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ABSTRACT: This study tested the hypothesis that sea bottom characteristics interact with light atten-
uation in the water column to regulate the depth limit of eelgrass Zostera marina L. A large-scale field
data set on eelgrass depth limits, light climate and physico-chemical sea bottom characteristics was
collected from Danish coastal waters and analyzed by statistical models. The results confirmed that
light attenuation is the main predictor of eelgrass depth limits, but indicated that sediments charac-
teristic of eutrophic conditions and physically protected environments also play a regulating role.
Depth limits were moderately shallower when the sea bottom was rich in organic material, had high
concentrations of nutrients and hydrogen sulfide, and had a physical structure characterized by fine
particles, high porosity, high water content and low density. The effect of sediment variables was
non-linear, and the sediment only affected depth limits beyond certain threshold levels characteristic
of eutrophic conditions and physically protected environments. We argue that further reductions in
nutrient loads can improve the state of eelgrass beds by ameliorating not only light conditions but
also sediment quality and associated oxygen concentrations in the water column.

KEY WORDS: Eelgrass - Depth limit - Thresholds - Sediments - Light attenuation - Eutrophication

Published March 14

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Seagrasses are key components of coastal marine
ecosystems. They produce and export considerable
amounts of organic carbon, cycle nutrients, stabilize
sediments and enhance biodiversity (e.g. Hemminga &
Duarte 2000). Seagrass ecosystems are, however, chal-
lenged by rapid environmental changes resulting from
increased human pressure in coastal areas, and large-
scale losses of seagrass meadows have occurred world-
wide (Short & Wyllie-Echeverria 1996, Green & Short
2003, Orth et al. 2006, Waycott et al. 2009). Among the
major threats are increased nutrient discharges from
land, which lead to reduced water clarity (Short &
Wyllie-Echeverria 1996), and ultimately alter sediment
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characteristics when organic material accumulates on
the sea bottom in areas where hydrodynamics allow
sedimentation.

Light limitation is the major factor controlling depth
limits of seagrasses (Dennison 1987, Duarte 1991,
Nielsen et al. 2002, Ralph et al. 2007). Seagrasses
grow to more than 40 m depth in the clearest waters
but are absent or penetrate to only a few meters depth
in the most turbid areas (Duarte 1991). A recent large-
scale study confirmed this strong negative relation-
ship between light attenuation and seagrass depth
limits, but also demonstrated that the relationship is
non-linear and differs between clear and turbid
waters (Duarte et al. 2007). Seagrasses in turbid
waters were thus found to have higher apparent light
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requirements than those growing in clearer waters
(Duarte et al. 2007). Across Florida's Indian River
Lagoon system, variation in light attenuation ac-
counted for only half of the variation in depth limits
(Steward et al. 2005). These observations demonstrate
that factors other than light attenuation in the water
column must play a regulating role for seagrass
growth, as also pointed out by Koch (2001).

The depth limit represents a balance between car-
bon gain in terms of recruitment and growth fuelled by
light, and carbon losses due to physiological processes
such as respiration, exudation of dissolved organic car-
bon, reproduction and plant death, as well as direct
physical removal of biomass by e.g. herbivory and
physical exposure to currents and waves. The appar-
ent higher light demand of seagrasses growing in shal-
low, turbid waters as compared to clear waters (Duarte
et al. 2007) is likely due to increased carbon losses
caused by other effects than reduced water clarity.
Regression models which include water column nutri-
ent concentration as well as water clarity as explana-
tory variables have been found to improve predictions
of eelgrass depth limits (Greve & Krause-Jensen 2005),
thus supporting this idea. Increased nutrient concen-
trations stimulate the growth of epiphytes and oppor-
tunistic macroalgae which further shade seagrasses
(Borum 1985, Drake et al. 2003, Kemp et al. 2004,
Burkholder et al. 2007). Moreover, dead organic
material may accumulate on the sea bottom, where
hydrodynamic conditions allow this, thereby poten-
tially affecting physical and chemical conditions for
seagrasses (Hemminga 1998, Duarte et al. 2005).

As early as the late 19th century, Reinke (1889)
noted that eelgrass in Kiel Bay grew down to 17 m
depth on sandy bottoms but never grew deeper than
10 m on muddy bottoms. The idea that sea bottom
conditions can affect depth colonization of seagrasses
is therefore not new. Habitat characteristics such as
concentrations of organic matter, presence of sulfide
and grain size of surface sediments have been pro-
posed as factors affecting the growth of submerged
aquatic vegetation, which may help explain why sea-
grasses do not colonize all areas that fulfill their light
demands (Koch 2001, Kemp et al. 2004). In this study
we propose that these same factors also contribute to
explaining variability in depth limits of eelgrass
between areas.

