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ABSTRACT 30 

Although humans have impacted their environment over millennia, details of these impacts, 31 

especially on aquatic systems, is still surprisingly scarce despite potential disturbance by early land 32 

use.  This study examined a high-resolution radiocarbon-dated Holocene record from the Danish 33 

Lake Væng, using geochemical and biological proxies, and related the observed impacts to other 34 

lake records with catchment disturbance. The results indicate a lengthy and varying history of 35 

aquatic eutrophication linked to human activity. Modest impacts on the lake coincided with the first 36 

signs of landscape disturbance during the Neolithic (c. 4500 cal. yrs BP). Observed impacts 37 

intensified in the Late Bronze and Pre-Roman Iron Age. Viking Age/Medieval deforestation and 38 
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erosional inputs to the lake associated with new ploughing technology (1200 cal. yrs BP), however, 39 

led to a major reorganisation of the aquatic ecosystem. Filamentous bloom-forming cyanobacteria, 40 

common today in heavily culturally impacted lakes, reached a historical maxima. The lake 41 

ecosystem subsequently recovered somewhat but remains eutrophic to date. The erosion record 42 

from Lake Væng shows a striking similarity with other Danish lake records, especially the notable 43 

increase in Medieval Period catchment inputs, which are observed in other European lacustrine 44 

records. Numerous European lowland lakes may have shifted into a degraded ecological state 45 

millennia ago, but degradation intensified during the onset of the Medieval Period. Hence,  46 

assuming pre-industrial conditions as relatively pristine reference baselines for more recent cultural 47 

eutrophication could be flawed in landscapes intensively used by humans for millennia. 48 

 49 
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1. Introduction 53 

 54 

 Humans have altered their surrounding landscapes for sustenance since the Early Holocene 55 

(Harris, 1996). As agriculture and the associated clearance of forests became more widespread, 56 

surface soil erosion increased markedly. Globally, human-driven soil erosion became significant 57 

around 4000 years ago (Jenny et al., 2019). While a wealth of palaeoecological evidence exists on 58 

past climate, landscape disturbance and associated soil erosion, much less is known on early 59 

human-induced changes in the structure and functioning of aquatic ecosystems. Lake ecological 60 

status is, however, known to potentially be affected by increased soil erosion via the enhanced 61 

external loading of sediment and nutrients, causing increased turbidity and eutrophication (Dubois 62 

et al., 2018; Jenny et al., 2019 and references therein). 63 

 Proxy-based climate reconstructions for Northwest Europe invariably report a pattern of 64 

increasing Early Holocene temperatures, a Mid-Holocene thermal maximum and decreasing 65 

temperatures during the last 4000 years (Brown et al., 2012; Mauri et al., 2015). Seasonal 66 

differences in humidity were more pronounced during the Mid-Holocene with slightly depressed 67 

summer rain and marginally higher winter precipitation (Mauri et al., 2015). This humidity pattern 68 

is corroborated by a raised bog record from Svanemose, in southern Jutland (Denmark), which 69 

shows more dry conditions between 4000 and 2500 BP, increasing humidity towards a peak at 70 
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1400-800 BP followed by a drier period since then (Barber et al., 2004). Such climate change 71 

patterns could potentially have resulted in variable nutrient loading to lake basins through effects on 72 

surface erosion. In the central European area, however, 6000–7000 years of farming have resulted 73 

in massive and increasing disturbance of land cover, hydrology, erosion regimes and even climate 74 

itself. These disturbances have generally over-ridden the more subtle effects of climate change on 75 

lake ecological status (Smith et al., 2016; Wang et al., 2017; Zanon et al., 2018). 76 

 The lowland lakes of northwest continental Europe located in such heavily impacted 77 

cultural landscapes have been subject to increased anthropogenic disturbance since at least 6000 yr 78 

BP (e.g., Kalis et al., 2003; Boyle et al., 2015). Presently, it is estimated that c. 60% of European 79 

waterbodies are disturbed beyond good ecological status (EEA, 2018). Hence, a wealth of studies 80 

has investigated eutrophication, and how lake system structure and functioning have responded to 81 

intensive modern agricultural practices and urbanisation in recent centuries (e.g., Lotter, 1998; 82 

Langdon et al., 2006; Bennion and Simpson, 2011; Anderson et al., 2014). Far fewer, however, 83 

have focused on the impact of early land use on lakes over millennia (Fritz, 1989; Bradshaw et al., 84 

2005). Studies of early human impacts can help to resolve debates about how, where and whether 85 

humans significantly changed their environment (Ruddiman, 2013; Lewis and Maslin, 2015; 86 

ArchaeoGLOBE Projec; 2019). Multi-evidence (multi-proxy) palaeoecological investigations have 87 

the unique potential to provide insights into past landscape and lake disturbance and help 88 

understand the process of lake eutrophication. 89 

 Studies of Holocene environmental changes in Denmark over more than 150 years have 90 

revealed how humans have cleared the forests of Denmark, starting in the Early Neolithic (c. 5900–91 

5200 cal. yr BP; Iversen, 1973). A number of Danish lakes have exceptionally high sedimentation 92 

rates (e.g., Rasmussen and Anderson, 2005; Bradshaw et al., 2005), allowing for highly temporal 93 

resolution analysis of lake system changes in the past. Lake Væng, the site of this study, has 94 

accumulated almost 18 m of sediment during the Holocene.  95 

 A recent extensive review of first human impacts on aquatic systems stated that, while 96 

human impacts at the landscape level are relatively easy to detect, the effects of human disturbance 97 

on aquatic ecosystems need further investigation. While case studies exist, they are often based on 98 

one aquatic proxy (e.g., diatom assemblages) and hence provide a limited view of lake ecosystem 99 

change (Dubois et al., 2017 and references therein). This study investigates the entire Holocene 100 

development of Lake Væng, to encompass variability in the pre-disturbance ‘natural’ state. We 101 

reconstruct erosion intensity and lake response at a high temporal resolution, to detect and assess 102 
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changes in nutrient dynamics, and algae, cyanobacteria, invertebrate and fish communities. In doing 103 

so, we aim to answer the following questions: 1) When was the lake first impacted by human 104 

activity? 2) Which time periods witnessed the most intensive impacts, and what was the ecosystem 105 

response? 3) How do these changed ecosystem states compare to modern lake conditions? 4) How 106 

quickly did the lake respond to external sediment and nutrient loading and was the response 107 

proportional to the external forcing? By exploring these questions, we  gain new insights into the 108 

impacts of early human-induced landscape changes on aquatic ecosystems. 109 

  110 

2. Study site 111 

 Lake Væng is located in eastern Jutland, east of the most extended ice marginal position of 112 

the Scandinavian Ice Sheet during the Last Glacial Maximum (Fig. 1). The region was deglaciated 113 

about 18 000–19 000 years ago according to cosmogenic surface exposure dating of large erratic 114 

boulders (Houmark-Nielsen et al., 2012). The lake has a surface area of 15.7 ha, a mean and 115 

maximum water depth of 1.2 m and 1.9 m and a water table at 26.3 m above sea level. The shallow 116 

lake is located in a northwest–southeast orientated valley with peat deposits in an area dominated by 117 

glaciofluvial sandy deposits and Miocene sandy and coal-bearing fluvial and deltaic deposits 118 

(Kidmose et al., 2013). The area close to the lake is mainly forested, but the forests are only some 119 

decades old and mainly consist of coniferous plantations. Studies of historical maps show that 120 

agricultural land dominated the area a hundred years ago (Fig. 1; https://historiskatlas.dk/). The 121 

topographical catchment is 9.8 km2 (Kidmose et al., 2013). 122 

 Three small inlets contribute water to the lake, but groundwater comprises 74% of the 123 

water entering the lake (Kazmierczak et al., 2016). An outlet is also present at the south end of the 124 

lake. The climate of the region is temperate, with a mean July air temperature of c. 15.4 °C and mean 125 

annual precipitation of c. 780 mm during the period from 1961 to 1990. The lake’s residence time is 126 

relatively short, about three weeks (Kidmose et al., 2013). 127 

 Lake Væng is a eutrophic and turbid lake, where groundwater-controlled input of dissolved 128 

inorganic phosphorus (DIP) is one of the factors maintaining eutrophic conditions (Kidmose et al., 129 

2013; Kazmierczak et al., 2020). Previous studies (Kidmose et al., 2013; Kazmierczak et al., 2020) 130 

have indicated that the origin of DIP discharged via groundwater is geogenic. Total phosphorus 131 

(TP) concentrations in the lake water varied between 36 and 196 μg L−1 during the period of 1985–132 

2015 (Meijer et al., 1994; Søndergaard et al., 1990, 2017). The mean summer concentration of TP 133 

in the water was reduced from about 120 μg L−1 in 1986 to 60 μg L−1 in 1989 and to 50 μg L−1 in 134 
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2011 as a result of bio-manipulations involving removal of zooplanktivorous and benthivorous fish 135 

(Søndergaard et al., 1990, 2017; Jeppesen et al., 2012). The secchi depth increased from c. 60 cm in 136 

1986 to c. 170 cm in 2011 and submerged macrophytes spread over the lake bottom. These 137 

observed improvements in water quality, however, lasted only a few years (Meijer et al., 1994; 138 

Søndergaard et al., 1990, 2017). The geographical coordinates at the coring site are 56°2.17´N, 139 

9°39.32´E and the water depth was 175 cm. 140 

 141 

3. Methods 142 

3.1. Field work 143 

 Coring was carried out from a Uwitec coring platform. We used a Kajak corer (Renberg, 144 

1991) to sample the surface sediment (down to 40 cm), a Russian peat corer (Jowsey, 1966) to 145 

sample the upper sediments and a Usinger piston corer (Mingram et al., 2007) to sample the deeper 146 

parts of the sediment sequence in the lakes. The Russian corer had a chamber length of 1 m and a 147 

diameter of 7.5 cm. We used 2 m long 8 cm diameter coring tubes for the Usinger corer. Two 148 

parallel Usinger cores, labelled A and B were retrieved. In the deepest parts of the coring, the corer 149 

was hammered down using a percussion hammer. The Kajak samples were extruded and 150 

subsampled in the field whereas the Russian cores were transferred to half-tubes, packed and 151 

brought to the laboratory. The Usinger cores were extruded, cut into 1 m long sections, transferred 152 

to plastic tubes, packed and brought to the laboratory where the cores were split length wise. 153 

 154 

3.2. ITRAX scanning 155 

 We analysed the cores using an ITRAX X-ray fluorescence (XRF) core scanner to measure 156 

elemental variations (Croudace et al., 2006). A Rhodium (Rh) tube with a resolution of 5 mm 157 

provided XRF scans. The voltage and current were set to 30 kV and 50 mA, respectively, with an 158 

XRF count time of 60 seconds. X-ray line-scan images were obtained in 1 mm resolution using a 159 

tube setting of 60 kV and 30 mA and 1000 ms exposure time. The ITRAX core scanner is equipped 160 

with an optical camera for high resolution digital line-scan images, as well as a Bartington magnetic 161 

susceptibility detector used in 4 mm resolution. The XRF data were used for core correlations, as a 162 

record of soil erosion (titanium, Ti) and to trace sediment hypoxia/anoxia (iron/manganese ratio, 163 

Fe/Mn). 164 

 Core correlations were performed using a Matlab program developed by Rasmussen 165 

(2006). Stratigraphic markers were found in the records of Fe, Zirkonium (Zr), radiography grey 166 
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scale, magnetic susceptibility and the coherent/incoherent scatter ratio. The Usinger A and B cores 167 

were correlated using 123 correlation points (Supplementary). 168 
 169 
3.3. Inorganic phosphorus and loss-on-ignition 170 

 We determined inorganic phosphorus by extraction in 1 M HCl (16 h, 1:50 solid to 171 

solution ratio) with detection by molybdate colorimetry (Murphy and Riley, 1962) following 172 

neutralization with dilute NaOH. The procedure primarily extracts phosphate associated with 173 

calcium (i.e. apatite or secondary carbonates), as well as soluble phosphate and phosphate sorbed to 174 

secondary metal oxides. 175 

 Loss-on-ignition (LOI) was determined by quantifying mass loss following combustion at 176 

550°C for 4 hours. We first dried samples at 105°C for 24 hours to remove water. Values for all 177 

procedures are expressed on an oven-dry (105°C × 24 h) mass basis. 178 
 179 
3.4. Macrofossils and radiocarbon dating 180 

 ITRAX scanning of the cores was followed by visual sediment descriptions and 181 

subsampling of the cores. Contiguous samples were taken for macrofossil analyses, except for the 182 

bottom part of the Lake Væng succession. We could not extrude the bottom part because the 183 

sediments were too stiff. Hence, we had to dig out samples from the core tube. The samples were 184 

wet sieved on 0.4 and 0.2 mm sieves and the residue left on the sieves transferred to a petri dish and 185 

analysed using a Leica Wild M3C dissecting microscope. A total number of 414 samples was 186 

analysed. Selected remains of terrestrial plants from 16 levels were submitted for accelerator mass 187 

spectrometry radiocarbon dating at the Aarhus AMS 14C Centre (Table S1). The widespread 188 

occurrence of carbonate-rich glacial deposits in Denmark results in large hard-water effects, and 189 

hence selecting remains of terrestrial plants for dating is important. Calibration to calendar years is 190 

according to the INTCAL20 data (Reimer et al., 2020). The age-depth model was generated using 191 

OxCal version 4.3 (Bronk Ramsey, 2013). 192 

 193 
3.5. Chlorophyll and carotenoid pigments 194 

 Pigments were quantitatively extracted in an acetone: methanol: water (80:15:5) mixture. 195 

Extracts were left overnight at –10 ºC, filtered with a PTFE 0.2 μm filter and dried under nitrogen 196 

gas. A known quantity was re-dissolved into an injection solution of a 70:25:5 mixture of acetone: 197 

ion-pairing reagent (IPR; 0.75 g of tetra butyl ammonium acetate and 7.7 g of ammonium acetate in 198 

