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Abstract

Recent paleoclimatic research has revealed that volcanic events around 536-540 AD caused severe, short-term global cooling. For this same period,
archeological research from various regions evidences significant cultural transformation. However, there is still a lack of understanding of how human
societies responded and adapted to extreme climate variability and new circumstances. This study focuses on the effects of the 536/540 AD volcanic
event in four Scandinavian regions by exploring the shift in demographic and land use intensity before, during, and after this abrupt climate cooling. To
achieve this, we performed climate simulations with and without volcanic eruptions using a dynamically downscaled climate model (iLOVECLIM) at a
high resolution (0.25° or ~25km). We integrated the findings with a comprehensive collection of radiocarbon dates from excavated archeological sites
across various Scandinavian regions. Our Earth System Model simulates pronounced cooling (maximum ensemble mean —1.1°C), an abrupt reduction
in precipitation, and a particularly acute drop in growing degree days (GDDO) after the volcanic event, which can be used to infer likely impacts on
agricultural productivity. When compared to the archeological record, we see considerable regional diversity in the societal response to this sudden
environmental event. As a result, this study provides a more comprehensive insight into the demographic chronology of Scandinavia and a deeper
understanding of the land-use practices its societies depended on during the 536/540 AD event. Our results suggest that this abrupt climate anomaly
amplified a social change already in progress.
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poses a challenge due to differing spatial scales, as climate mod-
els capture large-scale processes and archeological materials
reflect local landscape contexts. To address this, we thus utilize an

Introduction

There is still a lack of clear understanding of the immediate
impact of volcanism on the climate and the people during the late
ancient societies throughout Europe. In our study, we analyze an
extensive set of radiocarbon dates from excavated archeological
sites from several regions of Scandinavia, providing detailed
information on societal changes, and combine this with paleocli-
mate simulations performed with a high-resolution (0.25° or
~25km) climate model to examine the impact of volcanism on
Scandinavia in the 6th century AD. Although the link between
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climate and volcanism has been studied widely (e.g. Goosse and
Renssen, 2004; Jones et al., 2005; McGregor and Timmermann,
2011; Robock, 2000; Schmidt et al., 2004; Schneider et al., 2009;
Timmreck et al.,, 2010), these studies have not empirically
explored the societal impacts (Iversen, 2016; Pfister, 2010; Sol-
heim and Iversen, 2019). Our study traces the climatological
effects of the 536/540AD volcanic eruption and the human
response to it using a comparative analysis of the '*C archeologi-
cal record and a downscaled climate model.

Our analysis compares responses between Sweden and Nor-
way’s coastal and inland regions’, focusing on spatiotemporal
changes in land use. Combining climate and archeological data
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Earth System Model iILOVECLIM) that is a downscaled climate
model with a high spatial resolution (25 km) to provide fine-scale
local climate information, including temperature gradient and
precipitation distribution, to match regional archeological data
more closely. Additionally, we categorized '“C records into gen-
eral land use categories to evaluate adaptive strategies to climate
variability. This integrative approach for climate and archeologi-
cal data helps discern regional effects of the volcanic event on
land use and society.

We aim to investigate how massive volcanic eruptions around
536and 540AD influenced the coping strategies of Late ancient
European societies in response to sudden environmental changes
caused by climate cooling. To guide our research, we have formu-
lated the following research questions:

(i)  What is the impact of the 536/540 volcanic event on
Scandinavian society?

(ii) Can we see evidence for a relationship between patterns
of climate and "*C records? Can we identify the volcanic
event as a leading signal to change in the archeological
record?

(iii) Did the 536/540 event result in changes to land use or
regional spatial intensity? If so, what does this indicate
about the region's ability to cope with abrupt climate
risk?

Background

Proxy-based reconstructions of volcanic eruptions have widely
been used to understand climate variability (Hegerl et al., 2006;
Masson-Delmotte et al., 2013; Sigl et al., 2015). These reconstruc-
tions have demonstrated that volcanism has been a principal natural
driver of climatic variation in the recent past (Schurer et al., 2014).
Explosive volcanic eruptions inject sulfur into the stratosphere,
leading to the formation of sulfate aerosols from gases like sulfur
dioxide (SO,) and hydrogen sulfide (H,S) (Helama et al., 2018).
These aerosols disperse globally, scattering and reflecting incom-
ing solar energy while absorbing infrared radiation, resulting in a
net reduction reaching the Earth’s surface and subsequent cooling.
The short-term impacts of this radiative forcing are well-docu-
mented, including post-eruption surface cooling in summer and the
reduction of the amount of sunlight reaching the Earth’s surface
(Helama et al., 2018). A volcanic eruption’s impact on climate is
influenced by eruption latitude and eruption season (Toohey et al.,
2013). In general, the climate is more affected by tropical eruptions
than extratropical ones (Schneider et al., 2009). Tropical eruptions
disperse volcanic aerosols to both hemispheres, eventually reach-
ing both poles, and this leads to more prolonged and pronounced
impacts compared to extra-tropical eruptions (Zhuo et al., 2021).
Yet, short-term temperature decreases due to increased aerosols can
be more pronounced in the tropics and at lower latitudes where the
sun’s energy is typically more intense (Timmreck, 2012).
However, recent studies by Toohey et al. (2019) have found
extratropical volcanic eruptions to have a stronger cooling effect
than tropical eruptions, citing previous models’ tendencies to
overestimate volcanic forcings. Their results are supported by
current studies from Zhuo et al. (2021) using a fully coupled
atmosphere—ocean model, MPI-ESM, which demonstrates stron-
ger cooling in the extratropical hemispheres. These high latitude
volcanic eruptions can affect atmospheric circulation, altering
precipitation and temperature distribution patterns, lead to a long-
term impact on regional climate variability and seasonality
(Robock, 2000). For example, strong northern high-latitude vol-
canic (NHV) eruptions, such as the Laki eruption in 1978, are
known to have weakened the Asian and African monsoons, con-
tributing to severe famine in these regions (Oman et al., 2006).

