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Abstract

The chronological challenge of cross-scale analysis within coupled socio-
ecological systems can be met with tephrochronology based on numerous
well-dated tephra layers. We illustrate this with an enhanced chronology from
Skaftartunga, south Iceland that is based on 200 stratigraphic profiles and
2635 individual tephra deposits from 23 different eruptions within the last 1140
years. We present new sediment-accumulation rate based dating of tephra
layers from Grimsvotn in AD 143215 and AD 1457+5. These and other
tephras underpin an analysis of land surface stability across multiple scales.
The aggregate regional sediment accumulation records suggest a relatively
slow rate of land surface change which can be explained by climate and land
use change over the period of human occupation of the island (after AD
~870), but the spatial patterning of change shows that it is more complex, with
landscape scale hysteresis and path dependency making the relationship
between climate and land surface instability contingent. An alternative steady
state of much higher rates of sediment accumulation is seen in areas below
300 m asl after AD ~870 despite large variations in climate, with two phases
of increased erosion, one related to vegetation change (AD 870-1206) and
another related to climate (AD 1597-1918). In areas above 300 m asl there is
a short lived increase in erosion and related deposition after settlement (AD
~870-935) and then relatively little additional change to present. Spatial
correlation between rates of sediment accumulation at different profiles
decreases rapidly after AD ~935 from ~ 4 km to less than 250 m as the
landscape becomes more heterogeneous. These new insights are only
possible using high-resolution tephrochronology applied spatially across a
landscape, an approach that can be applied to the large areas of the Earth’s
surface affected by the repeated fallout of cm-scale tephra layers.



1. Introduction

The long-term perspectives of Quaternary science offer much to the
contemporary debates about landscape resilience and the drivers of land
surface change (Dearing et al., 2010). Recent decades have seen significant
progress in both the production of diverse proxy records of environmental
change and the development of high-resolution, long-term time series
(Bonnefille and Chalie, 2000; Brauer et al., 1999; Dansgaard et al., 1993;
Marlon et al., 2008; Wang et al., 2001). High quality archives can now provide
data with the sub-decadal, annual or seasonal resolution needed for the
analysis of land surface changes on human timescales and assessments of
possible interactions between environmental change and human societies
(e.g., Dearing, 2008). However, while many fundamental challenges of
temporal resolution have been tackled (Lowe et al., 2008; Ramsey, 2008), key
issues of spatial resolution remain unsolved.

Land surface change can be driven at multiple scales. These can be both
‘top-down’ (as in the case of global scale processes that drive climate
changes with local impacts) and ‘bottom-up’ (as in the case of small scale
land use changes that in aggregate have regional effects). Precise and
accurate chronologies applicable across a nested sequence of scales are
necessary in order to make effective connections between global hypotheses,
regional narratives and the detail of individual sites. The spatial and
chronological challenges presented by the cross-scale analysis of land
surfaces can be met with high-resolution tephrochronology which can define
spatial patterns across scales from millimetres to hundreds of kilometres
(Dugmore et al., 2009; Lowe, 2011; Streeter et al., 2012).

This approach can also be used to test how resilient the land surface has
been to anthropogenic disturbance and climatic influences over millennial
timescales. Resilient systems can tolerate a wide range of conditions and are
likely to remain in a similar state through time (Scheffer et al., 2009). In
contrast systems with low resilience are sensitive to changes in conditions
and are likely to change state over time (c.f. Bhagwat et al., 2012). Changing
resilience may explain why some perturbations produce large changes when
earlier perturbations of similar magnitude produced little change (Scheffer et
al., 2009). As resilience is scale dependent, effective resilience thinking
requires engagement at the scale of enquiry, a scale above and a scale below
(Walker et al., 2004). Enhanced resilience at one scale within a landscape
may be directly related to reduced resilience at another scale. Within coupled
social-ecological systems (SES) the relevant scales of enquiry are likely to be
related to the scales of human use of the landscape (e.g., field systems, land
holdings, community management of resources, regional networks of
exchange).

In this paper we develop tephrochronology for the cross-scale analysis of land
surface change. Tephra layers provide a limited number of discrete dates
within a time series of data because of the episodic nature of volcanic
eruptions, but tephrochronology provides unparalleled scope for precise and
accurate 3-D reconstructions of change related to the isochrons formed by



tephra layers. This approach offers a hitherto largely untapped potential to
develop understanding of the coupled interactions of environments and
people, particularly those expressed as changing patterns of land surface
change.