Organic enrichment of the sea bottom creates soft
and porous sediments that may not properly support
anchoring of seagrass shoots, which may therefore be
lost (Wicks et al. 2009). Dark, organic-rich sediments
may further decrease bottom reflectance and thereby
the light availability relative to a light, sandy bottom
which reflects and scatters the light (Dierssen et al.
2003).

Deposition of organic matter on the sea bottom also
changes the chemical environment of seagrasses to-
wards higher concentrations of hydrogen sulfide and
ammonium and more reduced conditions, causing sig-
nificantly lower biomass and higher mortality of sea-
grass (Pérez et al. 2007). It is likely that high sul-
fide concentration in organically enriched sediments
combined with low oxygen levels in the seagrass tissue
provoke these negative effects on seagrasses, and
that high oxygen demands of organic-rich sediments
worsen the situation. Laboratory experiments have
shown that sediment sulfides reduce the photosynthetic
capacity of eelgrass (Goodman et al. 1995), and that
combined exposure to hypoxia and hydrogen sulfide
result in loss of above-ground biomass and increased
mortality of eelgrass (Holmer & Bondgaard 2001). Stud-
ies of oxygen and sulfide dynamics by microelectrodes
in seagrass meristems also suggest that internal oxygen
stress, caused by low water column oxygen content or
poor plant performance (Greve et al. 2003), allows inva-
sion of hydrogen sulfide over the roots and is a potential
key factor in episodes of sudden die-off of seagrasses
(Pedersen et al. 2004, Borum et al. 2005, Mascar6 et al.
2009), such as those reported from the field following
anoxic events (Plus et al. 2003). Eelgrass is especially
sensitive to oxygen stress when temperatures are high
(Pulido & Borum 2010).

The range of seagrass-sediment interactions is fur-
ther expanded and complicated by the fact that sea-
grasses affect the sediments surrounding them. Photo-
synthesis, respiration, and the growth and decay of
seagrasses all influence the organic matter, nutrient
and oxygen content of the sea bottom, and thereby its
metabolism. As seagrasses produce large amounts of
organic matter and enhance sedimentation of particles
from the water column in their vicinity, they tend to
form patches of organically enriched sediments and
are, therefore, to some extent adapted to coping with
such surroundings (Hemminga 1998, Duarte et al.
20095). Detrimental effects of poor sediment quality on
seagrasses should therefore occur only above extreme
levels of sediment variables.

This study aims to identify and quantify possible ef-
fects of chemical and physical sea bottom characteris-
tics on the depth limits of eelgrass Zostera marina L.
through a large-scale field study across Danish coastal
areas which experienced marked eutrophication dur-
ing the 20th century (Conley et al. 2007). We hypo-
thesize that sediment variables interact with light
attenuation in the water column to regulate seagrass
depth limits, limiting colonization in deeper water at
locations where the sea bottom is rich in organic
matter, nutrients or hydrogen sulfide, and has a high
water content that prevents the plants from anchoring

properly.
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MATERIALS AND METHODS

Study site. The study included 42 sites where eel-
grass depth limits in combination with chemical charac-
teristics (content of organic matter, organic carbon,
nutrients and hydrogen sulfide) and physical character-
istics (grain size, water content, porosity, density) of the
sea bottom in Danish coastal waters were quantified
(Fig. 1). The sites were grouped in 6 main areas, each
consisting of a number of basins (Fig. 1). Most sites (37)
had complete records of these physico-chemical vari-
ables while the remaining 5 sites lacked a single vari-
able. Information on Secchi depths characterizing the
general light climate of each basin was available from
water chemistry monitoring sites located centrally in
the basins. Local departments of the Nature Agency
take care of the monitoring and report the results to a
national database maintained by the National Environ-
mental Research Institute (NERI). The study sites were
selected to represent a broad range of depth limits,
light and sea bottom characteristics and included se-
veral locations where eelgrass depth limits were lower
than expected based on light levels. Sites were also se-
lected to be beyond the influence of mussel dredging
activities. The tidal range in inner coastal waters and
fjords is very small, ranging from ~0.1 to 0.5 m.

Field sampling and laboratory analyses. Depth lim-
its and sediment characteristics were assessed by the
local departments of the Nature Agency and their con-
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Fig. 1. Zostera marina. Sampling sites for eelgrass and sedi-

ment in Danish coastal waters. The sites (42 in total) were

grouped in 6 main areas named on the map in bold italics.

Within each area the sites were distributed in basins, each

having a central monitoring station for Secchi depth. Not

all sites are visible on the map as some are too close together
to show

sultants once during the summer (late July to mid Sep-
tember) 2005. Depth limits were measured by scuba
divers as the deepest occurrence of eelgrass shoots.

