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Understanding how the Viking societies were impacted by past climate variability and how they adapted
to it has hardly been investigated. Here, we have carried out a new multi-proxy investigation of lake
sediments, including geochemical and palynological analyses, to reconstruct past changes in temperature
and agricultural practices of pre-Viking and Viking societies in Southeastern Norway during the period
between 200 and 1300 CE. The periods 200—300 and 800—1300 CE were warmer than the 300—800 CE

period, which is known as the “Dark Ages Cold Period”. This cold period was punctuated by century-scale
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more temperate intervals, which were dominated by the cultivation of cereals and hemp (before 280 CE,
420—480 CE, 580—700 CE, and after 800 CE). In between, cold intervals were dominated by livestock
farming. Our results demonstrate that the pre-Viking societies changed their agricultural strategy in
response to climate variability during the Late Antiquity.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Understanding how earlier agricultural societies were impacted
and adapted to past climate changes is critical to facilitate current
and future climate transitions and sustain food production (Orlove,
2005; Costanza et al., 2007). While many studies link historical
events, abandonment of settlements and collapse of societies to
abrupt or long lasting climate variations (Haug et al., 2003; Buntgen
et al,, 2011; Toohey et al., 2016), less is known about long term
trends in adaptation and resilience of past societies, and more
specifically pre-Viking and Viking societies, when facing climate
change.

The extensive research in the last decades on past climate and
climate dynamics has led to greatly improved understanding of the
drivers of natural climate variability. As a result of more accurate
chronologies deciphered from tree rings and ice core records (Sigl
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et al., 2014, 2015; Biintgen et al., 2016), mineralogical and biolog-
ical signals preserved in sedimentary sequences can be correlated
more confidently with climate variables. However, the potential
impact of the climate variability on societies is more challenging to
prove, due to lack of regional evidence from both natural archives
and archaeological sources, as well as firmly based interpretations
relevant for understanding societal resilience. Archaeological evi-
dence and historical documentation are valuable sources of infor-
mation to study societal dynamics. They may pinpoint a series of
single events and records but they often lack spatio-temporal res-
olution, continuity and duration when compared to climate re-
constructions. Continuous regional records of environmental
changes, serving as a framework for historical reconstruction are
necessary to establish the link between single events, artefacts,
chronicles and climate (Widgren, 2012).

Lake sediments represent highly valuable archives as they hold
the potential to simultaneously record changes in climate, envi-
ronment and human activities. Extracting and interpreting such
information from the same archives allows past climate/society
interactions to be studied at the same scales in space and time,
enabling us to assess potential causal links. By doing all the analyses
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on the same sedimentary archive and chronology, we overcome the
uncertainty associated with different age/depth models that is
problematic when comparing records of past climate and human
activities.

We focus our study on the first millennium of the Common Era
including the onset of the Viking society because this time period
encompasses several climatic anomalies, especially between 250
and 600 CE (Buntgen et al.,, 2011; Helama et al., 2017a). In the
Northern Hemisphere, numerous studies point towards a cold
climate anomaly centred in the mid-first millennium (Helama et al.,
2017a; Riechelmann and Gouw-Bouman, 2018). This period,
termed the “Dark Ages Cold Period” (300—800 CE) by the natural
sciences and “Late Antiquity” by the historians, took place between
the Roman (1—-375 CE) and Medieval (c. 800—1300 CE) periods.
Both the Roman and Medieval periods are well known for their
expanded society and their respective warm climate (i.e. Roman
Warm Period and Medieval Warm Period) (Buntgen et al., 2011;
Luterbacher et al., 2016). However, less is known about the societies
that evolved in Scandinavia between these more temperate pe-
riods. The term “Dark Ages” reflects fewer available written sources
and historical accounts, so “historians were not able to shed light on
it” (Mommsen, 1942). The Dark Ages Cold Period covers the periods
coined the Migration period (400—568 CE) and the Merovingian/
Vendel period (568—800 CE) in Scandinavian history.

Between 300 and 800 CE, a globally cold period referred as the
Late Antique Little Ice Age (LALIA) has recently received more
attention (Biintgen et al., 2016; Helama et al., 2017b; Newfield,
2018; Peregrine, 2020). The LALIA started around 536 CE, driven
by a series of unidentified large volcanic eruptions in 536, 540, 547
and 574, continuing until around 660 CE (Biintgen et al., 2016).
Reported impacts suffered by society include crop failure, famine
and farm abandonment. In Estonia, the cultivation of rye was
increased in the second part of the first millennium in response of
the sudden cooling in the mid-6th century, and the population was
reduced, not recovering until the 9th century (Tvauri, 2014). Several
palynological studies from Estonia, Sweden, Norway, Lithuania,
Denmark and Poland show decreasing human activity and forest
regeneration in the agricultural landscape around the 6th century
but they often lack accurate dating, and have poor sampling reso-
lution for this period (Konigsson, 1968; Niinemets et al., 2002;
Stancikaite et al., 2004; Kupryjanowicz, 2007; Tvauri, 2014; Galka
et al., 2014; Wieckowska-Liith et al., 2017). Changes in the orga-
nisation of society are also evidenced in the archaeology of the
Norse. Archaeologists have reported a division of farms into smaller
production units in central areas and complete abandonment in
marginal areas (Solberg, 1998; Iversen, 2016). A decrease in human
activities is also reported from a lake sediment study from Lofoten
(Northern Norway) from 550 CE to around 825 CE (D'Anjou et al.,
2012). In Northern Norway and Finland, the population, which
relied more on fishing, animal husbandry and hunting, appears to
have been less impacted by this cooling (Tvauri, 2014; Wickler and
Narmo, 2014). They were not dependent on crop production, which
was already difficult in the climates of Northern Scandinavia. In
Southeastern Norway, pollen analysis has been used to investigate
Holocene vegetation change, but there are no local reconstructions
of climate available (Wieckowska-Liith et al., 2017). Therefore,
more proxy records of both climate and environmental changes are
needed to shed light on the societies of the Dark Ages and the onset
and decline of the Viking Age (Helama et al., 2017a).