We focus on methodological issues of precision, accuracy, data density and
statistical analysis related to the development of regional tephrochronology for
multi-scale studies of land surface change over millennial timescales. We
maximise the resolution of tephrochronology in Iceland by identifying patchy
and marginal tephra layers and using high-resolution measures of sediment
accumulation to provide calendrical dates. We use the example of landscape
degradation to assess change at different spatial and temporal scales within a
coupled SES and to address questions of long-term resilience of a land
surface to changes in climate and vegetation cover.

2. Regional Setting

In order to develop new perspectives we focus on southern Iceland, one of
the best locations in the world for applications of tephrochronology (Fig. 1),
where changes in SESs and climate are expressed in land surface changes.
Iceland is important for understanding the human impact on the environment
because it was settled in comparatively recent historical times and so can
provide accessible pre-human baselines. In addition the existence of the
Landnam tephra (deposited 871+ AD, Gronvold et al., 1995), which dates
from immediately prior to Norse settlement, marks a precisely defined change
from a purely ecological system to a combined social-ecological system.

The area east of Myrdalsjokull includes the areas of Skaftartunga,
Myrdalssandur, Eldhraun and Alfvanfrettur and extends from the southern
coastal sandur of Iceland to the interior highlands (Fig. 1A). The sandur plains
to the south of the study area have been frequently swept by jokulhlaups
generated by the sub-glacial volcano Katla and covered by recent lava flows
(most recently from eruptions of Eldgja in AD ~935 (Larsen, 2000; Larsen,
2010) and Laki in AD 1783 (Thordarson and Self, 2003)). As a result they
have a poorly developed vegetation cover. The neighbouring lowlands (<
~300 m asl) where present day farms are located are likely to have been
dominated by Betula woodland before the Norse settlement of the late 9th
century AD (Hallsdattir, 1996; Lawson et al., 2007). Today, although areas of
woodland survive, the landscape is dominated by forb meadowlands which
have experienced differing degrees of sediment accumulation and soil
erosion. The climate is cool, wet and windy. Mean annual temperatures at
Kirkjubeejarklaustur weather station, 25 km east of the study area are 4.8°C
(AD 1931-2009), precipitation is ~1700 mm/yr and mean annual wind speeds
are 3.6 m/s.

Agriculture is based on a mix of introduced sheep, cattle, goats, horses, and
in the early centuries of settlement, pigs (Dugmore et al., 2000; McGovern et
al., 2007) Provisioning has always involved networks greater than that of the
individual farms (Fig. 2).



We know settlement of Iceland was rapid (Vésteinsson and McGovern, 2012)
and areas around farm sites experienced large ecological changes rapidly
after Landnam (Hallsdaéttir, 1996; Vickers et al., 2011). Evidence from the
wider landscape shows that the change from a purely ecological system to a
SES took place over several centuries, as shown by the centuries scale
decline in woodland cover (Lawson et al., 2007; Church et al., 2007). This
switch between dominant ecological processes to combined social-ecological
processes was time transgresive.

Andisols are extensive in the region and highly susceptible to erosion
because of their low cohesion (Arnalds et al., 2001). Iceland has experienced
high levels of soil erosion since its settlement in AD ~870 (Dugmore et al.,
2000; 2009; Streeter et al., 2012) and presently ~ 40% of rangeland grazing
areas are classified as severely eroded (Arnalds et al., 2001). After the human
colonisation of the island and the related introduction of terrestrial grazing
mammals and subsequent anthropogenic reductions in woodland cover, soil
erosion would have been driven by different processes, occurred in different
patterns and had a different relationship to vegetation change than before
Landnam. This is because people have created forb meadowlands, with
different vulnerabilities to erosion, from areas of the landscape that would
have naturally supported woodland. Generally the intensity of soil erosion (as
measured by sediment accumulation rates) increased in the Little Ice Age
(LIA) period (AD 1300-1900), although in part this is probably due to
increased sediment supply due to erosion in lowland areas with deeper soils
rather than increasing rates of areal denudation (Dugmore et al., 2009).
Erosion typically proceeds by loss of area and a flip between alternate land
surface states of stable vegetation cover and persistent soil erosion. Under
deteriorating climate conditions or increased grazing pressure vegetation
cover can develop erosion spots. These may coalesce to form labyrinths of
exposed soils that in turn may widen to create metre-scale areas that are
vulnerable to erosion by wind, frost and running water (Arnalds, 2000).
Exposed sediment surfaces have a distinctive set of feedback loops and
mutual dependencies so, once they develop, they may persist under much
lower grazing intensities and milder climates than were needed to trigger their
development in the first place. Denuding andisol surfaces have been an
enduring feature of the Icelandic landscape since settlement and have been
named rofabards (Arnalds, 2000). Therefore the breaching of vegetation
cover can be considered a threshold between alternative land surface states
(Dugmore et al., 2009).