At each site divers carefully collected sediment from
the bare bottom between the scattered eelgrass shoots
at the depth limit in a minimum of 5 plexiglas cores
(length 300 mm, inner diameter 52 mm). In addition,
temperature and oxygen concentration of bottom
water were measured in situ in order to ensure similar
conditions during laboratory incubations, and 25 1 bot-
tom water was sampled at each site. The cores, firmly
closed with rubber stoppers, were transported in
cooler boxes to the laboratory where they were imme-
diately incubated at in situ temperature and oxygen
concentration in bottom water from the location.

On the following day, one core was used to measure
hydrogen sulfide concentration of the pore water in
1 cm sections through the upper 10 cm sediment layer.
Pore water was pressure filtered through a 0.45 pm
membrane filter (Millipore) under a gas-impermeable
latex membrane. The first 5 drops of pore water were
discarded. Subsequently, up to 2 ml of pore water
(determined by weight) was led through Tygon tubing
directly into 1 ml of 2% ZnCl, in a plastic vial in order
to minimize exposure to the atmosphere. Hydrogen
sulfide was then measured spectrophotometrically as
described by Cline (1969).

The remaining sediment cores were sectioned and
stored for later analysis: 3 of the cores were used to
measure the content of organic matter, carbon and
nitrogen, as well as water content and density from
which sediment porosity was calculated. The analyses
were conducted in 2 cm sections through the upper
10 cm sediment layer that represents the potential root
zone of eelgrass. Sediment from the 3 cores was
pooled. Dry weight was determined after drying to
constant weight at 105°C. Organic content was deter-
mined as weight loss on ignition at 550°C. For determi-
nation of organic carbon and nitrogen content, the
dried samples were homogenized and analyzed on an
elemental analyzer (RoboPrep-C/N). Phosphorus was
analyzed after acid destruction and subsequent colori-
metric analysis of the ignited samples (Danish Stan-
dard DS 291 and Koroleff 1983). Water content (per-
cent weight) was determined as the weight loss upon
drying relative to the wet weight. Porosity (ml pore
water cm™3), the fraction of void spaces in the sedi-
ment, was calculated as the volume of water lost upon
drying each 2 cm section of the sediment core (~42 cm?®
sediment). Density (g wet weight [ww] cm™®), i.e. mass
per volume, was calculated from the wet weight of the
sediment volume contained in each of the 2 cm sec-
tions of sediment.

A last core was used to measure grain size in 2 cm
sections down to 10 cm depth. Grain size was assessed
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by wet sieving and homogenization through a 63 pm
sieve which separated the silt-clay fraction from the
rest of the sample. After drying to constant weight, the
silt-clay fraction was quantified as a percentage of the
total dry weight. For all sediment variables we calcu-
lated average values for the top 10 cm (7 cm for H,S),
since deeper extraction of pore water was often not
possible, and used these in the analyses of relation-
ships between depth limits, light attenuation and sedi-
ment conditions.

Secchi depths are measured as part of the Danish
National Monitoring Program with a sampling fre-
quency of once or twice per month. In the data analy-
ses we used average Secchi depths for the main
growth season (March to September) over the years
1998 to 2005, thereby obtaining a relatively robust
description of light attenuation.

Statistical modeling. The potential effect of the
physical and chemical characteristics of the sediment
as regulating factors of eelgrass depth limits in addi-
tion to light attenuation was investigated by a non-
parametric approach, a Generalized Additive Model
(GAM, Hastie and Tibshirani 1990), and a parametric
approach, a non-linear regression of a threshold
model. In both modeling approaches the depth limit of
eelgrass (Zeeigrass) Was assumed to be proportional (co-
efficients were denoted agan and arpres) to the Secchi
depth (Zsp) as a proxy for the primary regulating factor,
light. Deviations from this relationship are referred to
in the following as eelgrass anomaly. The first ap-
proach modeled deviations from the proportional rela-
tionship to Secchi depth by means of a smooth non-
parametric function (LOESS smoother), S(X) of the
sediment variable (X), where the smoothing parameter
was selected by general cross validation in the GAM
procedure:

Zeelgrass = agam X Zsp + S(X) (1)

In the second approach, variations in eelgrass depth
limit in addition to that explained by Secchi depth
were modeled as a non-linear parametric response
with no effect until crossing a specific threshold
(Threshold) of the sediment variable (X), using a
hockey-stick type of model, i.e.

Zeelgrass = aTHRES X ZSD +k X X% I(X > Threshold) (2)

where the indicator function (I) equals one if the argu-
ment is true, otherwise zero.