In this paper, we present new data on how the ancestors of the
Viking societies adapted to the climate variability of the Late An-
tiquity. We base our conclusions on a unique multi-proxy study of
carbon 14-dated sediments from Lake Ljegottjern in Southeastern
Norway. By combining analyses of geochemical composition and
palynology, we derive proxies for temperature and changes in
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agricultural practices. Based on the results, we discuss how climate
variability impacted the socio-environmental interactions.

Lake Ljegottjern (11°8’18”E, 60°8'54”N) is located in South-
eastern Norway (Fig. 1a) at 185 m a.s.l., 2.5 km SSE from Oslo
Airport and 1.5 km W of Jessheim. The lake (0.018 km?) occupies a
kettle-hole formed on the distal part of the Gardermoen delta by
the melting of a buried dead-ice block left by the retreat of the
Scandinavian Ice Sheet c. 9500 years ago (Longva and Thoresen,
1989). The lake has a maximum depth of 18 m with a very small
(0.15 km?) endoreic catchment (Fig. 1b). The mean annual tem-
perature in Jessheim is 4.5 °C and annual mean precipitation is
807 mm (https://en.climate-data.org/europe/norway/akershus/
jessheim-25749/#climate-graph). Snow normally covers the area
from December to April and the lake is approximately ice-covered
during the same period. The lake is surrounded by agricultural
crops and farms (Fig. 1c). The oldest settlements in the close sur-
roundings are dated to the Bronze Age (c. 1800—500 BCE, Helliksen,
1997; Directorate for Cultural Heritage, 2020, ID96260). Four
farmsteads (Haug, Ljegot, Eastern Hovin and Northern Hovin) are
known from historical and archaeological records and dated to the
first millennium (Fig. 1c). The largest burial mound of Northern
Europe, Raknehaugen, was built in the mid-6th century on the
shore of the lake (Skre, 1997). The mound is 15 m high, 77 m in
diameter, and consists of three substantial layers of timber (chiefly
pine, the rest being mainly birch), with soil and sand from the
surroundings (Nydal, 1959; Skre, 1997). The excavator Sigurd
Griegs's consulting engineer Harald Alfsen, estimated that the up-
per and largest timber-layer alone consisted of ¢. 25,000 logs (Grieg,
1940; Ording, 1941; Johnsen, 1943).

2. Materials and methods
2.1. Coring

Two coring campaigns were undertaken to retrieve sediments
from the deepest part of Lake Ljggottjern (c. 18 m, same location for
both cores) in November 2018 and May 2019, respectively, when
the lake was ice-free. The lake corings were done from a coring
platform using a modified piston corer equipped with a 110 mm
diameter, 6 m long PVC tube (Nesje, 1992). In addition, a 90 mm-
UWITEC gravity corer was deployed to capture the sediment/water
interface during both campaigns. The long piston cores were cut
into four sections and sealed in the field for transport to the
EARTHLAB at the University of Bergen, where they were split
lengthwise, visually described and logged. The gravity cores were
correlated with the upper part of the long piston cores and a
composite stratigraphy of c. 6 m was constructed for each coring
and named LJ@118 and LJ@119. One half of each core section was
used for non-destructive analyses (XRF core scanner) and the other
half for sampling and destructive analyses (carbon 14, loss-on-
ignition, stable isotopes and pollen analysis).

2.2. XRF geochemistry

Both cores were scanned at EARTHLAB at the University of
Bergen with an ITRAX core scanner from COX Analytics, at 200 pm
sampling resolution for LJ@118 and 1000 um for LJ@119. The surface
of the cores was cleaned and smoothed before they were covered
with an ultra-thin transparent film to avoid contamination and
desiccation of the sediment. The geochemical data were obtained
with different voltage and current settings for optimising the
sensitivity of the analysis to the sediment for the most interesting
geochemical elements. These settings were adjusted to 35 kV and
30 mA for 10 s with a Mo tube to detect Ca, Ti, K, Si, Fe, Mn. Data of
LJ?118 were averaged every 5 measures to get the same resolution
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Fig. 1. Location of the study area. a Location of Lake Ljggottjern in Southeastern Norway, b topographic map of the area, bathymetry of the lake and location of the sediment cores in
the lake, marked with stars. ¢ aerial view of the catchment and location of the archaeological sites of the surroundings from the Norwegian cultural heritage database “Aske-

ladden”.https://askeladden.ra.no/

as LJA119 (i.e. 1 mm). The correlation of depths between the two
sequences was performed using QAnalyseries 1.4.2 (Kotov and
Paelike, 2018), using variations in Ti, Fe and Mn and visual obser-
vations of the sediment. Log-ratios of element intensities were
calculated for Ca/Ti and Si/Ti to provide the most robust signals of
relative changes in chemical composition (Weltje and Tjallingii,
2008). The normalisation to Ti was chosen here to remove the
signal from terrestrial inputs of the catchment to allow the lake
productivity to be traced (Bonk et al., 2021).

2.3. Loss-on-ignition

Loss-on-ignition (LOI) analysis was done for every 0.5 cm (i.e. c.
every 5 years) between 0.83 and 2.17 m and then for every 1.0 cm
down to a depth of 2.5 m in [J@118. Sediment samples were dried
overnight at 105 °C before ignition at 550 °C for 1 h. The organic
matter (OM) content was calculated based on the difference before
and after ignition, while the carbonate content was calculated after
one more hour of ignition at 950 °C, following Dean Jr. (1974). Dry
bulk density was calculated on the same samples by weighing a
known volume of sediment after drying at 105 °C.

