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Abstract. Many Danish wetlands frequently experience algae blooms and oxygen deficiencies be-

cause of eutrophication caused by enhanced nitrogen and phosphorous levels. As a consequence,

wetland managers have focused on improving water quality, but often without considering the

suitability of wetlands for waterbirds. In this study, managers improved water quality in two Danish

lagoons by opening a floodgate to the sea. We studied the responses of autumn staging waterbirds

and submerged vegetation, to resultant higher water replacement rates and water levels. A third

lagoon with no change in management was studied for comparisons. Lagoons with rise in water

levels experienced declines in bird species diversity, a decline in benthivore species abundances and

an increase in herbivore species abundances. Macrophyte biomass increased but seagrass diversity

was low due to high salinity. The lagoon with no changes in management control had high and stable

waterbird diversity and bird-days spent was increasing during the study period. Explanations for this

were diverse typography and low water levels. Furthermore, the macrophyte community was more

diverse due to low salinity. In order to improve both water quality and to increase waterbird

diversity in the managed lagoons, we suggest water levels should be managed actively during peak

migration in autumn. This could secure more shallow-water areas to waders and create better

congruence between appropriate water levels and timing of peak bird migration in autumn. The rest

of the year the floodgate should be left open in order to secure a high water quality.

Introduction

The diversity and variety of wetland habitats along the 7000 km coastline of
Denmark offers ideal foraging opportunities for migrating and wintering
waterbirds. Indeed, more than three million waterbirds have been counted
during national surveys, and Danish waters are considered to be among the
most important staging and wintering areas for waterbirds in the Western
Palearctic (Laursen et al. 1997).
During the last century, however, Danish wetlands have suffered from severe

loss of habitat (Gyalokay 1987) and increasing pressures from physical
development and recreational use (Madsen 1998a). Furthermore, with a pop-
ulation density of 125 persons/km2 and with 60% of the land area under
cultivation, Denmark has one of the more densely populated and intensively
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cultivated landscapes in Europe, where phosphorous from household sewage
and nitrogen and phosphorous from agricultural fertilizers is carried by
groundwater and streams or enters directly into lakes and estuaries. As a
consequence, many Danish wetlands frequently experience algae blooms and
oxygen deficiencies (Andersen et al. 2004). In order to improve water quality,
The Action Plan on the Aquatic Environment was adopted in 1987, followed
by a second and third plan in 1998 and 2003, respectively (Conley et al. 2002;
Ministry of Food, Agriculture and Fisheries 2004). Furthermore, the EU-
Water Framework Directive was adopted in 2000, establishing a framework
for community action in the field of water policy (European Community 2000).
As a consequence, the majority of wetland managers during recent decades
have been highly concerned about the water quality of Danish wetlands
(Cowiconsult 2000; Jeppesen et al. 2002; Ringkøbing Amt 2003; Andersen
et al. 2004).
The action plans have focused on reducing phosphorous and nitrogen runoff

to streams, lakes, lagoons and estuaries. In lakes and lagoons, a number of
management tools have been applied to improve water quality, such as
enhancing water dilution (Cowiconsult 2000; Jeppesen et al. 2002), increased
rates of water replacement (Ringkøbing Amt 2003) or increasing salinity in the
water (Andersen et al. 2004). The two former approaches normally result in
elevated water levels, potentially influencing the amount of food available for
non-diving waterbirds (Clausen 2000). Water depth exploited by different
species at foraging sites often correlate with neck length (Pöysä 1983) or with
culmen and tarsus lengths (Baker 1979). Consequently, in deeper waters, food
is only available to larger species (Madsen 1988; Clausen 2000). Furthermore,
tools for water quality improvement can have an effect on salinity if used in
brackish areas. Submerged aquatic vegetation (SAV) communities change in
species composition along a salinity gradient (Verhoeven 1979), as do the
feeding potential for herbivorous waterbirds. Plant species preferring fresh or
slightly brackish waters (e.g. Charophytes and Potamogeton species) is gener-
ally high quality food compared to the high salinity tolerant Ruppia species
(compare van Eerden et al. 1997; Holm 2002).
For managers, it should be possible to optimize wetlands to support a large

number of waterbird species, synchronous with a rise in water quality. Because
of the interspecific differences in habitat use between waterbird guilds, the
management goal should be to provide the greatest diversity of water depth
(Colwell and Taft 2000; Isola et al. 2000; Taft et al. 2002) or to syncronize
optimal water levels with species’ migration phenologies. In addition, it might
be possible to control salinity in some of the managed wetlands and thereby the
quality and quantity of food resources for herbivorous waterbirds.
In this study, we quantified waterbird community structure during 1994–

2002 on three brackish lagoons concurrent with changes in water levels, salinity
and macrophyte distribution and biomass. In two areas, managers have im-
proved water quality by enhancing water replacement rates starting in 1998. A
third lagoon has experienced no change in management during the study
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period. We investigate and compare waterbird responses and diversity among
areas during autumn. Furthermore, in 1999 we compared plant communities in
the three areas and determined foodstocks for herbivorous waterfowl by
quantifying macrophyte biomasses. Concurrently, we evaluate the manage-
ment of the three habitats with reference to autumn staging and wintering
waterbirds.

