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Abstract 
 
Agriculture and the use of arable land have long been assumed to be one of the key drivers 
behind eutrophication of lakes. However, little is known about how early agriculture has 
affected lakes in the past. The aims of this study were: i) quantify the within-region variability 
in historical land use and its linkage to soil cover and ii) test if the sediment geochemistry 
could be used to reconstruct inputs of phosphorus from early agricultural activities. The 
within-region variability was determined by digitalizing historical maps covering four 
centuries from the 18th to the 21st century for six selected regions across Sweden. To assess 
historical changes in lake-water phosphorus, a 6 m long 14C-dated sediment core from Ekoln 
was analyzed. The core was analyzed for 24 elements by X-ray fluorescence spectroscopy 
(XRF) together with the total concentration of nitrogen and carbon and their isotopes (δ13C, 
δ15N). Results show that there was a statistically significant difference (P<0.05) in 
agricultural activities between regions with soils rich in fine texture classes compared to soils 
with a more coarse texture. Agriculture also became less dependent on fine-grained soils due 
to new technological implements following the industrialization. The reconstructed long 
term-trend in Ekoln indicate limited inputs of phosphorus from early farming and that the 
lake had higher concentrations of phosphorus throughout the last millennia. Therefore, early 
farming was unlikely to be the prime driver of high phosphorus loadings, and that other 
factors should be considered, e.g. extensive urbanization and inputs of wastewater effluent.
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1 Introduction  
 
1.1 The agricultural history of Sweden  
At the start of the 18th century, agriculture in Scandinavia was an offshoot of the type often 
referred to as European mixed farming where animals pulled ploughs and harrows, served as 
transport and provided meat, wool, skin and manure for arable land (Wolf 1966). 
Considerable land resources had to be devoted to grazing and the production of winter fodder 
(Gadd 2000). Three stages of land consolidation have been established by the Crown since 
the 18th century to consolidate small land strips into bigger, cohesive plots for each peasant 
within the village. By the decrees storskifte (1749) and enskifte (1803) as well as the 
legislation laga skifte (1827), the bulk of Sweden’s agricultural land was enclosed at the end 
of the 18th century (Myrdal and Morell 2011). Sweden’s total arable land area at this time 
reached approximately 2 %, compared to the southern two-fifths of the country which had 
cultivation up to 5 % (Gadd 2000). The distribution throughout Sweden was scattered: parts 
of the Skåne plains had cultivation up to 50 % while the plains of northern Götaland and 
eastern Svealand had a more modest 10 – 15 %. In the woodlands of Götaland and Svealand, 
a scant 2 % was arable at the time (Gadd 2000). 
 
During the 18th century farmers used either a plough or an ard to till arable soils, depending 
on the adaption to the local environment. In central Sweden, heavy ards were used to break 
lime-rich clay soil, whereas lighter ards were used to break stony, naturally drained arable 
land in the woodlands of southern Götaland. In western and west-central Sweden, the lack of 
natural drainage in the flat countryside precluded effective ditching, and instead the arable 
land was ploughed in ridges and furrows. In Skåne both wheel-ploughs and wheel-ards were 
used, similar to the methods used in Denmark and in the northern parts of Germany (Gadd 
2009).  Both the horse driven ard- and plow-farming were highly dependent on fairly weakly 
compacted soils with low concentrations of stones and thus, in the 18th and 19th century 
farming is expected to have been, at least partly, constrained by soil texture. 
 
At the turn of the 20th century, Sweden became dependent on industrially manufactured 
tools, machines and fertilizers (Kuuse 1970, Kuuse 1974). The first documented tractor in 
Sweden was recorded 1905, and during the 1940’s approximately 30 % of all arable land was 
farmed using tractors (Myrdal and Morell 2011). With new techniques and innovations, 
farming became less constrained by stoniness and physical constraints of the soils and thus, 
more land became available for agriculture. Cultivation of peatlands (Löfroth 1991) as well as 
bog cultivation projects on Gotland and in Norrland started to expand (Bäcklund 1988, 
Mårald 2000). Yet another strategy for increasing the arable land was to lower lakes. State 
grants for draining wetlands became more generous towards the end of the 19th century. 
Among the most extensive projects was the lowering of Hjälmaren and surrounding lakes, 
just south-west of Mälaren. It took over 30 years and resulted in nearly 25.000 ha of new 
farmland (Lennqvist 2008). During the 1920’s, the acreage of arable land reached its largest 
extent in Sweden, 3.8 million ha, and thereafter subsequently started to decline slightly 
(Jordbruksverket 2011). The regional differences, however, were still considerable. In the 
four northernmost counties and on the island of Gotland, where land clearance was 
strongest, the areal extent continued to grow until the 1940’s (Morell 2001). 
 
Importantly, the change from farming based on ards to iron plows did not only increase the 
land available for farming, it also increased the impact on soil properties. While the ard made 
furrows in the upper parts of the soil, iron plows, especially when driven by machines, 
penetrated deeper down and made farming less sensitive to the presence of roots (Myrdal 
and Morell 2011). Tillage is an important driver of soil erosion and loss of nutrients such as 
phosphorus (P) to surfaces waters (Villa et al. 2014). To what extent the increased tillage, 
ditching and lake-level changes, both on a spatial and vertical scale during the 19th and 20th 
century, affected Swedish surfaces waters has so far not been studied in detail. 
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Swedish agricultural history is well documented in archives, parish registers, historical land-
surveying materials and early written agricultural texts, which all are important sources to 
understand the rising agrarian era (Myrdal and Morell 2011).  The traditional ways to look at 
temporal variations in environmental impacts from agriculture are often based on qualitative 
and descriptive methods. For example, the aerial extent of agricultural soils are often 
reported for large regions with no information about the within-region variability, which 
makes it difficult to test statistically how the spatial variability in land use is related to 
environmental variables such as soil texture. This descriptive way of reporting the 
agricultural changes also makes it difficult to evaluate uncertainties derived from the 
underlying methods. Dahlström (2008) discussed the difficulty to interpret forest vegetation 
in old cadastral maps and how historical sources can show dynamics on the fine temporal 
and spatial scales that are difficult to capture with pollen analysis. However, arable fields and 
the development were not in focus. Hence, there is a need of a more quantitative analysis of 
the within-region variability in agricultural land use in Sweden. 
 
1.2 Agriculture as a source for phosphorus   
Agriculture and the use of arable land has long been assumed to be one of the main sources 
for eutrophication in lakes throughout Sweden (e.g. Djodjic and Bergström 2005, Ulén et al. 
2007). Agricultural soils are often nutrient rich, drained, tilled, fertilized and periodically 
lacking vegetation cover and nutrient uptake. This is considered to increase leaching both at 
the soil surface and through the soil profile for nutrients, such as nitrogen (N) and P, into 
surface waters (e.g. Andersson 1986, Arheimer and Liden 2000). Large-scale studies by 
Arheimer and Brandt (1998) suggested that 45 % of the total land-based N load at the time 
originated from land use and was passed on to the Swedish coast. Kyllmar et al. (2006) 
showed that P loads from small agricultural catchments mainly were driven by a high portion 
of clay-rich soils and annual cropping. The same study proposed that high loads of N were 
favored by sandy soils, high animal density and an intensive cropping with a low percentage 
of pasture. But the importance of the underlying soil has not been fully understood. Does 
agriculture itself contribute to a higher stream-water export of P or are the soils underlying 
agriculture a naturally strong source of P? 
 