2.4. Organic geochemistry

Stable isotopes of carbon and nitrogen were measured on 30
dried and crushed samples from core LJ@#118 within the CLIPT Lab at
the University of Oslo using a Thermo Fisher Scientific DeltaV
Isotope Ratio Mass Spectrometer configured with a Flash Elemental
Analyzer. Samples for 3'3C analysis were acidified with a 10% HCI
solution to remove carbonates prior to analysis. Amounts of 0.4 and
2 mg of sediment were sealed into tin capsules for 8'3C and 3"°N
analysis, respectively. All samples were measured in duplicate.
Stable isotope values were reported in standard d-notation
[3 = Rsample/Rstandard-1 X 1000], in units of per mil (%o), with Rsample
and Rstandard representing the isotope ratio (13C/12C or 15 N/14 N)
in the sample or international standard (VPDB for carbon and AIR
for nitrogen), respectively. The total C and N were also measured
and the C/N ratio was calculated.

2.5. Pollen analysis

A total of 65 samples of 1 cm® were collected at 2 cm (c. 20
years) intervals from the LJ@119 sequence for analysis of pollen and

Non-Pollen Palynomorphs (NPPs). The samples were prepared as
described in Faegri and Iversen (1989). Tablets of exotic spores
(Lycopodium clavatum) were added to each samples to calculate
concentrations in Sordaria ascospores and charcoals (Stockmarr,
1971). At least 500 pollen grains of terrestrial plants were identi-
fied and counted in each sample manually. The nomenclature of
pollen-types are mostly from Lid and Lid (1994). The identification
keys that were used are Faegri and Iversen (1966) and Beug (1961)
for the cereals.

Pollen counts were expressed as percentages of the total sum of
pollen grains of each sample. Lowland taxa are included in the total
sum of pollen. First, the identified taxa were separated into
different groups (i.e. trees, shrubs, Poaceae, pasture/grassland,
cultivated, other) to build a synthetic diagram. Then, by applying a
principal component analysis (PCA) on a selection of the pollen
taxa, NPPs analyses and variables from the geochemistry, the sta-
tistical relationship between vegetation, human activity and
climate during the studied period was outlined. The analyses were
carried out using the software “R” version 2.13.1 (R Development
Core Team, 2011) and the script package RcmdrPlugin.FactoMineR.

2.6. Chronology

The chronology of the sediment sequence is based on four C
measurements on terrestrial plant macroremains from core LJ@118.
AMS (accelerator mass spectrometer) radiocarbon dates were
performed by the Tandem Laboratory at Uppsala University. The 14C
ages were calibrated using the IntCal20 calibration curve (Reimer
et al,, 2020). The age-depth model for the LJ@118 sequence was
generated using R software and the R code package ‘Bacon’ 2.4.3
(Blaauw and Christen, 2011). In the age model, the top of the core
was set to the year of coring, i.e. 2018 CE. The chronology of core
LJA@119 was deduced from the age model built on core LJ@118. The
depths of both sequences were correlated using the variations of
the XRF geochemistry (i.e. Ti, Ca, Fe and Mn intensities).

3. Results
3.1. Coring and chronology
Two cores of approximately 6 m length (denoted LJ@118 and

LJA@119) were retrieved from the same location in the lake in 2018
and 2019 (Fig. 1). The upper 3 m of sediments were analysed for this
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study. Detail of the samples and calibrated ages are presented in
Table 1. The age/depth model of the sediment sequences is con-
strained by four C-dated plant macrofossil samples from core
LJa118 (Fig. 2). The resulting age-model is linear with a mean
sedimentation rate of 1.25 mm.yr~! (Fig. 2). The top 2.5 m of
sediment covers the last 2000 years. The section of sediment be-
tween 90 and 227 cm spans the period 200—1300 CE.

3.2. Sedimentology

The complete description of the lithology and geochemistry of
the studied section is presented in Supplementary Fig. 1. In short,
the sediments between 90 and 227 cm consist of dark silt materials
continuously punctuated by millimetre-to centimetre thick-orange
horizons and grey laminations. The organic matter (OM) content
measured by loss-on-ignition (LOI) varies between 30% and 70%,
with the highest values at the bottom and top of the section (Fig. 4
and Supplementary Fig. 1). The bulk sediment composition was
measured on both cores using an ITRAX XRF core scanner. Ca in-
tensities are high in the bottom (227-212 cm, 300—200 CE) and in
the top part of section (175-105 c¢cm, 1200—600 CE). Ti and K in-
tensities co-vary with lower intensities in the top of the section
(above 145 cm, 850 CE) than in the lower part. Prominent peaks in
Ca, Ti and K are measured at 210 cm (c. 330 CE). The C/N ratio is
higher in the bottom of section (200—550 CE), with a maximum of
c. 18, and gradually decreasing to approximately 12 in the upper-
most section of the core (Fig. 4 and Supplementary Fig. 1).

The variations in the Ti measured using the XRF core scanner
show several high peaks on the first 50 cm of the sediment core
(Fig. 1). These peak are related to historical floods documented in
the region (Nesje et al., 2001; Bee et al.,, 2006; Engeland et al,,
2020). The dates of the floods and the age given by our age
model are comparable (<10 years). In particular, the Ti peak related
to the largest flood known in Norway, “Stor-ofsen”, is dated from
1790 with our carbon 14 age-model for the year 1789 CE. These
peaks supports the validity of our age-depth model and allow us to
identify other downward peaks of Ti as past flood events (e.g. at c.
330 CE). These floods are related to heavy rainfall during the snow
melt period (Engeland et al., 2018). As Lake Ljegottjern does not
have any inlet or outlet, the large input of water is increasing the
water level of the lake, flooding the shores of the lake, bringing
large amount of terrestrial sediments that are traced by Ti in the
lake sediments (Engeland et al., 2020).

