
The Danish landscape is characterised by low relief and conse-
quently the risk of soil erosion is low compared to many cen-
tral and southern European countries with more variable
terrain (European Environment Agency 2000; Van der Knijff
et al. 2000). However, even in countries with less intensive ero-
sion, water-induced soil erosion is recognised as an increasingly
important environmental issue due to its role in the transport
of nutrients, pesticides and other contaminants to rivers, lakes
and coastal waters (e.g. Stone 2000).

There are relatively few monitoring programmes of sedi-
ment erosion in Denmark and those that exist typically only
cover the last few decades (Veihe et al. 2003). Therefore, it is
difficult to identify long-term trends and baseline conditions.
However, the geological record provides insight into patterns
and rates of soil erosion through time. Lake and fjord sediment
archives are especially useful because they can provide contin-
uous and undisturbed sediment successions that can be ana -
lysed at high temporal resolution. These sediment records can
be examined using a variety of approaches that include sedi-
mentological, geochemical and biological analyses and thus
generate important insight into baseline states, trajectories and
responses to forcing mechanisms over long timescales, which
would otherwise be difficult to obtain. The records are typi-
cally limited to yielding insight only into the average rate of
erosion and they often provide little information about the
spatial extent or distribution of erosional processes within a
catchment area.

In this paper we present an example of a long-term ero-
sional record from Gudme Sø, Fyn (Fig. 1). Numerous archae -
ological excavations have been undertaken near Gudme Sø,
and the Geological Survey of Denmark and Greenland has
carried out analyses of sediments from the lake to provide a
continuous picture of landscape changes. Sediment accumu-
lation rates of minerogenic matter and pollen analysis are
here used to ex plore the erosional response to changes in
land-use.

Study site and methods

Gudme Sø is located on south-east Fyn c. 5 km from the sea
in a gently undulating terrain with surface deposits consist-
ing of clay till (Fig. 1). The lake has a surface area of 9 ha, a
mean water depth of 0.5 m, and a catchment area of 48 ha.

It has no major natural inlets or outlets. An 11.8 m long sed-
iment core of slightly humic gyttja with low calcareous con-
tent and varying silt and clay contents was retrieved from the
lake. Age determination was provided by radiocarbon dating,
and the chronology at the top of the core was further refined
by linear interpolation, using the first occurrence of spheroidal
carbonaceous fly-ash particles and the date of the sediment sur-
face (i.e. the year of coring) as bracketing ages (Fig. 2).

Sediment accumulation rates of minerogenic matter
(SAR-min in mg/cm2 per year) were calculated and used as
prox ies of soil erosion from the catchment area to the lake
(e.g. Mackereth 1966). The changes in SAR-min values were
compared to pollen-inferred changes in vegetation and land-
use from the same sediment core. The increases and decreases
in non-arboreal pollen (NAP) were used as a record of
changes in the proportion of open land. It is assumed that the
variation in the sum of taxa of cultivated plants and Plantago
lanceolata (ribwort plantain) reflects changes in the extent of
arable land, and pastures or meadows, respectively (Behre
1981; Gaillard 2007). The record of colonies of the green
algae Pediastrum sp. is used as proxy evidence for in-lake pro-
ductivity (Bradshaw et al. 2005).
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Fig. 1. Aerial photograph of Gudme Sø seen from the south-east. The

lake size is c. 490 × 250 m. Today the lake catchment area (48 ha) con-

sists of 50% tilled, 25.8% natural and 24.2% built-up area. Photograph

courtesy of The Royal Danish Air Force.
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Results and discussion

Chronology
The 14C dates from the Gudme Sø sediment core are based
on bulk sediment samples and may overestimate their actual
ages due to the hard-water effect (Björck & Wohlfarth 2001).
However, the CaCO3 content of the sediments is very low
and the ages of key-pollen, stratigraphical levels at Gudme Sø
are in agreement with other independent ages from corre-
sponding levels in Danish bogs where the dated peat is unaf-
fected by hard water (Table 1). Hence, we consider the
Gudme Sø age–depth model to be reasonably accurate and
reliable within c. 100 years. In the following, all ages are given
in calendar years BC/AD.

Incipient landscape disturbance

In Fig. 3 the history of the last c. 6000 years of soil erosion to
the Gudme Sø basin is compared with contemporary changes
in vegetation and land-use. Coincident increases in total NAP
and taxa of cultivated plants and in SAR-min suggest a causal
link between agricultural activities and soil loss.