100 mL water): methanol and injected into the HPLC unit. Separations used an Agilent 1200 series 199 
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module with quaternary pump. The mobile phase comprised solvent A (80:20 methanol: 0.5 M 200 

ammonium acetate), solvent B (9:1 acetonitrile: water) and solvent C (ethyl acetate) with the 201 

stationary phase consisting of a Thermo Scientific ODS Hypersil column (205 × 4.6 mm; 5 µm 202 

particle size). The separation conditions started with 100% solvent A and ramped to 100% solvent 203 

B over 4 minutes, followed by a linear increase towards 75% solvent C for 34 minutes, isocratic 204 

hold at 25% B and 75% C for 1 minute, and a return to initial conditions of 100% solvent A over 4 205 

minutes (a modification of Chen et al., 2001). Eluted pigments passed through a photo-diode array 206 

detector and ultraviolet-visible spectral characteristics were scanned between 350 and 750 nm. 207 

Quantification was based on scanning peak areas at 435 nm and calibrating to a set of commercial 208 

standards (DHI Denmark). Pigment concentrations are reported as molecular weights of pigments in 209 

nanomoles per unit organic matter of sediments. 210 

 211 

3.5.1. Pigment affinities 212 

 Produced by algae, phototrophic bacteria and higher plants, chlorohyll and carotenoid 213 

pigments are useful to infer past phototrophic production and shifts in primary producer 214 

communities, providing essential information on lake trophic state. Pigments detected in the 215 

sediments from Lake Væng include fucoxanthin and diatoxanthin (from siliceous algae), 216 

alloxanthin (cryptophytes), chlorophyll b and lutein (chlorophyte algae and also higher plants 217 

including macrolimnophytes), aphanizophyll (filamentous cyanobacteria), zeaxanthin, 218 

canthaxanthin, echinenone (all cyanobacteria), chlorophyll a and β-carotene (all algae and higher 219 

plants), okenone (Chromatiales; the obligate anoxic microbes purple sulphur bacteria) and the 220 

ultraviolet radiation (UVR)-absorbing compound identified in Leavitt et al. (1997), which is often 221 

produced by cyanobacteria as a photo-protectant. An index of water clarity (the UVR index) was 222 

created by determining the amount of UVR pigment produced relative to quantity of algal pigments. 223 

Thus, the UVR index is estimated as UVR pigment divided by the sum of the most abundant 224 

pigments (alloxanthin + diatoxanthin + lutein-zeaxanthin) and multiplied by 100 (see Leavitt et al., 225 

1997 for further details). 226 

 227 

3.6. Numerical analyses 228 

 The continuous and semi-quantitative pigment concentration profiles were divided into 229 

zones using constrained optimal sum of squares partitioning available in the software package Zone 230 

v. 1.2 (Juggins 1991). We estimated the number of significant zones through comparison with a 231 
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broken-stick model as described by Bennett (1996). All proxies were subsequently presented and 232 

discussed using this pigment-based division of the core data. 233 

 Pigment concentration assemblages were summarized using detrended 234 

correspondence analysis (DCA by segments, no transformation) to reflect overall changes in the 235 

major groups of algal primary producers. Such procedure helps to understand the ecological 236 

trajectory over time. While pigment gradient length was only 1.03 standard deviations, we chose 237 

DCA over PCA because it resulted in better separation in the sample plot. Remains of 238 

macrolimnophytes were too rare in the Lake Væng record to allow numerical analysis. We 239 

quantified ecological (pigment) change since pristine (pre-agricultural) conditions by first selecting 240 

the samples from 7000 to 6000 cal. yrs BP and then calculating the mean pigment assemblage of 241 

these 39 samples. Samples earlier than 7000 BP were left out in this calculation because catchment 242 

ecosystem adjustments following the Early Holocene warming were very slow (e.g., Giesecke et al., 243 

2017), and such slow changes may have had cascading effects on lake status. In contrast, the period 244 

from 7000 to 6000 BP has been identified as ecologically less variable in terms of regional 245 

catchment vegetation (Odgaard, 1994). We compared all younger samples to this pre-agricultural 246 

baseline assemblage using chord distance as a dissimilarity measure. To do this, we converted the 247 

pigment data to percentage of all pigments (excluding the UV-index). Following linear detrending 248 

against time, the correlation of chord distance values with detrended Ti counts (a proxy for 249 

erosional input) was calculated for the period 6000-0 BP. All ordinations were performed using 250 

Canoco 4.5. Stratigraphic diagrams were plotted using the program C2 (Juggins, 2005) and edited 251 

in Adobe Illustrator. 252 

 253 

4. Results and interpretations of proxy records 254 

4.1. Sediments, ages and sedimentation rates 255 

 We recovered a 1780 cm long sediment succession from Lake Væng. The succession 256 

comprised glaciofluvial sand, a thin layer of clay, peat, carbonate-rich gyttja and fine-grained detritus 257 

gyttja (Fig. 2). The peat was 14C-dated to c. 10 930 cal. yrs BP (Table S1). Gyttja started to accumulate 258 

about 9 400 cal. yrs BP, and the sedimentation rate during gyttja deposition was fairly constant at about 259 

1.7 mm/year (Fig. 2). One sample, AAR-24965 (Table S1; Fig. 2) from a depth of 1078–1082 cm is 260 

considered an outlier, because it is younger than expected. Given the depth of the Early Holocene 261 

basin, and the lack of topographic gradient in the lake catchment, the lake likely formed as a result 262 

of the melting of buried stagnant ice (kettle hole lake). The fairly constant sedimentation rates at the 263 
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central coring point may indicate sediment focusing in the centre of the lake during the earlier part 264 

of the record (steeper slopes), and an overall increase in lake-wide sedimentation, as the area of 265 

accumulation tends to increase over time in lake basins (Davis et al., 1984). 266 

 267 

4.2. The titanium record 268 

 The titanium (Ti) record from Lake Væng is interpreted as an indicator for catchment 269 

erosion, as Ti has been shown as a useful proxy of clastic input and resulting nutrient flows to lakes 270 

(Kylander et al., 2011; Boyle et al., 2015; Davies et al., 2015). The record shows a low and fairly 271 

constant level until c. 5000 cal. yrs BP. Somewhat elevated contents of Ti are observed between c. 272 

5000 and 3000 cal. yrs BP. Within this period, several small peaks are identified. From c. 3000 to c. 273 

1250 cal. yrs. BP the average Ti level is similar to the previous period, but variability is much 274 

higher with pronounced peaks around c. 2700, 2300 and 1600 cal. yrs BP. (Figs 3-5). A distinct low 275 

level is seen around c. 1250 cal. yrs BP, which is followed by an abrupt and large increase peaking 276 

at c. 1000 cal. yrs BP, indicating a marked increase in catchment erosion. These high Ti contents 277 

are maintained until c. 500 years ago, when sediment Ti began to decline towards present-day 278 

values. 279 

 280 

4.3. Lake and catchment biota 281 

 Figures 3-5 present detailed results of the macrofossil and pigment assemblage analyses, 282 

alongside results of the inorganic phosphorus (P) and LOI analyses, and the sediment Fe/Mn ratio. 283 

These proxy diagrams were divided into six zones (see 3.6. for methodology). 284 

 285 

4.3.1. Zone 1 (c. 11 000 – 7370 cal. yrs BP)  286 

Catchment vegetation  287 

 The five lowest peat samples are characterised by common wood fragments and remains of 288 

Betula sect. Albae (tree birch), Pinus sylvestris, Populus tremula, Carex sp. and Phragmites (rare). 289 

The peat is characterized by many wood fragments, suggesting that the site was probably 290 

overgrown by open woodland vegetation. The presence of Carex and Phragmites shows that the 291 

ground was waterlogged. Betula sect. Albae and Pinus sylvestris dominated the Early Holocene 292 

woodlands in Denmark (Iversen, 1973). Betula sect. Albae spread at the onset of the Holocene, 293 

whereas Pinus arrived somewhat later and in western Jutland it spread at about 10 500 cal. yrs BP 294 

(Odgaard, 1994).  295 
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 The three upper samples of peat consisted almost entirely of stems of the bryophyte 296 

Tomentypnum nitens, which is well known as a peat forming species of alkaline mires (Dickson, 297 

1973). In addition to T. nitens, remains of the bryophytes Fontinalis antipyretica and Sphagnum sp. 298 

were also recorded, as well as remains of the trees Betula sect. Albae, Pinus sylvestris and Populus 299 

tremula, which were common in the region in the Early Holocene (Odgaard, 1994). The moss peat 300 

indicates that the site became wetter, perhaps due to melting of buried stagnant ice below the peat. 301 

The sediment probably accumulated in a small moss-rich mire surrounded by open woodland. 302 

 Since core material is not available to show the transition from peat to lake gyttja, we do 303 

not know if the transition from mire to lake was abrupt or gradual. The common presence of Betula 304 

sect. Albae and Pinus sylvestris may indicate that the coring site was close to the palaeo-shore, and 305 

that the lake at that time was relatively small. The first record of Alnus glutinosa is at 9200 cal. yrs 306 

BP, which is in accordance with studies of other Danish locations (Aaby, 1993; Odgaard, 1994), 307 

although some marine sites show older ages of macrofossils [Storebælt c. 9500 cal. yrs BP (Bennike 308 

et al., 2004), Aarhus Bay c. 9800 cal. years BP (Rasmussen et al., 2020)]. Sphagnum sp. remains are 309 

abundant between 9000 and 8500 cal. yrs BP, after which they nearly disappear from the record and 310 

reappear at greater numbers again in Zones 5 and 6. These remains indicate that swampy conditions 311 

were found along the shores of the lake.  312 

 Pinus disappears from the record around 8000 cal. yrs BP and Betula becomes rare. The 313 

tree macrofossil record is thereafter characterised by Alnus glutinosa. The decline in Pinus and 314 

Betula probably reflects that the forests around the lake were replaced by closed temperate 315 

deciduous forests. Regional pollen diagrams show that the forests were dense and dominated by 316 

broad-leaved deciduous trees such as Corylus, Tilia, Quercus and Ulmus (Iversen, 1973; Odgaard, 317 

1994). The general lack of macrofossils of these species is a common feature of macrofossil studies 318 

of lake sediments (Watts, 1978).  319 

 320 

Lake macrophyte, invertebrate and fish communities 321 

 Remains of lake macrophytes are rare and largely confined to Najas marina, Nymphaea 322 

alba and Nuphar sp. The scarcity of submerged macrophytes, particularly before 8000 cal. yrs BP, 323 

could be due to brownification, limiting light availability at the lake floor. This interpretation is in 324 

line with the low values of the pigment-based UVR-index (Fig. 5; low values indicate 325 

turbid/coloured water, high values clear water) and inferred swampy conditions along the shores of 326 

the lake. 327 
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 The presence of the thermophilous plants Najas marina and Cladium mariscus in the early 328 

part of the record indicates that summer temperatures around 9000 – 8000 cal. yrs BP were at least 329 

similar to present temperatures. Najas marina is a submerged macrophyte that grows in brackish 330 

water or carbonate-rich fresh water with high conductivity (Bennike et al., 2001), whereas Cladium 331 

mariscus is a calciphilous reed plant that was common and widespread in eastern Denmark in the 332 

Early Holocene. While Najas marina survived in many Danish lakes until recently, Cladium 333 

mariscus declined due to leaching of the calcareous soils throughout the Holocene and due to 334 

decreasing temperatures after the Holocene thermal maximum. Only a few studies have previously  335 

found Cladium mariscus macrofossils from Holocene deposits in Jutland (Jonassen, 1950).  336 

 The most abundant remains of fresh water animals include ephippia of Daphnia pulex and 337 

statoblasts of the bryozoan Cristatella mucedo. Remains of ostracods and gastropods are rare. The 338 

high abundance of Daphnia pulex ephippia indicates that the predation pressure by fish was limited 339 

before c. 9000 cal. yrs BP (Davidson et al., 2010). Perca fluviatilis (perch) remains are found 340 

throughout the zone, but their abundance is low compared to following zones.  341 

 342 

Algal communities, nutrients and primary production 343 

 The pigment data (β-carotene) indicate relatively low algal production throughout the first 344 

c. 5000 years of Lake Væng. The loss-on-ignition (LOI) record representing the organic matter 345 

content of the sediments agrees with this observation, as values are clearly lowest in this zone 346 

(starting below 10% and stabilising at c. 20% around 8000 cal. yrs BP). The inorganic P profile 347 

largely mirrors LOI, showing lowest values prior to Zone 4 at the bottom of the core (c. 3.6 mg/g). 348 

As a large part of the HCl-extracted inorganic P is in the form of calcium phosphates (see methods), 349 

the slowly increasing trend in Zone 1 (and into Zone 2) is likely due to natural leaching of Ca from 350 

the catchment soils.  351 

 All primary producer groups found in the sediment record are represented in this zone (Fig. 352 

5), apart from purple sulphur bacteria (okenone). Especially cyanobacteria, however, but also 353 

siliceous algae occur at clearly lower concentrations compared to the following zones. The absence 354 

of the UVR-screening pigment in Zone 1, the scarcity of macrolimnophytes, and evidence of 355 

Sphagnum-rich vegetation surrounding the basin indicate that the water was stained brown by 356 

humic substances. Such colouring may have limited primary production through light limitation, as 357 

is common in dystrophic waters. Around c. 8000 cal. yrs BP, low levels of the UVR index are 358 

observed. These low levels could indicate improving water clarity in the lake in concert with the 359 
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decline in swampy Sphagnum-rich vegetation, as algae produce sunscreen compounds when 360 

exposed to UVR light (Leavitt et al., 1997). Water level fluctuations can also account for them, 361 

when marginal habitats (which have higher UVR exposure) are colonized by cyanobacteria, which 362 

produce UVR-protective compounds as protection from periodic UVR exposure (Cantonati et al., 363 