3.3. Palynology

A synthetic palynological diagram was constructed (Fig. 3) with
the percentages of pollen of trees, shrubs, Poaceae, a group of
pasture/grassland indicators (including Rumex acetosa, Rumex
longifolius, Plantago major, Plantago lanceolata, Artemisia, Chenopo-
diaceae and Urtica), cultivated taxa (including Cannabis, Hordeum/
Avena, Triticum, Secale, and Linum), and finally a group comprising
all other pollen grains (see Supplementary Fig. 2 for the complete

Table 1
Radiocarbon ages for Lake Ljggottjern sediment sequence.
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Fig. 2. Age/depth model of Lake Ljegottjern sediment sequence. Represented with
Bacon R package. The section in the red rectangle corresponds to the study period
200—1300 CE. XRF geochemistry of Ti in counts per second (cps). Historical floods from
the literature (Nesje et al., 2001; Bge et al., 2006; Engeland et al., 2020). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

pollen diagram).

There is a notable change in the pollen assemblage around
750—800 CE (Fig. 3). Before 750 CE, tree pollen represents 77% of
the pollen sum, while after 750 CE the average decreases to 65% of
the total. The tree pollen mainly represents Pinus and Betula (Fig. 3).
Alnus presents an average of pollen around 10% between 200 and
300 CE, then decreases to a minimum around 570 CE (5%), and
increases to a maximum (12%) at 650 CE. Percentages of pollen of
Alnus decrease between 650 and 700 CE and remain low afterward
with 4% of the pollen sum in average. The percentage of Picea pollen
increases between 200 and 450 CE (from 1 to 7%), with the value
remaining stable between 450 and 800 CE before increasing again
after 800 CE (up to 14%).

The percentage of shrub pollen averages <2% before 650 CE and
3% between 800 and 1300 CE (Fig. 3), but increases from 2 to 12%
between 650 and 800 CE. In the same period, Poaceae pollen also
increases, from 9 to 18%.

The concentration of charcoal particles is higher (between
80,000 and 120,000 no.cm~3) during the periods 200—400 CE
(with a very high variability), 500—750 CE, and 1000—1300 CE and
lower in the periods in between (20,000 to 40,000 no.cm>).

The pollen sum of ruderal species varies between 2 and 7%, with
minima before 250 CE, between 400 and 450 CE, and around 600
and 700 CE (Fig. 3). Percentages are relatively stable (c. 3%) between
450 and 600 CE, then increase until 950 CE, after which they remain

Lab Sample name Core depth ~ Sample type 3'3C%o V- '%C age BP Min. age (cal. Max. age (cal. Min. age (cal. Max. age (cal. Mean age (cal.
number (cm) PDB BP) BP) CE) CE) CE)

Ua-60967 LJP118-I/IV-21,5 70.25 Leaf/bark -23,6 431 =+ 30 452 526 1498 1424 1461

—22 cm
Ua-60968 LJP118-1/IV-86-86,5 134.75 Grass and some  —27,9 1115 + 32 956 1071 994 879 936.5
leaves

Ua-60969 LJP118-II/IV-12cm 193 Aquatic plant -26,8 1623 + 31 1406 1547 544 403 473.5
Ua-60970 LJP118-1I/IV-69cm 250 Leaves/bark, seed —24,8 1970 + 31 1827 1949 123 1 62
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Fig. 3. Palynology of Lake Ljogottjern. Synthetic pollen diagram and detail of a se-
lection of taxa including the percentages of Pinus, Betula, Alnus, Picea, the concen-
tration of charcoal particles, percentages of Plantago lanceolata, Urtica, Rumex acetosa,
Rumex longifolius, the concentration of Sordaria, percentages of the cultivated
Cannabis, Linum, Secale, Triticum, Hordeum/Avena, and the aquatic plants Nymphea
and Potamogeton. The single curve above some taxa is an exaggerated curve x2.
Horizontal dotted lines correspond to the median of the corresponding taxa for the
period 200—1300 CE. Stars indicate percentages of pollen of hemp and cereals above
median before 800 CE. We have framed periods with higher occurrence of pollen of
cereals and hemp (orange) and Sordaria (green). Sedimentary units refer to the li-
thology in Supplementary Fig. 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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stable at c. 4% until 1300 CE. In detail, Urtica (needles) presents
higher pollen percentages in the period 400—550 CE and after 800
CE. Percentages of Rumex acetosa are higher during the periods
250—400 CE, 650—750 CE, 800—900 CE and after 1000 CE. Pollen of
Rumex longifolius are mainly higher between 250 and 400 CE. The
spores of fungi Sordaria are mainly found during five periods:
280—420 CE, 480580 CE, 700-780 CE, 860—920 CE and
1000—1300 CE, with the highest concentrations in the two first
periods and the last one (Fig. 3).