Volcanic activity is very frequent in Iceland and often produces some form of
tephra deposit (Haflidason et al., 2000). There is geological evidence or
written accounts (or both) for over 200 eruptions since Landnam (Thordarson
and Larsen, 2007). The exact number will never be known; but since two-
thirds of the records come from the more recent half of the settlement period
(post AD ~1500), when sources of evidence are more clear and abundant, the
total is probably closer to 300 events. Most of the extensive tephra marker
horizons found in post-Landnam sequences in Iceland have been dated with
both precision and accuracy, most notably the tephras produced from Hekla
and Katla (Thérarinsson, 1944; 1967; 1975).



The area east of Myrdalsjokull has one of the most complete tephra records in
Iceland and the tephra record in Alftaversafrettur (Fig. 1) extends back 8.4 ka
(Larsen, 1984; Larsen, 2010; Larsen et al., 1999; Oladottir et al., 2005;
Oladottir et al., 2008). Skaftartunga’s proximity to the volcanic system of Katla
(19-34 km) means that Katla is the source of the majority of tephras found
here, but there are also tephras from Hekla (65-70 km), Veidivotn (35-60 km),
Eldjga, (10-35 km), Oraefajokull (95-105 km) and Grimsvétn (87-105 km)
(Thérarinsson 1958; Larsen, 1984, 2000; Larsen et al., 2001; Oladéttir et al.,
2005, 2008). The stratigraphy and major element composition of the Katla
tephras has been explored in detail (Oladéttir et al., 2005; 2008). The
Grimsvotn volcanic system is the most active in Iceland, with 65 eruptions in
historical times (from AD ~870 onwards) and seven in the period AD 1400-
1480 (Larsen et al., 1998). The majority of tephras from these eruptions have
only been found within the ice cap and have not produced widespread
isopachs suitable for chronological control (Larsen et al., 1998; Steinthérsson,
1977). Within the post-Landnam tephra sequence, however there are two
extensive layers originating from Grimsvotn and while these two tephras have
been recorded previously in individual profiles (e.g. Larsen, 1981; Larsen,
2000; Oladottir et al., 2011b; Oladottir et al., 2005) their true extent is unclear.
The eruption dates are not recorded in written records, but their stratigraphic
position indicates they erupted between AD 1416-1477.



3. Methods

3.1 Recording of stratigraphic sections

Stratigraphic sections were recorded through soils and tephra sequences in
Skaftartunga (Fig. 1d) between 57 m asl and 462 m asl, with mean altitude of
218 m. They were located on active eroding fronts and recent cuttings into
surface sediments (e.g. ditches, road cuttings and actively eroding stream
edges). Sections were cleared to a minimum width of 0.5 m. This was
important because the thickness and the presence or absence of tephra
layers varies over cm-scales due to both depositional effects at the time of the
eruption, such as differences in vegetation cover, and due to post-depositional
reworking for instance by cryoturbation processes (Dugmore and Newton,
2012; Kirkbride and Dugmore, 2005). Profiles were logged from the surface to
the Landnam tephra layer (mean depth 1.1 m) to a resolution of £2.5 mm, and
+1 mm for 27 sections recorded photogrammetrically. Tephra thickness within
these sections was measured from scaled photographs allowing dozens to
hundreds of measurements per layer (Streeter and Dugmore, 2013a). This is
important because the considerable cm-scale variability commonly found in
tephra layers makes collecting a representative measurement difficult without
replication of measurements from an exposure of > 0.5 m width. For each
tephra and sediment unit particle size and shape, layer colour and thickness,
bedding, sediment sorting and the nature of stratigraphic contacts were noted.
Where thickness varied substantially in sections not recorded
photogrammetrically a representative thickness was determined by averaging
three evenly spaced measurements across the section face, and the range of
thickness recorded.