2014). 364 

 365 

4.3.2. Zone 2 (7370–6050 cal. yrs BP) 366 

 367 

Catchment vegetation 368 

 Alnus glutinosa and Populus tremula characterize the tree macrofossil record in this zone. 369 

The decline in Pinus and Betula in the previous zone likely reflects the spread of closed temperate 370 

deciduous forests (as documented by local and regional pollen diagrams, e.g. Odgaard 1994), which 371 

then dominated during this zone. 372 

 373 

Lake macrophyte, invertebrate and fish communities 374 

 Macrophyte findings are also in this zone largely confined to Najas marina, Nymphaea 375 

alba and Nuphar sp. The submerged Najas marina shows a continuous presence from c. 6500 cal. 376 

yrs BP until ca. 4500 cal. yrs BP and Chara sp., a genus consisting of likewise submerged water 377 

plant species appears in the record at the same time. Perca fluviatilis remains are most abundant in 378 

the whole sediment record during the Holocene thermal maximum (between 8000 and 5000 cal. yrs 379 

BP), when the lake was at its clearest based on the UVR-index (Fig. 5). 380 

 381 

Algal communities, nutrients and primary production 382 

 We observe increased concentrations of pigments belonging to siliceous algae (diatoms 383 

and chrysophytes), cryptophytes, chlorophytes and cyanobacteria. These concentrations indicate 384 

increased production in these groups as light availability increased, while the overall algal 385 

production was still relatively low (β-carotene). Within the whole sediment record, the UVR index 386 

is highest in this zone and in the beginning of Zone 3. The steady increase of inorganic P stabilises 387 

around 7.5 mg/g in the end of this zone, until ca. 4500 cal. yrs BP. 388 

 389 

4.3.3. Zone 3 (6050–2700 cal. yrs BP) 390 

Catchment vegetation 391 
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 The land plant record is characterised by the dominance of Alnus glutinosa, which 392 

probably grew along the margin of the lake and in areas with wet soil. Betula sect. Albae remains 393 

are rare but occur through the zone, whereas Populus tremula remains disappear around 3700 cal. 394 

yrs BP. Other woody plants are represented by a few remains of Sorbus aucuparia and Prunus 395 

padus. Remains of wetland plants are rare. Regional pollen diagrams show some disturbance, 396 

especially by animal husbandry, meaning that the forests during this period became more open and 397 

Betula and Corylus increased, whereas Tilia, Fraxinus and Ulmus decreased (Iversen, 1973; 398 

Odgaard, 1994). 399 

 400 

Lake macrophyte, invertebrate and fish communities 401 

 Water plants are only present in low numbers. Remains of Najas marina show a 402 

continuous record and highest abundances during the first half of the zone, simultaneously with the 403 

only near-continuous occurrence of Chara sp., before disappearing entirely from the sediment 404 

record around 4500 cal. yrs BP. The most abundant water animal remains in this zone are 405 

statoblasts of the bryozoan Plumatella sp. (mainly Plumatella repens, especially around 4000–3000 406 

cal. yrs BP) and the ostracod Cyclocypris laevis (in the middle of the zone). Other ostracods are 407 

rare. Freshwater snails (Valvata spp.) and freshwater bivalves (Pisidium sp.) disappear from the 408 

sediment record by the middle of this zone (around 4000 cal. yrs BP). Egg cocoons of the fish leech 409 

Piscicola geometra first appear in this zone and display a near-continuous record (albeit with low 410 

abundances) to the top of the core. The fish fauna includes Scardinius erythrophthalmus (common 411 

rudd), which first appears in this zone, and Perca fluviatilis, which shows a decline in the 412 

abundance of remains compared to the previous zone.  413 

 The continuous presence of Najas marina in Lake Væng during the Mid-Holocene may 414 

reflect peak summer temperatures during this time. It survived in many Danish lakes until recently, 415 

however, and may have disappeared rather recently from Lake Væng because the water became 416 

more eutrophic and turbid, as documented by Anderson and Odgaard (1994). The pigment data 417 

(UVR-index) indicate greatest water clarity at the same time as the continuous N. marina 418 

occurrence, which lends further support to the reasoning outlined above on its disappearance. While 419 

favourable light conditions for submerged macrophytes may also occur during lower lake levels, 420 

palaeohydrological data from Lake Bliden on Zealand, Denmark indicate that the Holocene thermal 421 

optimum was wet, becoming drier towards its end around 5700 cal. yrs BP (Olsen et al., 2010). 422 

Regional lake level reconstructions from southern Sweden indicate lower lake levels in the Early 423 
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Holocene and again around 5600–5400 cal. yrs BP (Gaillard and Digerfeldt, 1991). Thus, these 424 

studies do not support lake level lowering during the presence of photo-protectant pigments and N. 425 

marina in the Lake Væng record. 426 

 With infilling of the lake, the littoral zone expands and (submerged) macrophyte cover 427 

would be expected to increase. In the Lake Væng record, however, we witness the opposite, i.e. 428 

increasingly sparser macrophyte cover towards the present times, which would indicate increased 429 

lake turbidity, in line with the decrease in the UVR-index (see below). The decline in Perca 430 

fluviatilis and increase in Scardinius erythrophthalmus remains could indicate a change in the fish 431 

community towards dominance of planktivorous cyprinid fish, commonly observed in eutrophied 432 

lakes (Sandström and Karås, 2002). Plumatella species have likewise been found to benefit from 433 

higher nutrient concentrations (Hartikainen et al., 2009). 434 

 Studies have found positive correlations between the frequency of fish leech (Piscicola) 435 

and both submerged macrophyte and fish abundance (Odgaard and Rasmussen, 2001; Sayer et al., 436 

2016). Although rare throughout the core, macrophyte and fish remains are even rarer in the section 437 

of the core (from c. 4500 cal. yrs BP to the top), when Piscicola is present. On the other hand, 438 

Scardinius remains appear around the same time as Piscicola, possibly indicating an increase in 439 

cyprinid fish.  440 

 441 

Algal communities, nutrients and primary production 442 

 Several simultaneous changes are observable around 4500 cal. yrs BP. Concentrations of 443 

β-carotene (reflecting total algal production) show a c. 4-fold increase compared to the very low 444 

concentrations of the previous zones. Both LOI and inorganic P increase to c. 30% and c. 10 mg/g, 445 

respectively. The UVR index decreases clearly, and we observe the initial change towards higher 446 

Fe/Mn values. Concentrations of diatoxanthin, which is produced by diatoms, increase towards the 447 

upper part of this zone. After c. 3500 cal. yrs BP, okenone from purple sulphur bacteria appears for 448 

the first time. 449 

 The increases in pigment concentrations and LOI indicate that the lake became more 450 

productive. The simultaneous increases in inorganic P and Ti (erosion) imply increased nutrient (P) 451 

inputs from the catchment. The observed decrease in the UVR-index indicates lower water clarity, 452 

which could be translated into increased turbidity due to higher algal production. By this time, the 453 

lake had likely become shallower due to infilling (Fig. 2), but it was probably still stratified, at least 454 

in the deeper parts of the lake. Infilling leads to expanded benthic and epiphytic areas for algal 455 
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colonisation, which could also have increased sedimentary pigment concentrations. The onset of the 456 

presence of okenone in tandem with the first increase in the Fe/Mn ratio indicates development of 457 

anoxic habitats in the lake, which may derive from the decomposition of aquatic vegetation or 458 

planktonic seston. The decomposition leads to pockets of anoxic habitat in benthic areas, or (in 459 

stratified lakes) hypolimnetic anoxia during lake stratification.  460 

 461 

4.3.4. Zone 4 (2700–1270 cal. yrs BP) 462 

 463 

Catchment vegetation 464 

 Alnus glutinosa continues to dominate the land plant record. Betula sect. Albae is rare and 465 

nearly disappears at the transition between this zone and the uppermost two zones. Apart from one 466 

finding of Sorbus aucuparia, no other woody plant remains are recorded and wetland plant remains 467 

are very rare. Regional pollen studies from Jutland indicate that during the early part of this zone a 468 

reduction in woodland caused by extensive domestic grazing was prevalent. In the late part of the 469 

period (from about 1800 BP), a general relaxation of grazing pressure resulted in a reforestation 470 

during which Fagus spread in the forests (Iversen, 1973; Odgaard, 1994; Rasmussen, 2005). 471 

 472 

Lake macrophyte, invertebrate and fish communities  473 

 Water plant remains are present in very low numbers. Stratiotes aloides appears for the 474 

first time in this zone. This species is commonly found at sheltered sites in eutrophic lakes (Hämet-475 

Ahti et al., 1998). Its presence is noteworthy, because this plant is rarely recorded in Holocene lake 476 

sediments from Denmark (Bennike and Hoek, 1999), but its leaf spines are common in subsurface 477 

sediments of recently eutrophied shallow lakes (Odgaard and Rasmussen, 2001). Stratiotes aloides 478 

has been reported to show allelopathic suppression of phytoplankton growth in laboratory 479 

experiments (Mulderij et al., 2005), but any such effect is not detectable in our data (see algal 480 

discussion below). The bryozoan Fredericella sp. first appears around 2000 cal. yrs BP and its 481 

remains are relatively abundant from here to the top of the core. The bryozoan Plumatella sp. 482 

(mainly Plumatella repens) is near absent in the first half of this zone, but the abundance of its 483 

remains increases clearly at the same time with Fredericella before declining to rare occurrences at 484 

the end of the zone. Perca fluviatilis remains continue to decline towards the top of the core and are 485 

near absent in this zone. One occurrence of Scardinius erythrophthalmus is recorded. 486 
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 The water plants and animals observed in this zone each indicate eutrophic conditions. 487 

Bryozoan adundance (Fredericella and Plumatella) is known to increase with higher nutrient 488 

concentrations, especially with increases in phosphorus (Hartikainen et al., 2009).  489 

 490 

Algal communities, nutrients and primary production 491 

 The pigment record becomes more variable with oscillations in concentrations of most 492 

pigments and a pronounced assemblage readjustment where pigments from cyanobacteria 493 

(including filamentous cyanobacteria) become more dominant relative to siliceous, cryptophyte, and 494 

chlorophyte algal pigments (Fig. 5). LOI increases clearly in this zone, with highest values around 495 

40% while, similar to the pigments, variability in inorganic P increases to display the highest values 496 

in the whole sediment record (1.94 mg/g) at c. 2100 cal. yrs BP, around the same time with a 497 

marked increase in Fe/Mn. Okenone increases abruptly at c. 1700 cal. yrs BP. The increase in 498 

pigment concentrations and LOI, and the shift towards cyanobacteria, which are strongly associated 499 

with nutrient enrichment (Taranu et al., 2015) each indicate that the lake became more productive 500 

compared to the previous zone, while lake bottom anoxia also increased (indicated by okenone and 501 

Fe/Mn). Increases in bottom water anoxia are commonly associated with eutrophication in stratified 502 

lakes as the supply and subsequent decomposition of organic matter to the lake bottom waters leads 503 

to oxygen drawdown (Lami et al., 1994; Maheaux et al., 2016). Shallow lake sediments may also be 504 

anoxic, however, despite overlying well-aerated water. Their well-oxidized sediment surface does 505 

not preclude the potential release of mobile P to the overlying water column (Tammeorg et al., 506 

2020). Based on the inorganic P profile of Lake Væng, it was mobilised from the sediment into the 507 

water column, further increasing eutrophication.  508 

 509 

4.3.5. Zone 5 (c. 1270–250 cal. yrs BP) 510 

Catchment vegetation  511 

 Land plant remains in this zone are dominated by Sphagnum sp. and Juncus sp. Remains of 512 

woody plants are rare and confined to Betula sect. Albae and Alnus glutinosa, which occur in the 513 

lower part of the zone. Regional pollen diagrams show that the landscape became progressively 514 

more open due to expanding pastures and eventually also arable fields (Iversen, 1973; Odgaard, 515 

1994; Rasmussen, 2005). The Sphagnum and Juncus remains indicate that boggy vegetation was 516 

reappearing along the shores of the lake. Similar expansions of Sphagnum in the Late Holocene are 517 
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also seen at other sites in Jutland (Odgaard, 1994) and may indicate acidification of soils around the 518 

lake.  519 

 520 

Lake macrophyte, invertebrate and fish communities  521 

 Macrolimnophytes are very rare, represented by a few findings of the floating-leaved 522 

Nymphaea alba and a single oospore of the submerged macrolimnophyte Chara sp. Water animals 523 

are represented by cocoons of the leaches Piscicola geometra and Erpobdella sp., larval cases of the 524 

caddis fly Orthotrichia sp. and statoblasts of the bryozoans Cristatella mucedo, Plumatella sp., and 525 

Fredericella sp. The former are all rare, while Fredericella sp., which thrives in eutrophic 526 

conditions, dominates this zone.  527 

  528 

Algal communities, nutrients and primary production 529 

 Maximum pigment concentrations occur during this zone, with particularly elevated 530 

concentrations of planktonic filamentous cyanobacteria pigments (despite the by now shallow lake 531 

depth, see Fig. 2). LOI largely mirrors total algal production (β-carotene), showing highest (albeit 532 

variable) values in the whole sediment record of up to c. 50%. Okenone concentrations are also 533 

highest in the whole sediment record at the beginning of the zone, before declining and 534 

disappearing entirely around 500 cal. yrs BP, largely mirrored by Fe/Mn. Maximum algal and 535 

filamentous cyanobacterial abundance indicate very productive conditions. Inorganic P values 536 

clearly decrease compared to the previous two zones, likely reflecting that a large proportion of the 537 

inorganic P is mobilized into the water column (Anderson et al., 1993 and references therein). 538 