Little is known how early agriculture in Sweden have affected lakes in the past due to lack of 
long-term data. The first limnological monitoring program was initiated in Mälaren 1964 and 
are still running which makes the program the longest trend-series available in Sweden today 
(Willén 1972). Thus, this isn’t sufficient to draw any conclusions about the historical 
conditions at a centennial time-scale. For both ecological and lake-management strategies it 
is necessary to have information concerning the natural situation before disturbance 
(Schindler 1987). To predict long-term trends of P leakage, the use of paleolimnology 
archives are necessary. Lake sediments provide a valuable source of information by recording 
the change of the surrounding environment through time. By the analysis of geochemistry, 
biological proxies and different elements within the sediment archive, both natural and 
anthropogenic issues such as acidification and eutrophication have been recognized and 
assessed before (e.g. Wiederholm and Eriksson 1979, Anderson 1995, Lotter 1998).  
 
Reconstruction of water-chemical variables from lake sediment started with the work of 
Meriläinen (1967), who developed a diatom-inferred model to calculate historical pH where 
further influential adaptation have been made by Renberg and Hellberg (1982). Additional 
variables have thereafter been developed over time, e.g. total phosphorus (TP), salinity, water 
color and water temperature (cf. Birks et al. 1990, Korsman and Birks 1996, Ek and Renberg 
2001). Diatom-inferred total phosphorus (DI-TP) can be estimated by the development of 
large-scale calibration models, e.g., the north-west European model (Bennion et al. 1996). 
Bradshaw and Andersson (2001) developed a DI-TP calibration set, prior to Swedish 
conditions where a total of 44 lakes were sampled and analyzed. The calibration model 
showed a good correlation (r2 = 0.69, P < 0.01) between DI-TP and observed TP in the Ekoln 
basin of Mälaren. Bradshaw and Andersson (2001) used the calibration to predict historical 
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TP-concentrations within the basin and saw a decreasing trend from the P peak in 1970 
(~100 µg L-1) until 1940 (~60 µg L-1) when the concentration showed similar values until the 
end of the dated material, equal to 1920. They concluded that even if the bottom section of 
the core (48 – 85 cm) remained undated, it predates the early 19th century, which indicates 
that mesotrophic conditions had prevailed for some time. The origin of the observed P-
concentrations was not discussed further. 
   
There are limitations with the work of diatoms. The most evident is the time-consuming 
effort to prepare, count and identify different frustules for a large number of samples (cf. a 
methodology made by Renberg 1990). A contrasting method to estimate historical P trends is 
to measure TP within the sediment. As lake eutrophication primarily results from increased 
loadings, it is assumed that sediment elements, such as P, provide a suitable record of 
enrichment (e.g. Birch et al. 1980). However, this simplified method has so far not been 
carefully evaluated against measured long-term monitoring series of P, making the reliability 
of this method uncertain. Anderson et al. (1993) compared DI-TP with sediment P for small, 
mostly eutrophic lakes. The big uncertainty and a common difficulty is that monitoring data 
were only collected during one year and thus no reliable method was developed.   
 
1.3 Aim and hypotheses 
The main aim of this study was to assess the effect of early agriculture as a P source for 
nearby lakes. The objectives were to: 1) quantify the within-region variability in agricultural 
land use in Sweden and its linkage to soil texture during the last four centuries; 2) evaluate 
the use of sediment P as a proxy for past P loading in an eutrophic lake; and 3) if this 
methods are reliable; reconstruct historic long-term trends in P loads in a lake situated in a 
region with the most extensive agricultural activities in Sweden. 
 
The main hypotheses of this study are: 

i) The within-region variability in agricultural soil cover is significantly correlated to 
the areal extension of soils originally low in stones and rich in fine texture classes. 

ii) The transition from the horse-ard-plow farming (18-19th century) to tractor-driven 
farming increased the areal coverage of agricultural soils and made the connection 
between total coverage less dependent on fine textured soils 

iii) TP concentrations in sediments are correlated to lake-water concentrations and 
thus, the sediment geochemistry can be used to reconstruct historical P loads from 
agricultural activities.  

iv) Early agricultural activities have been a source of P to Swedish surface water and 
they increased P loads to Swedish lakes prior the introduction of artificial 
fertilizer.  
 
 

2 Material and methods  
  
2.1 Changes in land use   
To test hypotheses i and ii , I quantified the areal extent of agricultural fields over four 
centuries using existing historical maps and modern soil texture maps. Six regions were 
selected based on the spatial distribution of soil characteristics and availability of historical 
maps. Selected regions, which can be seen in figure 2, are: Skåne, Småland, Gotland, 
Mälardalen, coast of Västerbotten and the inland of Västerbotten/Norrbotten named north-
central Sweden. Within each region, seven sites were selected where scanned copies of 
historical maps were digitally available from the national land survey of Sweden’s web-
service (Lantmäteriet 2014). The ambition was to have an even distribution of sites within 
each region rather than concentrate the sites to one larger area. For the 18th century, only 
maps covering Småland, Gotland, Mälardalen and Västerbotten were available.  
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To enable a comparison regarding the distribution of arable land cover through four 
centuries, data from several sources are compulsory. Cadastral maps regarding the storskifte, 
laga skifte and the häradekonomisk karta were collected digitally from the national land 
survey of Sweden (Lantmäteriet 2014). Depending on which year and for which region the 
cadastral maps were generated, they varied in extent, quality and detail richness. Geo-
referenced orthophotos and present base maps were collected digitally from the Swedish 
University of Agricultural Science (SLU 2014). Cadastral maps from the 19th and 20th century 
were rectified against a regular base map and an orthophoto using control points (i.e., 
crossroads, lake- and administrative borders) to fit the SWEREF99-coordinate system in 
ArcGIS 10.2. Thereafter, the maps were cropped to the same areal extent, considering the 
smallest map at every specific site so there would not be any loss in information. Fields with 
arable land were then digitized and the total area for each century was estimated (Figure 1). 
To enable a comparison of arable land use today, a shape-layer regarding cultivated land was 
downloaded together with other land-cover data from a vector based layer named 
fastighetskarta at SLU (2014). These shape-files are managed by the national land survey of 
Sweden and are frequently updated to agree with reality. Thus, some modifications were 
made within the shape-file if there were obvious differences from the orthophoto such as 
buildings, roads and farm-lands, instead of cultivated fields. Historical maps from the 18th 
century were not rectified due to the difficulty of determining an absolute location and thus 
only arable land within the site was analyzed. This generated a percentage of arable land 
within the map, rather than an absolute area of arable land.  
 
To compare historical and modern land use with the underlying soil type, a digitally available 
vector map from the geological survey of Sweden named jordartskartan was downloaded 
from SLU (2014). All the different soil types were summed within each site (except from 
Nolås, coast of Västerbotten, due to lack of data). Thereafter a theoretical percentage for how 
much of the site that could be used for agriculture was made by dividing all types of fine soils 
(e.g. different forms of clay-rich soils, glacial and post glacial fine material) with the sum of 
all other soil types. This theoretical percentage, together with the actual land use in each site 
and century, gives an estimate of the sediment soil efficiency, i.e. how well the site was 
exploited. 
 