Materials and methods

Definitions of water depths, water levels and feeding depths

The term ‘water depth’ refers to the depth in the lagoon relative to DNN
(‘Danish Ordnance Datum’, a fixed vertical point). The shallowest parts of the
lagoons therefore may have areas lying above DNN = 0 and consequently
water depths in such areas are expressed as negative values (Figure 1). The
term ‘water level’ refers to the height of the water table relative to DNN, and
this will fluctuate depending on precipitation, evaporation, air pressure and
wind conditions. The term ‘feeding depth’ is the combination of the water
depth and the fluctuating water level. Thus, if a bird feeds at a patch where the
water depth is +30 cm and the water level is �12 cm, both relative to DNN,
then the feeding depth will be 18 cm.

Study area

The study was carried out on three shallow brackish lagoons: Agger Fjord
(3.17 km2), Thyborøn Fjord (1.94 km2), and Harboør Fjord (1.95 km2). These
are located on the peninsulas of Agger Tange and Harboør Tange in the
western part of Denmark, between the North Sea and the Limfjorden
(56�43¢ N 8�14¢ E) (Figure 1). The lagoons were created in 1949–1957 when
establishing new embankments along the peninsulas (Tortzen 1966). The la-
goons are designated as Ramsar sites under the Convention of Wetlands of
International Importance especially as Waterfowl Habitat (Jensen 1996).
Furthermore, they are designated Special Protection Areas under the EU
Directive for the Conservation of Wild Birds (Jensen 1996). Since 1996, they
have been part of the newly established reserve network in Denmark, which
cover important wintering and staging sites (Madsen et al. 1998). Except for
the hunting protected embankment, the areas surrounding the lagoons are
mainly reed beds and salt marshes, where hunting is allowed from September
to December.
On Agger Tange, a floodgate connects Agger Fjord with Limfjorden (Fig-

ure 1). The floodgate is permanently closed during summer and autumn, where
the water levels are affected primarily by precipitation and evaporation (Holm
2002). During winter and early spring the floodgate is open for run-off from the
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Figure 1. The study area existing of the two peninsulas, Harboør Tange and Agger Tange. The

brackish lagoons investigated were Agger Fjord, Thyborøn Fjord and Harboør Fjord. The two

canals shown connect Agger Fjord with a floodgate and Harboør Fjord with Thyborøn Fjord.

Water depth relative to DNN (Danish Ordnance Datum, a fixed point) is also shown.
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lagoon to the sea. The submerged macrophyte community in Agger Fjord is
composed of five different species. The two dominant species are bearded
stonewort Chara canescens and common stonewort Chara vulgaris, which are
mainly distributed in the parts of the lagoon that do not dry out in the summer.
Horned Pondweed Zannichellia palustris covers the deepest areas. In shallow
areas, Beaked Tasselweed Ruppia maritima and Sago Pondweed Potamogeton
pectinatus dominates. Salinity is below 7.5& (Table 2). Ancillary data suggest
water levels, salinities and vegetation structure at Agger Fjord were maintained
at steady levels throughout the study period.
A canal connects Harboør Fjord to Thyborøn Fjord and a floodgate con-

nects Thyborøn Fjord with Limfjorden (Figure 1). This floodgate was closed
until 1998, resulting in low water levels and large dry mudflats with no vege-
tation at both Thyborøn and Harboør Fjords. Because of very high concen-
trations of phytoplankton, phosphorous and nitrogen, the local county
authorities tested improvements to water quality by permanently opening the
floodgate in 1998. The open passage to the sea has resulted in improved water
quality at both lagoons, but also in high and fluctuating water levels (Figure 2)
(Ringkjøbing Amt 2003).
Throughout the study period there was no vegetation in Thyborøn Fjord,

but annual maximum salinity decreased after change in management. The high
maximum salinity in 1995 was due to low water replacement and high evap-
oration (Ringkøbing Amt 2003). On Harboør Fjord, annual maximum salinity

Figure 2. Variation in water levels on Harboør Fjord in 1995 and 1999–2002.
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values increased because of influx of seawater after change in management.
There were no changes in mean salinities in both lagoons in the study period.
Vegetation cover and biomass on Harboør Fjord were low before the floodgate
was opened in 1998, due to permanent low water levels and a smaller area
covered with water (Ringkøbing Amt 2003; aerial photos from 1994 to 1995).
From 1999 onwards, a new steady state emerged with a larger stock of vege-
tation dominated by Spiral Tasselweed Ruppia cirrhosa (Figure 4).
Just like Agger Fjord, new hunting regulations were imposed in the sur-

roundings of Thyborøn and Harboør Fjords in 1996. In contrast to Agger
Fjord and many other new reserves (Madsen 1998b; Bregnballe et al. 2004;
Clausen et al. 2004) quarry waterbirds have been non-responding, except in
1999 when an experimental reserve resulted in significant increases in numbers
of staging Green-winged Teal in Harboør Fjord and common snipe Gallinago
gallinago on adjacent marshes (Bregnballe et al. 2004).