  Based on the proxy records, the time period from 1250 to c. 250 cal. yrs BP was the most 539 

eutrophic (likely hypertrophic) period in the history of Lake Væng. Increases in okenone are 540 

regularly associated with eutrophication in stratified lakes (Guilizzoni and Lami, 1992), but 541 

okenone declined in Lake Væng during this highly productive phase. An increase in lake turbidity 542 

from higher phytoplankton production might have reduced light penetration to the deeper waters, 543 

eliminating the habitat for photosynthetic bacteria. Catchment deforestation, however, likely  544 

increased wind fetch and lake mixing (Lotter, 2001; Romero et al., 2006) which, in combination 545 

with progressive shallowing of the lake following sediment infilling, will have  decreased stable 546 

deep-water habitats for anaerobic phototrophs. 547 

 548 

4.3.6. Zone 6 (ca. 250 cal. yrs BP – present) 549 
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 550 

Catchment vegetation 551 

 Apart from rare Betula sect. Albae, Juncus sp. and Sphagnum sp., which shows a steady 552 

decline throughout the zone, no other land plant remains are found. At present, the area close to the 553 

lake is forested, but according to historical records these are some decades old coniferous 554 

plantations. 555 

 556 

Lake macrophyte, invertebrate and fish communities 557 

 In this uppermost zone, the sediment record is devoid of remains of macrolimnophytes. All 558 

water animal remains are rare, apart from Fredericella sp., and remains of both leaches and fish 559 

disappear in the top of the core. 560 

 561 

Algal communities, nutrients and primary production 562 

 During the last c. 250 years of our record, concentrations of β-carotene decrease markedly, 563 

while concentrations of chlorophyll a show a slight increase. LOI follows the notable trend in β-564 

carotene and decreases from c. 50% to c. 25%. Among the different algal groups, cyanobacterial 565 

pigments decline clearly, but siliceous algal, cryptophyte and chlorophyte pigments mostly increase 566 

towards the top of the sediment record. At the same time the UVR index increases markedly. These 567 

shifts in algal communities, decline in LOI, increase in the UVR-index, complete absence of 568 

okenone and clear decrease in Fe/Mn indicate a moderate recovery towards a less-enriched lake 569 

ecosystem and decreased turbidity of the shallow waters (light penetration to the lake bottom). This 570 

is in line with the reduced catchment input represented by declining Ti-levels. However, there is no 571 

indication of a recovery of submerged macrophyte vegetation. 572 

 573 

4.4. Numerical analyses  574 

 The DCA of the pigment assemblages clearly shows a  limited amount of change before c. 575 

6000 cal. yrs BP, after which the differences among samples increased as the trajectory of 576 

ecological change became more dynamic with increased catchment inputs (Fig. 6A). The 577 

assemblages of Zone 5 deviate markedly from the rest of the core. Interestingly, the two modern 578 

samples (last 50 years) show a clear trend back towards assemblages that are more similar to 579 

pristine conditions. 580 
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 The pigment chord distance results reflect a long period until about 2500 cal. yrs BP with 581 

relatively little change compared to the baseline, albeit with some distinct spikes (Fig. 6B). This 582 

initial change was followed by much more different assemblages from c. 1250 cal. yrs BP onwards 583 

before finally returning to more similar biotic assemblages over the last century. A strong 584 

correlation between Ti and pigment change (Fig. 6B, R2 = 0.37*** based on detrended values) 585 

indicates that the changes in primary producers in the lake are directly correlated with inputs of 586 

allochthonous minerals via processes such as soil erosion and shifts in land drainage. 587 

 588 

5. Discussion 589 

  590 

 The lack of Late Glacial organic sediments and the presence of Early Holocene peat in the 591 

bottom of the Lake Væng record show that the lake did not form until the Early Holocene, about 592 

9400 cal. yrs BP. The lake probably formed by melting of a body of stagnant glacier ice and the 593 

lack of Late Glacial and earliest Holocene sediments (11,700 to 9400 cal. yrs BP) indicates that 594 

stagnant glacier ice persisted until several millennia unto the Holocene. The presence of Cladium 595 

mariscus in the record indicates summer temperatures similar to the present at c. 8500 cal. yrs BP. 596 

The oldest dated Holocene finds of Cladium fruits from Denmark, however, gave an age of c. 11 597 

000 cal. yrs BP (Bennike and Jensen, 2011), indicating rapid warming soon after the beginning of 598 

the Holocene at 11 700 cal. yrs BP. 599 

 Iversen (1973) concluded that the mean July temperature was 2–3°C higher than at present 600 

during the Holocene thermal maximum, in good accordance with more recent estimates based on 601 

pollen data (Brown et al., 2011). The forests in the catchment of Lake Væng changed from pine 602 

dominance until around 8000 cal. yrs BP to a closed temperate deciduous forests dominated by 603 

broad-leaved species such as Corylus, Tilia, Quercus and Ulmus (Iversen, 1973; Odgaard, 1994), 604 

which was gradually changed to secondary ecosystems by early agriculture during the Neolithic 605 

(5900–3600 cal. yrs BP) (Iversen, 1973). 606 

 607 

The landscape 608 

 Titanium is considered a reliable indicator of terrigenous catchment inputs (Kylander et al., 609 

2011; Boyle et al., 2015; Davies et al., 2015). Hence the Ti record from Lake Væng is interpreted as 610 

a proxy of soil erosion, which was mainly controlled by the ratio of open to forested land. 611 

Generally, lack of forest reduced the landscape resistance to erosion. In open landscapes, runoff 612 
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energy is also elevated. During prehistory, the degree of open land depended especially on the 613 

intensity of grazing by domestic life stock and later by clearance for arable farming (Fig 7). 614 

Terrestrial erosion tends to peak just after deforestations begin, and soils which were previously 615 

protected by forests became exposed. In contrast, erosion relaxes to lower levels when the easily 616 

eroded sediments gradually become depleted (Prosser and Williams, 1998). This means that 617 

sedimentary Ti cannot be expected to be a direct proxy of landscape openness, but rather a 618 

reflection of the availability of exposures of erodible catchment sediments. Erosion peaks can be 619 

expected to reflect deforestation events while extended high erosion rates may represent 620 

continuously declining forest cover or permanent crop cultivation. Lower erosion levels reflect 621 

landscapes  resistant to erosion, either because they are relatively densely forested, or because they 622 

are mature in the sense that erodible sediments have already been flushed off.  623 

 The erosion record of Lake Væng is interpretable by reference to existing local pollen 624 

records, such as from Ilsø (14 km east, Søe et al., 2017), Taastrup Sø (20 km northeast, Søe et al., 625 

2017) and Dallerup Sø (30 km southeast, Nielsen & Odgaard, 2010). When interpreting Ti as an 626 

erosion proxy for land use history in Denmark (Fig. 7), it is clear that, before the introduction of 627 

agriculture (the Mesolithic period until 5900 cal. yrs BP), erosion in the Lake Væng catchment was 628 

low and fairly constant. This is in accordance with local pollen records, reflecting dense deciduous 629 

woodlands in the area. The first clearly observable increase in erosion at Lake Væng is seen in the 630 

Middle Neolithic B (Single Grave Culture, 4400–4800 cal. yrs BP), a period known from several 631 

nearby pollen records to show extensive landscape opening in western and Central Jutland, caused 632 

by animal husbandry (Odgaard, 1994; Søe et al., 2017). After a relaxation reflected in the pollen 633 

records as reforestation, erosional inputs indicate that the intensity of landscape disturbance grew 634 

again through the Late Neolithic and Early Bronze Age, a period of expansion of cultural grasslands 635 

(Søe et al., 2017). During the Late Bronze Age and the Pre-Roman Iron Age, erosional inputs at 636 

Lake Væng peak, which is in accordance with local palynological records showing a pronounced 637 

transition to mostly very open pastoral landscapes during these periods (Odgaard and Rasmussen, 638 

2000; Søe et al., 2017). Pollen records indicate that these open landscapes generally persisted in the 639 

region through the Roman Iron Age (Nielsen and Odgaard, 2010), and the lower Ti counts here 640 

probably reflect the maturity of the pastoral landscape. A conspicuous peak is observed at the 641 

transition to the Germanic Iron Age, which otherwise shows low values in accordance with 642 

palynological results indicating reforestation in many areas of Denmark as well as locally (Nielsen 643 

and Odgaard, 2010; Søe et al., 2017). This peak is followed by an abrupt and very large increase in 644 
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catchment inputs at the transition to the Viking Age, which defined a period of strong deforestation 645 

(Nielsen & Odgaard, 2010; Søe et al., 2017). While erosional inputs at Lake Væng decrease 646 

somewhat in the Medieval Period, overall high levels of catchment disturbance persisted until 647 

around 200 cal. yrs BP, reflecting a period with strong increases in arable farming well documented 648 

by local pollen records. During the most recent century, partial afforestation of the area around 649 

Lake Væng will have played a role in reducing landscape erosion. Overall, the very strong 650 

correspondence between erosional peaks and local pollen records showing transitions to periods 651 

with expansion of cultural grasslands or cropland evidences the strong importance of land use for 652 

catchment erosion at Lake Væng. Since documented Mid-/Late Holocene climate changes in the 653 

area are minor, possible direct effect of climatic variation on the erosion pattern of Lake Væng  was 654 

likely subtle in relation to the  large impacts from land-use changes. We have not identified 655 

exclusive climate signals in the erosional record. 656 

 Comparing the Lake Væng Ti-record with other records of catchment sediment yields from 657 

Denmark reveals clear similarities (Fig. 7). While Lake Væng shows the earliest signs of catchment 658 

erosion linked to human disturbance of the landscape during the Middle Neolithic, all records 659 

indicate increased and prolonged deforestation events in the catchment during the Late Bronze Age 660 

and/or Pre-Roman Iron Age (in some cases also evident during the Roman Iron Age). This increase 661 

suggests that, overall, the early phase of agriculture in Denmark during the Early Neolithic had 662 

relatively little effect on landscape openness and soil erosion, and more pronounced deforestation 663 

only took place in the Bronze and Iron Ages. Areas with strong activity by the Single Grave 664 

Culture, however, such as at Lake Væng, reflect elevated erosion already in the Middle Neolithic. 665 

The marked minimum in erosion during the Germanic Iron Age is also a common feature, probably 666 

related to reforestation caused by social unrest or economic depression and associated changes in 667 

landscape management during the Migration Period. 668 

 The most conspicuous common feature in the records is the strong increase in soil erosion 669 

at the beginning of and during the past millennium. This development reflects the large-scale 670 

deforestation documented by pollen records and resulted in a landscape  dominated by pastures and 671 

agricultural fields (Odgaard and Rasmussen, 2000; Søe et al., 2017). These data further reveal 672 

marked landscape disturbance continuing into modern times until a more recent decrease over the 673 

last few hundred years (apart from Gudme Sø). A similar large increase in terrigenous inputs during 674 

the Medieval Period has also been observed in other European lake records (Bork and Lang, 2003; 675 

Boyle et al., 2015; Bajard et al., 2016). The timing of this marked landscape change coincides with 676 
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the introduction of the heavy mouldboard plough in Northern Europe. This plough could turn over 677 

the heavy, fatty and moist clay soils of the region and plough manure into them, markedly 678 

increasing yields and transforming European agriculture and economies (Andersen et al., 2016). 679 

The decreasing trend in erosion of the most recent century may reflect two developments: 1) 680 

increasing afforestation in Denmark resulting in a development in forest cover from 4% in AD 1805 681 

(Fritzbøger, 1992) to 14.6 % in 2018 (Nord-Larsen et al., 2020) and 2) the reduction in livestock 682 

during the same period (Dalgaard et al., 2009), which reduced grazing at lake shores and 683 

accordingly led to denser marginal vegetation of streams and lakes with a more effective filtering of 684 

surface overflow. 685 

 The exceptionally long continuous erosion record from Fuglsø includes early catchment 686 

inputs that have a natural origin. It begins with a large Ti-peak related to the transition from 687 

minerogenic lake sediments to gyttja. The following Early Holocene peaks are probably due to 688 

short cooling events, such as the Erdalen Event 1 (Nesje, 2009) and the 8.2 event (Alley et al., 689 

1997) intermittently resulting in vegetation types less resistant to erosion. 690 

 691 

The lake 692 

 The most striking change in the Lake Væng ecosystem is recorded by the chord distance 693 

dissimilarity increase at about 1200 cal. yrs BP and also clearly evident from zones 5 and 6 samples 694 

in the DCA plot (Fig. 6). This change occurs concurrent with the most marked increase in Ti counts 695 

(Figs 6, 7). The lake most likely became hypertrophic, with high production of planktonic algae, 696 

blooms of filamentous cyanobacteria, and sediment anoxia (Fig. 5). Blooms of filamentous 697 

cyanobacteria are commonly associated with eutrophication, particularly increases in phosphorus, 698 

which would have been supplied by both increased catchment nutrient inputs and internal loading 699 

from anoxic sediments (Taranu et al., 2015; McGowan, 2016). This indicates that Viking 700 

Age/Medieval land disturbances and farming practices led to major increases in nutrient loading to 701 

the lake and increased the prevalence of these nuisance and potentially toxic taxa. The evidence 702 

from this study signifies that the local introduction of the heavy mouldboard plough changed Lake 703 

Væng far beyond previous ecosystem conditions, and also conditions prevailing in the 21st century. 704 

At Dallund Sø, where one of the few existing detailed multiproxy studies on landscape-lake 705 

linkages over the past millennia was conducted, diatom-inferred TP concentrations increased 706 

markedly from c. 30 μg/L to > 200 μg/L at the beginning of the Medieval Period, resulting in large 707 
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changes in lake productivity in concert with enhanced catchment inputs (Fig. 7C; Bradshaw et al., 708 

2005). 709 

 Interestingly, Lake Væng began to recover after the period of intense soil erosion in the 710 

