ~
depth ( S ) kvithln the 10 invest~gatedLlmflord baslns Llne
describes the regression e q u a t ~ o n i
= 0 425 S + 1 259,
, eelgrass depth l l m ~ t
R2 = 0 413, p < 0 05 Z,,

0

1

2

3

4

5

Secchi depth [m)

Flg. 4 . Coefftcients of determinat~on(R2),describing the relat ~ v eeffect of 11ght-attenuating p a r t ~ c l econcentrations on varia b ~ l ~in
t yScsc h1 depth as a function of Secchi depth withtn 10
d ~ f f e r e n tLimflord basins. R' was calculated from partlal correlation analysls between rec~procalSecchi depth and concentrattonq of ( a ) chl a , ( b ) particulate organic matter (POM)
and (c) pdrticulate Inorganlc matter (PIM). Significant relations (p < 0.05) (m); insignificant relations (0)Lines describe
slgn~ficantrelat~onshlpsbetween Secchi depth and R2 (chl)
and betwc7~nSecchi depth and R2 (PIM)

stations investigated (Table 4). The impact of phytoplankton, expressed as chl a, on Secchi depth IS presumably underestimated because chl a is a measure of
the standing phytoplankton biomass. Thus, the influence on S e c c h ~depth of phytoplankton degradation
products, such as dead particulate or dissolved organic
matter, is not included. Accordingly, part of the light
attenuation effect of POM is associated with phytoplankton productivity as indicated by the close relationsh.ip between concentrations of chl a and POM
among basins ( K ' = 0.689, p < 0.01, data not shown).

In Limfjord basins with weak or non-significant correlations between Secchl depth and chl a, Secchi depth
was closely related to variability in suspended inorganic particles (Tables 3 & 4). Similar effects of suspended matter on the relationship between Secchi
depth and chl a have been observed in comparisons of
llght climate among different freshwater lakes and
Imply that changes in Secchi depth are closely related
to chl a only in the absence of high concentrations of
suspended particles (Megard et al. 1980, Koenings &
Edmundson 1991, Phllps et al. 1995a). Hence, in water
areas with high turbidity and moderate phytoplankton
biomass Secchi depth does not necessarily reflect
changes in nutrient load and the associated response
of phytoplankton productivity.
The importance of inorganic suspended particles to
light attenuation observed within some of the Limfjord
basins (Table 4) is consistent with slmilar findings for
shallow coastal waters elsewhere, where sources of
high particle concentrations are river discharge and
sediments resuspended by wind energy or tidal currents (Ward et al. 1984, Gabrielsen & Lukatelich 1985,
Campbell & Spinrad 1987, Carter et al. 1994, Phlips et
al. 1995b). Differences in concentrations of suspended
inorganic particles among the Limfjord basins appear
to reflect wind-induced suspension of sediments, as
suggested by the direct relationship between the spatial distnbution of inorganic matter in the water column and wind-induced orbital velocity (Fig. 3). Hence,
high turbidity caused by sediment suspension is
expected to occur periodically when wind speed
exceeds a critical level, defined by basin morphometry
and sedlment grain size. Because wmd-induced suspension of bottom scmdiments is greatest In shallow
areas, the impact of suspended particles on light availability witllin areas with potent~alt,c.lqrass grocvtl~(0.5
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to 4.0 m) is presumably underestimated, as these
results are based on open-water measurements (sampling depth: 5 to 12 m). Within the shallow areas, vegetation cover will increase the critical wind velocity for
sediment suspension, due to the sediment stabilizing
effects of eelgrass populations (Fonseca et al. 1982,
Ward et al. 1984). Thus, it is likely that the observed
recession of eelgrass meadows has further increased
the frequency of resuspension events within areas
devoid of vegetation.
Differences in eelgrass depth limits among the Limfjord basins corresponded approximately to the variability in mean Secchi depth (R2 = 0.413, p < 0.05;
Fig. 5). Thus, for water areas with Secchi depths at
4.0 m the regression equation predicts that the maximum depth of eelgrass growth is about 3.0 m. Assuming that 10% of surface light reaches the Secchi depth
(Hojerslev 1978), the average light intensity at this
depth corresponds to 18% of surface light, which is
slightly higher than the average light levels previously
obtained for eelgrass (14 %; Sand-Jensen et al. 1994b)
and for a range of seagrass species (11%; Duarte
1991). However, the variance of the regression of
depth limits on Secchi depth was high (Fig. S), presumably because of errors associated with determination of eelgrass light compensation depths and the use
of relatively few Secchi depth observations as a measure of integrated light climate.
The recent decline in eelgrass depth distribution
within the Limfjord coincides with increased water turbidity associated with the intensified nutrient loading
and phytoplankton productivity during the past
decades (Limfjordskomiteen 1989). The direct relationship between chl a and total N (Fig. 2) suggests,
along with enrichment studies (Lyngby 1990), that
phytoplankton biomass is mainly limited by nitrogen.
A planned reduction in nutrient discharge to Danish
waters by 50% for nitrogen around the year 2000 is,
therefore, expected to increase Secchi depth transparency due to reduced phytoplankton production
and, accordingly, to increase the depth at which adequate light is available for eelgrass growth and
survival. Wind-induced sediment suspension is, however, likely to dampen the effect of reduced phytoplankton biomass on Secchi depth. Thus, provided that
light attenuation caused by suspended mineral and
organic particles remains unchanged, the relationships
between Secchi depth and particle concentrations
(Stns 4 to 10; Table 3) predict that Secchi depth is only
expected to increase by 10.0 to 17.5Y0 following a 2fold reduction in concentrations of chl a and by 20.9 to
38.1 % following a 4-fold reduction in concentrations of
chl a.
The predicted changes in water transparency upon
reduced nutrient loading suggest that eelgrass recov-
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ery is likely to be constrained due to continued sediment resuspension. Gradual expansion of eelgrass
meadows may, however, reduce the extent of sediment
suspension due to increased physical protection of surface sediments against water turbulence (Fonseca et
al. 1982, Ward et al. 1984) in a self-reinforcing process,
leading to changes in Secchi depths exceeding those
predicted above. Thus, assuming that concentrations
of mineral particles in the water column are reduced
by 50% following reestablishment of eelgrass meadows, the improvenlent of Secchi depths due to a 2-fold
reduction in phytoplankton biomass would be twice
the increase (19.8 to 41.2 %) predicted above.
Eelgrass colonization resulting from horizontal
growth of rhizomes is very slow (30 cm yr-l; Olesen &
Sand-Jensen 1994) and, therefore, the production of
new patches from seedlings is critical to eelgrass recovery. However, negatively buoyant seeds result in a
limited dispersal range away from reproductive popul a t i o n ~(Orth et al. 1994). Long-distance dispersal is
only likely to take place through detached fragments of
flowering shoots, dispersed by current or wind action.
The time scale of these processes leading to eelgrass
recovery needs further examination. However, the colonization of denuded areas, spatially separated from
existing populations, is likely to proceed very slowly
due to the low seed dispersal potential. On the other
hand, once eelgrass vegetation has become established
within an area, the colonization process is likely to
accelerate due to the enhanced capacity of seed production as dense meadows develop, stabilize the sediments, and improve water clarity for further growth.
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