Percentages of pollen of cultivated taxa are around 2% between
200 and 400 CE and between 650 and 800 CE (Fig. 3). Percentages
are higher between 400 and 650 CE (up to 11%, 5% in average), and
increase after 800 CE with an average of 14% and a maximum of 24%
recorded at 885 CE. Pollen of cultivated taxa are dominated by
Cannabis (hemp). In detail, Hordeum/Avena (barley or oats) is
recorded above median between 200 and 300 CE. Pollen percent-
ages of Secale (rye), Triticum (wheat) and Cannabis are recorded at
least twice above median between 420 and 520 CE. Pollen per-
centages of Triticum, Hordeum and Cannabis are at least once above
median between 580 and 680 CE. After 850 CE, percentages of
pollen of Cannabis, Secale, Triticum and Hordeum/Avena are regu-
larly above median. Pollen percentages of Linum (flax) are recorded
sporadically after 885 CE. Among aquatic plants, percentages of
pollen of Nymphea (c. 0.5—1%) are recorded between 200 and 850
CE and much less after this date (Fig. 3). Pollen percentages of
Potamogeton (c. 1-2%) are mostly detected between 300 and 500
CE, 850 and 950 CE, and between 1200 and 1300 CE.

4. Discussion
4.1. Pollen and NPPs classification, indicators and limitations

The high-resolution analysis of pollen and NNPs allows to trace
agricultural practices. In particular, we examined the pollen of
Hordeum/Avena, Secale, Triticum and Cannabis/Humulus to trace
cultivation of cereals and hemp (Fig. 3). We cannot dissociate the
pollen of Hordeum and Avena, nor the pollen of Cannabis (hemp)
and Humulus (hop). However, Humulus is wild growing, but not
very common in Norway. When one or two grains are found in a
few samples, those are associated to wild-growing Humulus in the
pre-historical period (see ter Schure et al., 2021). For beer pro-
duction, only female plants of hop are used, i.e. no pollen is pro-
duced. When there are many pollen of this type in a sample, it
means that the plants are used for fiber-production. The whole
plant is dipped out in the water, and lots of pollen flushes into the
water. Both Humulus and Cannabis were used for fiber production.
In Lake Ljogottjern the DNA analysis of the same lake sediment
sequence shows that Humulus was used in the beginning, around
300—400 cal CE, and then only Cannabis (ter Schure et al., 2021).
Therefore, we assume that the pollen of Cannabis/Humulus found in
the sediment of Ljggottjern are mainly from cultivated Cannabis
(Fig. 3). The DNA analysis of the sediment also suggest that Hor-
deum was more commonly cultivated than Avena (ter Schure et al.,
2021).

To trace grazing activities, we analysed ascospores of Sordaria
and pollen indicators of grassland/pasture as Rumex, Plantago and
Urtica (Fig. 3; Doyen and Etienne, 2017).

Rumex species are divided into two groups, Rumex acetosa and
Rumex acetosella, called Rumex acetosa and Rumex longifolius
respectively. In the area of Lake Ljggottjern, we do not have water
living species of Rumex. Plantago major contains also Plantago me-
dia, but not other species. Plantago lanceolata includes only Plan-
tago lanceolata. There are some other Plantago-species in Norway,
but their pollen look differently. Urtica and Rumex acetosella are
indirect grassland/pasture indicators. They are not widely eaten by
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cattle but grow in areas enriched in nitrogen, which corresponds to
areas where animals were standing for a long time and defecating.

Sordaria ascospores are, with Sporormiella and Podospora,
mainly composed of coprophilous species and among the most
common ascospores encountered on dung (Cugny et al., 2010).
They are among the most robust indicators for grazing activities
and their abundance could be related to the size of the cattle (Cugny
et al., 2010; Etienne et al.,, 2013). Strict coprophilous fungi, as
Sporormiella or Podospora have not been analysed in this study.
Sordaria is not considered as a strict coprophilous fungi but has
been shown to be mainly coprophilous (Cugny et al., 2010; Doyen
and Etienne, 2017; Shumilovskikh and van Geel, 2020). Sordaria
can also originate from decaying wood but very few samples con-
tains Sordaria before the onset of agriculture around Lake Ljagott-
jern c. —300 cal. BCE (Supplementary Fig. 3 and text, ter Schure

et al., 2021). From c. —300 cal. BCE (2200 cal. BP), the variations
in Sordaria concentration follow closely the development of human
activities, as reflected by the change in pollen (decrease of the tree
pollen, increase in anthropochores, apophytes, forbs and grami-
noids), increase in charcoal, erosion (Ti), and appearance of DNA of
livestock (Supplementary Fig. 3, ter Schure et al., 2021). Pollen of
Plantago lanceolata and Plantago major, plus the DNA of Plantago
were also found only after —300 cal. BCE/CE (ter Schure et al., 2021;
this study). This long-term multiproxy analysis of the sediments
allows us to be confident on the association of Sordaria to hus-
bandry during our study period from 200 to 1300 cal. CE. In the end,
as Lake Ljggottjern and its catchment are small, the record of pollen
and NPPs must be local, reflecting the nearby development of ac-
tivities (Sugita, 1994; ter Schure et al., 2021).
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4.2. Sources of the sediments

The multiproxy geochemical analysis of the sediments of Lake
Ljegottjern allows fingerprinting of sediments sources. Ti and K,
which show very similar variations in XRF count rates
(Supplementary Fig. 1), are associated with the terrigenous part of
the sediment. These elements can be used to trace erosion in the
catchment, which is driven by the interplay of precipitation and
human disturbance (Arnaud et al., 2016; Bajard et al., 2016). Ti and
K are higher in the period 200—850 CE than in the period 850—1300
CE (Supplementary Fig. 1), indicating more erosion between 200
and 850 CE. Our pollen data show more human activity (higher
percentage of cereal pollen) after 850 CE, but lower erosion (lower
Ti and K), and conversely in the period 200—850 CE, suggesting that
erosion is not associated with more human activity and thus, could
be associated with precipitation. This hypothesis is supported by
the higher precipitation recorded in Southern Norway around
200—850 CE (Steren and Paasche, 2014) and by the higher summer
precipitation for the period 200—850 CE in Europe compared to the
period 850—1300 CE on average (Biintgen et al., 2021). The large
peak in Ti, K and Ca in section F around 330 CE could be associated
with an extreme precipitation and/or snow melt event, accentu-
ating runoff and erosion. This hypothesis is supported by the peaks
in Ti count rates close to the top of the sediment core, which are
linked to historical flood events (Fig. 2).