Archeological research into mid-sixth century Scandinavia
increasingly links the periods’ significant settlement abandon-
ment, reorganization, and material transformation with a brief
and abrupt cooling event which followed an explosive volcanic
event between 536 and 540AD (Axboe, 2001; Gréslund, 2007;
Grislund and Price, 2012; Guillet et al., 2020; Gundersen, 1970;
Herschend, 2009; Lowenborg, 2023; Price and Griéslund, 2015;
Sigl et al., 2013; Toohey et al., 2016; van Dijk et al., 2023; Zach-
risson, 2011). The connection to volcanism is established through
historical research on known volcanic eruptions before 630AD
(e.g. Stothers and Rampino, 1983), with notable events taking
place in 536 and 540 AD. Written accounts of the 536 AD events
align with the optical features of stratospheric sulfate aerosol
generated from volcanic eruptions (Arjava, 2005; Gréaslund and
Price, 2012; Robock, 2000). Furthermore, Toohey et al. (2016)
argue that the double eruptions of 536 and 540AD caused the
largest decadal volcanic forcing in the last 2000 years, leading to
over a decade of surface cooling. Recent ice core evidence has
established the origin of the 536 AD volcanic eruption; Larsen
et al. (2008) found two sulfate signals in Greenland ice cores
around 536 AD separated by about 4 years. They associated the
second sulfate peak, a possible tropical eruption, with the 540AD
event. With advances in climate reconstructions based on paleo-
ecological proxies, there has been a growing interest in simulat-
ing the Northern Hemisphere climate during the 536/540 event
for comparison against contemporaneous changes in the archeo-
logical record (Dull et al., 2019; Toohey et al., 2016; van Dijk
et al., 2022, 2023).

Previous studies that have examined the impact of the volca-
nic event of 536 AD on Scandinavian climate and society from
an archeological perspective generally cite negative effects
(Arrhenius, 2013; Axboe, 1999; Baillie, 1999; Graslund, 2007;
Gréslund and Price, 2012; Gunn, 2000; Heilund-Nielsen, 2006;
Keys, 2000; Solheim and Iversen, 2019). Graslund (2007) pro-
posed that a layer of dust dimmed the sky, leading to two or
more years without summer known as the Fimbulwinter after
an Old Norse myth, resulting in widespread crop failures in
Scandinavia (Bellows, 2004). Dendrochronological analysis of
Irish oak by Baillie (1994) also indicated reduced plant produc-
tivity in the mid-sixth century. Helama et al. (2018) and other
researchers suggest that the cascading effects of deteriorating
climate and reduced agricultural productivity had significant
impacts on human health and led to famine, reducing societies’
resilience to plague outbreaks like the Justinian plague during
the same period (Biintgen et al., 2016, 2020; Iversen, 2016;
Keller et al., 2019; Price and Gréslund, 2015; Sigl et al., 2015;
Stothers, 1984, 1999; Tvauri, 2013). However, these studies do
not account for the spatiotemporal heterogeneity of climatic
effects and societal response.

Regional setting

Our Swedish study areas include two biomes: (1) the inland
boreal forest of Dalarna and (2) the temperate southern coastal
area of Skane and Blekinge (Figure 1). Dalarna experiences
marked seasonal variation with cold winters and moderate sum-
mers. Its topography also varies from mountains in the west to flat
plains in the east, interspersed with bogs and lakes providing
milder microclimates (Holm, 2012). In contrast, southern Sweden
has a temperate oceanic climate with mild winters, stronger
winds, and less temperature variation along the coast (Persson
et al., 2012). This region has relatively high rainfall, with peak
levels in autumn. The landscape is generally flat, including coastal
plains, hills, and low-lying areas, making it one of Scandinavia’s
most productive arable farming regions due to its mild climate
and fertile soils (Skoglund, 2022).
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Figure |. Map showing inland and coastal study regions (white outline) of Norway and Sweden, as well as locations for the 4016 radiocarbon

dates (black points) used in this analysis.

Our research area in Norway spans latitudes 57.9°—62.3°N
(Figure 1) and it is also divided into (1) inland, which includes
highland/mountain regions, and (2) coastal areas. The division
into “coastal” and “inland” regions is based on their distinct cli-
mates and topography. The coastal region experiences a humid
climate with mild winters; the most fertile areas are found along
the Oslo fjord and inland Lake Mjesa. The inland experiences a
rain shadow effect that limits rainfall and produces significant
temperature fluctuations between seasons. The lower-lying parts
of the inland consist of dense forests and bogs, while the elevated
areas include alpine and sub-alpine regions. The inland provided
valuable resources during the Iron Age for pastures, hunting,
trapping, and iron production, while sufficient arable land was
still essential for farming (Holm et al., 2005; Loftsgarden, 2019;
Svensson, 1998).

Methods
The iLOVECLIM model

iLOVECLIM (hereafter version 1.1) (Quiquet et al., 2018) is a
three-dimensional model classified under Earth system models
of intermediate complexity, EMICs (Claussen et al., 2002), due
to its simplified representation of the atmosphere relative to
Global Circulation Models (GCMs). As a result of its efficient
description of climate dynamics, iLOVECLIM is substantially
faster than coupled GCMs. (Goosse et al., 2010; Kitover et al.,
2015). iLOVECLIM is a code fork of the LOVECLIM 1.2
model (Goosse et al., 2010) and shares the main climate system
components. The version applied in our study includes the
atmospheric model ECBilt (Opsteegh et al., 1998), Coupled
Large-scale Ice-Ocean model CLIO (Goosse and Fichefet,
1999), and the terrestrial vegetation and carbon allocation model
VECODE (Brovkin et al., 1997). The reader is referred to the
supplementary information for more details about the compo-
nents of the model and how it has been used previously to simu-
late some past climate periods.

In this study, we utilized a dynamically downscaled version of
the coupled iLOVECLIM model to enhance its spatial resolution
for temperature and precipitation (Quiquet et al., 2018). This

downscaling procedure allowed for a higher spatial variability in
simulating the Holocene climate in Europe, leading to better
alignment with proxy-based reconstructions compared to the
standard model (Arthur et al., 2023). For a more detailed explana-
tion of the physics applied to the dynamical downscaling in the
model, please refer to (Quiquet et al., 2018).