These 2 modeling approaches were applied sepa-
rately to 9 different sediment variables (Table 1) as
well as to linear combinations of the sediment vari-
ables in the form of the 3 first principal components of
the sediment variables obtained from a Principal Com-
ponent Analysis (PCA). A PCA involves a mathemati-
cal procedure that transforms a number of possibly cor-
related variables into a smaller number of uncorrelated
variables called principal components. Sediment vari-
ables with a right-skewed distribution (7 out of the 9
variables) were log-transformed (Table 1) before fur-
ther analysis to reduce the influence of observations in
the upper tail distribution. As sediment variables were
strongly autocorrelated it was not possible to isolate
their individual effects through e.g. multiple regres-
sion analysis. The statistical analyses were carried out
using PROC PRINCOMP, PROC GAM and PROC
MODEL in SAS.

Calculation of eelgrass light demands. We calcu-
lated the percentage of surface irradiance available for
eelgrass at the depth limit based on the relationship
between the measured depth limit and Secchi depth
obtained through the present study. We assumed that

Table 1. Zostera marina. Descriptive statistics and the first 3 principal components of a Principal Component Analysis (PCA) of 9

variables used to characterize the sediment at the depth limit of eelgrass. All values are given as averages from the upper 10 cm

of the sediment, except H,S where values represent the upper 7 cm. The first principal component (PC1) accounts for as much of

the variability in the sediment data as possible, and each succeeding component (PC2 and PC3) accounts for as much of the re-

maining variability as possible. Proportions of the total variation explained by each of PC1-3 are shown in the column heading;

together, they explain 95.7% of the total variation. Values in the columns indicate the influence of each of the sediment
variables on the PCs. *indicates that the variable was log-transformed before analysis

Descriptive statistics Principal components
N Average Min Max PC1 (82.4%) PC2(8.3%) PC3 (4.9%)
Organic content (mg g~'dw)* 42 3.9 28.8 145 0.352 -0.186 -0.019
C (% dw)* 38 0.19 1.03 5.00 0.350 -0.138 -0.044
N (% dw)* 42 0.013 0.115 0.820 0.354 -0.054 -0.231
P (% dw)* 41 0.009 0.030 0.141 0.349 0.011 -0.022
H,S (pmol 1) * 41 0.68 234 4424 0.201 0.963 0.075
Silt-clay (% dw <63 pm)* 42 0.95 15.9 73.4 0.290 -0.118 0.905
Water content (%)* 42 15.4 29.0 72.1 0.360 -0.029 —-0.098
Density (g ww cm ™) 42 1.30 1.96 2.40 -0.351 0.027 0.330
Porosity (ml cm™®) 42 0.36 0.54 0.98 0.358 -0.028 -0.041
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the light attenuation coefficient (K,) relates to Secchi
depth (Zsp) according to the expression: Ky = 1.7 X
Zsp ! (Poole & Atkins 1929, Hgjerslev 1978). We then
inserted this expression of K;in the formula describing
the exponential reduction of light through the water
column:

I,=1I,x e 17 Zsp ixz (3)
where I, represents the sub-surface irradiance, set at
100 %, and I, represents light at the depth Z, in our
case equaling the depth limit.

RESULTS
Depth limits and Secchi depths

Eelgrass depth limits and Secchi depths varied
markedly among sites. Depth limits ranged from 1.5 to
6.4 m with a mean of 3.5 m, while Secchi depths ranged
between 2.5 and 8.2 m with a mean of 4.8 m. A linear
regression of depth limits against Secchi depths was
highly significant, and Secchi depths explained 82 % of
the variation in depth limits across sites (R* = 0.82, p <
0.0001, Fig. 2). We found that eelgrass growing at the
average depth limit received 28 % of surface irradiance.

Sea bottom characteristics

Chemical as well as physical characteristics of the
sediment also showed marked variation between sites,
and sediment variables were highly correlated
(Table 2, Fig. 3). Sediments rich in organic matter typ-
ically had high concentrations of total-nitrogen, total-
phosphorus and hydrogen sulfide. Moreover, organic-
rich sediments tended to be composed of fine particles,
i.e. dominated by silt and clay, and to have high water
content, high porosity and low density (Table 2, Fig. 3).
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Fig. 2. Zostera marina. Depth limit of eelgrass as a function of

Secchi depth in 42 Danish coastal areas. A linear regression

line and associated statistics are indicated. The intercept was
not significant and therefore set to zero