The organic matter in the sediments can have two origins, in
wash of terrestrial material and the biological productivity in the
lake, which can be differentiated by the C/N ratio. The terrestrial
organic matter coming from the surrounding vegetation and soils
typically has a C/N between 14 and 20, whereas autochthonous
lacustrine organic matter has a C/N between 4 and 10 (Meyers and
Teranes, 2002). The organic matter during the period 200—700 CE
has a C/N closer to terrestrial vegetation than the organic matter
recorded after 700 CE (Fig. 4). After 800 CE, the increase in organic
matter content combined with a low C/N ratio indicates an increase
in the productivity of the lake (Fig. 4). The synchronous increase in
313C further supports this hypothesis (Liicke et al., 2003). The peaks
in organic matter, C/N and & 13C between 470 and 520 CE indicate a
major input of terrestrial organic matter to the lake, which could be
linked to the construction of the Raknehaugen burial mound in the
6th century (Fig. 4 and Supplementary Fig. 1).

4.3. Record of temperature in the lake sedimentary archive in the
period 200—1300 CE

The lake primary productivity is dependent on climate and
nutrient availability (Adrian et al., 2009; O'Beirne et al., 2017), and
we can use it to reconstruct the temperature changes. It is possible
to quantify the primary productivity with the biogenic component
of Ca and Si. Both Ca and Si can be used by micro-organisms in the
lake and be recorded in the sediments. The biogenic production of
Si is mainly associated to diatoms, which are commonly associated
with carbonate deposits in lakes (Gierlowski-Kordesch, 2010). The
biogenic production of Ca could be linked to algae, through het-
erogeneous nucleation (Stabel, 1986; Davaud and Girardclos, 2001).
For example, Haptophytes are known for their calcareous
exoskeleton and their production of alkenones used for tempera-
ture reconstruction (Theroux et al., 2010). However, Ca and Ti are
also transported directly into the lake as solid particles eroded out
of the catchment. When normalised to Ti, which is sourced only
from the terrigenous part of the lake sediment, it is possible to
quantify the biogenic component of Ca and Si in the sediment
(Stabel, 1986). Ca/Ti and Si/Ti can therefore be used as proxies for
the primary productivity in the lake.

Log transformed of Ca/Ti and Si/Ti show similar variations in
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both the LJ@118 and LJ@119 cores, with higher values between 200
and 300 CE, and after 800 CE, and lower values between 300 and
800 CE (Fig. 4 and Supplementary Fig. 4). The two log transformed
ratios follow closely the temperature reconstruction by Ljungqvist
(2010) and Christiansen and Ljungqvist (2012), which are based
on various climate proxies (e.g. tree-ring, lake sediments) from the
extra-tropical Northern Hemisphere area (Fig. 4).

A log-linear regression of the recorded ratios with the temper-
ature data of Ljungqvist (2010) for the period 200—1300 CE shows
significant positive correlations for both ratios, with correlation
coefficients of 1> = 0.3 (P value < 0.01) for Si/Ti and 1? = 0.5 (P
value < 0.01) for Ca/Ti (Supplementary Fig. 4). The weaker corre-
lation of Si/Ti to the temperature record may be explained by more
noise in the Si measurements, as Si is among the lightest elements
of the periodic table of elements, and in the lower end of the
sensitivity range of the ITRAX XRF core scanner when using a Mo
tube. Si is also found as phytoliths in lake sediments, which origi-
nates from the terrestrial vegetation (e.g. Poaceae, cereals) and
therefore does not only reflect the biogenic production of the lake.
For these reasons, the ratio Ca/Ti is preferred for tracing changes in
local surface air temperature. The organic matter of the sediment,
as measured with the Inc/Coh ratio and LOI, shows very similar
variations to the Log(Ca/Ti) and likewise increases significantly af-
ter 800 CE, while the C/N ratio is decreasing, confirming the in-
crease in lake productivity (Fig. 4 and Supplementary Fig. 1).

The record of the Log(Ca/Ti) in both the LJ@118 and LJ@119 se-
quences was averaged to obtain a climate proxy with n = 2 samples
from the same lake. The standard deviation of the temperature
anomaly is shown in grey in Fig. 4, reflecting the differences in Ca/Ti
between the two sediment sequences.