Figure 1: Conceptual figure over the work process to quantify the areal arable land for each site. In the top row, 
maps over Huaröd, Skåne, during the last three centuries are shown (storskifte, häradekonomisk karta and 
orthophoto correspondingly). Bottom row displays rectified and digitally managed versions where each century’s 
arable land has been marked. 
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2.2 Historical long-term trends in Ekoln 
2.2.1 Study site 
To test hypotheses iii and iv, I attempted to reconstruct historical changes in P loads to the 
Ekoln basin. The basin is a part of Mälaren (but considered as an independent lake), situated 
in the region with the most intense farming activities in Sweden. Mälaren is the third largest 
lake in Sweden with an area of 1120 km2 and consists of several sub-basins with different 
characteristics (Willén 1987). Mälaren was once a bay of the Baltic Sea but was successively 
isolated as a freshwater lake during the 11th – 13th centuries owing to isostatic land uplift since 
the last glaciation (Miller and Robertson 1982). The main water flow direction in Mälaren 
runs from west to east (75 %). The secondary flow runs from the Ekoln basin southwards to 
Stockholm where it mixes with the west-east flow and discharges into the Baltic (Willén 
1987). The Ekoln basin lies within the region of Mälardalen, previously described above. 
 
The Ekoln basin (figure 2) with a mean depth 
of 15.4 m and a maximum depth of 50 m lies 
within the region of Mälardalen, previously 
described above. The basin has a volume of 
0.458 km3 where the water renewal time is 
less than 1 year (Goedkopp et al. 2011). The 
main inflow to the basin derives from 
Fyrisån, north-east of the lake, with an 
average of 0.4 km3 per year, equivalent to   
60 % of the inflow (SMHI 2015). The 
remaining 35 % of the water derives from the 
contiguous Lårstaviken basin and 5 % from 
the surroundings of Ekoln (SMHI 2015). The 
catchment area of Ekoln and Lårstaviken 
Basin extends to 3365 km2 and are primarily 
covered by till (42 %), fine soil/clay (34 %), 
thin soils/exposed bedrock (10 %) and peat 
(8 %). Woodland and agriculture are the 
dominated land use within the catchment, 
while urban areas only cover an area of 3 % 
(SMHI 2015). Long-term monitoring data 
have been taken from several zones of 
Mälaren, but only TP and oxygen data from 
the site “Ekoln Vreta Udd” (SLU 2015) have 
been used in this study. A total of 38 
observed TP concentrations, summed as 
annual concentrations were then compared 
to sediment P from depths equal to the years 
from 1965 to 1995. Annual concentrations of 
TP were calculated between 1965 and 2011 
from all depths and months available. Three 
outlier values were removed because they 
were suspected of being inaccurate or 
possible error values in early measurements.
  
2.2.2 Sediment core and analysis   
Sampling was carried out during summer 2014 in the southwest part of Ekoln (59°46'37.9"N, 
17°38'3.9"E) at a depth of 32 m with a piston corer (Zale and Karlén 1989). The sediment 
core had a length of 6 m and a diameter of 90 mm. The core was divided into four equally 
long sub cores and split into half for further analysis. In one half, sub-samples were taken 
every 5 cm for the upper 60 cm and 10 cm intervals thereafter. Samples remained cold (+5º 
C) in a storage room until further analysis. In addition to the core collected in this study, 

Figure 2: Map over the Ekoln basin and the 

continuous basins, which connect to Mälaren. 

Sampling site for the sediment core is marked out 

with an x. Upper left corner shows the distribution of 

regions across Sweden: Skåne, Småland, Gotland, 

Mälardalen, coast of Västerbotten and north-central 

Sweden ranging from 1 – 6 accordingly.  

Fyrisån 
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samples from a previously study by Sundelin (2013) served as a complementary archive for 
the upper 50 cm of the sediment. Samples are here in a more detailed resolution, which will 
provide valuable information regarding recent P trends within the sediment.  
 
Four different geochemical analyses were made: two types of X-ray fluorescence analyses 
(WD-XRF and ITRAX XRF), loss on ignition (LOI) and the total concentration of C and N 
together with their isotopes (δ13C, δ15N). Samples from Sundelin (2013) were only analyzed by 
the WD-XRF to render P concentrations at a centimeter resolution.  
 
To determine the chemical constituents of the sediment, a Bruker S8 Tiger wavelength-
dispersive X-Ray Fluorescence spectrometer (WD-XRF) were used (Rydberg 2014). 
Approximately 0.5 g of dried (105º C overnight) and homogenized powder was analyzed in a 
plastic sampling cup (ø = 20 mm) with a spectrograde mylar film bottom. The concentration 
of selected major elements analyzed were; Al, Ca, Fe, K, Mg, Na, S and Si. Minor elements 
analyzed were Ba, Br, Cl, Cu, Mn, Ni, As, Rb, P, Pb, Sr, Ti, W, Y, Zn and Zr. The calibration is 
based on analysis of 35 certified reference materials, including soil, stream, lake, estuarine 
and marine sediments. Details of the calibration procedure and on detection limits, accuracy 
and reproducibility are given in Rydberg (2014). Accuracy for all elements is within ≤ 8 % 
except for Pb (14 %) and the reproducibility are ≥ 94 % for all elements. 
 
The whole sediment core was also scanned at the Department of Geological Science at 
Stockholm University using an ITRAX X-ray fluorescence core scanner from Cox Analytical 
Systems (Gothenburg, Sweden). ITRAX XRF is a non-destructive technique that provides 
information about elemental variations directly from untreated sediment at a millimeter 
resolution (Croudace 2006). The technique is, however, limited by a few factors. The most 
obvious is that elemental variations are measured as counts rather than concentrations 
(Löwemark et al. 2011). Therefore, the data will only serve as a complementary tool for the 
WD-XRF analysis to speculate about trends rather than absolute concentrations. For details 
regarding the ITRAX XRF-scanner see Croudace et al. (2006). The core was measured with a 
1000 µm resolution, an exposure time of 15 s and with a 30 kV, 50 mA, Mo-tube. 
 
Total concentration of C and N including their isotopes (δ13C, δ15N) were analyzed at the 
Swedish University of Agricultural Sciences (SLU) in Umeå using an isotope ratio mass 
spectrometer (DeltaV, Thermo Fisher Scientific, Bremen, Germany) and an elemental 
analyzer (Flash EA 2000, Thermo Fisher Scientific, Bremen, Germany). Dried sample 
material was combusted to CO2 and N2, mass spectrometric measurements on CO2 and N2 

were then quantified as follows: δ13C = 13C/12C and δ15N = 15N/14N. All results were corrected 
for non-linearity drift- and sample size effects. Furthermore, LOI was analyzed as a proxy for 
organic matter (dried at 105° for 12 h and then ignited at 550° for 4 h). A total of 38 different 
depths were analyzed, ranging from 25 cm below sediment surface down to 600 cm. 
 