Set-up and simulations

We conducted ensemble experiments, both with and without vol-
canic forcings, using the iLOVECLIM-1.1 model (Quiquet et al.,
2018) to simulate the evolution of the climate from 1 to 1000 AD.
We forced the simulations with orbital forcings to represent vari-
ations in eccentricity, obliquity, and precession (Berger, 1978)
and atmospheric trace gas concentrations of CO,, CH,, and N,O
(Raynaud et al., 2000). Constant ice sheet configurations were
prescribed for the experiments. Four different simulation groups
were performed, referred to as VOLC 50, VOLC 1000,
NOVOLC 50, and NOVOLC 1000, and each consisting of 10
ensemble members. For instance, VOLC 50 consists of 10 equi-
librium experiments which were run for 50 years with the same
forcings at 1 AD, including volcanic eruptions but different ini-
tial conditions. Each initial condition of the simulation is derived
from the previous ensemble run. The NOVOLC 50 simulation
shares the same setup as VOLC_50 but excludes volcanic erup-
tions and uses different initial conditions. VOLC 50 and
NOVOLC_50 were run to establish distinct climate states that
serve as the initial conditions for our 10 ensemble transient simu-
lations (VOLC_1000 and NOVOLC_1000). VOLC_1000 is a
transient experiment with volcanic eruptions applied from 1 to
1000AD (1000-year run) using the same climate forcings for all
10 ensemble members but with different initial conditions
derived from the VOLC 50 simulations (see Supplementary
Information, Table S1, for specific volcanic forcings applied for
536/540 AD). On the other hand, NOVOLC 1000 is a transient
experiment without volcanic eruptions applied over the same
period, with the same climate forcings for all 10 ensemble mem-
bers but with different initial conditions derived from the
NOVOLC 50 simulations.
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To account for uncertainties associated with internal climate
variability due to the chaotic nature of the climate system, we
employed a 10-member ensemble simulation. Each member has
identical atmospheric physics, dynamics, parameters, and forc-
ings but starts with different initial conditions, resulting in diverse
evolutions. The range covered by the 10 members provides an
estimate of the internal variability. However, the ensemble mean
represents the average response to the volcanic forcing, as the
averaging over the ten members effectively mitigates the indi-
vidual members’ noise and reveals a common signal among them.
We present the results of the volcanic eruption simulations as
anomalies with respect to the experiment without volcanic erup-
tions. This approach highlights the impact of volcanism on the
climate in our regions of interest.

Volcanic forcings

The volcanic forcing set named eVolv2k, used for the 536 and
540AD eruptions in VOLC_1000, is described in detail elsewhere
(Jungclaus et al., 2017; Sigl et al., 2015; Toohey and Sigl, 2017).
The eVolv2k database includes estimates of the magnitudes of the
volcanic stratospheric sulfur injection (VSSI) events and their
source of eruption (latitudes) from 500 BCE to 1900 CE, based on
the measurements from the Antarctica and Greenland ice cores. In
the iLOVECLIM model, the stratospheric sulfate loading is
derived from ice core deposition using the model from Gao et al.
(2008). The sulfate loadings are then converted into an equivalent
total solar irradiance (TSI) anomaly through the aerosol optical
depth (AOD) by a linear scaling (Mairesse, 2013), where volca-
nism is considered a negative anomaly of TSI (W/m?) in the
iLOVECLIM model (Mairesse, 2013).

In the model, volcanic forcing can be applied in four different
latitudinal bands: extra-tropical and tropical bands, separately in
both hemispheres. For this study, we focus on the double eruption
of 536/540AD. The 536 AD eruption is assigned to the Northern
Hemisphere extra-tropical band, and the 540AD eruption to the
tropical band in the model (Toohey and Sigl, 2017). The volcanic
forcings for other periods in the simulations (1-1000 AD without
536/540) are prescribed in the iLOVECLIM model from Goosse
etal. (2010).

Spatial-temporal analysis of archeological
radiocarbon ('*C) data

Using summed probability distributions (SPD) of radiocarbon
dates to study large-scale demographic and environmental pro-
cesses is an established method across various disciplines. It
has evolved from the time-series analysis methods of research-
ers like Deacon (1974) and Geyh (1980), who used radiocarbon
dates as proxies for demographic and environmental change,
respectively (see Carleton and Groucutt (2021 for a history of
the approach’s development). Following these earlier research
contributions, Rick’s “Dates as Data” (Rick, 1987), emerged as
a pivotal work, frequently referenced for using radiocarbon dat-
ing as proxies to explore temporal developments in human
activity.

In the past three decades, significant advancements in calibra-
tion programs and computing technology have enhanced the utili-
zation of SPDs of radiocarbon dates. However, longstanding
debate about the reliability of the technique remains (Brown,
2015; Carleton and Groucutt, 2021; Williams, 2012). Critics con-
tend that relying on a qualitative assessment or “eyeballing” of
SPDs lacks statistical rigor and introduces subjective inferences
(Crema, 2022). They argue that such approaches may mask sys-
tematic and random errors, including issues related to sample
size, sampling intensity bias, taphonomic loss, calibration, and
measurement error, potentially leading to misinterpretations
(Crema, 2022). To address imperfect data in archeology and

palaeosciene, computational statistical analysis has emerged as a
valuable approach to enhance the robustness of interpretations
and conclusions drawn from radiocarbon date distributions
(Crema, 2022; Shennan et al., 2013).