Eifects of sea bottom characteristics on depth limits

In addition to the variations in depth limits explained
by differences in Secchi depths, the remaining varia-
tions, i.e. the eelgrass anomalies, were related to the
sediment variables and combinations of these, as
obtained through PCA, in a combined model (includ-
ing Secchi depth and the sediment variables, one at a
time) analyzed with the GAM and the threshold model.
The first principal component (PC1) included all sedi-
ment variables but was only influenced slightly by
hydrogen sulfide (Table 1). PC2 mainly reflected sul-
fide concentrations while PC3 mainly reflected silt-
clay content and density, i.e. physical variables
(Table 1). Eelgrass anomalies were significantly re-
lated to total-nitrogen concentration of the sediment,
silt-clay content, density and PC1, in spite of consider-

Table 2. Zostera marina. Inter-correlations (Pearson's correlation coefficient r) for 9 variables used to characterize the sediment at
the depth limit of eelgrass. All values are given as averages from the upper 10 cm of the sediment, except H,S where values
represent the upper 7 cm. *indicates that the variable was log-transformed before analysis

Correlations

Org* Cc* N+ p* H,S* S-C* wcC* Dens. Por.
Organic content (mg g~ 'dw)* 1.00 0.94 0.91 0.90 0.40 0.76 0.93 -0.92 0.92
C (% dw)* 1.00 0.93 0.87 0.43 0.74 0.92 -0.90 0.93
N (% dw)* 1.00 0.92 0.48 0.68 0.95 -0.95 0.94
P (% dw)* 1.00 0.52 0.74 0.92 -0.92 0.90
H,S (pmol 1Y) * 1.00 0.38 0.51 -0.49 0.51
Silt-clay (% dw <63 pm)* 1.00 0.74 -0.64 0.75
Water content (%)* 1.00 -0.95 0.99
Density (g ww cm ™) 1.00  -0.92
Porosity (ml cm™?) 1.00
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Table 3. Zostera marina. Depth limits modeled in relation to Secchi depths (Zsp) and sediment variables, including the first 3 prin-
cipal components of these (PC1 to PC3, see Table 1), using a non-parametric Generalized Additive Model (GAM) and a para-
metric threshold model. Both models include a linear regression coefficient for Zsp (agam and arygres, respectively). The GAM
model was chosen by generalized cross validation, resulting in variable degrees of freedom (df) for the smoother [S(X)]. Probabil-
ities for the 2 models (p) denote the significance of the functional expression for the sediment variable. Estimated thresholds for
sediment variables are listed with an interval [mean — SE; mean + SE] displaying the confidence of the estimate, but are not given
for the cases where the threshold was determined by only 2 points and therefore not well determined (indicated by*)

Explanatory variable (X) No. of obs. GAM model Threshold model
agam  df ) R? ATHRES Threshold P R?

Organic content (log) 42 0.774 1.29 0.0567 0.838 0.751 134*mg g 'dw 0.0147 0.850
C (log) 38 0.769 1.28 0.1150 0.847 0.758 3.99*% dw 0.0125 0.856
N (log) 42 0.784 1.96 0.0225 0.849 0.751 0.606* % dw 0.0146 0.850
P (log) 41 0.805 3.26 0.0605 0.868 0.748 0.052[0.034; 0.081] % dw 0.0707 0.853
H,S (log) 41 0.802 1.52 0.0548 0.840 0.770 13.4 [1.5; 119.0] pmol 1" 0.1188 0.833
Silt-clay (log) 42 0.795 3.05 0.0384 0.853 0.763 13.3 [7.2; 24.5]% dw <63 pm 0.0822 0.838
Water content (log) 42 0.788 1.58 0.0731 0.838 0.751 69.8*% 0.0146 0.850
Density 42 0.789 2.15 0.0240 0.851 0.753 1.63[1.48;1.78]gwwcm™  0.0294 0.845
Porosity 42 0.782 1.30 0.0524 0.838 0.753 0.831[0.56; 1.11] ml cm™3 0.0130 0.851
PC1 36 0.800 1.39 0.0474 0.872 0.756 3.52[2.22; 4.82] 0.0109 0.867
PC2 36 0.850 2.86 0.0890 0.877 0.774 -0.144 [-1.19; 0.91] 0.2041 0.847
PC3 36 0.822 1.39 0.4948 0.856 0.774 0.475[-1.43; 2.38] 0.5648 0.838

able scatter in the relationships (GAM model, p < 0.05;
Table 3, Fig. 4: black lines). Negative effects on depth
limits only appeared at the highest concentrations
measured (Fig. 4). Sediment contents of phosphorus,
hydrogen sulfide and organic matter as well as water
content and porosity of the sediment showed the same
tendency but relationships were not significant. Nei-
ther PC2 nor PC3 were significantly related to the eel-
grass anomalies (GAM model, p > 0.05; Table 3, Fig. 4:
black lines).