Viking Age/Medieval Period towards prior pigment assemblages, and water clarity began to 711 

increase (Fig. 5). This recovery indicates that the marked disturbance may have led to greater 712 

degradation in water quality relative to more recent times, when Danish lakes are well-known for 713 

having water quality problems (Jeppesen et al., 2000). Despite the increase in water clarity and 714 

decreased catchment inputs, the submerged macrophyte vegetation has not recovered (Fig. 3). 715 

Recent biomanipulation projects have had only temporary success in restoring submerged 716 

vegetation (Søndergaard et al., 2017). 717 

 Notably, evidence also exists of prehistoric disturbances at Lake Væng as early as in the 718 

Middle Neolithic c. 4500 years ago, which predates the oldest reported record of aquatic changes 719 

caused by human activity in Denmark (Dubois et al., 2017). With the first increases in erosional 720 

inputs to the lake, it became more turbid, as evidenced by the decline of the UVR-index, and 721 

primary production increased from the background level of the previous almost 5000 years (first 722 

clear increase in β-carotene). The increase in turbidity apparently affected the submerged 723 

macrophyte vegetation adversely (seen as the decline of Najas marina), and possibly changed the 724 

dominant fish towards cyprinid species (Figs 3, 4). Bryozoans indicating elevated nutrient levels 725 

also become common from here on. From the beginning of the Late Bronze Age (c. 3000 cal. BP) 726 

onwards, cyanobacterial production increased, including filamentous cyanobacteria, and the first 727 

signs of anoxia appear (increase in okenone and Fe/Mn), which are likely associated with more 728 

intense decomposition of organic matter (Maheaux et al., 2016). In contrast, at Dallund Sø, clear 729 

indications of ecosystem changes dated later towards the end of the Late Bronze Age (Bradshaw et 730 

al., 2005). 731 

 In Denmark, intense landscape modifications inferred from sedimentary pollen started 732 

during the mainly pastoral Single Grave culture (4800-4400 cal. yrs BP), but with a strong regional 733 

bias towards landscapes to the west and north of the East Jutland stationary line of the last 734 

glaciation. As an example, strong deforestations during this period caused by intense animal 735 

husbandry are characteristic of northwestern areas and some parts of Central Jutland (Andersen, 736 

1993; Odgaard, 1994). Landscape modification east of this line (this study; Bradshaw et al., 2005) 737 

was apparently less intense in Denmark before the Late Bronze Age (Fig. 7), after which clearly 738 

detectable influences on lake ecosystems are evident. With the extensive deforestation and new 739 
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agricultural practices in early historical time (such as the heavy mouldboard plow), these lakes 740 

responded with a regime shift (Scheffer and Jeppesen, 2007). While lake-ecosystem response is 741 

always dependent on regional and local factors including topography, soils, hydrology and climate, 742 

it is plausible — based on existing evidence on modification of the European landscape since the 743 

Neolithic (summarised in Dubois et al., 2017) – that a notable number of European lowland lakes 744 

may have first shifted into a degraded ecological state already many centuries ago, especially about 745 

1200 cal. yrs BP, and possibly followed a recovery pathway, before again responding to increasing 746 

pressures that the modern society poses on lakes (Jenny et al., 2016; Haas et al., 2019). Hence, 747 

considering pre-industrial conditions as relatively pristine (and hence suitable as reference levels for 748 

recent eutrophication) is not necessarily a valid assumption in landscapes that have been intensively 749 

used by humans over the past millennia. These findings corroborate the conclusion of Bradshaw et 750 

al. (2006), who found high P concentrations in a number of Danish lakes as early as AD 1800. 751 

 Finally, it is noteworthy that cyanobacteria have been consistently present in Lake Væng 752 

throughout the Holocene, albeit at mostly lower abundances. This may be connected with the lake’s 753 

supply of groundwater with high phosphorus concentrations. Such naturally elevated abundances of 754 

cyanobacteria have been recorded from other lakes in moraine landscapes where groundwater 755 

supply dominates (McGowan et al., 1999). Debate still exists about the relative roles of 756 

groundwater supply and internal recycling of P in lakes (Kilinc and Moss, 2002; Nisbeth, 2019a,b). 757 

In the case of Lake Væng, the amount of groundwater entering the lake and the groundwater-758 

delivered DIP have not changed significantly over recent time (Kazmierczak, 2020), and changes in 759 

algal abundances are tightly coupled to erosional inputs (based on pigment chord distance analysis, 760 

Fig. 6B). Hence the observed increases in cyanobacterial blooms and primary production are most 761 

likely a result of catchment disturbance due to early human activity. 762 

 763 

6. Conclusions 764 

 The results based on the multi-proxy study of the Lake Væng sediments show that the 765 

record begins with peat, and the lake probably formed by melting of buried stagnant glacier ice in 766 

the Early Holocene. Forests in the catchment of Lake Væng changed from pine and birch 767 

dominance prior c. 8000 cal. yrs BP to closed temperate deciduous forests dominated by broad-768 

leaved species, which remained in the pristine landscape until the first human disturbance. 769 

 Following up the specific research questions in the Introduction (section 1.): 1) The first 770 

signs of clearances of these primeval forests around the lake are seen in the Middle Neolithic at c. 771 
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4500 cal. yrs BP. Erosional inputs to the lake were relatively low, however, indicating that the 772 

region was still dominated by dense deciduous forests. It is obvious from the archaeological record 773 

that farming had started, but the local impact on the landscape was limited, presumably because the 774 

human population was small (Gron and Rowley-Conwy, 2017). Despite the limited nature of the 775 

impact, the lake still responded by becoming more turbid and nutrient rich, with clear negative 776 

impacts on the submerged aquatic plants, possible changes in the dominance of fish species and 777 

shifts towards more eutrophic invertebrate species. 2) Larger peaks in erosional inputs are seen in 778 

the Late Bronze Age and Pre-Roman Iron Age, with clear lake responses including smaller blooms 779 

of filamentous cyanobacteria and first signs of anoxia. A very strong erosional signal at about 1200 780 

cal. yrs BP may be related to the introduction of the mouldboard plough. At this time the lake 781 

responded with a regime shift. It became hypertrophic and very turbid, with high production of 782 

potentially bloom-forming filamentous cyanobacteria, and bottom-water anoxia. 3) The human 783 

impact in the Medieval Period led to especially severe degradation in water quality and a more 784 

degraded ecosystem state compared to recent times. 4) Lake response is near-contemporaneous with 785 

catchment inputs and the response is proportional, i.e. with greater sediment and nutrient loading 786 

we observe progressively more marked deterioration of the lake ecosystem. 787 

 As several Danish and European lake records on catchment disturbances share similar 788 

features to the record from Lake Væng , it is possible that a number of lowland European lakes 789 

experienced poor water quality already millennia ago, and certainly at the time of extensive forest 790 

clearances and new agricultural practices about 1200 cal. yrs BP. 791 

 792 

Appendix A. Supplementary data 793 

Supplementary material related to this article can be found in the online version, at xxx 794 

 795 

References 796 

Aaby, B., 1993. Flora. In: Hvass, S., Storgaard, B. (Eds.), Digging into the past. 25 years of 797 

Archaeology in Denmark, 24–27. Royal society of Northern Antiquaries, Copenhagen. 798 

Alley, R.B., Mayewski, P.A., Sowers, T., Stuiver, M., Taylor, K.C., Clark, P.U., 1997. Holocene 799 

climatic instability: A prominent, widespread event 8200 yr ago. Geology 25, 483–486. 800 

doi:doi:https://doi.org/10.1130/0091-7613(1997)025<0483:hciapw>2.3.co;2 801 

https://doi.org/10.1130/0091-7613(1997)025%3C0483:hciapw%3E2.3.co;2


 

 26 

Andersen, S.T., 1993. History of vegetation and agriculture at Hassing Huse Mose, Thy, Northwest 802 

Denmark, since the Ice Age. Journal of Danish Archaeology 11, 57-79. 803 

doi:doi:https://doi.org/10.1080/0108464x.1993.10590072 804 

Andersen, T.B., Jensen, P.S., Skovsgaard, C.V., 2016. The heavy plow and the agricultural 805 

revolution in Medieval Europe. Journal of Development Economics 118, 133–149. 806 

doi:https://doi.org/10.1016/j.jdeveco.2015.08.006 807 

Anderson, N.J., Rippey, B., Gibson, C.E., 1993. A comparison of sedimentary and diatom-inferred 808 

phosphorus profiles: implications for defining pre-disturbance nutrient conditions. 809 

Hydrobiologia 253, 357–366. doi:https://doi.org/10.1007/bf00050761 810 

Anderson, N.J., Odgaard, B., 1994. Recent palaeolimnology of three shallow Danish lakes. 811 

Hydrobiologia 275, 411–422. doi:https://doi.org/10.1007/bf00026730 812 

Anderson, N.J., Bennion, H., Lotter A.F., 2014. Lake eutrophication and its implications for organic 813 

carbon sequestration in Europe. Global Change Biology 20, 2741–2751. 814 

doi:https://doi.org/10.1111/gcb.12584 815 

ArchaeoGLOBE Project 2019: Archaeological assessment reveals Earth’s early transformation 816 

through land use. Science 365, 897–902. doi:https://doi.org/10.1126/science.aax1192 817 

Bajard, M., Sabatier, P., David, F., Develle, A.-L., Reyss, J.-L., Fanget, B., Malet, E., Arnaud, D., 818 

Augustin, L., Crouzet, C., Poulenard, J., Arnaud, F., 2016. Erosion record in Lake La Thuile 819 

sediments (Prealps, France): Evidence of montane landscape dynamics throughout the 820 

Holocene. The Holocene 26, 350–364. doi:https://doi.org/10.1177/0959683615609750 821 

Barber, K.E., Chambers, F.M., Maddy, D., 2004. Late Holocene climatic history of northern 822 

Germany and Denmark: peat macrofossil investigations at Dosenmoor, Schleswig-Holstein, 823 

and Svanemose, Jutland. Boreas 33, 132–144. 824 

doi:https://doi.org/10.1080/03009480410001082 825 

Bennett, K.D., 1996. Determination of the number of zones in a biostratigraphical sequence. New 826 

Phytologist 132, 155–170. doi:https://doi.org/10.1111/j.1469-8137.1996.tb04521.x 827 

Bennike, O., Hoek, W., 1999. Late-glacial and early Holocene records of Stratiotes aloides L. from 828 

North-west Europe. Review of Palaeobotany and Palynology 107, 259–263. 829 

doi:https://doi.org/10.1016/s0034-6667(99)00024-x 830 

Bennike, O., Jensen, J.B., 2011. Postglacial, relative shore-level changes in Lillebælt, Demark. 831 

Geological Survey of Denmark and Greenland Bulletin 23, 37–40. 832 

doi:https://doi.org/10.34194/geusb.v23.4834 833 

https://doi.org/10.1080/0108464x.1993.10590072
https://doi.org/10.1016/j.jdeveco.2015.08.006
https://doi.org/10.1007/bf00050761
https://doi.org/10.1007/bf00026730
https://doi.org/10.1111/gcb.12584
https://doi.org/10.1177/0959683615609750
https://doi.org/10.1080/03009480410001082
https://doi.org/10.1111/j.1469-8137.1996.tb04521.x
https://doi.org/10.1016/s0034-6667(99)00024-x
https://doi.org/10.34194/geusb.v23.4834


 

 27 

Bennike, O., Jensen, J.B., Lemke, W., 2001. Late Quaternary records of Najas spp. (Najadaceae) 834 

from the southwestern Baltic region. Review of Palaeobotany and Palynology 114, 259–267. 835 

doi:https://doi.org/10.1016/S0034-6667(01)00046-X 836 

Bennike, O., Jensen, J.B., Lemke, W., Kuijpers, A., Lomholt, S., 2004. Late- and postglacial history 837 

of the Great Belt, Denmark. Boreas 33, 18–33. 838 

doi:https://doi.org/10.1080/03009480310006952 839 

Bennion, H., Simpson, G.L., 2011. The use of diatom records to establish reference conditions for 840 

UK lakes subject to eutrophication. Journal of Paleolimnology 45, 469–488. 841 

doi:https://doi.org/10.1007/s10933-010-9422-8 842 

Bork, H.R., Lang A., 2003. Quantification of past soil erosion and land use / land cover changes in 843 

Germany. In: Lang, A., Dikau, R., Hennrich, K. (Eds.): Long-term hillslope and fluvial 844 

system modelling. Lecture notes in Earth sciences, vol 101. Springer, Berlin. 845 

doi:https://doi.org/10.1007/3-540-36606-7_12 846 

Boyle, J.F., Chiverrell, R.C., Davies, H., Alderson, D.M., 2015. An approach to modelling the 847 

impact of prehistoric farming on Holocene landscape phosphorus dynamics. The Holocene 25, 848 

203–214. doi:https://doi.org/10.1177/0959683614556381 849 

Bradshaw, E., Rasmussen, P., Odgaard, B.V., 2005. Mid- to late-Holocene land-use change and 850 

lake development at Dallund Sø, Denmark: synthesis of multiproxy data, linking land and 851 

lake. The Holocene 15, 1152–1162. doi:https://doi.org/10.1191/0959683605hl887rp 852 

Bronk Ramsey, C., 2013. OxCal version 4.2.4. doi:https://c14.arch.ox.ac.uk.  853 

Brown, K.J., Seppä, H., Schoups, G., Fausto, R.S., Rasmussen, P., Birks, H.J.B., 2011. A spatio-854 

temporal reconstruction of Holocene temperature change in southern Scandinavia. The 855 

Holocene 22, 165–177. doi:https://doi.org/10.1177/0959683611414926 856 

Cantonati, M., Guella, G., Komárek, J., Spitale, D., 2014. Depth distribution of epilithic 857 

cyanobacteria and pigments in a mountain lake characterized by marked water-level 858 

fluctuations. Freshwater Science 33, 537–547. doi:https://doi.org/10.1086/675930 859 