The low SAR-min values in the late Mesolithic (c. 4200–
3900 BC) suggest a low level of soil disturbance, which is in
good agreement with the pollen data. Very low NAP values
(c. 2%) indicate that the landscape was dominated by closed-
canopy forests with only a sparse field layer vegetation (Iver -
sen 1973). During the Mesolithic, anthropogenic impact on
the vegetation appears to have been negligible, and landscape
disturbance was driven by natural agencies, implying that the
sediment flux to the lake at this time represents a ‘natural’
baseline state.

In Denmark the cultural shift from the Mesolithic (hunt-
ing-fishing-gathering) to the Neolithic (farming) way of
living took place c. 3900 BC. Approximately 200 years later
(c. 3650–3500 BC) a marked increase in both SAR-min and
NAP values at Gudme Sø indicate an erosional event clearly
triggered by deforestation that was associated with incipient
agricultural activities. At that time the first pollen types
unambiguously indicative of crop cultivation and pastoral
farming occurred (cereals and Plantago lanceolata, respec-
tively). Interestingly, the data indicate that catchment distur-
bance and agricultural activities precede accelerated erosion
rates by c. 150–200 years, thus showing a delay or threshold
effect in the system’s response.

Between c. 3350 and 3200 BC soil erosion rates increased
again, although this time not correlated with pollen evidence
of land clearance or intensified agriculture. Low soil erosion
rates between c. 3200 and 2650 BC and low NAP values
indicate catchment stability. At about 2650 BC a renewed
and short-lived (c. 2650–2550 BC) deforestation was accom-
panied by intensified agricultural activities reflected in high
percentages of NAP, Plantago lanceolata and cultivated taxa.
Despite the apparent intensity of this brief land clearance
episode, the erosional response was moderate. This might be
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Table 1. 14C dates of pollen-analytical levels in Gudme Sø and three Danish raised bogs

 Gudme Fuglsø Abkær Holmegaard
 Sø Mose Mose Mose

Data partly from Odgaard (1994).

1st Centaurea cyanus (cornflower) AD 1320  AD 1360  AD 1240 AD 1350
1st Secale cereale (rye) 170 BC 80 BC 80 BC 80 BC
Fagus sylvatica (beech) 3–5% 960 BC 890 BC 240 BC 920 BC
Fagus sylvatica (beech) > 0.5–1% 1460 BC 1320 BC 1320 BC 1400 BC
1st Plantago lanceolata (ribwort plantain) 3650 BC 3630 BC 3000 BC 3800 BC
Elm decline 3990 BC 3830 BC 3870 BC 3500 BC 

Fig. 2. Age–depth model for the Gudme Sø sediment succession based

on 13 calibrated 14C dates, the date of the first occurrence of spheroidal

carbonaceous fly-ash particles (blue dot at AD 1900; Odgaard 1993) and

the age of the sediment surface (red dot at AD 1989). The K-numbers are

the laboratory numbers for the dated samples. The small diagrams show

probability distributions of the calibrated ages. The age–depth model

was established using the programme Bpeat (Blaauw & Christen 2005).
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due to the type of land-use at a time
when subsistence economy most likely
was predominantly based on pastoral
farming. In contrast to arable farming,
such land-use implies the maintenance
of permanently grass-covered pasture
that would be less prone to erosion than
cultivated fields (Veihe et al. 2003). After
2550 BC, low soil erosion rates indicate
a long period of relative stability in the
catchment area, which lasted until the
middle of the Bronze Age at c. 1000 BC.

Landscape transformation
For c. 150 years, between 1000 and 850 BC, the landscape
around Gudme Sø changed drastically and became far more
open than previously as suggested by the increase in NAP.
Extensive forest clearance and expansion of areas used for
livestock grazing and crop cultivation led to comprehensive
landscape disturbance and a marked increase in erosion rates
to the lake. The contemporary increase in Pediastrum sp.
indicates a larger nutrient loss from the catchment area to the
lake due to soil in-wash, which enhanced the in-lake pro-
ductivity. After c. 200 years, the sediment influx to the lake
gradually declined and stabilised, despite a continued high
an   thro pogenic impact on the landscape as indicated by the
continued high NAP values. 