Monitoring of lagoons

Samples were taken along transect lines 13–14 September 1999, 28–29 October
1999 and 12–13 January 2000. To quantify water depth, macrophyte distri-
bution and biomass, two transects were laid out across Agger Fjord, three
across Thyborøn Fjord and four across Harboør Fjord. Lines ran parallel and
500 m apart, and sample stations were 100 m apart along transects. Depending
on the water level of each lagoon, transects were walked or sailed, and the
predetermined positions of sample stations located to the nearest meter by a
Philips AP MK10 DGPS Professional navigator. Water levels in the lagoons
relative to DNN were recorded to the nearest cm at least once a week between
August and November.
At each sample station, percent vegetation cover was estimated to the

nearest 5% in a radius of approximately 5 m, and the water depth was mea-
sured to the nearest cm with a folding scale. The SAS/GRAPH G3GRID
procedure with spline smoothing (using default settings, SAS Institute Inc.
1990) was subsequently used to interpolate depths in remaining areas of
lagoons.
At intervals of 500 m along the transect lines, a sample station was marked

and six biomass samples were taken. Each sample was taken using a 15 cm
wide circular core-sampler penetrating 20 cm down into the sediment, then
transferred to a sieve (1 mm mesh size) where the sediment were washed out
and the resulting material was stored in plastic bags. In the laboratory, sam-
ples were sorted into species and into live and dead material. For Sago
Pondweed, samples were also sorted into above- and below-ground biomass.
All samples of live material were dried to constant weight at 70 �C in an oven
and weighed. An estimate of the biomass/m2 of each plant species at each
sample station was calculated by multiplying the average dry weight of the six
samples with the percentage of the average leaf cover of each plant species on
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the same sample station. This estimation method is based on the assumptions
that (i) plants are distributed uniformly, and (ii) proportional coverage has a
linear relationship with biomass (Petersen and Noer 1993; Percival et al. 1996;
Therkildsen 2000).
Salinity was measured in two sites on Thyborøn Fjord, two sites on Harboør

Fjord and four sites on Agger Fjord when collecting macrophyte samples.
A Mann–Whitney U-test was used to compare our readings of water levels

and salinities with 1995-measurements made by county authorities. Macro-
phyte biomass and leaf cover data were normalized using logarithmic and
arcsine transformation, respectively (Zar 1984). Changes in vegetation bio-
masses and leaf coverages between sample dates were subsequently investigated
using one- and two-way analysis of variance (ANOVA) (Zar 1984). Tukey’s
q-test was used as multiple comparison procedure. p<0.05 was considered
significant.

Bird counts

Waterbirds, i.e. Anseriformes, Charadriiformes, Gruiformes, Ciconiiformes,
Podicipediformes, Gaviiformes and Pelecaniformes, were censused one to two
times per month August–November, 1994 to 2002 (Table 1). The three study
areas were counted on the same day. The total number of species per year were
found and a average for 1994–2002 was calculated. In 1999, waterbirds were
counted more frequently at two to five times per month. Numbers of ducks,
waders, swans, geese, coots, grebes, cormorants and herons were included in
the analysis. Gulls and terns were left out because they primarily used the areas
for roosting. Waterbird species were divided into functional (trophic) guilds
based on feeding type (Table 1, following Ysebaert et al. 2000). Green-winged
Teal Anas crecca, Mallard Anas platyrhynchos, Pintail Anas acuta and Shoveler
Anas clypeata feeding on seed material and small macrofauna were considered
as omnivores. The remaining dabbling duck species, swans, Coot Fulica atra
and geese were considered as herbivores. All waders and the shelduck Tadorna
tadorna were considered as benthivores. Diving ducks except mergansers were
considered diving benthivores. Grebes, cormorants, herons, and mergansers
were considered as piscivores.
To express changes in use of the areas, bird-days for each functional guild

were calculated for each year as average number of birds counted each month
multiplied by the number of days in the month. Peak counts were used to
express the highest number of birds observed each year. Furthermore, distri-
butions of three herbivorous species, Coot, Eurasian Wigeon Anas penelope
and Green-winged Teal were mapped in 1999 by drawing the position of flocks
on detailed maps (scale 1:25,000). Mapping took place at Agger and Harboør
Fjords. For analysis, a 250 m · 250 m grid was superimposed on the maps.
Where flocks of birds were distributed in more than one grid cell, numbers were
apportioned between grid cells, assuming that there was an even distribution of
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birds within flocks. The number of bird-days per grid unit was calculated for
each species.
To examine changes in waterbird species diversity with time, the Shannon–

Wiener index of diversity (H¢) was calculated for each year (Zar 1984):

H0 ¼ �
Xk

i¼1
ðpiÞðlog piÞ;

where k is the number of species and pi is the proportion of total sample
belonging to the ith species. To test the null hypothesis that waterbird diver-
sities betweenlagoons were equal, a t-test was performed (Hutcheson 1970). In
addition, the Shannon–Wiener index of evenness (J¢) was calculated (Zar
1984):

J0 ¼ H0

H0max

J¢ expresses the observed diversity as a proportion of the maximum possible
diversity.