For our analyses, we employ a quantitative approach using the
rcarbon package (version 1.5.0) from the R programing environ-
ment. This package offers a statistical framework for the aggre-
gate analysis of '“C data, accounting for systematic and random
errors inherent in '“C analysis through its provided functions
(Crema and Bevan, 2021). We compared regional summed prob-
ability distributions (SPDs) against a logistical growth model as
well as compared regional and categorized land use SPDs against
one another (see Crema, 2022 for a detailed description). This
approach, following methods from previous works (Brown and
Crema, 2021; Crema et al., 2016, 2017; Riris and Arroyo-Kalin,
2019; Shennan et al., 2013; Timpson et al., 2014), requires first
calibrating and binning '*C samples based on temporal proximity
(h=50; see Fig. S15 for sensitivity analysis). Binning attempts
controls for sampling intensity bias (Crema, 2022). Next, we gen-
erated normalized SPDs from the observed data, and fit them to a
logistical growth model and conducted mark permutation tests
between our regions and land uses. Null hypothesis testing takes
into account calibration effects by creating an expected range of
SPDs, or a 95% critical envelope, through the Monte-Carlo
method (nsim=1000) that addresses sampling errors (Crema and
Bevan, 2021).

Our spatial analysis, also utilized a permutation test, spt-
est(), from the rcarbon package, where spatial positions of
sites are shuffled randomly, and departures from the permuted
null are calculated with p-values and false discovery rates
(g-values) to assess the significance of these departures
(Brown and Crema, 2021; Crema et al., 2017; Crema and
Bevan, 2021). Our spatial analysis was based on a bandwidth
of 25 km, comparable to the resolution of the iLOVECLIM cli-
mate simulation.

Archeological radiocarbon '*C datasets

Throughout our analysis, we reuse existing data and utilize open-
source software, highlighting the significance of and advocating
for FAIR data practices (e.g. Wilkinson et al., 2016). Through the
diligent efforts of previous researchers, we gained to access rich
14C databases in our study regions (see Acknowledgments) and
reoriented our analyses to compare the effects of the volcanic
event and the so-called Fimbulwinter on topographically and eco-
nomically diverse regions of inland and coastal Sweden and Nor-
way. This approach facilitates comparative analysis, shedding
light on how environmental impacts may have influenced regional
land use.

These datasets contain over 12,238 dated records spanning
most of the Holocene. However, due to our study’s specific focus
on the 536/540 volcanic event, we restricted our examination to
the first millenium AD, enabling the establishment of demo-
graphic and land use patterns in the region across three climatic
transitions: (1) before the volcanic event, (2) during the Fimbul-
winter, and (3) the subsequent climate recovery period. This fil-
tering process resulted in a dataset of 4016 Scandinavian records
(see Figure 1; Norway n=1555, Sweden n=2461, sites n=1894).
With our substantial sample size and a focus on general trends, we
have confidence that the impact of any individual source of error
is minimal and does not significantly affect our research out-
comes (Riris and Arroyo-Kalin, 2019; Shennan et al., 2013;
Timpson et al., 2014).

Land use categorization

Our research aims to understand past human responses to envi-
ronmental risks through not only the spatiotemporal analysis of
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population trends, but also categories of land use. Our extensive
14C datasets, we have been able to assign each '*C record in our
database to a general land use category that considers the context
of artifacts, features, and site type associated with the sample. As
land use activities vary greatly over time and space, our catego-
rizations are intentionally broad and high-level and aim to repre-
sent cultural changes and adaptations to external factors.
Grouping the data into inclusive categories helps reduce noise in
the material and facilitates our exploration of general patterns in
response to climatic events. Despite our extensive dataset, chal-
lenges arise due to the disproportionate representation of certain
sites or structures in the records. For instance, remains from iron
production in specific inland regions of Norway between AD 600
and 700 to 1350 and cooking pits, particularly abundant between
AD 200 and 600, may skew the data due to their visibility and
higher dating frequency (Gundersen et al., 2019; Larsen, 2009;
Loftsgarden, 2020; Rundberget, 2013). The land use categories
are adapted from Hatlestad et al. (2021) and are informed by the
data discussion on cultural change in the categories and contex-
tual associations are as follows:

o Settlement: Postholes, hearths, cooking pits, foundations,
cellar pits, pit houses, longhouses, floor layers, remnant
fields, urban plots, and ovens are examples of the features
that were, when found in combination, interpreted as set-
tlements in study area archeological site reports;

e [ron production: Bloomeries, charcoal production sites,
slag, roasting features, forging pits, casting pits;

e Agriculture: cultivation terraces, clearance cairns, fences,
enclosures, irrigation ditches, and flax processing sites as
agriculture features;

e Hunting: pitfall traps, high altitude/melting glacier hunt-
ing finds

o Other: all other dates that did not meet the criteria for the
above categories
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Results
Climate results

Simulated ensemble mean temperature change during the volca-
nic period (536-541 AD) relative to the NOVOLC_1000 experi-
ment show pronounced cooling in Scandinavia and the whole of
Europe (Figure 2b), with a maximum ensemble mean cooling of
—1.1°C reached after the eruption. The inland and coastal areas of
Norway, Dalarna, and southern Sweden exhibit temperature
change of up to —1°C relative to the simulation without volcanic
forcing (Figure 2b). The ensemble mean represents the average
response to the volcanic forcing, effectively canceling out the
noise of the individual ensemble members; the “real” climate sig-
nal observed in proxy data reflects both internal variability and
external forcings like volcanic eruptions. Consequently, the
ensemble mean representing the forced response should not be
the sole focus when comparing model results with proxy data.

Consistency between the model and data implies that the
proxy signal should lie within the simulated climate range of the
ensemble set, which includes both the forced response and inter-
nal variability (Goosse and Renssen, 2004). In this context, the
climatic signal observed in proxies is similar to the results of a
specific ensemble member. To assess the full range of climate
responses, we consider two ensemble members (1 and 7) that
exhibit relatively large climate change during the volcanic forc-
ing. Figure 2d and f show temperature changes for the double
eruption event relative to NOVOLC 1000 for ensemble members
1 and 7, respectively.