The resultant plots from the analyses described above show that
the temperature at Ljggottjern was higher between 200 and 300 CE
and between 800 and 1300 CE and lower between 300 and 800 CE,
in agreement with other records covering the Northern Hemi-
sphere (Riechelmann and Gouw-Bouman, 2018). The colder period
between 300 and 800 CE matches the previous definition of the
Dark Ages Cold Period (Helama et al., 2017a). The highest mean
temperature is recorded between 950 and 1000 CE, as also found by
Ljungqvist (2010). During the cold period 300—800 CE, relatively
warmer intervals are defined at Ljggottjern by reference to the
medians between 200 and 1300 CE, and between 300 and 800 CE,
respectively (Fig. 4). Three cold intervals are recorded between 300
and 450 CE, 490 and 580 CE and between 700 and 780 CE. The
indicated abrupt and maximum cooling at 330 CE is biased by the
Ti-related flood peak. The largest differences between the two cores
(represented by the standard deviation of Av. log(Ca/Ti), in grey in
Fig. 4) during this coldest period support the hypothesis that the Ca
record is temperature related. Cold temperatures can limit car-
bonate accumulation (Gierlowski-Kordesch, 2010). During cold
periods, the production of algae declines, which in turn might in-
crease the variability in the sediments of the lake leading to the
difference in the Ca/Ti ratio between the two sediment cores. It is
also likely that the building of the Raknehaugen burial mound on
the shore of the lake locally affected the sedimentation and thus the
climate signal derived from the core. For example, the transport of
trunks to build the mound might have spread branches over the
frozen lake, or more floating debris, resulting in the random deposit
of additional terrestrial plant remains in the sediment, locally dis-
turbing the sedimentation. Comparison of the Ca/Ti record with the
data from Ljungqvist (2010) and Christiansen and Ljungqvist (2012)
shows that the 'C age model of Lake Ljpgottjern sediment
sequence is accurate despite the uncertainties when using only
radiocarbon dates in the model (Fig. 2).
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4.4. Socio-environmental interactions between 200 and 1300 CE

The third century is characterised by warm temperatures, which
allowed the cultivation of Hordeum/Avena in the vicinity of Lake
Ljsgottjern (Fig. 3). The concentration of charcoals indicates regular
fire activity, which could be related to land clearing and slash-and-
burn agriculture. The Sordaria concentration in the sediment can be
linked to the development of grazing activities. Ascospores of Sor-
daria develop on faeces of animals and are commonly use to trace
the former local presence of herbivores and thus past husbandry as
recorded in lake sediments and archaeological settlements (van
Geel et al., 2003; Doyen and Etienne, 2017; Bajard et al., 2017).
Sordaria is commonly associated with pollen of Rumex, Urticaceae
and Poaceae, which are also grazing indicators (Doyen and Etienne,
2017).

Both the geochemistry and the palynological data show a pro-
found change at c. 800 CE. This change reflects a major socio-
environmental transition, which can be linked to the increase in
temperature, and marks the transition from the Dark Ages Cold
Period into the Viking Age (800—1000 CE).

During the Dark Ages the sediment of Ljggottjern indicate
cultivation of hemp (Cannabis). Hemp was primarily used for coarse
textiles and ropes (Skoglund et al., 2013). The cultivation of hemp
appeared around 400 CE and ended around 700 CE, before reap-
pearing in the Viking Age.

In detail, the period 300—800 CE can be divided into intervals
when farming practices were dominated by grazing, and intervals
dominated by the cultivation of cereals and hemp. During 280—410,
480—580 and 700—780 CE the lake sediments were characterised
by high concentrations of ascospores of Sordaria, and the percent-
ages of pollen of Rumex and Urtica are also above the median. Pollen
of Plantago lanceolata were found at 290, 320 and 420 CE, but might
be very rare because of the climate (Sarmaja-Korjonen, 2003).
Percentages of cultivated taxa remain below the median except for
Secale in two samples, indicating a prevalence of husbandry activ-
ities over cultivation for these three intervals. By contrast, 410—480
and 580—700 CE present little evidence of grazing activities but
percentages of pollen of Cannabis, Secale, Triticum or Hordeum/
Avena are above the median, indicating a significant expansion of
crop cultivation.

Spruce (Picea) increased until 550 CE. Picea is typically associ-
ated with an increase in human activities, which create openings
for spruce to settle (Bjune et al., 2009). Percentage of Picea pollen
increase because spruce replaces the other trees. Nettle (Urtica)
develops in areas enriched in nitrogen, induced by the dejection of
animals. The enrichment of the soil in nitrogen is therefore more
important, where animals were staying for a long time, such as
around buildings, around the lake, where animals might have come
to drink, and along footpaths. The continuous occurrence of nettle
between 400 and 550 CE suggests there were large numbers of
people and animals inhabiting the area around the lake. Aquatic
plants are sensitive to human presence and related nutrient inputs.
Between 350 and 500 CE, high inputs of nutrients may have fav-
oured the development of Potamogeton leading to the decrease in
Nymphaea. The flood at c. 330 CE could have triggered a large
nutrient input, increasing the lake level and thus favouring Pota-
mogeton (Fig. 2).

The period from 680 to 800 CE presents less evidence for both
grazing and cultivated taxa than the previous phases (Fig. 3). This is
in agreement with the widespread abandonment evidenced in
archaeological and lake records during the period 550—800 CE
(Solberg, 1998; D'Anjou et al., 2012; Iversen, 2016). A possible
abandonment at the present site is supported by the development
of shrubs, as Juniperus (Supplementary Fig. 2), and the pioneer
Betula and Alnus, which are known to colonise abandoned fields
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(Fig. 3). The period is also characterised by a slight recovery of
Nymphaea that supports the hypothesis of a decrease in anthropic
activities.

4.4.1. Alternation between animal husbandry and cultivation
(300—800 CE)

Periods dominated by husbandry versus cultivation are shown
in Fig. 4. The alternation of these periods between 300 and 800 CE
coincides with the recorded changes in temperature (Fig. 4). Cold
periods are associated with husbandry practices while warmer
periods are associated with cultivation activities. To validate the
assumption that the changes between husbandry and cultivation
were related to changes in climate, we performed a Principal
Component Analysis (PCA) on a selection of variables covering the
period 200—850 CE. This included a selection of pollen, the con-
centrations in charcoal fragments and ascospores of Sordaria, the
organic matter content and the reconstructed temperatures (Fig. 5).
We did not extend the analysis into the period 850—1300 CE
because the PCA was mainly reflecting the major transition at 850
CE.