3.2 Field identification and sampling

One approach to recording tephra stratigraphy is to search for reference
sections within sediment traps which might be expected to have a particularly
complete record of tephra fall. Iceland is, however, a very dynamic landscape
and tephra re-deposition can occur for a variety of reasons (Boygle, 1999;
Dugmore and Newton, 2012) Thus we favour the creation of composite
records based on many individual profiles. Key ‘marker horizons’ — easily
field identifiable tephras that cover the entire study area — were identified
from the published chronologies (Larsen, 2000; Oladéttir et al., 2005, see
Table 1). We use the commonly applied Icelandic tephra layer naming
convention of a letter indicating the volcanic system followed by year of
eruption (e.g. K1416 the eruption of Katla in AD 1416) hereafter. Tephras
were identified on the basis of their grain size and morphology, layer
thickness and colour and stratigraphic location. All previously established
tephra layer sources and ages were identified in the field and these
identifications were confirmed with geochemical analysis in conjunction with
their stratigraphic location (Streeter, 2011). Deposits that were not key
markers were identified using mixture of field mapping and further selected
geochemical analysis. Primary tephra layers were distinguished from
andisols, other sediment and reworked material on the basis of lithology, grain
morphology, spatial distribution and layer stratigraphy (Dugmore and Newton,
2012).



Using the stratigraphic framework of field identifiable tephras and the markers
V1477 and K1416 it was possible to identify two tephra layers which occur
frequently between AD 1416-1477. These had previously been recorded in
individual sections as layers originating from Grimsvétn (e.g. Larsen, 1981;
Larsen, 2000; Oladottir et al., 2005) but their spatial distribution has not been
established. Samples of these tephra were collected from nine sections in
Skaftartunga (Fig. 1C, Sl. Table 1) and their distribution within recorded
sequences mapped (Fig. 3, SI. Fig.1, Sl. Fig. 2). In addition, closely related
tephra layers of known age and origin (e.g. K1416, V1477 and K1500) were
also collected in selected sections (see Sl. Table 1).

3.3 Chemical analysis

Major and minor element analysis has been used to confirm the origins of
selected tephras. Individual grains of glass from the tephras were analysed on
a WDS Cameca SX100 electron microprobe, using the analytical protocols
from Dugmore et al. (1995a). The analysing beam used an accelerating
voltage of 15 keV, a beam diameter of 10 ym and a current of 2 nA for Na,
Mg, Al, K, Ca, Fe and Si and 80 nA for P, Ti, Mn and P. The instrument was
calibrated regularly against known standards (Supplementary Information)
Optical examination in thin section was used to select 6-10 shards per sample
for analysis that were not weathered and lacked crystalline inclusions. Only
raw electron microprobe analysis with totals >97 wt% were utilised (Hunt and
Hill, 1993). New data were compared with geochemical compositions for
tephra from Icelandic volcanic systems (Tephrabase, www.tephrabase.org
and published analysis Jakobsson, 1979; Larsen et al., 1999; 2001; Oladéttir
et al., 2008; 2011a).

3.4 A 15™ century sediment accumulation rate age model

At any one site the sediment accumulation rate (SeAR) is affected by regional
sediment fluxes but the signal is dominated by the local geomorphic context
(Dugmore and Erskine, 1994). Thus while many sections preserve a time
dependant signal it is one that is highly spatially variable and this introduces a
degree of noise. As we were interested in a time dependant processes (the
accumulation of sediment) we focused on two sites where the preservation of
tephra layers was especially good (Fig. 1c, profiles 153 and 179) and where
the high SeARs (mean 0.55 mm/yr) ensured the vertical separation of layers
that are closely spaced chronologically. As sediment accumulation in Iceland
can vary greatly in the historical period (Dugmore et al., 2009; Dugmore and
Buckland, 1991; Streeter et al., 2012) we selected sections where SeAR
showed stability between K1262 and H1597 (Fig. 4a).

Our aim was to decrease the uncertainty in age estimations caused by cm-
scale variability in tephra and sediment accumulation at any one particular
site. We did this by using photogrammetric techniques, allowing hundreds of
tephra thickness measurements to be taken from open sections by measuring
thickness from scaled high-quality photographs (described in Streeter and
Dugmore, 2013a). These techniques were used to collect measures of andisol
accumulation between K1416 and the lower Grimsvétn tephra and between
the upper Grimsvotn tephra and V1477 from two open sections (Fig. 1c,
profiles 153 and 179). Linear accumulation rates were assumed between



K1416 and V1477, and this data was used to calculate an age estimate for
each tephra based on its distance from a tephra of known age. Multiple
measurements of sediment thickness (n=1960) from the 1 m wide sections
give confidence in the mean age estimate and account for the effect of cm-
scale variations in tephra thickness.

We checked that the selected sections were representative by comparing the
calculated dates against SeAR from sections which were recorded using
standard logging techniques (x 2.5 mm), where all four tephras were found,
and where there was no indication of fluvial reworking (n=75). This gave a
date within the error estimates of the calculated dates from the
photogrammetrically recorded sections. The accuracy of this technique was
further evaluated by dating a tephra of known age. The K1262 tephra was
dated by inter calculating its age from the tephras H1206 and H1300 (time
interval between control points 96 yr) using measurements to £2.5 mm. The
SeAR age calculated was AD 1264 +10 (mean £1SD, n=97).