In the calculations of diversity indexes we only include one count per month,
the count nearest to the 15th, because this ‘mid-monthly’ count was carried out
in all years, and a sub-sample of counts based on these therefore may be
considered directly comparable.
Between-year changes in bird-days and indexes were investigated by using

Spearman Rank Correlation coefficients rs (Zar 1984).

Results

Feeding depths 1999–2000

Between September 1999 and January 2000, water levels at Agger Fjord
gradually increased 48 cm (Table 2). Feeding depths for waterbirds ranged
from +5 to +53 cm in shallow areas and from +65 to +113 cm in deeper
areas. At Thyborøn Fjord, feeding depths for waterbirds between September
1999 and January 2000 ranged from 0 to +65 cm in shallow areas and from
+60 to +136 cm in deeper areas. Compared with 1995 (Table 2), opening the
floodgate in 1998 had resulted in a significant (p<0.05) increase of +28 cm in
mean water level and feeding depth experienced by waterbirds. Feeding depths
at Harboør Fjord between September 1999 and January 2000 ranged from +3
to +53 cm in shallow areas and from +65 to +123 cm in deeper areas.
Compared with 1995 (Table 2), opening of the floodgate in 1998 had resulted
in a significant (p<0.05) increase of +53 cm in mean water level and feeding
depth experienced by waterbirds. In 1999–2000 salinity was not significantly
different from other years (p>0.05) (Table 2).

4409



T
a
b
le

2
.

M
a
x
im

u
m
,
m
in
im

u
m

a
n
d
m
ea
n
v
a
lu
es

fo
r
d
ep
th
,
w
a
te
r
le
v
el

(1
9
9
5
a
n
d
1
9
9
9
)
a
n
d
sa
li
n
it
y
(1
9
9
5
a
n
d
1
9
9
9
-2
0
0
1
),
re
sp
ec
ti
v
el
y
.

A
g
g
er

F
jo
rd

T
h
y
b
o
rø
n
F
jo
rd

H
a
rb
o
ø
r
F
jo
rd

M
a
x

M
in

M
ea
n
(±
S
E
)

M
a
x

M
in

M
ea
n
(±
S
E
)

M
a
x

M
in

M
ea
n
(±
S
E
)

D
ep
th

(c
m

D
N
N
)

5
0

�
1
0

1
3
.5

±
1
5
.1

6
2

�
9

1
2
±

1
6
.6

6
5

3
3
6
.0

±
1
4
.1

W
a
te
r
le
v
el

1
9
9
5

(c
m

re
la
ti
v
e
to

D
N
N
)

–
–

–
7

�
2
3

�
7
.2
±

1
2
.5

2
�
3
3

�
2
1
.0

+
1
2
.0

W
a
te
r
le
v
el

1
9
9
9
(c
m

re
la
ti
v
e
to

D
N
N
)

6
3

1
5

4
3
±

1
3
.9

7
4

�
2

2
1
±

1
8

5
0

0
3
2
.0

±
1
5
.5

A
n
n
u
a
l
sa
li
n
it
y
1
9
9
5
(&

)
–

–
–

3
9
.2

1
7
.2

2
9
.2

±
2
2
.9

2
5

8
.5

1
4
.5

±
5
.6
9

A
n
n
u
a
l
sa
li
n
it
y
1
9
9
9
(&

)
7
.2
2

2
.2

4
.5

±
2
.5

3
2
.7

1
9

2
7
.3

±
3
.3
5

3
4
.3

6
.2

1
3
.5

±
7
.3
4

A
n
n
u
a
l
sa
li
n
it
y
2
0
0
0
(&

)
–

–
–

3
5
.6

1
3

2
6
.1

±
4
.9
1

3
6
.1

7
.3

1
5
.7

±
8
.7
2

A
n
n
u
a
l
sa
li
n
it
y
2
0
0
1
(&

)
–

–
–

3
2
.5

1
7
.7

2
6
.8

±
3
.8
7

3
3
.1

6
.9

1
4
.9

±
6
.6
4

4410



Macrophyte cover and biomass 1999–2000

Mean leaf cover percentage at Agger Fjord was 37.9±30.5% in September,
11.4±13.8% in late October, and 2.5±2.5% in January (all values
mean±SD). Percentage leaf cover differed between all sample months
(F2,114 = 39.89, p<0.0001). There was a significant positive correlation be-
tween the depth and the percentage of macrophyte cover in September
(R2 = 0.42, p<0.0001). Up to 95% of the total macrophyte biomass were
composed of Chara spp. and Ruppia maritima (Figure 3). Total macrophyte
biomass differed among all months (F2,158 = 53.75, p<0.0001). In September,
the quantity of Chara spp. was very scattered within the Chara-dominated