The two first dimensions of the PCA (denoted Dim1 and Dim2 in
Fig. 5) represent 38% of the variability in the dataset. Four end-
members are identified on the correlation circle (Fig. 5a). The first
one is positively correlated to the first component of the PCA and
yields high positive loadings for husbandry and land clearing (e.g.
Rumex longifolius, Rumex acetosa, Sordaria fungi, Alnus and char-
coals). The occurrence of husbandry and land clearing at the same
time could be associated with instability of the human activity,
alternating between abandonment and clearing of the space. Alnus
is a pioneer species, which would be the first tree to recolonize the
area if the human pressure decreased. Alnus is also an indicator of
wet conditions and deterioration of the climate. A second end-
member is negatively correlated with the first dimension and
therefore to the first endmember. It allows the discrimination of the
culture of Triticum, Secale and Cannabis. This first dimension can
therefore be associated with changes in agricultural practices and
demonstrates the opposition between husbandry practices and the
cultivation of cereals and hemp. The second dimension of the PCA
may be associated with climate change. A third endmember
including the temperature proxy (log(Ca/Ti)), the organic matter,
Poaceae and Hordeum/Avena is associated with the positive values
of the second dimension. This pool is negatively correlated with
Pinus, forming the fourth endmember, standing for abandonment,
forested environment, and lower temperature. Sordaria fungi,
Rumex longifolius and Urtica are closer to the negative values of the
climate dimension while Cannabis, Triticum and Secale are closer to
the temperature proxy (Fig. 5a). This disposition supports the hy-
pothesis that changes in farming practices were driven by tem-
perature changes. The culture of cereals and hemp needs relatively
high temperatures and a defined growth period, which is not
possible when the climate is colder, and thus, these colder periods
are dominated by husbandry.

The individual factors map of the PCA shows the trajectories of
evolution of the environment (Fig. 5b). It underlines the scenario of
evolution where colder periods are associated with the abandon-
ment of cultivation and adaptation of agricultural practices toward
more livestock farming. The transitions from cold to warm periods
show the resilience of society and onset of cultivation of cereals and
hemp. The interval from 310 to 580 CE appears to be the coldest
during the period between 200 and 850 CE. Finally, the change in
agricultural practices can reflect an adaptation of society to the
climate variability, rather than societal instability. The alternation
and progressive decrease in anthropic evidence (concentration in
Sordaria, percentage of pollen of cultivated taxa) through this
period could also reflect the oscillation of the carrying capacity of
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the society and its degradation in the last centuries before the
Viking Age. However, the suggested abandonment between 680
and 800 CE does not correspond to the coldest period and is
therefore unlikely to be directly related to climate change. Other
factors have to be taken into account, such as the Justinian Plague
that impacted the population in Europe from 541 to 750 CE, the
prevalence of an epidemic could be linked to climate variability
(Little, 2007; Kausrud et al., 2010; Keller et al., 2019). More recently,
the smallpox virus has been discovered in the remains of humans
who were living in Norway and Sweden in the 7th century
(Miihlemann et al, 2020) and could have contributed to the
decrease of anthropic pressure during the end of the Dark Ages.

4.4.2. The Viking Age and onset of the Middle Ages

The Viking Age started with warmer climate in Scandinavia in c.
800 CE (Fig. 4), which allowed rapid development of agricultural
practices. This major change is visible in a large range of taxa
(Fig. 3). Pinus reached a minimum around 900 CE and Betula and
Alnus also decreased, while Picea and Urtica increased again, sug-
gesting an even larger opening up of the landscape than previously.
Large amounts of Cannabis pollen are recorded after 900 CE, indi-
cating that the lake was being used for hemp retting. In the Viking
Age and early Middle Ages, hemp was produced in several places in
Norway and Sweden (Skoglund et al., 2013; Wieckowska-Liith
et al., 2017). The production of flax is also recorded during the
Viking Age. Secale, Triticum and Hordeum/Avena were all cultivated
during the warmest period 950—1000 CE and regularly recorded
above median between 850 and 1300 CE. The disappearance of
Nymphaea, replaced by Potamogeton points to an increase in
nutrient inputs to the lake, as a result of a new increase in human
activities. The start of the Middle Ages (c. 1000 CE) is characterised
by a slight decrease in temperature associated with more grazing
activities than in the Viking Age. The fire regime activity is also
more prominent. Through the period 200—1300 CE, fires appear to
coincide with grazing activities, suggesting the use of fire to clear
the land and maintain areas opened. A comparison with other
charcoal records in the same area (within 20 km radius) suggests
that Lake Ljegottjern recorded local fire activity (Heeg, 1997).
Nevertheless, the period from The Viking Age to the High Middle
Ages (c. 800—1300 CE) was a period of expansion with the Viking
diaspora, increasing trade, food and goods production and the
establishment of Scandinavian towns (e.g. Kuitems et al., 2021).
This period also sees a rapid increase in population and

settlements, mainly due to a relatively stable warm climate
(McEvedy et al., 1978; Benedictow, 1996; Barrett, 2008).

5. Conclusion

Overall, these findings suggest that temperature was the main
driver of agricultural practices in Southeastern Norway during the
Late Antiquity. Direct comparison between the reconstructed
temperature variability and palynological data from the same
sediment sequence shows that small changes in temperature were
synchronous with changes in agricultural practices (husbandry
during cold periods, cultivation during warm periods) during the
Dark Ages Cold Period. We conclude that the pre-Viking age society
in Southwestern Scandinavia made substantial changes in their
way of living to adapt to the climate variability of this period. To
further constrain the observations in this paper and to study the
spatial variability it is needed with more reconstructions based on
our approach. Combining proxy reconstructions with paleo model
experiments based on earth system models would significantly
increase our understating of the linkages between human activity
and climate through time.
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