Ensemble member 1 indicates temperature decreased by more
than —1.5°C during the eruption in most regions of Norway and
Sweden. For ensemble member 7, temperature anomalies fall
below —1.5°C, with inland Norway and central Sweden experi-
encing changes between (—1°C and —1.5°C) relative to
NOVOLC 1000. In southern Norway and Sweden, temperature
changes ranged from —0.25°C to —0.5°C for ensemble member 7
(Figure 2f).
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Figure 2. (a) Shows the ensemble mean temperature (all 10 ensemble members) simulated without volcanic eruption, averaged from | to
1000 AD as reference period; (b) Ensemble mean temperature change during the volcanic eruption (536-541 AD) relative to the ensemble
mean temperature without volcanic eruption While (c and e) show ensemble member | and 7 temperatures respectively without volcanic
eruption, averaged from | to 1000 AD as reference period. (d and f) show ensemble member | and 7 temperature change respectively, during
the volcanic eruption (536541 AD) relative to ensemble member | and 7 simulated without volcanic eruption (i.e. the reference period).
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Figure 3. Showing (a) Ensemble mean precipitation simulated without volcanic eruption, averaged from | to 1000 AD (NOVOLC_1000) as
reference period; (b) Ensemble mean precipitation change during the volcanic eruption (536-541 AD) relative to NOVOLC_1000; (c) Growing
Degree Days index (GDDO) simulated without volcanic eruption, averaged from | to 600 AD and (d) Growing Degree Days index change
during the eruption period (536541 AD) relative to the GDDO without volcanic eruption expressed as °C-days.

Precipitation also responded to the significant explosive
volcanic eruption with a decrease in most European regions.
Figure 3a shows the model ensemble mean spatial patterns of
precipitation averaged from 1to 1000AD (without volcanic
eruption), while Figure 3b shows the ensemble mean change
averaged from the eruption period (536-541 AD) relative to
Figure 3a. The ensemble model indicates a clear decrease in
precipitation following volcanic eruptions, particularly in
Scandinavia, where negative change of up to —25 mm/year are
observed. Some areas in Norway have precipitation change
ranging from —25 to —50 mm/year, indicating dryness post-
eruption. This reduction in precipitation is attributed to a
decrease in short-wave radiation reaching the surface due to
the eruption (Figure S3: Supplemental information), which
leads to reduced evaporation and atmospheric stabilization
(Cao et al., 2012). Additionally, a cooler atmosphere under-
goes less radiative cooling to space, allowing less condensa-
tion and precipitation (Allen and Ingram, 2002; O’Gorman
et al., 2012).

Volcanic response in different regions

Figure 4 shows the temperature evolution in our selected study
regions, including all 10 ensemble members and their ensemble
mean for the model simulations from 500 to 600 AD with volcanic
eruption. In Dalarna, the results indicate an immediate cooling at
537 and 541 AD after the eruption, with the mean ensemble tem-
perature declining from 5.2°C to 4.5°C and 4.1°C, respectively,

following the eruption at 536. The model ensemble means change
at 537AD was —1.2°C and —1.6°C at 541 AD compared to the no
volcanic ensemble mean for this inland Sweden region (Figure
S2: Figure in Supplemental Material). The temperatures started to
rise again after the eruption in 543 AD.

The southern Sweden (Coastal) study region (Figure 4) also
shows a temperature decrease following a pattern similar to
Dalarna but with different changes and recovery periods in
response to the volcanic eruption. The volcanic signals are sig-
nificant and clearly shown, with maximum cooling observed in
the first (537AD) and second year (541 AD) after the eruption,
followed by a gradual rise after 543 AD for over 30 years.

We utilized a student 7-test to establish the statistical signifi-
cance of the volcanic eruption’s impact on the ensemble simu-
lations. By comparing the change in temperature of the
ensemble mean during the volcanic period (536-541 AD) to the
average ensemble mean temperature without the volcanic erup-
tion period (536-541 AD) for all study regions, we determined
p-values. Southern Sweden showed p-values below 0.05 (Table
S2, Supplemental Material), indicating a significant cooling at
95%. Norway and Dalarna had p-values below 0.1, indicating
substantial cooling at 90%. This statistical test is crucial to vali-
date the confidence in our results, Our test gives us confidence
than the volcanic eruption during the 536-541AD had an
impact in the regions we studied in Scandinavia, showing that
the change in temperature between the two experiments was
due to the impact of the volcanic forcings prescribed in the
simulations.
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Figure 4. Time series of the temperature ensemble runs simulated by the climate model (iLOVECLIM) with volcanic eruption applied in
our study regions (Dalarna, Norway, and South Sweden). All the 10 ensemble members are shown in gray with the ensemble mean in deep

blue color.

Growing degree days (GDDO)

The simulated ensemble mean temperature changes are similar
across the study areas after the 536 and 540 eruptions. However,
the impact of climate variability on society and society’s response
depends on its effect on agriculture in different regions. To under-
stand agricultural vulnerability, we analyzed changes in simulated
growing degree days (GDDO), the sum of daily mean tempera-
tures above a given threshold (in our case, 0°C) to provide GDDO
during the growing season.

The simulated GDDO index changes during the eruption (rel-
ative to NOVOLC 1000) showed a substantial reduction in
plant growing conditions in Scandinavia and the rest of Europe
(Figure 3d). The GDDO anomalies were between —400 and —500
degree days in the coastal regions of Norway and Sweden, while
the GDDO anomalies of Sweden and Norway’s inland were
between —200 and —400 degree days, which indicates a larger
limiting impact on plant growing conditions on the coast than
the inland.

Figure 5 displays localized Scandinavian temporal trends in
the growing degree days index following the volcanic eruption.
The results show southern Sweden experienced the most negligi-
ble impact on the growing season compared to the inland areas in
Norway and Dalarna, with coastal Norway having the most drop
in GDDO during the eruption period.

The trends in GDDO follow similar patterns in all regions, but
the degree index and percentage change magnitude differ. In
Dalarna, GDDO decreased by approximately 27% during the
eruption but later recovered (Figure 5). Before the eruption, in
535AD, GDDO was around 2452°C-days but declined to
2138°C-days in 537AD, then 1818°C-days to 540AD, with its
lowest level of 1794°C-days occurring in 542 AD. However, the

GDDO started rising again in 543 AD, reaching a peak of
2803°C-days in S60AD (Figure 5). Norway experienced about
29% reduction in the length of the growing season after the erup-
tion, with GDDO declining from 2461°C-days (535AD) to
1752°C-days (542AD) (Figure 8). Southern Sweden also had a
20% reduction in growing degree days, decreasing from 3101
(535AD) to 2477°C-days (540 AD). Coastal Norway showed the
most significant reduction during the event, with a drop of almost
500°C-days, while the inland experienced a reduction of
400°C-days as shown in (Figure 3d).