Figure 3. Distribution of submerged macrophyte communities and seasonal variation in macro-

phyte biomass between 14 September 1999 and 12 January 2000 at Agger Fjord. Because of high

water levels, some data were not collected in October and January.
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areas, with stations containing biomasses between 0 and 100 g/m2, lying in
layers up to 30 cm thick (pers. obs.). In October and January, macrophyte
biomass was more evenly distributed.
In Harboør Fjord, there was a seasonal change in leaf cover percentage in the

sampling period (F2,72 = 50.07, p<0.0001): January samples (mean±SD:
32.1±25.4), were significantly smaller than both September (89.6±17.6) and
October (93.4±16.2). Leaf cover did not differ between October and Sep-
tember, when most areas of the lagoon had 100% cover of submerged mac-
rophytes. Throughout the sample period, more than 98% of the total
macrophyte biomass in Harboør Fjord was composed of Ruppia cirrhosa
(Figure 4). January samples of standing biomass were significantly smaller than

Figure 4. Distribution of submerged macrophyte communities and seasonal variation in macro-

phyte biomass between 13 September 1999 and 11 January 2000 at Harboør Fjord. Station

numbers is shown for 11 January 2000. Significant changes in macrophyte biomass at individual

stations between 13 September and 28 October 1999 are highlighted with an *. An increase in

biomass due to growth was seen at station 4, 8 and 11. A decrease in biomass due to waterfowl

grazing was seen at station 13 and 14. Because of high water levels, some data were not collected in

October and January.
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both October and September (F2,159 = 272.67, p<0.0001), although detached
Spiral Tasselweed was found lying at the bottom near the shore in January
(pers. obs.). There was no difference in total macrophyte biomass between
September and October. Among stations, however, there was a significant in-
crease in macrophyte biomass from September to October at stations 4, 8 and
11, and a significant decrease in biomass at stations 13 and 14 (Figure 4).

Herbivorous waterbird distribution 1999–2000

During autumn 1999, the majority of the mapped bird species initially fed on
the shallower south and western parts of the lagoon, gradually moving out to
slightly deeper areas in the central parts of the lagoon. Two of the three
mapped species avoided the deepest northern end of the lagoon, which was
only exploited by the diving Coot (Figures 1 and 5). In Harboør Fjord, number
of bird-days spent by Coot, Eurasian Wigeon and Green-winged Teal was
greatest at station 13 and 14. All species used the deeper middle part of Har-
boør Fjord less or avoided it (Figure 5).

Waterbird abundance, species richness and diversity 1994–2002

An average of 40 waterbird species was observed on Agger Tange during 1994–
2002 (Table 3). The most abundant bird species were Green-winged Teal, Coot
and Dunlin Calidris alpina (Table 1). For each of the functional guilds on
Agger Tange, there was no correlation between time and number of bird-days
(benthivore: rs = 0.000, p>0.05, diving benthivore: rs = 0.150, p>0.05,
herbivore: rs = 0.566, p>0.05, omnivore: rs = 0.333, p>0.05, diving ben-
thivore: rs = 0.366, p>0.05). However, there was a significant increase in
peak numbers (rs = 0.666, p<0.05) and in the total number of bird-days
(rs = 0.683, p<0.05) from 1994 to 2002 (Figure 6). The Spearman rank
correlation coefficient rs showed no change in the comparison of species
diversity H¢ (rs = 0.216, p>0.05) and evenness J¢ (rs = 0.333, p>0.05)
(Figure 7).
On Thyborøn Fjord, an average of 28 waterbird species were observed

during 1994–2002 (Table 3). Between 1994 and 1998, the most abundant spe-
cies were dunlin and shelduck, both benthivorous species (Table 1). Between
1999 and 2002, the most abundant species were Eurasian Wigeon and Coot,
which both are herbivorous waterfowl. We found no change in peak-numbers
(rs = 0.550, p>0.05) and the total number of bird-days (rs =� 0.133,
p>0.05) between 1994 and 2002 (Figure 6). However, a significant increase in
bird-days was found in the diving benthivore guild (rs = 0.666, p<0.05). No
change was found at Thyborøn Fjord for diversity H¢ (rs = 0.200, p>0.05) or
evenness J¢ (rs = 0.316, p>0.05) (Figure 7).
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Figure 5. Seasonal changes in distribution of three of the four most common species associated

with aquatic vegetation, August–November 1999. Similar plots for the forth common species, Mute

Swan, are given by Holm (2002). For each species the distribution at Agger and Harboør Fjord is

expressed as the number of bird-days in 250 m· 250 m grid squares. The average water level in