Chen, N., Bianchi, T.S., McKee, B.A., Bland, J.M., 2001. Historical trends of hypoxia on the 860 

Louisiana shelf: applications of pigments as biomarkers. Organic Geochemistry 32, 543–561. 861 

doi:https://doi.org/10.1016/S0146-6380(00)00194-7 862 

Croudace, I.W., Rindby, A., Rothwell, R.G., 2006. ITRAX: description and evaluation of a new 863 

multifunction X-ray core scanner. Geological Society, London, Special Publication 267, 51–864 

63. doi:https://doi.org/10.1144/GSL.SP.2006.267.01.04 865 

https://doi.org/10.1191/0959683605hl887rp
https://c14.arch.ox.ac.uk/
https://doi.org/10.1177/0959683611414926


 

 28 

Dalgaard T., Kyllingsbæk, A., Stenak, M., 2009. Agroøkohistorien og det agrare landskab 1900-866 

2000. In: Odgaard, B.V. and Rømer, J.R. (Eds.), Danske Landbrugslandskaber gennem 2000 867 

år, 253-281. Aarhus University Press, Aarhus. 868 

Davidson, T.A., Sayer, C.D., Perrow, M., Bramm, M., Jeppesen, E., 2010. The simultaneous 869 

inference of zooplanktivorous fish and macrophyte density from sub-fossil cladoceran 870 

assemblages: a multivariate regression tree approach. Freshwater Biology 55, 546–564. 871 

doi:https://doi.org/10.1111/j.1365-2427.2008.02124.x 872 

Davis, M.B., Moeller, R.E., Ford, J., 1984. Sediment focusing and pollen influx. In: Haworth, E.Y. 873 

and J. W. G. Lund, J.W.G. (Eds.), Lake sediments and environmental history, 261–293. 874 

Leicester University Press, Leicester. 875 

Davies, S.J., Lamb, H.F., Roberts, S.J., 2015. Micro-XRF core scanning in palaeolimnology: recent 876 

developments. In: Croudace, I.W., Rothwell, R.G. (Eds.), Micro-XRF studies of sediment 877 

cores, developments in paleoenvironmental research 17, 189–226. Springer Science+Business 878 

Media, Dordrecht. doi:https://doi.org/10.1007/978-94-017-9849-5_7 879 

Dickson, J.H., 1973. Bryophytes of the Pleistocene. The British record and its chronological and 880 

ecological implications. Cambridge University Press. 881 

Dubois, N., Saulnier-Talbot, É., Mills, K., Gell, P., Battarbee, R., Bennion, H., Chawchai, S., Dong, 882 

X., Francus, P., Flower, R., Gomes, D.F., Gregory-Eaves, I., Humane, S., Kattel, G., 883 

Jenny, J.P., Langdon, P., Massaferro, J., McGowan, S., Mikomägi, A., Ngoc, N.T.M., 884 

Ratnayake, A.S., Reid, M., Rose, N., Saros, J., Schillereff, D., Tolotti, M., Valero-Garcés, 885 

B., 2018. First human impacts and responses of aquatic systems: A review of 886 

palaeolimnological records from around the world. The Anthropocene Review 5, 28–68. 887 

doi:https://doi.org/10.1177/2053019617740365 888 

EEA, 2018. European waters – assessment of status and pressures 2018. Report No 7/2018, 889 

Copenhagen, 90 pp. 890 

Fritz, S.C., 1989. Lake development and limnological response to prehistoric and historic land-use 891 

in Diss, Norfolk, UK. The Journal of Ecology 182–202. doi:https://doi.org/10.2307/2260924 892 

Fritzbøger, B., 1992. Danske skove 1500–1800. En landskabshistorisk undersøgelse, 345 pp. 893 

Landbohistorisk Selskab, Odense. 894 

Gaillard, M.-J., Digerfeldt, G., 1991. Palaeohydrological studies and their contribution to 895 

palaeoecological and palaeoclimatic reconstructions. Ecological Bulletins 41, 275–282. 896 

https://doi.org/10.2307/2260924


 

 29 

Giesecke, T., Brewer, S., Finsinger, W., Leydet, M., Bradshaw, R.H.W., 2017. Patterns and 897 

dynamics of European vegetation change over the last 15,000 years. Journal of Biogeography 898 

44, 1441–1456. doi:https://doi.org/10.1111/jbi.12974 899 

Gron, K.J., Rowley-Conwy, P., 2017. Herbivore diets and the anthropogenic environment of early 900 

farming in southern Scandinavia. The Holocene 27, 98–109. 901 

doi:https://doi.org/10.1177/0959683616652705 902 

Guilizzoni, P., Lami, A. 1992. Historical records of changes in the chemistry and biology of Italian 903 

lakes. Memorie dell'Istituto Italiano di Idrobiologia 50, 61–77. 904 

Haas, M., Baumann, F., Castella, D., Haghipour, N., Reusche, A., Strasser, M., Eglinton, T.I., 905 

Dubois, N., 2019. Roman-driven cultural eutrophication of Lake Murten, Switzerland. Earth 906 

and Planetary Science Letters 505, 110–117. doi:https://doi.org/10.1016/j.epsl.2018.10.027 907 

Hämet-Ahti, L., Suominen, J., Ulvinen, T., Uotila, P. (Eds.), 1998. Retkeilykasvio, 656 pp. Finnish 908 

Museum of Natural History, Helsinki. 909 

Harris, D.R. (ed.), 1996. The origins and spread of agriculture and pastoralism in Eurasia, 608 pp. 910 

Routledge, London. 911 

Hartikainen, H., Johnes, P., Moncrieff, C., Okamura, B., 2009. Bryozoan populations reflect 912 

nutrient enrichment and productivity gradients in rivers. Freshwater Biology 54, 2320–2334. 913 

doi:https://doi.org/10.1111/j.1365-2427.2009.02262.x 914 

Houmark-Nielsen, M., Linge, H., Fabel, D., Schnabel, C., Xue, S., Wilcken, K.M., Binnie, S., 2012. 915 

Cosmogenic surface exposure dating the last deglaciation in Denmark: Discrepancies with 916 

independent age constraints suggest delayed periglacial landform stabilisation. Quaternary 917 

Geochronology 13, 1–17. doi:https://doi.org/10.1016/j.quageo.2012.08.006 918 

Iversen, J., 1973. The development of Denmark’s nature since the Last Glacial. Danmarks 919 

Geologiske Undersøgelse, V. Række, 7-C, 120 pp. 920 

Jenny, J.-P., Normandeau, A., Francus, P., Taranu, Z.E., Gregory-Eaves, I., Lapointe, F., Jautzy, J., 921 

Ojala, A.E.K, Dorioz, J.-M., Schimmelmann, A., Zolitschka, B., 2016. Urban point sources of 922 

nutrients were the leading cause for the historical spread of hypoxia across European lakes. 923 

Proceedings of the National Academy of Sciences 113, 12655–12660. 924 

doi:https://doi.org/10.1073/pnas.1605480113 925 

Jenny, J.-P., Koirala, S., Gregory-Eaves, I., Francus, P., Niemann, C., Ahrens, B., Brovkin, V., 926 

Baud, A., Ojala, A.E.K., Normandeau, A., Zolitschka, B., Carvalhais, N., 2019. Human and 927 

climate global-scale imprint on sediment transfer during the Holocene. Proceedings of the 928 

https://doi.org/10.1111/jbi.12974


 

 30 

National Academy of Sciences 116, 22972–22976. 929 

doi:https://doi.org/10.1073/pnas.1908179116 930 

Jeppesen, E., Peder Jensen, J., Søndergaard, M., Lauridsen, T., Landkildehus, F., 2000. Trophic 931 

structure, species richness and biodiversity in Danish lakes: changes along a phosphorus 932 

gradient. Freshwater biology 45, 201–218. doi:https://doi.org/10.1046/j.1365-933 

2427.2000.00675.x 934 

Jeppesen, E., Søndergaard, M., Lauridsen, T.L., Davidson, T.A., Liu, Z., Mazzeo, N., Trochine, C., 935 

Özkan, K., Jensen, H.S., Trolle, D., Starling, F., Lazzaro, X., Johansson, L.S., Bjerring, R., 936 

Liboriussen, L., Larsen, S.E., Landkildehus, F., Egemose, S., Meerhoff, M., 2012. 937 

Biomanipulation as a restoration tool to combat eutrophication: recent advances and future 938 

challenges. Advances in Ecological Research 47, 411–488. doi:https://doi.org/10.1016/B978-939 

0-12-398315-2.00006-5 940 

Jonassen, H., 1950. Recent pollen sedimentation and Jutland heath diagrams. Dansk Botanisk Arkiv 941 

13, 1–168. 942 

Jowsey, P.C., 1966. An improved peat sampler. New Phytologist 65, 245–248. 943 

doi:https://doi.org/10.1111/j.1469-8137.1966.tb06356.x 944 

Juggins S., 1991. Zone – version 1.2. Computer program. University of Newcastle, Newcastle-945 

upon-Tyne. http://www.campus.ncl.ac.uk/staff/Stephen.Juggins/software/softhome.htm.  946 

Juggins, S., 2005. C2 Version 1.4: Software for ecological and palaeoecological data analysis and 947 

visualisation. Computer program. University of Newcastle, Newcastle-upon-Tyne. 948 

www.staff.ncl.ac.uk/staff/stephen.juggins/software/C2Home.htm. 949 

Kalis, A.J., Merkt, J., Wunderlich, J., 2003. Environmental changes during the Holocene climatic 950 

optimum in central Europe – Human impact and natural causes. Quaternary Science Reviews 951 

22, 33–79. doi:https://doi.org/10.1016/S0277-3791(02)00181-6 952 

Kazmierczak, J., Müller, S., Nilsson, B., Postma, D., Czekaj, J., Sebok, E., Jessen, S., Karan, S., 953 

Stenvig Jensen, C., Edelvang, K., Engesgaard, P., 2016. Groundwater flow and heterogeneous 954 

discharge into a seepage lake: combined use of physical methods and hydrochemical tracers. 955 

Water Resources Research 52, 9109–9130. doi:https://doi.org/10.1002/2016WR019326 956 

Kazmierczak, J., Postma, D., Müller, S., Jessen, S., Nilsson, B., Czekaj, J., Engesgaard, P., 2020. 957 

Groundwater-controlled phosphorus release and transport from sandy aquifer into lake. 958 

Limnology and Oceanography 9999, 1–17. doi:https://doi.org/10.1002/lno.11447 959 

https://doi.org/10.1111/j.1469-8137.1966.tb06356.x
http://www.staff.ncl.ac.uk/staff/stephen.juggins/software/C2Home.htm


 

 31 

Kidmose, J., Nilsson, B., Engesgaard, P., Frandsen, M., Karan, S., Landkildehus, F., Søndergaard, 960 

M., Jeppesen, E., 2013. Focused groundwater discharge of phosphorus to a eutrophic seepage 961 

lake (Lake Væng, Denmark): implications for lake ecological state and restoration. 962 

Hydrogeology Journal 21, 1787–1802. doi:https://doi.org/10.1007/s10040-013-1043-7 963 

Kilinc, S., Moss, B., 2002. Whitemere, a lake that defies some conventions about nutrients. 964 

Freshwater Biology 47, 207–218. doi:https://doi.org/10.1046/j.1365-2427.2002.00797.x 965 

Kylander, M.E., Ampel, L., Wohlfarth, B., Veres, D., 2011. High resolution X-ray fluorescence 966 

core scanning analysis of Les Echets (France) sedimentary sequence: new insights from 967 

chemical proxies. Journal of Quaternary Science 26, 109–117. 968 

doi:https://doi.org/10.1002/jqs.1438 969 

Lami, A., Niessen, F., Guilizzoni, P., Masaferro, J. and Belis, C.A., 1994. Palaeolimnological 970 

studies of the eutrophication of volcanic Lake Albano (Central Italy). Journal of 971 

Paleolimnology 10, 181–197. doi:https://doi.org/10.1007/BF00684032 972 

Langdon, P.G., Ruiz, Z., Brodersen, K.P., Foster, I.D.L., 2006: Assessing lake eutrophication using 973 

chironomids: understanding the nature of community response in different lake types. 974 

Freshwater Biology 51, 562–577. doi:https://doi.org/10.1111/j.1365-2427.2005.01500.x 975 

Leavitt, P.R., Vinebrooke, R.D., Donald, D.B., Smol, J.P., Schindler, D.W., 1997. Past ultraviolet 976 

radiation environments in lakes derived from fossil pigments. Nature 388, 457–459. 977 

doi:https://doi.org/10.1038/41296 978 

Lewis, S.L., Maslin, M.A., 2015. Defining the Anthropocene. Nature 519, 171–180. 979 

doi:https://doi.org/10.1038/nature14258 980 

Lotter, A.F., 1998. The recent eutrophication of Baldeggersee (Switzerland) as assessed by fossil 981 

diatom assemblages. Holocene 8, 395–405. doi:https://doi.org/10.1191/095968398674589725 982 

Lotter, A.F., 2001. The palaeolimnology of Soppensee (Central Switzerlabnd), as evidenced by 983 

diatom, pollen, and fossil-pigment analyses. Journal of Paleolimnology, 25, 65–79. 984 

doi:https://doi.org/10.1023/A:1008140122230 985 

Maheaux, H., Leavitt, P.R., Jackson, L.J. 2016. Asynchronous onset of eutrophication among 986 

shallow prairie lakes of the northern Great Plains, Alberta, Canada. Global Change 987 

Biology 22, 271–283. doi:https://doi.org/10.1111/gcb.13076 988 

Mauri, A., Davis, B.A.S., Collins, P.M., Kaplan, J.O., 2015. The climate of Europe during the 989 

Holocene: a gridded pollen-based reconstruction and its multi-proxy evaluation. Quaternary 990 