Null model hypothesis testing of 14C datasets

The logistical growth model analysis of our data set as whole
reveals a significant negative departure from the null occurring
just after the 536/540AD event (Figure 6). The observed SPD’s
lack of fit within much of the 95% confidence envelope, coupled
with a global p-value of 0.001, suggests an effect on demographic
growth at this time. Similar significant negative deviations after
the 536/540AD event are observed in coastal and inland Sweden.
However, while growth in these regions falls below the null’s
expectations, the observed SPDs still reflect increasing growth. In
both of Norway’s regions, the observed SPD begins a downward
trend close to the 536/540 AD eruptions, but there is an approxi-
mate 10 to 20-year lag before a significant negative deviation
from the null.

Mark permutation test

The initial permutation test results (Figure 7) reveal significant
divergences in demographic patterns between Norway and
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Figure 5. Time series of the Growing Degree Days index simulated with volcanic eruption applied in the iLOVECLIM model in our study
regions (Dalarna, Norway, and Southern Sweden).
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536/540 AD event.

Sweden in the first millenium AD (Crema and Bevan, 2021). In
Sweden’s inland region (p-value=0.001), significant deviations
below the permuted null persist until shortly after the volcanic
event. Following 536/540 AD, regional growth recovers, meet-
ing the confidence envelope before exceeding expectations
around 650AD. Meanwhile, coastal Sweden’s observed SPD
(p-value = 0.008) closely adheres to the confidence envelope but
trends upwards just before the Fimbulwinter, deviating posi-
tively from the null approximately 50 years after the event.

Conversely, Norway’s regions positively deviate from the
null leading up to the 536/540 eruptions, but then experience a
decline. This reduction may have started before the volcanic
event (Figure 7), raising the curiosity as to whether the eruption
triggered a demographic and social restructuring or intensified
an ongoing societal transformation. These results will be further
discussing in the following discussion section.

Spatial permutation tests

Using the spatial permutation method provided by the rcarbon
package, we analyzed the geographical intensity of population
and land use activity in the Scandinavian region over two centu-
ries (450-650AD) (see SI and Crema et al., 2017 for an in-depth
explanation of this approach; Brown and Crema, 2021; Crema
et al., 2017). Our findings indicate an increased dependence on
the inland regions of Sweden and Norway, a substantial decline
in the Norwegian coastal area, a heterogenous results for the
southern coast of Sweden (Figure 8; Figure S5-S9, Supplemen-
tal Material).

The results for the Swedish inland align with our previous per-
mutation analysis, showing a significant positive deviation after
the Fimbulwinter. However, this spatial permutation test revealed

a Norwegian inland hotspot not detected in the earlier analysis,
highlighting how region-specific nuances can be obscured with a
solely temporal permutation approach (Figure 8a).

Across the 200-year time block, pronounced growth is
observed in the inland regions and the southernmost tip of Swe-
den, while Norway’s Oslo fjord coastal region shows decline
(Figure 8). Southern Sweden’s coast displays variation, with the
northern portion experiencing a decline in growth and less fluc-
tuation at the southernmost border. In the third transition, a geo-
graphic shift in land use intensity is evident, with an expansion
southward in inland Norway and eastward in inland Sweden, pos-
sibly indicating recovery and a return to areas previously utilized
before the Fimbulwinter (Figure 8b).

Land use tests

We analyzed regional land utilization to extend the investigation
of the overarching demographic patterns, which had previously
suggested an increased dependence on the boreal inland follow-
ing the 536/540 AD event. Thus, we employed a spatial permuta-
tion test to examine specific spatial alterations in land use over a
200-year timeframe, which revealed notable changes in several
land use categories (see Figure S5-S9, Supplemental Material).

During the three transitions, settlement activity deviated nega-
tively, especially along the Norwegian coast (Figure S5a, Supple-
mental Material). However, southern Sweden exhibited only a
slight decline in growth rates (Figure S5b) across transitions I-111,
still surpassing the expectations of the null model (Figure S5a).
Meanwhile, the inland region of Norway experienced pockets of
considerable positive settlement growth, exceeding the expecta-
tions of the null model, whereas settlement in inland Sweden only
trended positively in transition III.
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Figure 8. (a) rcarbon sptest () (i.e. spatial permutation test) for all radiocarbon dated sites in Scandinavian study regions across three
transitions: (I) 450-500 to 500-550 AD, (II) 500-550 to 550-600 AD, (Ill) 550-600 to 650 AD, depicting “hot and cold” spots of growth with
p-value and g-value deviations. (b) Local geometric growth rates across transitions I-lIl.

Limited *C records hindered a prominent agricultural signal,
but local growth rates indicate increased activity around the Oslo
fjord and inland Sweden in the first two transitions (Figure S7a).
Transition III witnessed a decline in coastal growth rates and
Sweden’s inland region exhibited heterogeneity (Figure S7b).

Similarly, our datasets contained limited hunting records for
these periods, but hunting appeared more prevalent in the inland
regions, with Norway’s hunting declining across transitions and
Sweden’s increasing (Figure S8).

Iron production significantly grew in the inland areas of Nor-
way and Sweden over the transitions (Figure S6b). Inland Nor-
way presents as an iron production hotspot during the first two
transitions, while Sweden’s iron production rising notably during
transition II, or the fimbulwinter event period, and thereafter
(Figure S6a). Moreover, as observed in the overall demographic
activity, the same geographical shift eastward in inland Sweden
is reflected in the third transition, or climate recovery period
(Figure S6b).