2.3 Dating and statistics   
The age-depth model is based on three radiocarbon dates one bulk sample and two 
macrofossils (species not identified). Samples were 14C-dated at Beta Analytic Radiocarbon 
Dating Laboratory in Miami, Florida. To model the age-depth relationship, CLAM version 2.2 
by Blaauw (2010) was used in R.  This model uses the whole probability distribution of each 
calibrated 14C age, a way to take into account the inherent uncertainties that arise when 
radiocarbon dates are translated to calendar years. A linear interpolation was made together 
with a best fit age for each sample along with a 95 % confidence interval expressed as 
minimum and maximum age. The output also includes the probability distribution of the 
calibrated age for each sample. As a complement to the radiocarbon dating, Pb-
concentrations from the XRF served as an inferred chronological marker according to 
Renberg et al. (2001 a).  Due to events with higher atmospheric fallout of Pb, three 
characteristics peaks can be seen in environmental records across Europe. The Roman peak 
(100 BC to AD 200), the Mediaeval increase (AD 1000-1200) and the 1970’s Pb-pollution 
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peak were used as independent chronological markers.  
 
To statistically determine if there are any significantly differences in land use between 
centuries within a region, a one-way ANOVA was performed based on normalized data. If 
there was a difference, the test was followed by a Tukey HSD to evaluate which centuries that 
differed. The same procedure was done to determine if there were significant differences 
between regions within a specific century. Due to non-normalized data, the one-way ANOVA 
together with the Tukey HSD was hence performed on logarithmic values to receive 
normalized data. To compare if the relative use of fine texture soil differed between centuries, 
same procedure as above was followed. Furthermore, regression analyses and correlation 
models have been used to evaluate the sediment soil efficiency and P models. All tests are 
done in R, version 3.0.1 at α = 0.05 if nothing else is declared.  
 
Principal component analysis (PCA), often called dimension reduction, was used to reduce 
the complexity between parameters and to extract significant patterns within the data set. 
The PCA produces two parameters for each principal component and dimension, scores and 
loadings. The score explains the variance for each dimension and can therefore be used to 
group elements. For each level the dimensions are measured in (depth in this case) and for 
each principal component, there is a loading. The loading represents how each depth is 
influenced by the principal component. For instance, if a group of elements covaries, then the 
loadings can be used to explain more abstract terms, for instance silicate erosion (Koinig et 
al. 2003). This study used Z-scores to avoid the effects of different scales and variance 
between variables. Instead of absolute values each parameter is scaled equally and given 
equal weight by using equation (1) where Xi is the measured concentration of an element, Xavg 

is the average concentration and Xstd is the standard deviation.  
 

Z = 
          

    
                            (1) 

 
To provide high resolution data for the upper 50 cm of the sediment, a core from the same 
area, taken by Sundelin (2013) was analyzed at 1 cm intervals for P in addition to the piston 
core taken in this study. This core has previously been dated by cross-correlating P 
concentrations of the laminations with long-term monitoring data from Ekoln. This dating 
method was then compared to a dating model by Bradshaw and Anderson (2001) for a 
sediment core based on constant rate of supply (CRS) for calculated 210Pb dates. Therefore, 
the age of each centimeter interval has been dated and can be compared with monitoring 
data over the last 49 years. By adding approximately 1 cm to the core, the new surface will 
represent 2014 instead of 2013 and that the P peak described by Sundelin (2013) corresponds 
to the year 1966 at a depth of 44 cm instead of 43 cm.  
 
Elements from the XRF together with other parameters have been analyzed with a 
changepoint modeling (CPM) program called CPQt made by Gallagher et al. (2011). The 
purpose is to find time periods where an abrupt changepoint occur, i.e. when do we see 
significant changes within the data set? The program allows you to model an unknown 
number of abrupt changes in the mean value of one or more data series, with either known or 
unknown errors on the individual data series. The mathematical approach underlying the 
CPM is transdimensional Markov Chain Monte Carlo and details how the statistical analysis 
works are given in Gallagher et al. (2011).   
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3 Results  
   
3.1 Changes in land use  
Due to the lack of spatial information regarding the coverage of arable land during the 18th 
century, results from this era are not shown. Significant changes in land use from the 19th and 
21st century were found for four out of six regions (figure 3). Skåne, Småland, and Mälardalen 
showed a significant shift in land use from the 19th to the 20th century, whereas Gotland 
showed the shift a century later, from the 19th to the 21st century. There were no significant 
differences between centuries for Västerbotten and north-central Sweden (P = 0.07 and 0.08 
accordingly). Small differences between regions were seen during the 19th century. Skåne 
differed from north-central Sweden (P = 0.05) and Mälardalen differed from north-central 
Sweden as well as Småland (P=0.008, 0.034). For the 20th century, Skåne with a mean 
percentage of 61.4 % arable land varied compared to Gotland, Småland, Västerbotten and 
north-central Sweden (P<0.01). Mälardalen differed from Gotland, Småland and north-
central Sweden (P<0.03). There were also a difference between Västerbotten and north-
central Sweden (P<0.05). During modern times, two regions were significantly different from 
the rest. Småland showed a difference compared to Skåne, Mälardalen and Västerbotten 
(P<0.05) while north-central Sweden differed from Skåne, Gotland, Mälardalen and 
Västerbotten (P<0.01).  
 
During the 19th century, Mälardalen, Västerbotten and Gotland had more than 50 % fine 
texture soils within the region, but the mean coverage of arable land differed between 
regions, 32.4, 13.2 and 11.1 %, accordingly. Regions with typical till soils, e.g. Småland and 
north-central Sweden did show a lower portion, 6.4 % respectively 1.8 %. The variance 
between regions differed, where fine texture soils were present, a higher variance within-
region was shown. Mälardalen, Västerbotten and Gotland showed a variance equal to 13.6, 
16.2 and 9.1 %, correspondingly, compared to Småland and north-central Sweden which had 
a smaller variance, equal to 3.9 respectively 2.1 %. 

Figure 3: Mean values regarding percentage arable land in each region for the 19th-, 20th- and 21st centuries. Letter 
codes denote significant differences (Tukey HSD tests, P < 0.05) between centuries within each region, i.e. 
centuries that do not have letters in common are significantly different. Error bar indicate standard deviation 
within every region and century. Changes between centuries are described in text above.  
  

Hypothesis i) was stated as the within-region variability in agricultural soil cover is correlated 
to the areal extent of soils originally low in stones and rich in fine texture classes. This 
hypothesis was valid based on results from the quantified arable land cover data and the 
extent of fine texture soils. During the 19th century, Mälardalen, for example, had a high 
portion of fine texture soils and arable land compared to other regions (figures 3 and 4). With 
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a greater ratio of stony till within the region (Småland, and north-central Sweden), a lower 
density of arable land were statistically seen compared to Mälardalen. 
 
In figure 4 the relative use of fine texture soil for all studied sites are shown. The solid line 
within each box represents the 1:1 ratio, i.e. 100 % relative use of fine texture soil. Data points 
positioned under this line indicate an underuse of fine texture soil, while data points above 
the 1:1 ratio indicate use of other soils e.g. till and glacifluvium. Use of other soils was seen, 
primarily for soils dominated by till (figure 4). The overall tendency for all sites is that these 
tend to stretch towards the 1:1 ratio with time. The real coverage of fine sediment and 
percentage arable land was significantly correlated during the 19th, 20th and 21st century (P = 
0.001, 0.02, 0.04, respectively) (figure 4). Notable, the correlation between the two variables 
was relatively low (r2 = 0.25, 0.18, 0.27, respectively), indicating that other variables than soil 
texture affected the aerial extension of agricultural land. A significant difference between 
centuries was seen for the 19th century, compared to the 20th and 21st centuries (P < 0.002). 