Science Reviews 112, 109–127. doi:https://doi.org/10.1016/j.quascirev.2015.01.013 991 

https://doi.org/10.1002/jqs.1438
https://doi.org/10.1191/095968398674589725
https://doi.org/10.1111/gcb.13076
https://doi.org/10.1016/j.quascirev.2015.01.013


 

 32 

McGowan, S., 2016. Algal blooms. In: Sivanpillai, R. (Ed.), Biological and environmental hazards, 992 

risks, and disasters, 5–43. Elsevier, Amsterdam. doi:https://doi.org/10.4319/lo.1999.44.2.0436 993 

McGowan, S., Britton, G., Haworth, E., Moss, B., 1999. Ancient blue-green blooms. Limnology 994 

Oceanography 44, 436–439. doi:https://doi.org/10.4319/lo.1999.44.2.0436 995 

Meijer, M.-L., Jeppesen, E., Van Donk, E., Moss, B., Scheffer, M., Lammens, E., Van Nes, E., 996 

Berkum, J.A., de Jong, G.J., Faafeng, B., Jensen, J.P., 1994. Long-term responses to fish-997 

stock reduction in small shallow lakes: interpretation of five-year results of four 998 

biomanipulation cases in the Netherlands and Denmark. Hydrobiologia 275, 457–466. 999 

doi:https://doi.org/10.1007/BF00026734 1000 

Mingram, J., Negendank, J.F.W., Brauer, A., Berger, D., Hendrich, A., Köhler, M., Usinger, H., 1001 

2007. Long cores from small lakes – recovering up to 100 m-long lake sediment sequences 1002 

with a high-precision rod-operated piston corer (Usinger-corer). Journal of Paleolimnology 1003 

37, 517–528. doi:https://doi.org/10.1007/s10933-006-9035-4 1004 

Mulderij, G., Mooij, W.M., Smolders, A.J.P., Van Donk, E., 2005. Allelopathic inhibition of 1005 

phytoplankton by exudates from Stratiotes aloides. Aquatic Botany 82, 284–296. 1006 

doi:https://doi.org/10.1016/j.aquabot.2005.04.001 1007 

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of phosphate 1008 

in natural waters. Analytica Chimica Acta 27, 31–36. 1009 

Nesje, A., 2009. Latest pleistocene and Holocene alpine glacier fluctuations in Scandinavia. 1010 

Quaternary Science Reviews 28, 2119–2136. 1011 

doi:https://doi.org/10.1016/j.quascirev.2008.12.016 1012 

Nielsen, A.B., Odgaard, B.V., 2010. Quantitative landscape dynamics in Denmark through the last 1013 

three millennia based on the Landscape Algorithm approach. Vegetation History and 1014 

Archaeobotany 19, 375–387. doi:https://doi.org/10.1007/s00334-010-0249-z 1015 

Nisbeth, C.S., Kidmose, J., Weckström, K., Reitzel, K., Odgaard, B.V., Bennike, O., Thorling, L., 1016 

McGowan, S., Schomacker, A., Kristensen, D.L.J., Jessen, S., 2019a. Dissolved inorganic 1017 

geogenic phosphorus load to a groundwater-fed lake: Implications of terrestrial phosphorus 1018 

cycling by groundwater. Water 11, 2213. doi:https://doi.org/10.3390/w11112213 1019 

Nisbeth, C.S., Jessen, S., Bennike, O., Kidmose, J., Reitzel, K., 2019b. Role of groundwater-borne 1020 

geogenic phosphorus for the internal P release in shallow lakes. Water 11, 1783. 1021 

doi:https://doi.org/10.3390/w11091783 1022 

https://doi.org/10.4319/lo.1999.44.2.0436
https://www.sciencedirect.com/science/article/pii/S0003267000884445
https://www.sciencedirect.com/science/article/pii/S0003267000884445


 

 33 

Nord-Larsen, T., Johannsen, V.K., Riis-Nielsen, T., Thomsen, I.M., Jørgensen, B.B. 2020. Forest 1023 

statistics 2018, sec. edition. Institut for Geovidenskab og Naturforvaltning, Københavns 1024 

Universitet, Frederiksberg. 1025 

Odgaard, B.V., 1994. Holocene vegetation history of northern West Jutland, Denmark. Opera Bot. 1026 

123, 171 pp. 1027 

Odgaard, B.V., Rasmussen P., 2000. Origin and temporal development of macro‐scale vegetation 1028 

patterns in the cultural landscape of Denmark. Journal of Ecology 88, 733–748. 1029 

doi:https://doi.org/10.1046/j.1365-2745.2000.00490.x 1030 

Odgaard, B.V., Rasmussen, P., 2001. The occurrence of egg-cocoons of the leech Piscicola 1031 

geometra (L.) in recent lake sediments and their relationship with remains of submerged 1032 

macrophytes. Archiv für Hydrobiologie 152, 671–686. doi:https://doi.org/10.1127/archiv-1033 

hydrobiol/152/2001/671 1034 

Odgaard, B.V., Poulsen, S. Sørensen, M., 2017. Landskabshistorie i Mols Bjerge efter istiden. 1035 

Geoviden 2017(3), 14–17. 1036 

Olsen, J., Noe-Nygaard, N., Wolfe, B.B. 2010. Mid-to late-Holocene climate variability and 1037 

anthropogenic impacts: multi-proxy evidence from Lake Bliden, Denmark. Journal of 1038 

Paleolimnology 43, 323–343. doi:https://doi.org/10.1007/s10933-009-9334-7 1039 

Prosser, I.P, Williams, L., 1998. The effect of wildfire on runoff and erosion in native Eucalyptus 1040 

forest. Hydrological Processes 12, 251-265. doi:https://doi.org/10.1191/0959683605hl884rp 1041 

Rasmussen, P., 2005. Mid- to late-Holocene land-use change and lake development at Dallund Sø, 1042 

Denmark: vegetation and land-use history inferred from pollen data. Holocene 15, 1116–1129. 1043 

https://doi.org/10.1191/0959683605hl884rp 1044 

Rasmussen, P., Anderson, N.J., 2005. Natural and anthropogenic forcing of aquatic macrophyte 1045 

development in a shallow Danish lake during the last 7000 years. Journal of Biogeography 32, 1046 

1993-2005. doi:https://doi.org/10.1111/j.1365-2699.2005.01352.x 1047 

Rasmussen, P., Bradshaw, E.G., 2005. Mid- to late-Holocene land-use change and lake 1048 

development at Dallund Sø, Denmark: study aims, natural and cultural setting, chronology and 1049 

soil erosion history. Holocene 15, 1105–1115. doi:https://doi.org/10.1191/0959683605hl883rp 1050 

Rasmussen, P., Olsen, J., 2009. Soil erosion and land-use change during the last six millennia 1051 

recorded in lake sediments of Gudme Sø, Fyn, Denmark. Geological Survey Denmark and 1052 

Greenland Bulletin 17, 37–40. doi:https://doi.org/10.34194/geusb.v17.5009 1053 

https://doi.org/10.1046/j.1365-2745.2000.00490.x
https://dx.doi.org/10.1127/archiv-hydrobiol/152/2001/671
https://dx.doi.org/10.1127/archiv-hydrobiol/152/2001/671
https://link.springer.com/content/pdf/10.1007/s10933-009-9334-7.pdf
https://link.springer.com/content/pdf/10.1007/s10933-009-9334-7.pdf
https://link.springer.com/journal/10933
https://link.springer.com/journal/10933
https://doi.org/10.1007/s10933-009-9334-7
https://doi.org/10.1191%2F0959683605hl884rp
https://doi.org/10.34194/geusb.v17.5009


 

 34 

Rasmussen, P., Pantopoulos, G., Jensen, J.B., Olsen, J., Røy, H., Bennike, O., 2020. Holocene 1054 

sedimentary and environmental development of Aarhus Bay, Denmark – a multi proxy study. 1055 

Boreas 49, 108–128. doi:https://doi.org/10.1111/bor. 12408. 1056 

Rasmussen, S.O., 2006. Improvement, dating, and analysis of Greenland ice core stratigraphies. 1057 

Unpublished PhD thesis, available at 1058 

doi:http://www.iceandclimate.nbi.ku.dk/publications/theses/PhDthesis_Sune_Olander_Rasmu1059 

ssen.pdf. 1060 

Reimer, P., Austin, W.E.N., Bard, E., Bayliss, A., Blackwell, P.G., Bronk Ramsey, C., Butzin, M., 1061 

Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg, 1062 

A., Kromer, B., Manning, S.W., Muscheler, R., Palmer, J.G., Pearson, C., van der Plicht, J., 1063 

Reim Richards, D.A., Scott, E.M., Southon, J.R., Turney, C.S. M., Wacker, L., Adolphi, F., 1064 

Büntgen, U., Fahrni, S., Fogtmann-Schulz, A., Friedrich, R., Köhler, P., Kudsk, S., Miyake, 1065 

F., Olsen, J., Sakamoto, M., Sookdeo, A., Talamo, S., 2020. The IntCal20 Northern 1066 

Hemisphere radiocarbon age calibration curve (0-55 cal kB). Radiocarbon 62, 725–757. 1067 

doi:https://doi.org/10.1017/rdc.2020.41 1068 

Renberg, I., 1991. The HON-Kajak sediment corer. Journal of Paleolimnol. 6, 167–170. 1069 

doi:https://doi.org/10.1007/bf00153740 1070 

Romero, L., Camacho, A., Vicente, E., Miracle, M.R., 2006. Sedimentation patterns of 1071 

photosynthetic bacteria based on pigment markers in meromictic Lake La Cruz (Spain): 1072 

paleolimnological implications. Journal of Paleolimnology 35, 167–177. 1073 

doi:https://doi.org/10.1007/s10933-005-8145-8 1074 

Ruddiman, W.F., 2013. The Anthropocene. Annual Review of Earth and Planetary Sciences 41, 45–1075 

68. doi:https://doi.org/10.1146/annurev-earth-050212-123944 1076 

Sandström, A., Karås, P., 2002. Effects of eutrophication on young-of-the-year freshwater fish 1077 

communities in coastal areas of the Baltic. Environmental Biology of Fishes 63, 89–101. 1078 

doi:https://doi.org/10.1023/A:1013828304074 1079 

Sayer, C.D., Davidson, T.A., Rawcliffe, R., Langdon, P., Leavitt, P., Rose, N., 2016. Consequences 1080 

of fish kills for long-term trophic structure in shallow lakes: Implications for theory and 1081 

restoration. Ecosystems 19, 1289–1309. doi:https://doi.org/10.1007/s10021-016-0005-z 1082 

Scheffer, M., Jeppesen, E., 2007. Regime shifts in shallow lakes. Ecosystems 10, 1–3. 1083 

doi:https://doi.org/10.1007/s10021-006-9002-y 1084 

https://doi.org/10.1111/bor.%2012408
https://doi.org/10.1017/rdc.2020.41
https://doi.org/10.1007/bf00153740
https://doi.org/10.1007/s10933-005-8145-8
https://link.springer.com/article/10.1023/A:1013828304074
https://link.springer.com/article/10.1023/A:1013828304074
https://doi.org/10.1007/s10021-006-9002-y


 

 35 

Smith, M.C., Singarayer, J.S., Valdes, P.J., Kaplan, J.O., Branch, N.P., 2016. The biogeophysical 1085 

climatic impacts of anthropogenic land use change during the Holocene. Climate of the Past 1086 

12, 923–941. doi:https://doi.org/10.5194/cp-12-923-2016 1087 

Søe, N.E., Odgaard, B.V., Nilsen, A.B., Olsen, J., Kristiansen, S.M., 2017. Late Holocene 1088 

landscape development around a Roman Iron Age mass grave, Alken Enge, Denmark. 1089 

Vegetation History and Archaeobotany 26, 277–292. doi:https://doi.org/10.1007/s00334-016-1090 

0591-x 1091 

Søndergaard, M., Jeppesen, E., Mortensen, E., Dall, E., Kristensen, P., Sortkjær, O., 1990. 1092 

Phytoplankton biomass reduction after planktivorous fish reduction in a shallow, eutrophic 1093 

lake: a combined effect of reduced internal P-loading and increased zooplankton grazing. 1094 

Hydrobiologia 200/201, 229–240. doi:https://doi.org/10.1007/BF02530342 1095 

Søndergaard, M., Lauridsen, T.L., Johansson, L.S., Jeppesen, E., 2017. Repeated fish removal to 1096 

restore lakes: case study of lake Væng, Denmark — two biomanipulations during 30 years of 1097 

monitoring. Water 2017, 9, 43. doi:https://doi.org/10.3390/w9010043. 1098 

Tammeorg, O., Nürnberg, G., Niemistö, J., Haldna, M., Horppila, J., 2020. Internal phosphorus 1099 

loading due to sediment anoxia in shallow areas: implications for lake aeration treatments. 1100 

Aquatic Science 82, 54. doi:https://doi.org/10.1007/s00027-020-00724-0 1101 

Taranu, Z.,E., Gregory‐Eaves, I., Leavitt, P.,R., Bunting, L., Buchaca, T., Catalan, J., Domaizon, I., 1102 

Guilizzoni, P., Lami, A., McGowan, S., Moorhouse, H., Morabito, G., Pick, F.R., Stevenson, 1103 

M.A., Thompson, P.L., Vinebrooke, R.D., 2015. Acceleration of cyanobacterial dominance in 1104 

north temperate‐subarctic lakes during the Anthropocene. Ecology Letters 18, 375–384. 1105 

doi:https://doi.org/10.1111/ele.12420 1106 

Wang, Z., Hoffmann, T., Six, J., Kaplan, J.O., Govers, G., Doetterl, S., van Oost, K., 2017. Human-1107 

induced erosion has offset one-third of carbon emissions from land cover change. Nature 1108 

Climate Change 7, 345–349. doi:https://doi.org/10.1038/nclimate3263 1109 

Watts, W.A., 1978. Plant macrofossils and Quaternary geology. In: Walker, D., Guppy, J.C. (Eds.), 1110 