3.5 Measuring landscape stability

Rates of aeolian sediment accumulation can be used as an indicator of
geomorphic processes in the landscape (e.g. Thorarinsson, 1961a; Dugmore
and Buckland, 1991; Gisladéttir et al., 2010). As the SeAR is a measure of
aggradation at a site it reflects a wide range of Earth surface processes, not
just land degradation or climate deterioration. These include the rate of
sediment generation (by glacial, volcanic and fluvial processes), sediment
transport rates and directions and the capability of a surface to trap sediment.
It is likely that the relative influence of Earth surface processes will change
between sites and through time. In particular the vegetation changes
associated with the introduction of grazing livestock at Landnam, and the
exploitation of woodlands probably changed the dominant sediment source in
areas of human habitation (Dugmore et al., 2009).

Here sediment accumulation rate (SeAR) was calculated by measuring total
sediment thickness between identifiable tephra layers. Based on a visual
classification of particle size, accumulation was classified as aeolian material
(fine sand—silts, <0.1 mm) or fluvial material (very coarse sands, >2 mm).
Using this distinction local sediment fluxes (coarse material originating <250
m from profile) could be distinguished from regional aeolian signals (fine
material, (Dugmore and Erskine, 1994). Large spatial variability between
records of SeAR from closely spaced profiles indicates localised sources of
sediment which the wind could move short distances, whereas similar records
of SeAR from closely spaced profiles indicates a sediment source outwith the
immediate area (Dugmore et al., 2009). This was evaluated here by plotting
variograms indicating the dissimilarity of adjacent measurements of SeAR
with increasing distance lags spaced at 250 m intervals. A spherical model
was fitted to the empirical data, and the range (the distance lag at which
correlation between sections is equal to correlation between global sections)
calculated. The range indicates the distance at which SeAR in adjacent
profiles is no longer correlated. Decreases in range represent periods where
the level of spatial autocorrelation is reducing and the SeAR record becomes
more spatially heterogeneous. This implies the drivers of SeAR are acting at



small scales (such as individual breaks in surface vegetation cover). If the
range is increasing spatial autocorrelation is increasing and the drivers of
SeAR may be acting at larger scales (such as climate).

In order to examine the changing relationships between SeAR and putative
drivers of erosion they are plotted in phase space (c.f. Dearing, 2008). This
approach can be used to provide evidence of alternative stable states (Wang
et al., 2012). SeAR rates are calculated over periods bounded by dated
tephas (e.g. SeAR is assumed to be constant between the tephras K1755 and
H1845) so records which were based on annual or different time periods were
averaged between the relevant dated tephras. The overall correlation
between SeAR and temperature, storminess and levels of woodland cover
was calculated using Pearson’s r correlation coefficient. The dataset was
weighted according to the number of sections recorded for each time period.
In addition quantile regression (using the R package “quantreg”, http://www.r-
project.org/) was used to estimate trends at the 10%, 25%, 50%, 75% and
90% percentiles of the data points in order to investigate changing
relationships between the variables through time.

4. Results

4.1 Tephrochronology

In total 2635 tephra units were identified from 200 stratigraphic sections. The
majority of these were recorded to the depth of the Landnam tephra (AD
871+2, Gronvold et al., 1995), with 12 stratigraphic sections recorded to the
SILK-LN tephra, extending the record to ~2.3-2.5 ka BP (Larsen et al., 2001).
The chronology is described in Table | and contains four additional identified
tephra layers from published chronologies for east of Myrdarsjokull (e.g.
Larsen, 2000). Three are previously unmapped tephras from Grimsvétn, and
one is the extension of the visible extent of H1104 in the stratigraphy. In total
23 tephra can be found in the post-Landnam sequence, with on average 13
present. This provides an average effective resolution of ~90 years, and a
maximum effective resolution of 50 years. The resolution between Landnam
and AD 1300 is ~70 yrs and post AD 1300 it is ~40 yrs.

Based on high-resolution measurements of sediment accumulation from two
sections (compared against lower resolution measurements from 75 sections)
the date of the earlier Grimsvotn layer is AD 1432 £ 5 yrs (mean +1SD) and
the date of the later Grimsvétn layer is AD 1457 +5 yrs (mean £1SD) (Fig. 4).