Figure 4: Relative use of fine texture soil as a result of percentage fine sediment and percentage arable land for 
each site within this study. Solid line marks the 1:1 ratio. Circles marks out four sites within the Skåne region and 
five sites within Mälardalen. These represent regions with high density of till and fine texture soils 
correspondingly. 

  
Hypothesis ii) suggested that the transition from horse-ard-plow-farming (18-19th century) to 
tractor driven farming (20th century) increased the areal coverage of agricultural soils, 
making the total coverage less dependent on fine textured soils. This hypothesis was valid for 
some regions, due to the fact that data points stretches towards or above the 1:1 ratio. Skåne, 
with a large amount of till-based soils with fractions of clay within may be the best example of 
this. During the 19th century, sites from Skåne plot down in the left corner (figure 4). A 
century later with the arrival of tractors, the whole region increased the arable area 
significantly. Same pattern, although in a smaller scale, was shown for Småland where stony 
till was present. From being in the lower left corner, the percentage arable land increased 
during the 20th century before it went down during more recent years. North-central Sweden, 
also with a high density of till, did not show the same trend as Skåne and Småland. No 
significant changes between centuries was noted (figure 3), which indicates that other factors 
were involved. Noted are that regions with a high portion of fine texture soils e.g. Mälardalen, 
also increased the portion of arable land during the same era (figure 4).  
   

3.2 Historical long-term trends in Lake Ekoln  
3.2.1. Properties and chronology of the Ekoln sediment 
Three samples were dated for 14C-age (table 1). Due to the lack of well-preserved macrofossils 
throughout the profile, one bulk sample had to be taken as a complement.  
 
Table 1: Radiocarbon dated samples from Ekoln with depth, type of material, reference name, uncalibrated age, 
uncertainty and calibrated age. 

Depth (cm) Type Reference name 14C-age (year) ± (year) Calibrated age 

182 Seed 182-Ekoln 180 30 AD 1645 – 1680  

389 Twig 389-Ekoln 680 30 AD 1295 – 1410  

580-590 Bulk B80-Ekoln 2690 30 BC 825 – 790  
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The age-depth model (figure 5) shows the best fitted curve based on CLAM. Also shown are 
two ages inferred using peaks in P as chronological markers (see material and method), these 
are the upper sediment surface at 0 cm (2014) and the P peak at 43 cm (1966). A linear 
correlation (r2 > 0.95) was seen from the 14th century and until today for the chronological 
markers and the macrofossils. The average uncertainty (95 % confidence interval) for the 
whole model was ± 130 years while the total span ranged from ± 3 to 290 years. From the 
three chronological Pb-markers, AD 1970 (I), AD 1100 (II) and 0 (III), an alternative model 
was made due to the lack of dated material further down the core. The peak in Pb (63 mg Kg-1) 
at a depth of 45 cm, (1960 ±5) corresponded to event I. For event II, the Mediaeval Pb 
increase, a concentration equal to 27 mg Kg-1 were seen at a depth of 520 cm (130 BC ±45).  
The Roman peak (III) could not be detected from geochemistry data. Notable, only one of the 
subjectively interpreted peaks in Pb concentrations was detected in the changepoint analysis, 
occurring at a depth of 40 cm which corresponds to the chronological marker from 1970.
  

 

Figure 5: A) Age-depth model for Ekoln using linear interpolation and classical age modeling (Blaauw 2010) in R. 
Black line marks the best fit, surrounded by the 95 % confidence interval in grey. The calibration probability 
distributions of each radiocarbon dated sample are seen in blue along the black line. The upper two crosses mark 
the sediment surface (0 cm, 2014) and the P-peak (43 cm, 1966).  Dashed line indicates a plausible fit based on 
two chronological markers from Renberg et al. (2001 a). The shift between brackish water and freshwater are set 
to the 13th century (±100 years) according to Miller and Robertson (1982). B) Shows the Pb concentration from 
XRF-data. Highlighted fields represents possible markers mentioned in Renberg et al. (2001 a). I) Pb peak in the 
1970’s and II) the Mediaeval Pb increase, AD 1000-1200. The Roman Pb peak (100 BC to AD 200) could not be 
detected. Solid line marks changepoint events from the CPM.    

 
The ITRAX data proved to be unsuitable for this study because the sediment record had to be 
divided into four sub-cores, creating differences between each core during analysis, especially 
near the ends. A continuous offset was noticed for all elements, indicating that the sample 
surface area tended to be heterogenic, both between and within cores. This made it 
impossible to cross-correlate cores into one long sequence due to misleading counts for all 
elements. Therefore, data from the ITRAX analysis were not further interpreted. Two 
examples from the data set can be reviewed within appendix 1. 
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Selected elements from the geochemistry analysis together with the total concentration of C 
and N, and their isotopic changes are shown in figure 6. All parameters were tested against 
the CPM. Two events were seen where almost all parameters showed a significant shift. The 
first occurred at a depth around 50 cm below sediment surface, which was correlated to the 
year 1958 (±8). The second event occurred at a depth around 200 cm, equal to the year 1765 
(±130). One changepoint was recorded for P, which occurred at 50 cm, equal to other 
elements. Furthermore, Mn together with δ13C also showed a significant changepoint at a 
depth of 500 cm (AD 95 ±45). Changes that were seen for Fe and Mn in the upper 50 cm of 
the sediment core, same magnitude within each element were shown throughout the 
Holocene. 
 

 
Figure 6: A selection of elements from the geochemistry analysis and isotopic data from Ekoln plotted against 
depth with an estimated age to the right. Dashed line indicates events of changepoints from the CPM. Observe 
that a suspect outlier for δ13C has been removed.  

 
Plotted variables from the PCA are shown in figure 7. First, a comparison was made between 
two depths to evaluate if there were alterations between AD 1000 – 1800 BC and AD 1000 – 
2000 BC due to the rising industrialization. Because no larger variation occurred between the 
two depths, only the later was used to represent the whole sediment core. PC 1 and PC 2 did 
account for 66 % of the total explanation model (42 and 24 %, respectively). The first axis 
generally separated lithogenic elements (Zi, Ti, Al, Si, Mg etc.) from proxies of organic matter 
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(Tot N, TotC, N-isotopes, C-isotopes). Here, P plotted along with the organic matter proxies 
suggesting and predominantly organic source of this nutrient. The other axis was heavily 
influenced by the absence/presence of easily leached elements with a marine origin such as 
Na and Cl. Both PC 1 and PC 2 are plotted against depth in figure 7. From this analysis it is 
evident that the sediment record reveals a significant change (changepoint) in organic matter 
inputs (increase in PC 1) around 200 cm (1765 ±130) and starts to decrease around 50 cm 
(1960 ±10). Similar change is noted for PC 2 but this dimension has a changepoint around 
500 cm (AD 95 ±45) as well. 
 

 
Figure 7: Score plot from the PCA based on Z-scores, values in parentheses after axis labels are how much of the 
total variance that each PC explains. Loadings for each PC compared to depth are shown to the right together with 
a CPM. 

  
3.2.2 Sediment P vs. monitoring data  
A linear regression between sediment P and observed TP in the water of Ekoln showed a 
correlation (r2) equal to 0.64 and a significance (P) < 0.001 (figure 8a). Note that a greater 
correlation (r2 = 0.83, P < 0.00001) was seen (figure 81, embedded) if the P peak within the 
sediment and the observed TP peak were correlated by adjusting the age 2 years for depths 
ranging from 35 to 43 cm. Equation (2) shows the correlation between sediment P and 
observed TP without any adjustments. This model can accordingly be used to interpret 
sediment P into lake-water P at a given depth and hence, at a certain year. 
 