DNN (Danish Ordnance Datum, a fixed point) when counting the birds is given on each map. The

three species are the omnivore leaf-eating diving Coot, the herbivore leaf- and seed-eating non-

diving Eurasian Wigeon and the omnivore seed-eating non-diving Green-winged Teal.
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Figure 6. Annual variation in numbers of birds in Agger Fjord (upper), Thyborøn Fjord (middle)

and Harboør Fjord (lower), expressed by the number of bird-days of functional guilds, and the

peak number recorded in the lagoons within an autumn season.
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An average of 27 waterbird species were observed on Harboør Fjord (Ta-
ble 3). Between 1994 and 1998, the most abundant species were Dunlin and
Golden Plover Pluvialis apricaria, both benthivorous waders (Table 1). Be-
tween 1999 and 2002, the most abundant species were the herbivorous Eur-
asian Wigeon and Coot. We found no difference in peak-numbers (rs = 0.233,
p>0.05) and the total number of bird-days (rs = 0.366, p>0.05) between
1994 and 2000 (Figure 6). However, a significant decrease in bird-days was
found in the benthivore guild (rs =� 0.816, p<0.05), and a significant in-
crease in bird-days for the piscivore (rs = 0.783, p<0.05), diving benthivore
(rs = 0.683, p<0.05), and herbivore (rs = 0.650, p<0.05) guilds. A signifi-
cant decrease was found at Harboør Fjord for both diversity H¢ (rs =� 0.683,
p<0.05) and evenness J¢ (rs =� 0.733, p<0.05) (Figure 7).

Figure 7. Annual variation and trends in Shannon–Wiener Diversity Index H¢ (—) and Evenness

J¢ (- - -) in Agger Fjord (upper), Thyborøn Fjord (middle) and Harboør Fjord (lower).
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Among sites, Agger Tange had the highest diversity index for all years
(p<0.001).

Discussion

Comparing macrophyte communities

Studies have documented that distribution of seagrass is strongly related to
physiology and growth characteristics, including water depth and salinity
(Santamaria et al. 1996; Robbins and Bell 2000). Both factors are likely to
affect the macrophyte diversity and composition of the two vegetation com-
munities on Agger Fjord and Harboør Fjord. Because of the high salinity in
Harboør Fjord (Table 2), the macrophyte community has low diversity and is
dominated by Ruppia cirrhosa, which can cope with the highly saline water
coming from the Limfjorden (Verhoeven 1979). Contrary, Agger Fjord has a
low saline and more diverse macrophyte community with freshwater Chara
species dominating the deepest areas, as found in studies by Moore (1986) and
Santamaria et al. (1996) . In the parts of the lagoon that dry out in the summer,
Potamogeton pectinatus and Ruppia maritima dominates, probably because
their seeds are resistant to cold and drought (Kiørboe 1980; Verhoeven 1980;
Kantrud 1990).
Maintaining a diverse aquatic plant community can be beneficial to

migrating and wintering waterbirds because the many species have different
macrophyte preferences (Benedict and Hepp 2000). Many omnivorous species
feed on seeds whereas herbivores feed on the leaves, tubers or rhizomes of the
plants. For the latter species differences in foraging quality, i.e. the nutritious
value between plant species, is of foremost importance. Holm (2002) found a
large difference in foraging quality between the dominant plants in the two
lagoons. Ruppia cirrhosa in Harboør Fjord contains large amounts of hemi-
cellulosis and cellulosis, which are hard to digest for waterfowl and hamper the
digestion of the content of the plant cells (Prop and Vulink 1992). Thus, Ruppia
cirrhosa is low quality food, which is utilized most efficiently by herbivorous
birds with a long retention time. The Chara species in Agger Fjord has low
contents of structural carbohydrates and the high proportion of easily
metabolizable components such as protein and non-structural carbohydrates,
which makes Chara high quality food. Therefore, herbivorous waterbirds are
expected to derive more energy from the Chara species in Agger Fjord than
from the same amount of Ruppia cirrhosa in Harboør Fjord, which may be one
of the main reasons why waterbirds choose Agger Fjord in preference to
Harboør Fjord. This interpretation is supported by Noordhuis et al. (2002),
who also found that several waterbird species had a strong preference for
Charophytes.
Macrophyte length is limited by water depth in shallow waters and light

availability in deeper waters, and the highest biomass would therefore usually be
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found at intermediate depths (Verhoeven 1979). Our seasonal data on macro-
phyte biomasses and mappings of waterbirds, however, demonstrate that
waterbird grazing especially of the non-diving herbivores took place in the
shallowestwaters until depletion (Figures 1 and5). InAggerFjord this happened
despite the abundance of submerged vegetation initially was highest at deeper
waters. The explanation behind this is thatmost non-divingwaterbirds, probably
independent of size, prefer to forage at low depths provided sufficient food is
available. When feeding in the shallow birds can feed by dipping their head and
necks only (neck-dipping), whereas if they feed at deeper waters they might have
to feed by tilting the whole body forward (up-ending). The latter feeding method
both results in lower food intake rates, as demonstrated experimentally for ducks
by Guillemain and Fritz (2002), and higher energy expenditures, as found in a
study of Bewicks’s Swans Cygnus columbianus bewickii feeding on Potamogeton
pectinatus (Nolet et al. 2002). Holm (2002) likewise found, that Mute Swans
Cygnus olor in Harboør Fjord avoided deep areas and only foraged in shallow
waters near the shore, despite the fact that they would be able to reach vegetation
in the deepest part of the lagoon by up-ending. Furthermore, the greatest de-
crease in biomass during autumn 1999 on Harboør Fjord was seen in the
northern bay, where the shallowest water was found.