Since the GAM model indicated that negative effects
on depth limits only occurred at the highest levels of
sediment variables measured, we attempted to identify
the threshold levels triggering the negative effects.
Threshold models were significant when applied to
sediment organic content, carbon content, nitrogen
content, water content, density, porosity and PC1
(Threshold model, p < 0.05; Table 3, Fig. 4: gray solid
lines), and approached significance for phosphorus
content, hydrogen sulfide content and silt-clay. The
threshold levels were estimated at 134 mg organic
matter g~! dry weight [dw], 4.0% C, 0.61% N, 0.052 %
P, 13 pumol I"! H,S, 13 % silt-clay content, 70% water
content, a density of 1.6 g ww cm™3 and a porosity of
0.83 ml cm™® (Table 3). In the case of nitrogen content,
carbon content, organic content and water content, the
threshold levels were assessed on the basis of only the
2 extreme sediment values and therefore not well
determined (Table 3, marked by asterisks). For the
remaining sediment variables, the threshold level was
better determined though still associated with consid-
erable inaccuracy (Table 3). A more robust determina-

tion of threshold levels would have demanded data
representing more extreme sediment conditions. How-
ever, sediments with a composition completely unsuit-
able for eelgrass growth could not be included in the
model since they did not have associated data on eel-
grass depth limits, and it would not be possible to iden-
tify the depth where sediment should be sampled.

Including the overall range of sediment variables in
addition to the Secchi depth in the models resulted in
steeper slopes for the proportionate relationship of
depth limits to Secchi depths ranging from 0.77 to
0.85 for the GAM model and from 0.75 to 0.77 for the
threshold model (Table 3) as opposed to 0.74 in the
model with Secchi depth as the only explanatory vari-
able (Fig. 2). These results, in turn, decreased the esti-
mate of the compensating irradiance level from 28 % of
surface irradiance when sediment characteristics were
not included, to ranges of 24 to 27 % and 27 to 28 %
when including the overall range of sediment variables
in the GAM and thresholds models, respectively.

DISCUSSION

Eutrophic conditions have a double negative effect
on eelgrass depth limits

The study supported our hypothesis that even though
light attenuation is by far the main predictor of eelgrass
depth limits, sediment characteristics also play a regu-
lating role. At a given light attenuation, depth limits
were moderately shallower when the sea bottom was
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rich in organic material, had high concentrations of nu-
trients and hydrogen sulfide and a physical structure
characterized by fine particles, high porosity, high wa-
ter content and low density. Sediment variables were
highly correlated and did therefore not allow identifica-
tion of a single determinant but clearly showed that the
above-mentioned physico-chemical conditions caused
shallower depth limits. These sediment characteristics
are typically associated with eutrophic conditions
which can be anthropogenic or naturally occurring, and
are also associated with hydrodynamic conditions pro-
moting sedimentation. Discharges of nutrients from
land thus stimulate the production of phytoplankton
and opportunistic macroalgae that subsequently accu-
mulate on the sea bottom of physically protected areas
and give rise to high contents of organic matter and nu-
trients as well as a soft sediment structure. Dense and
healthy seagrass meadows may enhance sedimentation
and create organic-rich sediment, but this effect was
probably minor in the present study, since sediment
was sampled near the depth limit of the plants where
only sparse shoots were present. Relatively organic-
rich and finely grained sediments also occur naturally
in deeper and protected areas where sedimentation is
enhanced.

Experimental enrichment of seagrass sediments with
organic matter and nutrients has been found to in-
crease the pools of hydrogen sulfide in the sediment,
create more reduced sediments and cause a lower bio-
mass and a higher mortality of seagrasses (Pérez et al.
2007). Our study showed that similar relationships be-
tween high concentrations of organic matter, high nu-
trient and sulfide concentrations and negative seagrass
response exist on a large spatial scale in situ. Sulfide is
a likely candidate to trigger the negative response as it
has toxic effects (Goodman et al. 1995, Holmer &
Bondgaard 2001) and can enter seagrass tissue when
low oxygen concentration in the water column or low
rates of net photosynthesis create low oxygen concen-
trations within the tissue and thus a reduced ability to
oxidize sulfide (Pedersen et al. 2004, Borum et al. 2005).
Sediments characteristic of eutrophic conditions may
further hamper seagrasses by increasing the risk of
anoxic events, and seagrasses at the depth limit may be
particularly susceptible to this kind of stress as they
have low growth potential. Our study does not exclude
the possibility that periodic oxygen depletion of the bot-
tom water, co-varying with sediment characteristics,
could cause reductions in eelgrass depth limits.