                                                                  (2) 
 
The correlation (r2) and significance (P) between sediment-inferred TP and DI-TP was 0.77 
and < 0.00001 respectively (figure 8b). There was no significant difference (P = 0.53) 
between the sediment-inferred model and the diatom-inferred model. Hypothesis iii) which 
suggested that sediment P is correlated to lake-water concentrations and thus, can be used to 
reconstruct historical P loadings from early agricultural activities are valid based on results 
shown in figure 8. 



13 
 

 
Figure 8: Linear regression between: A) Sediment P measured by the XRF for depth between 3 cm – 43 cm. These 
depths correspond to years between 2011 and 1965 where TP have been measured within the water column of the 
Ekoln basin. Embedded figure marked in grey, shows a regression where the sediment P peak and the observed 
TP peak are correlated by adjusting the age 2 years for depths ranging from 35 to 43 cm. B) Shows the correlation 
between a diatom-inferred model made by Bradshaw and Anderson (2001) and the sediment-inferred method 
described in this study. Inferred data from 1965 to 1995 are used. 

 
3.2.3 Reconstruction of lake-water P in Lake Ekoln  
A comparison between sediment-inferred TP, DI-TP and observed concentrations of TP 
during the last century are shown in figure 9. Sediment-inferred TP concentrations did relate 
well to the peak and the rapid decline in TP concentrations between 1970 and 1980. DI-TP 
concentration did not reach the same high P peak as seen for the sediment data together with 
monitoring data. Both models suggest a similar concentration (55       ) in the beginning of 
the 20th century.   

 
Figure 9: Comparison of sediment-inferred TP, diatom-inferred TP and monitored annual mean TP concentration 
during the last century in Ekoln.  

 
An inferred TP trend for three millennia, respectively, three centuries back in time are shown 
together with population growth for the city of Uppsala in figure 10. The P concentration 
started to increase around 1880 (50       ) and did so until the peak in 1966 (145       ). 
After that, the TP concentration decreased rapidly the next four years and has since then 
decreased further to a concentration around 55       . From the 19th to the 20th century, 
when the expansion of arable land was at its highest, no obvious increase in TP was recorded 
in Ekoln. A regression analysis between sediment-inferred TP and the population growth in 
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Uppsala city between 1800 and 1965 showed a correlation (r2) equal to 0.83 and a 
significance (P) < 0.001. The concentration of TP was constant (~50       ) throughout the 
Holocene, although the model only accounts for the last millennium because Ekoln was 
subject for a isostatic uplift and went from being a part of the Baltic Sea to a basin of 
Mälaren. Hypothesis iv) suggests that early agriculture was a source of P to Swedish waters 
and did increase P loads to lakes prior to the introduction of artificial fertilizers. Results from 
this study suggest that this hypothesis is rejected. 
 

Figure 10: Sediment-inferred lake-water TP compared to population growth in Uppsala city during the last three 
centuries. Embedded figure marked in grey, shows inferred TP values during medieval times. Dashed line shows 
the uncertainty of the model due to the isostatic uplift. Population data collected from SCB (2015).  

 
 

4 Discussion  
 
4.1 To what extent was early agriculture dependent on soil texture? 
My result suggesting a significant correlation between fine textured soils and farming 
activities over the last three centuries clearly indicates that farming was dependent on fine 
textured soils; hence, my first hypothesis is valid. That the ard-driven farming was more 
dependent on soils without stones indicates that this kind of farming was partly technically 
constrained. Importantly, soil texture can explain about 20 - 25 % of the variability and other 
factors such as climate and cultural history might be more important. The importance of 
cultural and climatic drivers for the agrarian history in Sweden has also been highlighted 
before (Myrdal and Morell 2011). Nevertheless, the dependence between fine textured soil 
and farming, stresses that naturally nutrient-rich soils were predominantly used. Vuorenmaa 
et al. (2002) showed that runoff waters from agricultural land are twelve times higher in P 
concentration compared to runoff waters from non-farmed land. Same study also concludes 
that the main reason for variation of nutrient losses were weather-driven fluctuation in 
discharge rather than changes in agricultural production and management. Kyllmar et al. 
(2006) studied small agricultural catchment and saw that sites with a high percentage clay or 
clay loam had a higher P concentration in runoff waters compared to sites with sandy soils. 
Consequently, runoff waters from agricultural land are higher in nutrients such as P than 
streams from non-farmed land.  This does not necessary mean that farming per se 
contributed to the increased P loads, because soils preferentially used by farmers are 
naturally more nutrient rich.  
 
Interestingly, there is some substantial within-region variability in the use of fine textured 
soils. Mälardalen, Västerbotten and Gotland have more than 50 % fine texture soils within 
the region, but the mean coverage of arable land differs between regions (32.4, 13.2 and 11.1 
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% respectively). These regions have a higher portion of arable land then regions with typical 
till soils, e.g. Småland and north-central Sweden (6.4 and 1.8 %) which also reflects the 
variance between regions. Where fine texture soils are present, a higher variance within each 
region is seen. Mälardalen, Västerbotten and Gotland shows a higher variance (13.6, 16.2 and 
9.1 % respectively) compared to Småland and north-central Sweden (3.9 and 2.1 %). Regions 
where there is a lack of fine texture soils tend to be more homogenous, with fewer and more 
well-used arable fields. This is the case except for one region in this study. Skåne is 
dominated by clay-rich till; however, large areas within Skåne are covered with a high portion 
of fine texture soils. Four out of six sites within Skåne have arable land coverage less than 12 
%, and two sites with more than 67 %, which creates a mean equal to 26.6 %, and a variance 
equal to 29.5 %. Consequently, it is right to say that early agriculture was dependent on soil 
texture to develop a larger portion of arable land within each site and that there is a within-
region variability between regions. But, there are sites within regions, especially Gotland and 
Västerbotten that differ from this pattern and why so will be stressed further down.  
 
4.2 Did the technical development in farming cause an increased activity 
in non-sediment soils? 
Results from the relative use of fine texture soil in figure 4 show a significant change from the 
19th to the 20th century (P < 0.002), indicating a more effective use of fine sediments, and 
that other soils (e.g. till and glacifluvium) were used to expand the arable land. The dataset 
consists of all sites for each century, but together with results shown in figure 3, possible 
conclusions can hence be drawn. Skåne, Mälardalen and Småland show a significant 
difference in the extent of arable land from the 19th to the 20th century. Skåne and Småland 
are dominated by till soils and thus limited by the tillage depth and the presence of stony 
material to extend the arable land. In 1905, the first tractor was introduced in Sweden, and 
Skåne was the first region to use one (Myrdal and Morell 2011). It is possible that peasants in 
Småland used the advantages that a tractor could result in, but the communities are smaller 
than the ones in Skåne and it is more likely that conventional iron tools were used for a 
longer period. Nevertheless, a technical development in some kind extended the arable land 
two fold in some of the sites within Småland. In north-central Sweden, where till soils also 
are the dominant soil texture, no significant changes between centuries were seen. Due to the 
location of the region, it is enticing to say that the use of new technical items lagged with the 
distance from larger cities. Together with the climate and the inherent soil texture, cattle and 
pasture production may have been favorable before larger effort was put into plough fields 
with till soil. 
 