Discussion
Summary of results

The iLOVECLIM climate simulations reveal distinct patterns of
temperature, precipitation and GDD changes during the volcanic
period, with variations observed between our coastal and inland
regions. Temperature results show an overall regional decrease in
mean ensemble (—1°C), yet the inland areas see a larger reduction
in temperature, with ensemble 7 yielding a more regionally varied
difference in temperature (—1°C to —1.5°C inland and —0.25°C to
— 0.5°C coastally) compared to the mean and ensemble 1
(—1.5°C). Precipitation results are generally homogenous between

regions, with negative changes of up to —25mm/year observed
and a few areas in Norway with changes of up to —50 mm/year.
Simulations of GDD for regional coastal areas show changes
between —400 and —500 degrees days, while the inland regions
changes were between —200 and —400 degree days.

Our spatial-temporal analysis of *C archeological data also
reveals distinct regional patterns in the demographic chronology
and land use activities surrounding the 536/540 event. All regions
negatively deviate from the logistical null either during or closely
after the volcanic event. Notably, the Swedish regions’ observed
SPDs trend positively around 536/540AD, while Norway’s
observed SPDs trend negatively. However, results from the mark
permutation test somewhat alter these findings, as significant
deviations in the demographics of coastal Norway and both inland
regions end just before or around 536/540AD (Figure 7b—d).
Additionally, the coastal Sweden region shows significant devia-
tions approximately 50 years after the event and then trends posi-
tively (Figure 7a). The spatial permutations findings indicate an
increased spatial intensity occurring in the inland regions of Swe-
den and Norway, a substantial decline in the Norwegian coastal
area, a heterogenous results for the southern coast of Sweden dur-
ing the modeled volcanic event period (500-550 to 550-600 AD)
(Figures S5-S9).

Moreover, the land use mark permutation tests highlight
regional variations occurring around Transition II (500-550 to
550-600AD). Coastal Norway emerges as a cold spot for settle-
ment, with specific local growth rates indicating declines in set-
tlement and iron production, an uptick in agriculture, and a
decline in the other category sites. Inland Norway maintains two
small hotspots of settlement before, during, and after the volcanic
event, with local growth rates increasing during transition II. Sim-
ilarly, the region experiences positive trends in iron production
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during Transition II. Coastal Sweden is a minor hotspot for settle-
ment during Transition II, mixed cold and hotspots for agriculture
and hunting, and declining sites in the “other” category. Inland
Sweden also emerges as a minor hotspot for settlement, becoming
an iron production hotspot after the volcanic event (550-600 to
600-650AD). However, local growth rates in this region indicate
an increase in iron production, agriculture, hunting, and other
activities during Transition II.

Regional societal response to the 536/540AD
volcanic event

During the volcanic event, Norway’s coast experienced the larg-
est decrease in GDDO among all four regions, reaching
—500-degree days (see Figure 3d). This decline in GDDO can be
attributed to a combination of temperature and precipitation fac-
tors, although individually, these variable changes were not as
drastic as compared to other regions. The significant decrease in
GDDO suggests that crop growth and production were more
severely affected in this region, particularly in the Oslo fjord area,
which relied more heavily on domestic crops compared to the
mixed farming inland areas (Bevan et al., 2017; Eriksson et al.,
2021; see Figures 3d and 5, Figure S7). The GDDO values can be
compared to specific crops relevant to the study area (Table S2).
Figure 5 indicates that the volcanic eruption may have limited
wheat and buckwheat growth but not barley, which dominated
crops in Norway and Sweden during the first millenium BC (Wid-
gren and Pedersen, 2011). The '“C land use tests reveal a slight
increasing trend in agriculture leading up to and during the
536/540AD event, followed by a decline during the climate
recovery period, raising questions about the lag time between a
climate event and societal change, and the significance of crop
diversification as a coping strategy.

The trend in the archeological '*C results for Norway’s
coast during the same period indicates general decreased spa-
tial-temporal intensity in demography and land use, suggesting
region’s specific environmental risks, such as its latitude and
topography, may have pushed it past a critical threshold, con-
tributing to unavoidable activity declines. However, our land
use analysis of the region shows a reduction in the diversity of
activities had begun prior to the Fimbulwinter period (Figures
S10, S13), possibly affecting the region’s ability to quickly
adapt to the 536/540 AD event. Additionally, the evidence of
prior land use change suggests that social influences, possibly
the Migration period upheaval (400-800AD), were already
affecting the region before 536/540 AD. The volcanic event
may have augmented this ongoing change (Eriksson et al.,
2021; Gjerpe, 2017; Iversen, 2016; Loftsgarden and Solheim,
2023).

Norway’s inland, also experienced quite drastic declines in
GDDO (—400-degree days), temperature (—1 to —1.5°C) and pre-
cipitation (up to =50 mm/year). However, this region’s permuta-
tion results show hotspots of demographic intensity before, during
and after the 536/540 event. *C records of land use also present
as more robustly diverse, both in intensity and in number, than its
coastal counterpart prior to the volcanic event (Figure S10, S14).
Specifically, there is an increase in iron production after the vol-
canic event and agricultural activity remains stable for a period.
The trends observed imply that in challenging environments,
where diverse economic strategies like iron production and agri-
pastoral farming are necessary, trade continued to be a valuable
adaptive response to uncertainties. These economic pursuits pro-
vided communities with added resilience, ensuring their ability to
cope with sudden environmental adversities.

The iLOVECLIM model simulated similar climate effects of
the volcanic event on coastal Sweden as coastal Norway, present-
ing decreasing temperatures (—0.25°C to — 0.5°C), precipitation

(—25mm/year) and GDDO (—400-degree days). This implies a
potential impact on agricultural productivity due to a shortened
growing season, with increased frost days and higher likelihood
of drought. Though similar climatic variability occurs here as on
the Norwegian coast, demographic and land use trends present as
generally stable and within expected critical envelope ranges
(S10, S11) in the face of the volcanic event. Unlike the Norwe-
gian coast, the land use intensity levels in coastal Sweden prior to
the volcanic event were generally stable and, in some cases, even
displayed positive trends. This finding reinforces the idea that sta-
bility is resilient and difficult to disrupt. It also highlights the
importance of creating diverse resources and strategies to with-
stand and adapt to abrupt events effectively.