Comparing bird species diversity

The development in the total number of bird-days spent on Thyborøn Fjord
and Harboør Fjord was not affected by the change in floodgate management in
1998. There were, however, changes in bird-days spent by the different func-
tional guilds. Bird-days spent by diving benthivores increased in both lagoons.
Furthermore, herbivorous and piscivorous species increased their use of
Harboør Fjord, while benthivorous species decreased their use. There was no
decrease in benthivorous species’ use of Thyborøn Fjord (Figure 6), probably
due to a low water level on Harboør Tange in October 2002 (Figure 2), which
extended the time with available food for waders. In both lagoons the most
abundant species changed from being benthivores to herbivores after opening of
the floodgate, this happening despite the fact that no submerged vegetation was
found in Thyborøn Fjord. The change in guild-dominance in the latter area
most likely represents the decline in benthivores in combination with the in-
creased amount of submerged vegetation in nearby Harboør Fjord, which at-
tracted herbivorous species to the lagoon system on Harboør Tange generally.
Although these changes were a benefit for herbivorous waterbird numbers, they
had a negative effect on overall waterbird diversity on Harboør Fjord, probably
because of the decrease in the diverse group of benthivorous species (Figure 7).
Although vegetation often benefits density and abundance of prey for bent-
hivorous birds, e.g. oligochaetes and chironomids (Safran et al. 2000), a decline
in benthic fauna density between 1995 and 2001 was found for both lagoons on
Harboør Tange (Hedeselskabet 2001). Increased feeding depth and less food
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availability were presumably the reasons why benthivore species were forced to
exploit other areas. Therefore, instead of having a shallow watered reserve for
waders, the change in management with its associated rise in water level regime
made a reserve for herbivorous waterfowl. In comparison, Agger Fjord, with no
change in management, had a high carrying capacity for most functional guilds
during all 9 years and waterbird diversity was much higher.

Factors affecting bird numbers and species diversity

The great difference in diversity and the number of waterbirds between the
lagoons is probably due to the dissimilarity regarding abiotic factors such as
topography (i.e. water depth), water level, and salinity, which influence biotic
factors such as macrophyte composition, biomass and quality. Agger Tange
has great depth diversity, with large areas drying out in summer providing
habitat suitable for waders. Earlier studies have shown that numbers of small
waders increase with increasing availability of areas with water depth of
0–5 cm (Isola et al. 2000; Collazo et al. 2002). The large shallow watered areas
below 20–30 cm DNN are suitable for feeding dabbling ducks and the deep
areas provide habitat for diving species. Furthermore, there are undisturbed
islands that provide protected habitats for roosting birds and provide a shelter
for preening and molting Mute Swans (Holm 2002).
Thyborøn Fjord has the same depth diversity and feeding depths as Agger

Fjord but contained approximately six times less waterbirds during autumn. This
difference may partly be explained by a smaller size (surface area 61% of Agger
Fjords), most likely in combination with the absence of suitable food such as
submerged vegetation and benthic fauna, as found by Hedeselskabet (2001).
In contrast to the other lagoons, Harboør Fjord has a more uniform depth

profile, with few shallow watered areas and large flooded areas with depths
above 30 cm relative to DNN. Prior to the 1998 change in water table man-
agement, and with a mean water level of �21 cm (in 1995), the lagoon con-
tained large areas of sands suited for waders, and a central part with less than
20 cm water coverage throughout most of the year. Although such areas have
suitable feeding depths for waterbirds, the length (i.e. biomass) of the dominant
submerged macrophyte, Ruppia cirrhosa, is limited by water depth (Verhoeven
1979). Therefore, under that management regime, food densities may have
been below a threshold of 10–20 g/m2 where herbivores are thought to be able
to cover their daily energy requirements (Nolet and Drent 1998). From 1999
onwards, feeding depths increased and the majority of food for herbivores was
only available for species like the long necked Mute Swans (Holm 2002) and
diving Coots. Dabbling ducks could only reach the food in the shallow
northern bay of Harboør Fjord where grazing was significant at station 13 and
14 (Figure 4). When not in the bay, Wigeon fed by kleptoparasiting Mute
Swans (pers. obs.), implying low macrophyte availability. Green-winged Teal
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used the shallow watered areas in the bay only for roost in daytime and were
probably foraging elsewhere at night (Madsen and Holm 2002).