The technical developments that occurred from the 20th century onwards did not only 
increase the portion of arable land within non-sediment soils. Significant changes are seen in 
Gotland, which has a high portion of clay-rich till similar to soils found in Skåne. Gotland has 
continued to increase the areal extent of arable land since the beginning of the 20th century, 
probably as a result of a later technical revolution on the island previously described by 
Morell (2001). Västerbotten on the other hand have sites with a high percentage of clay and 
silt within the region. These areas should theoretically be easier to till even in the 19th 
century. Isostatic uplift due to the latest glacial period has thus exposed these soils first 
recently as the uplift continues. And together with ditching and lake lowering, more soils 
became exposed. Just within the municipality of Skellefteå, in the region of Västerbotten, 
over 120 known lakes were ditched in order to create new fields for arable land (Avenius 
2012). Although state grants for lake lowering have been profitable and an enormous gain for 
regions across Sweden, no significant changes were seen in Västerbotten during these three 
centuries.  
 
From the 19th to the 20th century, the population in Sweden started to expand rapidly (SCB 
2015). During the same period, a significant increase in arable land occurred in 3 out of 6 
regions (figure 3). Population could therefore, theoretically, be the driving variable for the 
total coverage of arable land. Although there are no conclusive evidence within this study 
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whether the agrarian population were used to till and prepare new soils, or if the technical 
development followed the increase in population. Hypothesis ii, which suggest that the 
transition from an early farming to a more modern farming increased the areal coverage of 
agricultural soils and made it less dependent on fine textured soils, is nonetheless valid based 
on my findings. But the difficulty to determine the importance between man and machine 
should be taken into consideration as the connection is yet to find out.  
  
4.3 Can historic P inputs be reconstructed from sediment geochemistry? 
From the results it is clear that P in the sediment is correlated to measured lake-water P. 
Here, the regression between sediment P and observed TP during the last 50 years has an r2-
value of 0.64, suggesting that most of the variation of P in the sediment is induced by 
historical changes in lake-water P. DI-TP concentrations are generally considered a reliable 
measure of past lake-water P (Rippey et al. 1997). Similar to the measured lake-water P, DI-
TP concentrations from Ekoln done by Bradshaw and Anderson (2001) were highly 
correlated (r2 = 0.77) to the sediment-inferred lake-water TP concentrations and did not 
show any significant differences (P = 0.53). This high correlation further supports the 
reliability of my reconstructed TP values and that hypothesis iii) which suggests that 
sediment P is correlated to lake-water concentrations and thus can be used to reconstruct 
historical P loadings is valid and a reliable method to use. 
 
Besides the different methods to infer TP, the major differences are that Bradshaw and 
Anderson (2001) used mean TP values from a water depth of 0.5 m, based on average 
monthly values where more than one sample was taken during the same month. This study 
uses data from the whole water column (0.5 – 30 m) without any weighting between 
unequally time-spread months. Monitoring data suggest that there are higher concentrations 
towards the bottom and because sediment P is used, it is vital that bottom concentrations 
within the water column are assimilated as well. This difference between the two methods are 
also visual in figure 9 where DI-TP concentration did not show as high TP values as 
sediment-inferred lake-water TP did in the 1960’s, compared to monitoring data. Further, to 
evaluate predicted TP values, a sampling from 1934, made by Lohammar (1938) can be 
assessed. Four samples were taken in May, July, August and December in Ekoln. TP 
concentrations equal to 70, 34, 24 and 18       correspondingly were noted, which gives a 
mean annual concentration of 36.5       . Not that this concentration cannot be directly 
compared to inferred concentrations due to the minor quantity of samples during one year.  
It should rather be seen as an evaluation of what kind of concentrations that was present 
during a specific month because there is a lack of samples during late winter/early spring. 
Sediment-inferred lake-water TP suggests a mean annual concentration equal to 55        
during the same year. A DI-TP study made by Renberg et al. (2001 b) in Mälaren found 
background values of 10-20        P during Medieval time and until the 19th century. 
Concentrations found in this study and by Bradshaw and Anderson (2001) showed values 
that are 25-35        higher, indicating that there might be a dilution effect of P from the 
Ekoln basin to Mälaren. 
 
Problems of using sediment P to interpret lake-water concentrations and loading history have 
been assessed before. Schelske and Hodell (1995) used non-apatite inorganic P (NAIP) in 
sediment to infer historical changes in P loading instead of TP. They suggested that an 
increased loading of NAIP is attributed to anthropogenic activities because mammalian 
wastes and sewage effluent contain a high proportion of this form of P. They also concluded 
that NAIP might be a better proxy for exponential increase in anthropogenic P loading than 
TP accumulation. Carignan and Flett (1981) suggest that P migrates upwards in the sediment 
and accumulates at the surface, which will disrupt the P concentration within the lamination. 
Nürnberg (1984) discuss an additional problem, that anoxic lakes have significantly lower P 
retention than aerobic lakes. Nürnberg suggested that this could reflect an increased P load 
during anoxic conditions. This phenomenon was seen in a study made by Anderson et al. 
(1993) who compared monitoring data with DI-TP and sediment P in lakes within northern 
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Ireland. Monitoring data from Ekoln between 1965 and 2011 concerning oxygen levels from 
the bottom layer show no indication that the sediment surface was exposed to anoxic 
conditions under extended periods.   
 
Carey and Rydin (2011) have studied another problem, how sediment P burial pattern is 
related to tropic state of lakes and the internal P recycling. They concluded that sediment P 
concentrations in eutrophic lakes (>30          ) are elevated in the top surface layers and 
therefore can serve as a large P pool, in comparison with deeper layers. For oligotrophic lakes 
(<10          ), the opposite pattern are seen, with increasing concentrations of P with 
depth. Same study suggests that a threshold may exist at approximately 20          , when 
sediment profiles of P changes from an increase of P with depth to a decrease of P with depth. 
Ekoln where high loads of P was recorded in the past (figure 9) are well above the threshold 
mentioned by Carey and Rydin (2011). The sediment surface can therefore serve as a P pool 
to the water column above, reducing the burial process and alter the correlation between 
sediment P and lake-water TP negatively.  
 
4.4 Evidence for impacts from early farming on the P status of Ekoln 
Before reconstructing past P levels in Ekoln using the established relationship between 
sediment P and lake-water TP, the reliability of the chronology needs to be carefully 
evaluated. For this study the model is based on two macrofossils and one bulk sample 
together with two known events within the sediment. Notable is that a bulk sample can 
appear to be older because of the so-called catchment effect. This is assumed to be caused by 
carbon that has been stored in the catchment (e.g. wetlands or soils) before being deposited 
in the sediment, making the bulk sample appear to be older than the actual time of 
sedimentation (Björck et al. 1998). From the surface and down to a depth of 389 cm, a 
similar sedimentation rate have been going on for centuries, which is indicated by a strong 
correlation (>95 %) between age and depth. Absence of well-preserved macrofossils in the 
bottom layers created a lack of valuable information regarding when the sedimentation rate 
started to decrease. This is why an alternative model was produced by the chronological Pb 
markers. The first event, which occurred during the 1970’s, was the only one that showed a 
significant change based on the CPM. For the Mediaeval and Roman peaks, only a subjective 
view on the data is possible. The second event, the Mediaeval Pb increase which should be 
dated to AD 1100, is dated to 130 BC ±45 by CLAM, indicating an overestimation further 
down the core. The Roman peak could not be detected within geochemistry data, one possible 
explanation for this is because of the lower sedimentation rate when Ekoln was a part of the 
Baltic Sea. Considering all the outlined uncertainties, I estimate that the chronology has at 
least a centennial precision until the 14th century and that the CLAM model should be used 
carefully with depths ranging from 4 to 6 m as it seems to overestimate age between these 
depths. 
 