Inland Sweden experienced a relatively minimal climatological
impact during the 536/540AD event, with decreases of approxi-
mately —200-degree days in GDDO0, —1.2°C and —1.6°C in tem-
perature, and —0.25 mm/year in precipitation compared to other
regions. Despite this, the spatial-temporal analysis of inland Swe-
den’s '“C records shows some degree of growth across all five
land-use categories in the aftermath of the volcanic eruption (Fig-
ures S10, S12). The region’s unique geographical location, possi-
ble favorable microclimates, diversified land uses, and the creation
of new grazing space for livestock resulting from forest clearance
for iron production likely preconditioned the area for success dur-
ing the Fimbulwinter (Eriksson et al., 2021; Eriksson, 2023;
Hatlestad et al., 2021; Loéwenborg, 2023; Oinonen et al., 2020).
Just like in inland Norway, the fact that iron production continued
in inland Sweden after the Fimbulwinter indicates that trade
remained a viable strategy for coping with environmental risk.

Uncertainties and future extensions

Most climate models confirm cooling effects following Northern
Hemisphere volcanic eruptions, aligning with our dynamically
downscaled iLOVECLIM model ensemble setup, which reveals
surface cooling during the fimbulwinter in Scandinavia. Recent
work by van Dijk et al. (2022) utilizing the Max Planck Institute
Earth System Model and identical PMIP4 volcanic forcing as our
study, demonstrates significant cooling in mean Northern Hemi-
sphere surface climate for up to two decades post the major erup-
tions of 536, 540, 574, and 626 AD. Earlier research on volcanic
eruption effects within the last millenium, such as Timmreck et al.
(2009) and Guillet et al. (2020), indicated a decade-long cooling
period following exceptionally large eruptions. Notably, Earth
System Model simulations around 536 and 540AD by Toohey
et al. (2016), driven by volcanic forcings, displayed Northern
Hemisphere mean temperature anomalies exceeding —2°C, imply-
ing substantial crop production reductions across Scandinavia. In
agreement with the findings of Toohey et al. (2016), iILOVECLIM
simulations also demonstrate a decrease in the GDDO index
across our study areas, lending support to the hypothesis linking
the mid-sixth-century social crisis to the volcanic eruptions of
536 and S40AD.

Divergent '“C results observed in these studies may be influ-
enced by other concurrent factors, such as famine and plague,
which themselves may be a cascading result of sudden perturba-
tions that destabilize the climate and further impact a society’s
ability to cope (Bondeson and Bondesson, 2014; Harbeck et al.,
2013; Iversen, 2016; Solheim and Iversen, 2019). This under-
scores the complexity of human-environment dynamics. Never-
theless, our comparative analysis provides strong evidence that
mid-sixth century societal transformations in our study regions
were influenced by the 536/540 AD volcanic event.

Another issue is a lack of terrestrial hunting data for the Nor-
wegian coast, which can be attributed to its marine geography,
indicating a greater dependence on aquatic sources. Unfortu-
nately, there are few archeological sites reflecting the exploitation
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of marine resources. As a result, our understanding of land use
diversification opportunities in this area may be skewed.

Consideration of lag time is crucial when comparing the cli-
mate and societal records. Changes in human societies do not
often present in the archeological record immediately, resulting in
atime delay before responses to environmental influences become
evident. Several researchers have developed and employed meth-
ods to address this issue. The methods used include running sig-
nificance tests on the correlation between climate events and
differences in population development, to identify “trigger”
events or measure temporal lags between population decline and
change in environmental proxy age depth models (Donges et al.,
2016; Siegmund, Siegmund and Donner, 2017; Heitz et al., 2021;
Riris and de Souza, 2021; Kim et al., 2021; Kintigh and Ingram,
2018). By considering these lag time factors and employing rigor-
ous statistical methods, researchers can gain a more nuanced
understanding of the relationship between climate events and
societal changes.

Conclusion

In this study, we conducted a spatial-temporal analysis of '“C
records from Sweden and Norway compared to the downscaled
iILOVECLIM climate model. Our results revealed distinct
regional capabilities in maintaining land-use systems during the
climate variability of the Fimbulwinter. Our investigation con-
cludes with the insights we have gained into our original research
questions:

(i) What is the impact of the 536/540 volcanic event on
Scandinavian society? Our analysis of the simulated
ensemble mean changes and the changes of Ensembles
1 and 7 during the volcanic event, in comparison to the
NOVOLC_1000 simulations, revealed abrupt declines in
temperature, precipitation, and GDDO index across all
regions during 536 and 540AD. However, our findings
indicate that the impact of these changes varied across
regions, with Norway experiencing more severe cli-
matic changes after the event, while Sweden with milder
climatic effects, showed fewer indications of societal
decline during the same period.

(ii) Can we see evidence for a relationship between patterns
of climate and "*C records? Can we identify the volcanic
event as a leading signal to change in the archeological
record? Again, we observed pronounced regional dis-
parities in the correlation between the climate simula-
tions and the archeological data. Specifically, while the
climate deteriorated in Scandinavia as a whole following
the volcanic event, we noted that land use and demog-
raphy in Sweden remained relatively stable, and even
increased in its inland, while the coast of Norway expe-
rienced a decline. However, we were not able to defini-
tively identify the 536/540AD event as a “trigger” for
these regions’ changes in demography and land use.

(iii)  Did changes in land use or regional spatial intensity
occur following the event? If so, what does that indicate
about regional capacities to cope with abrupt climate
risk?

The spatial permutation tests performed on the '“C samples
allowed us to track regional trends before, during and after the
volcanic eruptions. The results reveal that trade, mobility and land
use diversification were adaptive societal responses to abrupt
environmental risks.

The study enhances our comprehension of the multifaceted rela-
tionship between society and the environment and sheds light on
the adaptive mechanisms of humans in response to environmental

stressors. The outcomes of our investigation emphasize the need for
a region-specific approach when evaluating the impact of climate
change on societal response. Furthermore, our results point to
diversification and mobility as resilient societal adaptations.
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