Management implications

Agger Fjord support greater flocks of birds than Harboør Fjord, despite the
plant food stocks here being lower, indicating that shallow watered wetlands
with great depth diversity can support a greater number and diversity of
waterbirds than deep wetlands, probably due to food accessibility. A study by
Colwell and Taft (2000), found a similar correlation between water depth and
the number and density of bird species. Greatest diversity and densities of
many waders and waterfowl is found to occur when wetlands average 15–
20 cm depth (Colwell and Taft 2000; Isola et al. 2000). Agger Fjord is shallow
watered and in a low saline steady state, with a diverse macrophyte commu-
nity. The waterbird diversity is high and stable, and the peak number and
bird-days spent is increasing. Hence, there should be no major change in
floodgate management on Agger Fjord, but one might consider opening the
floodgate for runoff slightly earlier in autumn. This could make vegetation
found at deeper waters more accessible to waterbirds in late autumn and mid-
winter.
The initiative taken by the County Authorities to improve water quality in

Thyborøn and Harboør Fjords by enhanced water replacement made no
change in waterbird diversity on Thyborøn Fjord, but caused waterbird
diversity to decrease on Harboør Fjord. However, the initiative restored
vegetation in Harboør Fjord and indeed proved beneficial for piscivorous,
diving benthivorous and herbivorous, but unfavorable for benthivorous
waterbirds. The quantity of food for herbivorous in Harboør Fjord is very
large, indicating that this lagoon could support large flocks of herbivorous
waterbirds throughout the autumn. Under the present management, most of
this food is, however, unavailable for the birds. In order to provide a reserve

Table 3. Maximum, minimum and mean values for numbers of waterbird species, diversityH¢ and
evenness J¢, respectively, measured in Agger Fjord, Thyborøn Fjord and Harboør Fjord 1994–

2002.

Agger Fjord Thyborøn Fjord Harboør Fjord

Max Min Mean

(±SE)

Max Min Mean

(±SE)

Max Min Mean

(±SE)

Waterbird

species

45 31 40.2±4.46 34 22 28.1±4.11 35 24 29±3.16

Waterbird

diversity H¢
3.71 1.89 3.29±0.54 3.21 1.99 2.93±0.41 3.26 2.27 2.66±0.38

Waterbird

evenness J¢
70.6 36.7 61.7±10.1 73.8 43.3 61.1±8.72 65.2 46.3 55±7.66
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suitable for larger numbers of waterbird species and individuals, we propose
water levels on Harboør Tange should be managed actively in autumn to
avoid extreme high waterlevels. This might be done by closing the floodgate 3–
4 months in autumn in a situation where water levels has fallen to a level
where the upper mudflats in Thyborøn Fjord become exposed, but without
drying out patches with submerged macrophytes in Harboør Fjord. We guess
the optimal water level is approximately 0 cm relative to DNN, at which there
would be areas suitable to both waders and short-necked herbivorous water-
birds. The optimal water level could be more firmly identified by modeling,
combining elements of the small wader habitat maximization model of Collazo
et al. (2002) with the herbivore food availability models of Clausen (2000) and
Therkildsen (2000). This approach would identify a water level that benefits
both groups, without sacrificing the other. The rest of the year the floodgate
should be open in order to secure a high water quality. This would create a
synchronicity between water level and bird migration in autumn. Furthermore,
it would fulfil the requirements in The Action Plan on the Aquatic Environ-
ment, the EU Water Framework Directive and the requirements of the EU
Birds Directive.
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Therkildsen O.R. 2000. Faktorer der påvirker vandfugles habitat og fødevalg. M.Sc. thesis. Uni-

versity of Aarhus, Denmark.

Tortzen N.J. 1966. Some new roostplaces for migratory birds at the Limfjord, Northwest Jutland.

Dansk Ornithologisk Forenings Tidsskrift (In Danish with English summary) 61: 101–107.

van Eerden M.R., Beekman J.H., Smit M. and Oosterbeek K. 1997. Patch use by Bewick’s Swans

Cygnus columbianus bewickii feeding upon Sago Pondweed Potamogeton pectinatus in shallow

lakes in the Netherlands: variation in exploitation threshold caused by social, environmental and

time dependent factors. In: Van Eerden M.R. (ed.), Patchwork: Patch Use, Habitat Exploitation

and Carrying Capacity for Water Birds in Dutch Freshwater Wetlands, Van Zee tot Land 65.

Rijkswaterstaat Directie IJsselmeergebied, Lelystad, pp. 187–214.

Verhoeven J.T.A. 1979. The ecology of Ruppia-dominated communities in Western Europe. I.

Distribution of Ruppia representatives in relation to their autecology. Aquat. Bot. 6: 197–268.

Verhoeven J.T.A. 1980. The ecology of Ruppia-dominated communities in Western Europe. II.

Synecological classification. Structure and dynamics of the macroflora and macrofauna com-

munities. Aquat. Bot. 8: 1–85.

Ysebaert T., Meininger P.L., Meire P., Devos K., Berrevoets C.M., Strucker R.C.W. and Kuiken

E. 2000. Waterbird communities along the estuarine salinity gradient of the Schelde estuary,

NW-Europe. Biodivers. Conserv. 9: 1275–1296.

Zar J.H. 1984. Biostatistical Analysis, 3rd ed. Prentice-Hall, Inc., Upper Saddle River, New Jersey,

662 pp.

4423



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