4.2 Geochemistry and identification

Geochemical analysis confirmed the sequence of primary air fall tephra in the
15th century over this area was K1416, Grimsvotn (AD 1432+5), Grimsvotn
(AD 1457+5), Veidivotn (AD 1477) and Katla (AD 1500). In total 196 shards
from the five sampled tephra layers were analysed (Fig. 5, Supplementary
Information). The majority of samples had uniform geochemistry and
individual shards showed little sign of mechanical weathering, supporting the
field-based assumptions that these tephras are primary air fall and not



reworked material. Analysis of known layers (K1416, V1477, K1500) matched
published compositions, confirming their field identification (Fig. 3, 5).

Samples which were field identified as Grimsvotn tephra based on their
stratigraphic location had a TiO, content in the range 2.6-2.9% wt, lower than
TiO, content of Katla tephra (3.1-5.1% wt), the most frequently found tephra
in this area. A FeO/TiO; ratio of less than six indicates the tephra is not from
the Bardarbunga system (Oladéttir et al., 2011a). Therefore we believe that
these two tephra both originate from Grimsvotn, rather than other volcanic
systems under Vatnajokull. Full geochemical results from all Grimsvétn
samples are presented in the Supplementary Information and online at
Tephrabase (www.tephrabase.org, Newton et al., 2007).

4.3 Distribution of 15th century Grimsvétn tephra

Within the Skaftartunga region (Fig. 1C) the G1432+5 tephra has a mean
thickness of 8 mm and was found in 47% of profiles, covering an area of ~240
km?. It thickens towards the south (max thickness 20 mm) suggesting an axis
of fall out south of Skaftartunga (Sl. Fig 1). The G1457+5 tephra has a
relatively uniform thickness (20 mm £3.6 mm) within Skaftartunga (Fig. 1C). It
was found in 74% of profiles. It covers a minimum area of ~260 km? (Sl. Fig.
2).

4.4 Twelfth century tephras

Hekla AD 1104 is not noted in published chronologies (e.g., Larsen, 2000;
Larsen et al., 2001; Oladéttir et al., 2005) but has been observed in some
sections in this area (Larsen, 1979). Here it is found in 56 profiles north of
63°45°0 N. Based on stratigraphic position the Hekla AD 1158 tephrais a
possible alternative interpretation for this tephra, however the geochemistry
from profiles 17 and 20 (Fig. 1C) identifies this layer as being from the Hekla
1104 eruption (Supplementary Information). This improves our understanding
of the presence of H1104 at the edge of its distribution.

In addition a thin (<5 mm), dark basaltic-intermediate tephra was found in 12
profiles between H1104 and K1206. One sample was analysed (10 shards, Sl
Table Il). SiO, was 48-50%, and the FeO/TiO; ratio was 4.6-5.2 which means
the tephra is not from Bardarbunga (Oladéttir et al., 2011a). We believe this
tephra is also from Grimsvotn. We dated this tephra to AD 1160£20 (mean
+1SD) based on inter calculated rates of sediment accumulation. A Grimsvétn
tephra of similar age is observed by Larsen (1984) in this area and a
Grimsvotn tephra occurring directly above the Hekla 1158 tephra and within
the calculated age range is present in 3 sections north-east of Vatnajokull and
in a core from Lake Myvatn (Oladéttir et al., 2011a; Sigurgeirsson et al.,
2013).

4.5 Spatial and temporal patterns in SeAR

The Landnam tephra provides a useful reference point for the start of
human settlement and the introduction of grazing mammals. Prior to the
Landnam tephra SeAR is dependant on climate but also the supply of
sediment provided by volcanic eruptions, such as Hekla-4 which created a
sediment pulse in lake records (Larsen et al., 2012). In the 12 stratigraphic
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sections recorded to SILK-UN (917-777 BC, Larsen et al., 2001) SeAR is low
(0.28 £0.04 mm/yr) and exhibits little variability in time or at different altitudes
(Fig. 8e). Six sections were recorded to SILK-LN (1512-1367 BC, Larsen et
al., 2001) where SeAR is marginally lower (0.24 +0.04 mm/yr).

There is a doubling in SeAR in the first 64 years after the Landnam tephra in
all areas of the landscape. This change is especially pronounced in areas
above 300 m asl, where SeAR is 0.77+0.4 mm/yr compared to 0.561£0.4
mm/yr below 300 m asl (Fig. 6a). This difference is notable because in
general soil accumulation is lower and less variable above 300 m asl. On
average 456+155 mm sediment is accumulated after AD 871 above 300 m asl
compared to 780£576 mm below 300 m asl. The period immediately after
settlement (AD 871-935) is the only period in the ~2.5 ka record when SeARs
are greater above 300 m asl than below 300 m asl. However patterns of
spatial autocorrelation (Fig. 7) indicate that sediment flux is relatively
homogenous in this period and SeARs is similar across adjacent sections
within ~4 km.