The results further suggested that also the physical
attributes of organic-rich sediments, in terms of a soft,
fine and watery structure, may affect eelgrass nega-
tively. This effect is in line with the findings of Wicks et
al. (2009) that soft sediments provide a low anchoring
capacity for eelgrass shoots and thus an increased risk

of physical removal. Fine sediments also affect the
light climate since they are prone to resuspension. This
effect should be largely accounted for in our model,
which describes light attenuation (expressed as Secchi
depth) as the primary determinant of eelgrass depth
limits, but resuspension of fine sediments near the sea
bottom could escape our measurements and thereby
cause an underestimation of light attenuation.

The identified effect of sediment quality on eelgrass
depth limits implies that eutrophication has a double
negative effect on eelgrass depth limits, by increasing
light attenuation and reducing sediment quality. This
finding may help explain why depth limits at a given
Secchi depth can vary largely between areas (e.g.
Nielsen et al. 2002, Duarte et al. 2007). Our estimates
of threshold levels of sediment variables can help man-
agers to evaluate whether sediment quality might be a
problem in a given area. Danish coastal waters experi-
enced marked eutrophication during the 20th century
with nitrogen loads peaking in 1980 at about 4 to 5
times the level in 1900 (Conley et al. 2007). Nutrient
loads are still high, but reduction measures under-
taken since the late 1980s have reduced the external
loads to about 2 to 3 times the 1900 level (Conley et al.
2007, Hjorth & Josefson 2010), and the internal sedi-
ment based load originating from past eutrophication
events has probably also declined. The high between-
site variability in sediment variables found in our study
may partly reflect variable distance to present and past
sources of nutrient load in combination with differ-
ences in sedimentation and resuspension among sites.

A warmer climate is likely to increase the negative
effects of eutrophication on eelgrass by pushing the
carbon and oxygen balance of the plants in a negative
direction. High temperatures stimulate single plant
and community respiration to a greater extent than
photosynthesis, thereby creating lower internal oxy-
gen concentrations (Greve et al. 2003) and higher light
demands of eelgrass (Olesen & Sand-Jensen 1993,
Short & Neckles 1999, Ralph et al. 2007, Moore &
Jarvis 2008). Higher temperatures also reduce the sol-
ubility and thereby the content of oxygen in the water
column, and warming is likely to increase the fre-
quency of anoxic events (Conley et al. 2007), while at
the same time decreasing the tolerance of eelgrass to
anoxia (Pulido & Borum 2010).

The sea bottom exerts a threshold effect on eelgrass
depth limits

The effect of sediment characteristics on eelgrass was
nonlinear, influencing depth limits only when mea-
sured variables exceeded threshold levels. Seagrass
medows are well adapted to organic-rich sediments
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since they produce and accumulate organic matter
(Hemminga 1998), and this may explain why we only
see negative effects of increasing organic content
and associated sediment variables when these exceed
threshold levels. Our analyses provided a preliminary
estimate of these threshold levels, though with consid-
erable associated error (Table 3). The estimated thresh-
old level of sediment organic matter of around 134 mg
g! dw or 13% of dry weight, was close to the maxi-
mum of 16 % of dry weight for healthy eelgrass beds
reported in a literature compilation (Koch 2001). We
have found no threshold values for N content of the
sediment in the literature to compare with our result
(0.61% N of dry weight). However, this level seems a
reasonable threshold level since it is in the high end of
N contents recorded in shallow bays of other studies,
e.g. 0.13 to 0.67 % N in shallow (0 to 5 m) Danish fjords
(T. Dalsgaard unpubl. data); 0.2 £ 0.06% N in fine,
organic-rich sediments with Zostera noltii and 0.08 +
0.06% N in coarser sediments colonized by macro-
algae (Figueiredo da Silva et al. 2009); 0.2 to 0.34% N
in sediments below plant canopies as compared to 0.18
to 0.19% N in bare sediments (Castro et al. 2009); and
0.05 to 0.1% N in surface sediments of vegetated salt
marshes (Wang et al. 2010).

Our study indicated negative effects of sulfide in the
sediment at a threshold level as low as 13 pmol 1%,
which is significantly lower than previously reported in
the literature. For comparison, Goodman et al. (1995)
found that hydrogen sulfide levels of around 400 pmol
I"! in the sediment reduced the photosynthetic rates of
eelgrass. Terrados et al. (1999) observed reduced leaf
growth of eelgrass at sediment hydrogen sulfide levels
of around 75 pmol 1!, while Holmer & Bondgaard
(2001) found that the photosynthetic activity of eel-
grass stopped after exposure to hydrogen sulfide con-
centrations in the water column of 100 to 1000 pmol 1.
The lower thresholds of our study may be due to the
fact that we studied light stressed eelgrass growing at
the edge of its distribution. It was therefore likely to be
particularly susceptible to additional stress arising
from sediments conditions, as well as to combinations
of sediment stressors. In contrast, the experimental
studies referred to above focused on sulfide as the only
stress factor. Moreover, our estimates of threshold lev-
els were associated with some uncertainty and should
be seen as no more than an indication of the sulfide
levels above which detrimental effects on eelgrass may
be expected.