Besides evaluating the reliability of the chronology, the chemical conditions prevailing during 
the time period needs to be scrutinized before applying the established relationship between 
sediment P and lake-water TP. This is particularly important as changes in anoxic/aerobic 
conditions over a millennial perspective can alter the established relationship. An element 
known to be affected by changes in oxygen levels is Mn (Nürnberg 1984). It is evident that 
four detectable changes from the CPM occur in the sediment record (figure 6). Similar 
changes occur also in the sediment used to correlate between sediment P and lake-water TP, 
indicating that such changes are unlikely to dramatically affect the reconstructed lake-water 
TP; hence, the major reconstructed trends are trustworthy. 
 
Another assumption that can be validated from geochemistry is at which time Mälaren went 
from a brackish stage into a freshwater stage due to isostatic uplift. The assumption is that 
the sedimentation rate accelerates as the turbulence reduces without the currents from a 
contiguous sea. This can, on the other hand lead to higher P sedimentation in the Ekoln basin 
while Mälaren and the Baltic Sea will receive lower P concentrations. Suspended 
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sedimentation settling in lakes has been seen to reduce the transport of particulate-P 
(Arheimer and Liden 2000) and TP (Sharpley et al. 1989). Literature (Miller and Robertson 
1982) suggest that this occurred around the 13th century ±100 years, and the two age-depth 
models made within this study tends to predict the same trends. The geochemistry data do 
not support or reject these conclusions. There is no increase for P between depths of 350 and 
450 cm, which should be the depth where a transition occurred. The sedimentation rate does 
increase, which can be visualized from the 14C-datings in figure 5. However, due to the lack of 
macrofossils along the bottom section of the core, no detailed view is possible further down. 
Furthermore, loadings regarding PC 1 and PC 2 from the PCA cannot validate these 
assumptions either. 
 
The reconstructed levels of lake-water TP suggest that Ekoln has been a nutrient rich lake 
during the last millennium, with P concentrations around 45 - 50       . This is a value that 
is well above a typical unproductive lake in Sweden, where mean concentrations of TP vary 
between 7 and 15        (Bergström et al. 2005). The concentration remained largely 
unchanged during the 18th and 19th centuries and it was primarily in the beginning of the 20th 
century the P levels increased dramatically. In fact, the lowest inferred TP values occurred 
during the 18th and 19th centuries, when arable land coverage was relatively high in the area. 
The agrarian population in Sweden peaked in 1880 (Jordbruksverket 2011), which is 
consistent with results shown in figure 4 where the extent of arable land in the region of 
Mälardalen peaked together with three other regions in the beginning of the 20th century. The 
sediment-inferred lake-water TP model suggests that the concentration at this time was equal 
to 50       , similar concentration that has been seen from AD 1000 until AD 1920. Thus, the 
portion of arable land or the agriculture history does not appear to have affected the P 
concentration. Instead it appears to be the urbanization of Uppsala that correlates (r2 = 0.83) 
to the increased P concentrations, which have been recorded in the past. In the beginning of 
the 19th century, feces and wastewater poured out on the streets or straight in to Fyrisån 
(head river to Ekoln). Early sewage pipes were installed in the 1870’s, but these were still 
connected to Fyrisån (Uppsala vatten 2014). When citizens in the 1920’s started to install 
more modern water closets, the river started to receive even more wastewater. The first 
sewage treatment opened up in 1945 and has since then been upgraded several times. During 
1969, the arrival of a new environment protection act (SFS 1969:387) required that 
wastewater plants in Sweden improved significantly. In 1972 a new technique which uses 
chemicals to precipitate P started (Uppsala vatten 2014). The expansion of people, together 
with the improvements of wastewater plants can be seen from the reconstructed P levels in 
figure 10. It is visual when the population started to explode (1940) and when water 
treatment successively started to reduce the enormous P loads (1969).   
 
Even if earlier studies (e.g. Djodjic and Bergström 2005, Ulén et al. 2007) have referenced 
agriculture as a historical source for P loads to surface waters in the past, there are others 
that do the opposite. Willén (1987) emphasized that Ekoln has suffered from deteriorating 
water quality with the expansion of population and issues with wastewater in the past. 
Wiederholm and Eriksson (1979) discussed how the reduction of nutrient loadings through 
sewage treatment improved the quality of Ekoln. They also discussed that P contributions 
from agriculture therefore did not have a controlling role in the nutrient budget of Ekoln at 
that time. Thus, there is no evidence from this study or previous work that denotes P loads 
similar to those received in the 1970’s. Although there is an ongoing export of P from 
agricultural fields and fine texture soils (e.g. Kyllmar et al. 2006). Results from this study 
shows that it is not agriculture per se that is contributing to the increased P load, sediment-
inferred lake-water TP data suggest that the natural export of P from fine texture classes are 
the main reason for the high loads of P that arrives to Ekoln today and in the past. This is 
consistent with data from Arheimer and Liden (2000) which saw that all P species were 
linked to soil texture and precipitation. Thus, there are no indications that early agriculture 
has been a point source of P to Ekoln, prior the introduction of artificial fertilizers and 
hypothesis iv) is therefore rejected.  
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5 Conclusions  
 
This study shows that there is a within-region variability between regions with soils rich in 
fine texture classes compared to soils with a more coarse texture. It also confirms the 
importance of the transition from an early farming with horse-ard-plowing to a more modern 
one in the 20th century, when industrially manufactured tools became available. As the arable 
land now became less dependent on fine texture soils, the portion of arable land increased in 
the 20th century. Furthermore, this study shows that P concentrations in sediment are well 
correlated to lake-water TP concentration for a lake surrounded by extensive agriculture 
activities both in the past and today. By inferring P concentrations within the sediment, a 
lake reconstruction of past loadings has been possible to accomplish. This study concludes 
that P loads from early agriculture have not contributed to the increased P levels that were 
seen in the mid-1960. Additionally, results point towards that Ekoln has been exposed to 
similar P loads for at least a millennium.  
 
There are steps that could have enhanced this study further. First of all, the lack of large 
scale, un-digitalized and well-prepared historical maps was problematic. A service that 
provides already rectified and digitally available historical maps by the national land survey 
of Sweden would have improved this study additionally by the possibility to include larger 
regions. A question that has not been answered within this study is; did the arable land 
increase at the expense of meadows, outlands or other types of land? This could have been an 
additional question if more time were available to digitalize and process existing maps.  
Subsequently, next step in the approach to infer sediment P would be to examine lakes with 
different soil characteristics, to decide if it is the soil, the agriculture or the urbanization that 
contributes with P to these lakes. Finally, the methodology to infer sediment P can be 
enhanced because long-term monitoring data now are available for more lakes across 
Sweden. Hence, is it possible to use sediment P to infer lake-water TP in lakes without a 
eutrophic history?     
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