In the Iron Age around 100 BC, the erosion rates in -
creased slightly and remained almost constant until c. AD
400. Thereafter, there was a short-lived disturbance period
around AD 400–500 with intensified arable farming (in -
creased abundances of cultivated taxa), accelerated soil ero-
sion, and higher lake productivity (raised percentages of
Pediastrum sp.). High percentages of Cannabis-type pollen in
this period (not shown) indicate that the lake was used for

retting hemp, a process in which stems are soaked in water to
free their bast fibres from the surrounding tissue in order to
produce fibres for example for cloth and rope making.
Hemp-retting in the lake most likely contributed to the
increased input of minerogenic material, as plants for retting
may have been placed in the lake with roots; this could also
have contributed to the nutrient enrichment of the lake at
that time (Odgaard 1994). 

Between c. AD 600 and 900 the soil erosion rate to the
lake decreased, in agreement with the reduced anthropogenic
impact on the landscape as reflected in the decreasing NAP
values. At this time, the use of the lake for hemp-retting
almost ceased and the percentage value of Pediastrum sp.
declined. Between AD 950 and 1050, i.e. in the second half
of the Viking Age, the pollen data suggest renewed deforesta-
tion followed by greatly intensified arable farming (elevated
percentages of cultivated taxa). This marked change in land-
use led to an unprecedented increase in soil erosion that likely
caused eutrophication of the lake involving blooms of Pedia -
strum sp. The nutrient enrichment of the lake may have been
further intensified by resumption of hemp-retting in the lake,
a procedure which continued to around AD 1900.

During the Medieval period, the anthropogenic impact on
the landscape increased significantly as land clearance in -
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Fig. 3. A: Sediment accumulation rate of mine -

ro genic matter (SAR-min; proxy of soil erosion

rate) and non-arboreal pollen (NAP; proxy for

open land). The results of the pollen analysis

are presented as percentages of the total sum

of pollen and spores from terrestrial plants. 

B: Pollen percentages of the sum of cultivated

taxa. C: Pollen percentages of Plantago lanceo -

lata (ribwort plantain). D: Percentages of the

green algae Pediastrum sp. (calculated on the

basis of the terrestrial pollen and spore sum).

For B, C and D the dark-coloured curves are

percentages and the light-coloured areas

represent 10 times exaggeration.
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creased and crop cultivation intensified. The cultivation of
large new areas was facilitated by the introduction of new
farming technology such as the mouldboard plough and
ridge-and-furrow. At Gudme Sø, the intensive arable farming
in the Middle Ages led to steadily increasing sediment yields.
The abundance of Pediastrum sp. at this time suggests con-
tinued eutrophication.

In Modern time (AD 1536 to the Present) the area around
the lake was further cultivated at the expense of woodland.
From c. AD 1500 to 1950, NAP values increased from c. 30%
to 55% indicating widespread agricultural activities predom-
inantly characterised by crop cultivation. The high and in -
creasing human impact during this period corresponds
closely to a dramatic and unprecedented increase in soil ero-
sion, which peaked around AD 1950 contemporaneously
with the highest NAP values in the entire record. A rapid and
marked increase in the percentage of Pediastrum sp. at the
beginning of the 18th century signifies the onset of a major
nutrient enrichment of the lake.

Concluding remarks

The investigation of the lake sediments from Gudme Sø
provides a 6000-year-record of soil erosion rates as well as
contemporary pollen-inferred changes in vegetation and
land-use. The study demonstrates a close correlation between
changes in agricultural activity and rates of soil erosion in the
catchment area of the lake. Prior to the late Viking Age, ero-
sion to the lake occurred in pulses triggered by episodes of
land clearance followed by periods of relative stability in the
catchment area. After the late Viking Age, soil erosion accel-
erated continuously and reached a peak in the mid-20th
century with erosion rates approximately 30 times higher
than the pre-disturbance rates in the Mesolithic. The study
dem onstrates that after the introduction of agriculture, soil
erosion was mainly caused by human activity rather than
cli mate. This general result has also emerged from other
lake-based studies of long-term erosion in Denmark (Ras -
mussen & Bradshaw 2005) and southern Sweden (Dearing
1991). According to current climate models we can expect an
in crease in precipitation, more rainfall in the winter season
and a higher frequency of extreme precipitation events in
the future (Christensen et al. 2006). Given these predic-
tions, climate will undoubtedly be of growing significance
as a forcing mechanism for soil erosion.
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