Regarding the silt-clay content, our study showed a
threshold level of 13%, while Koch (2001) observed
healthy eelgrass populations at silt-clay contents as
high as 56 % (range 2 to 56 %). The tolerance of eel-
grass to physical conditions such as soft, finely tex-
tured sediments and, thus, poor anchoring conditions,

is likely to vary between areas, due to differences in
exposure to currents and waves (Wicks et al. 2009).

The comparisons between threshold levels of sedi-
ment variables, in our and other studies, suggest that
thresholds leading to eelgrass decline vary among
habitats due to interaction with other stress factors
such as shading and physical exposure and possibly
interaction among sediment variables. It is probable
that unfavorable chemical sediment conditions are
more of a problem for deep, shaded eelgrass popula-
tions than for populations living in shallow light
saturated habitats; while soft sediments with low
anchorage support are more problematic for shallow
eelgrass populations in exposed environments. A com-
bination of unfavorable physico-chemical sediment
conditions across the entire depth range may, there-
fore, further accentuate the pattern of eelgrass being
constrained to intermediate water depths where mod-
erate light levels are combined with moderate levels of
physical exposure (Krause-Jensen et al. 2003). If depth
limits rose to exclude eelgrass from all but very shallow
waters, due to extremely high turbidity, plants growing
within the depth limit would be highly vulnerable to
higher drag forces in the shallow waters.

High light demand of eelgrass in turbid,
eutrophic areas

Eelgrass growing at the depth limit had relatively
high apparent light demands equaling 28 % of surface
irradiance as calculated from the depth limits modeled
in relation to Secchi depths (Fig. 2) and using the aver-
age Secchi depth of the generally turbid, eutrophic
waters included in our study. For comparison, we also
calculated the light demands based on a combined
model incorporating sediment variables (Table 3),
thereby to some extent subtracting the effect of sedi-
ments on light demands. These models predicted
slightly lower light demands at the depth limit (24 % to
28 % of surface irradiance), suggesting that unfavor-
able sediment conditions could explain at least part of
the high light demand observed in these Danish eel-
grass populations and the associated shallow depth
limits. Previous studies have reported increasing light
requirements of seagrasses along a gradient from
clear, oligotrophic waters towards turbid, eutrophic
waters (Duarte et al. 2007), and our study suggests that
unfavorable sediment conditions is one of several
explanations for this pattern. Experimentally deter-
mined light compensation points for growth of Danish
eelgrass populations have been found to equal 11 % of
surface irradiance in the laboratory (Olesen & Sand-
Jensen 1993), and are thus considerably lower than
those determined in the field. This discrepancy proba-
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bly reflects that depth limits in the field represent the
long-term compensation depth for survival, i.e. the
depth where plants can persist year round and cope
with stress factors such as those connected with unfa-
vorable sediments, anoxic events and additional shad-
ing due to epiphytes or algal mats. In contrast, experi-
mental studies generally represent shorter time scales
and a less stressful environment. However, light mea-
surements from the central part of the basins, as used
in this study, may slightly overestimate light availabil-
ity in eelgrass habitats closer to the shore, where resus-
pension of bottom material is likely to be more pro-
nounced, leading to higher particle concentrations in
the water column. This will be the case if denser eel-
grass of the shallow zone does not fully counteract this
effect by enhancing sedimentation and stabilizing the
sediment and if clearing of the water column by
bivalve filtration is similar among the deeper and shal-
lower sites.

In conclusion, our study indicates that sediment con-
ditions play a role in controlling the depth limit of eel-
grass and that light attenuation is, therefore, not the
only player. Even though seagrasses are adapted to
surviving in organic-rich sediments, their depth colo-
nization is limited when the content of organic matter
and associated variables in the sediment exceed
threshold levels. Negative effects of eutrophication in
terms of light attenuation, unsuitable sediment quality,
and increased risk of water column anoxia, highlight
the need for further reductions in nutrient load in order
to promote the restoration of seagrass beds. The depth
limit of eelgrass may not respond immediately to
reduced external nutrient loads and the response is
likely to vary between areas. Resuspended materials,
which are only indirectly related to nutrient loads may
contribute markedly to light attenuation in some areas
(e.g. Olesen 1996, Carr et al. 2010). Physically pro-
tected areas will maintain relatively high sedimenta-
tion rates, and the sediments represent a ‘memory’ of
past eutrophication, which may prevail for years after
reductions of external loads.
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