The period from AD 935-1206 has generally high SeAR, as well as a
greater incidence of fluvial reworking visible in sections (Fig. 6B, 8E). The
landholdings of Hrifunes and Flaga (57-212 m asl) show particularly high
levels of SeAR during this period (Fig. 8f). The record becomes more spatially
heterogeneous with much lower correlation in SeARs between closely spaced
sections (Fig. 7). The highest SeARs are found below 300 m asl, below the
probable upper altitude range of pre-Landnam forest cover (Thorhallsdattir,
1997).

During the period AD 1206-1597 rates of SeAR decline to 0.50+0.3 mm/yr
across all areas, and there is no significant difference between high altitude or
low altitude areas (Fig. 6¢, d). Spatial autocorrelation increases in the period
AD 1389-1416 which suggests that regional drivers of erosion (such as
climate) were more important than localised drivers (Fig. 7). However this
signal is short lived and by late 15th century spatial correlation returns below
250 m. The period AD 1477-1500 has higher SeAR than the average for this
period (Fig. 8E), but SeAR returns to average by the next dated tephra in AD
1597.

SeAR increases from the end of the 16th century to present, along with
increases in indicators of instability (coefficient of variance and slope wash
present within sections). The highest levels of SeAR are post AD 1918 (Fig.
8e, f, g) The highest pre-1918 SeARs are 2.4 times pre-Landnam levels and
occur in AD 1845-1918, although the next highest SeARs (AD 1660-1755)
are very similar (Fig. 6). After AD 1625 32% of profiles have SeARs more than
double the post-Landnam mean of 0.55 mm/yr. Variability between SeAR at
different sites as indicated by coefficient of variance increases from ~40% for
the period AD 1416-1597 to 70-90% for AD 1597 to present. This increase in
variability between profiles is reflected in measures of spatial autocorrelation
which show no correlation of SeAR at adjacent sections above 250 m
separation (Fig. 7).



Individual profiles show diverging patterns in SeAR, from unchanging rates
prior to AD 1918 (Fig. 8g, profile 38) to systematic increases from AD 1597 to
present, with SeAR levels going from ~0.6 mm/yr to ~2.2 mm/yr by the 19th
century (Fig. 8g, profiles 148 and 151).



5. Discussion
5.1.1 Optimising tephrochronologies

South Iceland is an outstanding location for the application of
tephrochronology and as such it is ‘untypical’ of volcanic areas in general, so
approaches developed under such circumstances could be argued to lack
wider relevance. However this is not the case. In order to acquire the best
dating resolution possible we have utilised patchy and poorly defined layers,
deposits that elsewhere are likely to hold the key for developing dating control
that has the necessary granularity for effective analysis of combined social-
ecological systems. Thus, the approaches used to optimise the Skaftartunga
chronology could be important in the wider application of tephrochronology.

Maximising the resolution of teprochronologies relies on the identification and
dating of as many isochronous tephra layers as possible. One strategy is to
seek out cryptotephras (fine-grained tephras hidden from view within the
stratigraphy), which are most frequently used to extend the spatial distribution
of tephrochronology (Dugmore, 1989; Dugmore et al., 1995a, 1996; Hall and
Pilcher, 2002; Hall, 2003; Swindles et al., 2011). In addition to cryptotephras,
areas affected by repeated fallout often contain small visible layers of tephra
that are of uncertain provenance and may be ignored but offer significant
chronological potential. Examples of this are the two 15th century Grimsvétn
tephra layers described in this paper. Securely identifying a minor tephra layer
across the landscape requires a greater number of sites than a major tephra
because its distribution is likely to be patchy. This patchiness means that a
significant proportion of sites within the landscape will not contain a particular
marginal tephra, even sites which are only short (60-100 m) distances apart.
Thus single profile interpretations are likely to be of lower resolution. In this
study the G143215 layer is present over the whole area but was only found in
47% of the profiles. This is probably due to differences in the depositional
environment, post-depositional processes and local scale atmospheric effects,
and has been observed elsewhere in Iceland (Boygle, 1999) and in
cryptotephra (Lawson et al., 2012). With selective geochemical analysis (Fig.
5) and plotting of the stratigraphy (Fig. 3) these layers can be identified across
a large number of sites and added to the regional tephrochronology.