Biology and Quaternary environments, 52–67. Australian Academy of Sciences, Canberra. 1111 

Zanon, M., Davis, B.A.S., Marquer, L., Brewer, S., Kaplan, J.O., 2018. European forest cover 1112 

during the past 12,000 years: a palynological reconstruction based on modern analogs and 1113 

remote sensing. Frontiers in Plant Science 9, article 253. 1114 

doi:https://doi.org/10.3389/fpls.2018.00253 1115 

 1116 

https://doi.org/10.5194/cp-12-923-2016
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guilizzoni%2C+Piero
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guilizzoni%2C+Piero
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lami%2C+Andrea
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=McGowan%2C+Suzanne
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Moorhouse%2C+Heather
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Morabito%2C+Giuseppe
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Pick%2C+Frances+R
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Stevenson%2C+Mark+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Thompson%2C+Patrick+L
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Vinebrooke%2C+Rolf+D
https://doi.org/10.1038/nclimate3263
https://doi.org/10.3389/fpls.2018.00253


 

 36 

Declaration of Competing Interest The authors report no declarations of interest. 1117 

 1118 

Acknowledgements We are grateful to Geocenter Denmark for funding and to Anette Ryge, 1119 

Charlotte Olsen, Karin Gleie, Kirsten Rosenberg and Lærke W. Callisen for help in the field and in 1120 

the laboratory. Elias Weckstr¨om is kindly acknowledged for harmonizing the different proxy data 1121 

sets. Bertel Nilsson played an important part in initiating the project. We thank two anonymous 1122 

referees for positive and constructive comments on the manuscript.  1123 

  1124 



 

 37 

Figure captions 1125 
 1126 

Fig. 1. A. Map of Denmark showing the location of Lake Væng (VS) discussed in this study. AB: 1127 

Aarhus Bay, DS: Dallund Sø, LB: Lillebælt, SB: Storebælt. B. Google Earth satellite image of Lake 1128 

Væng. The dot shows the core position. C. Historical map, ca. 100 years old. 1129 

 1130 

Fig. 2. A. Simplified log for the Lake Væng sediment record. B. Age–depth model for the 1131 

succession from Lake Væng. The depth of the lowermost sample is uncertain. One sample is 1132 

considered an outlier. 1133 

 1134 

Fig. 3. Simplified macrofossil concentration diagram for Lake Væng (terrestrial, wetland and limnic 1135 

plants). Radiocarbon ages are shown on the left of the diagram. Zone boundaries (based on pigment 1136 

data) are shown with horizontal dashed lines and the zones are numbered on the right of the 1137 

diagram. 1138 

 1139 

Fig. 4. Simplified macrofossil concentration diagram for Lake Væng (invertebrate and vertebrate 1140 

remains). Radiocarbon ages are shown on the left of the diagram. Zone boundaries (based on 1141 

pigment data) are shown with horizontal dashed lines and the zones are numbered on the right of 1142 

the diagram. 1143 

 1144 

Fig. 5. Sedimentary pigment stratigraphy, LOI, inorganic (HCl-extracted) phosphorus, Fe/Mn ratio 1145 

and titanium records from the Lake Væng sediment core. Affinities of pigments with particular 1146 

algal groups are indicated in the headers and calibrated radiocarbon ages are given on the left of the 1147 

diagram. The UVR index indicates water clarity and is calculated as indicated in the methods 1148 

section. Zone boundaries are shown with horizontal lines and zone numbers are shown on the right 1149 

of the diagram. 1150 

 1151 

Fig. 6. A. Detrended correspondence analysis (DCA) of pigment data with colour coding according 1152 

to the zonation used in the paper. The ages of the two youngest samples are shown in years 1153 

(Common Era). B. Ti counts (erosion proxy) and pigment chord distance values (perturbation 1154 

proxy) for the last 6000 years plotted against age. 1155 

 1156 



 

 38 

Fig. 7. Records of soil erosion from Lake Væng compared with other erosion records from Denmark. 1157 

A. Lake Væng, this study; raw titanium counts per second), B. Fuglsø in eastern Jutland (Odgaard et 1158 

al., 2017; normalized titanium counts), C. Dallund Sø on northern Funen (Rasmussen and Bradshaw, 1159 

2005; minerogenic matter), D. Gudme Sø on south-eastern Funen (Rasmussen and Olsen, 2009; 1160 

sediment accumulation rate of minerogenic matter), E. Ilsø in eastern Jutland (Søe et al., 2017; 1161 

titanium counts per second). The inset map shows the location of the sites. 1162 
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Fig . 2 1167 
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Supplementary 1180 

 1181 

Early historical forest clearance caused major degradation of water quality at Lake Væng, 1182 

Denmark 1183 

 1184 

 1185 

Table S1 1186 
AMS radiocarbon ages from Lake Væng, Denmark 1187 
──────────────────────────────────────────────────── 1188 
Laboratory Depth Materiala 14C ageb Cal. agec Cal. aged 1189 
number  (cm)  (yrs BP) (cal. yrs BP) (cal. yrs BP) 1190 
──────────────────────────────────────────────────── 1191 
AAR-24956 82–86 Nymphaea alba 275 ± 30 154–443 361 1192 
AAR-24957 194–198 Leaf fragments 1456 ± 29 1301–1381 1338 1193 
AAR-24958 262–266 Betula sect. Albae 1886 ± 45 1707–1924 1795 1194 
AAR-24959 442–446 Betula sect. Albae 2830 ± 40 2805–3069 2936 1195 
AAR-24960 558–562 Alnus glutinosa, BA 3400 ± 30 3564–3815 3636 1196 
AAR-24961 670–674 Leaf fragments 3972 ± 28 4300–4522 4446 1197 
AAR-24962 766–770 Leaf fragments 4477 ± 32 4978–5290 5165 1198 
AAR-24963 866–870 Bark fragment 5189 ± 29 5905–5996 5948 1199 
AAR-24964 966–970 Ag, BA, Na 5430 ± 46 6014–6307 6237 1200 
AAR-24965 1078–1082 Leaf fragments 5359 ± 50 6000–6280 6140 1201 
AAR-24966 1206–1210 Betula sect. Albae 6562 ± 38 7422–7566 7468 1202 
AAR-24967 1306–1310 Ag, BA 7101 ± 46 7838–8013 7931 1203 
AAR-24968 1410–1414 AG, Pinus sylvestris 7750 ± 37 8430–8593 8521 1204 
AAR-24969 1522–1526 Ps, BA, Ag 8196 ± 38 9022–9277 9142 1205 
AAR-24970 1606–1610 BA, Ps 8335 ± 44 9143–9474 9355 1206 
AAR-24971 c. 1662 Twig 9562 ± 34 10 725–11 090 10 930 1207 
──────────────────────────────────────────────────── 1208 
a Full names are BA: Betula sect. Albae sp., Ag: Alnus glutinosa, Na: Nymphaea alba, Ps: Pinus 1209 
sylvetris. The leaf fragments originate from deciduous woody plants. 1210 
b Radiocarbon ages are reported in conventional radiocarbon years BP (Stuiver and Polach, 1977). 1211 
The 14C ages have been corrected for isotopic fractionation to a δ13C value of –25 ‰. 1212 
c Calibration to calendar years is according to the INTCAL20 data (2 sigma). 1213 
d Mean probability ages. 1214 
 1215 
 1216 

Core correlations 1217 

 1218 
In the field the depths of the core sections were noted. The Kajak discrete samples, the Russian 1219 
cores and the Usinger A and B cores overlaps in depth so they all together cover a continuous series 1220 
of 16.30 m from the top of the sediment. The Kajak core was subsampled into 14 samples of 2 cm 1221 
covering the top 28 cm of the sediment. The three Russian cores were each 1 m long overlapping in 1222 
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depth 18-20 cm, and XRF logged to respectively 10 to 110 cm, 90 to 190 cm, and 170 to 270 cm. 1223 
The Usinger cores were 2 m long. The first Usinger A cores was retrieved from a logged depth of 1224 
180 to 380 cm, and the following six Usinger A cores were retrieved from continuing depths. The 1225 
Usinger B cores were shifted 50 cm in depth relative to the A cores with the first Usinger B cores 1226 
retrieved from a logged depth of 230 to 430 cm, and the following six Usinger B cores from 1227 
continuing depths. 1228 
 1229 
In the XRF records the top of the sediment in each 2 m section of the Usinger A cores was assigned 1230 
the depths from the top of the sediment, which was 175 cm below the water surface, of respectively 1231 
1800, 3800, 5800, 7800, 9800, 11800 and 13800 mm. The Usinger B cores were correlated to the A 1232 
cores using variations in the records of density proxy, Fe, Zr, radiography grey scale and magnetic 1233 
susceptibility. The density proxy come from the ratio between the photon count numbers of the 1234 
Rayleigh and the Compton scatter peaks in the XRF spectra, while the radiography grey scale come 1235 
from the mean pixel value across the radiography image. The grey scale varies from core to core 1236 
due to different thickness of the core half used for XRF scanning; however, variations in the grey 1237 
scale on a depth scale below 1 m are useful for core correlations.    1238 
 1239 
Table S2 shows the correlation points between all the cores. The depths listed in the table are 1240 
measured from the logging depth at the top of the sediment in each core segment. The core 1241 
segments of the Usinger A and B cores are indicated with colours. 1242 
 1243 
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Figure S1: Extention of Vængsø Usinger A core to the top of the sediment with the Russianb1,2, 3 cores and discrete Kajak samples 1245 
at the top. The top figure shows the upper 5 m of the iron record while the bottom figure shows the upper 5 m of the zirconium 1246 
record. The vertical lines indicate the sections where cores labeled K: Kajak, R1,R2,R3: Russian1,2,3 and UA: Usinger A was used in 1247 
the extension.  1248 
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Figure S2: Iron records of Lake Væng Usinger A and Usinger B, on the Usinger A depth scale. The Usinger B was correlated to Usinger 1251 
A using linear interpolation between 123 correlation points.    1252 
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Kajak Russian 1 Russian 2 Russian 3 Usinger A Usinger B 
0      
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    3261 3269 
Table S2: Correlation points for synchronizing the Lake Væng cores to the Lake Væng Usinger A. 1258 

Usinger A Usinger B  Usinger A Usinger B  Usinger A Usinger B 
3332 3342  8472 8455  13471 13656 
3386 3382  8530 8530  13530 13719 
3412 3425  8605 8606  13634 13811 
3541 3556  8646 8658  13713 13898 
3652 3667  8677 8699  13995 14481 
3703 3704  8737 8756  14685 15153 
3768 3752  8767 8791  14748 15251 
3916 3895  8828 8830  14822 15330 
3996 3997  8997 9005  15028 15553 
4062 4046  9041 9066  15148 15690 
4116 4107  9106 9184  15376 15953 
4229 4171  9180 9263  15485 16079 
4383 4341  9243 9298  15548 16170 
4482 4448  9391 9438    
4626 4560  9538 9579    
4707 4654  9579 9622    
4765 4718  9661 9726    
4944 4962  9855 9929    
5021 5043  10009 10045    
5254 5394  10146 10163    
5512 5504  10277 10328    
5618 5596  10349 10361    
5745 5755  10400 10418    
5915 5908  10542 10512    
6009 6018  10629 10570    
6160 6187  10729 10682    
6426 6354  10831 10812    
6725 6567  10902 10975    
6811 6827  11384 11473    
6920 6930  11469 11577    
7054 7075  11604 11708    
7165 7178  11907 11967    
7291 7316  12299 12377    
7449 7474  12381 12477    
7616 7598  12451 12562    
7729 7739  12536 12661    
7830 7855  12639 12746    
7901 7929  12713 12835    
7967 7985  12843 12965    
8027 8062  13016 13175    
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8071 8109  13175 13353    
8250 8311  13323 13486    
8342 8391  13427 13589    

Table S3: Table S2 continued. 1259 
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	Coring was carried out from a Uwitec coring platform. We used a Kajak corer (Renberg, 1991) to sample the surface sediment (down to 40 cm), a Russian peat corer (Jowsey, 1966) to sample the upper sediments and a Usinger piston corer (Mingram et al., ...
	3.2. ITRAX scanning
	We analysed the cores using an ITRAX X-ray fluorescence (XRF) core scanner to measure elemental variations (Croudace et al., 2006). A Rhodium (Rh) tube with a resolution of 5 mm provided XRF scans. The voltage and current were set to 30 kV and 50 mA,...
	Core correlations were performed using a Matlab program developed by Rasmussen (2006). Stratigraphic markers were found in the records of Fe, Zirkonium (Zr), radiography grey scale, magnetic susceptibility and the coherent/incoherent scatter ratio. T...
	3.3. Inorganic phosphorus and loss-on-ignition
	We determined inorganic phosphorus by extraction in 1 M HCl (16 h, 1:50 solid to solution ratio) with detection by molybdate colorimetry (Murphy and Riley, 1962) following neutralization with dilute NaOH. The procedure primarily extracts phosphate as...
	Loss-on-ignition (LOI) was determined by quantifying mass loss following combustion at 550 C for 4 hours. We first dried samples at 105 C for 24 hours to remove water. Values for all procedures are expressed on an oven-dry (105 C × 24 h) mass basis.
	3.4. Macrofossils and radiocarbon dating
	ITRAX scanning of the cores was followed by visual sediment descriptions and subsampling of the cores. Contiguous samples were taken for macrofossil analyses, except for the bottom part of the Lake Væng succession. We could not extrude the bottom par...
	3.5. Chlorophyll and carotenoid pigments
	3.6. Numerical analyses
	The continuous and semi-quantitative pigment concentration profiles were divided into zones using constrained optimal sum of squares partitioning available in the software package Zone v. 1.2 (Juggins 1991). We estimated the number of significant zon...
	4.1. Sediments, ages and sedimentation rates
	4.2. The titanium record
	4.4. Numerical analyses
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