While each in-situ tephra layer formed from atmospheric fallout defines an
isochron, the most effective applications of tephrochronology require
calendrical or sidereal dates. The best chronologies can come from a careful
use of written sources, which can pin an age down to a particular hour —
such as just after 9 am on the 19" May 1341 AD (Thérarinsson, 1967),
Tephra layers unrecorded in reliable written sources maybe dated using other
approaches such as radiocarbon dating (e.g. Dugmore et al., 1995b; Larsen
et al., 2001) preferably within a Bayesian framework (Church et al., 2007), the
counting of annual layers in ice caps (Steinthérsson, 1977; Gronvold et al.,
1995; Zielinski et al., 1995; Larsen et al., 1998; Vinther et al., 2006) and
rythmites in lakes (Halflidason et al., 1992). Incremental dating methods may
provide dating that approaches the accuracy and precision of the written
record. Constraints on radiocarbon dating include the rarity of suitable organic
remains within the ubiquitous andisols of historical-age contexts in Iceland.



These limitations are exacerbated by the constraints on radiocarbon in the
recent past created by the Seuss effect. Sediment age-depth models inter-
calculated from tephras of known age provide a possible solution (Oladéttir et
al., 2005; 2011b; Sigurgeirsson et al., 2013), although they may also have
large uncertainties associated with them as a result of the generally low-
resolution measurements of sediment accumulation. When sediment age-
depth models are calculated using many high-resolution measurements
(Streeter and Dugmore, 2013a), and where the separation between securely
dated horizons is small, this technique can provide dates with uncertainty in
the order of a decade.

5.1.2 15" Century tephras

A key goal in the optimisation of tephrochronology is to trace each tephra
layer over the greatest spatial extend possible. The G145715 tephra extends
to Ketilsstadir, Myrdalur (Fig. 1c) where a tephra layer between the K1416
and K1500 tephras was identified by major element analysis as originating
from Grimsvétn (Erlendsson et al., 2009). A field identified basaltic-
intermediate tephra was found between the K1416 tephra and the V1477
tephra in 7 stratigraphic sections within 2 km of Ketilsstadir. The position of
these tephras in the stratigraphy indicates this is most likely to be the
G14574+5 layer, although relatively small changes in accumulation rates would
change this interpretation. Therefore the visible extent of the G145715 tephra
in stratigraphic sections extends 135 km southwest of Grimsvétn. These
tephra are not however found in sections around Eyjafjallajokull (Dugmore et
al., 2013b) suggesting that Ketilsstadir is close to the western edge of their
visible distribution in areas to the south of Myrdalsjokull.

G1432+5 and G1457+5 can be correlated with Grimsvotn tephra in a section
50 km east of Skaftartunga at Nupsstadarskogar (Fig. 1b, Oladéttir et al.,
2011b). These tephras are between the K1417 and V1477 tephras and are
dated to AD ~1430 and AD ~1450 based on a SeAR model (Oladéttir et al.,
2011b). These dates are within the age estimates proposed in this paper but
are only based on a limited number of measurements from a single profile.
The thickness of both the upper and lower Grimsvotn layers is 4 cm at this
location. Additional stratigraphic sections from around Vatnjajokull include
Grimsvotn tephras which may be contemporaneous these two layers
(Oladattir et al., 2011b). However, only the Nupsstadarskégar section to the
south-west of Vatnjajokull contains both Grimsvotn layers. As these sections
are located closer to Grimsvotn these Grimsvotn tephras to the north and east
of Vatnajokull may either 1) represent separate, smaller eruptions which
produced limited tephra or 2) a minor axis of fallout from the same eruptions
as considered here. Therefore it seems most likely that the major axis of
tephra fall for both the G1432+5 and G1457+5 eruptions was to the south-
west.

This detail matters because it 1) increases the confidence with which we can
apply tephra to constrain environmental records and 2) can be used to
understand more about the the tephra deposition itself and therefore our
understanding of volcanic processes and eruptions.



5.2 Land surface change over 3.5ka

Overall pre-Landnam SeAR is similar to comparable areas of andisols around
Eyjafjallajokull (0.2-0.3 mm/yr, Dugmore et al., 2000). There are fewer reliably
dated tephras for the period prior to Landnam but we do not see any
substantive change or trend in SeAR in the 2300 yrs in our record before
Landnam. We see no signal of increased erosion as a result of periods of
abrupt climatic cooling at 2.9 and 1.4 ka (Geirsdattir et al., 2013; Larsen et al.,
2012). This is in contrast to Icelandic lake records which do show increased
sedimentation and changes in C:N ratios as a result of cooling at 2.9, 1.4 and
0.7 ka, the start of the LIA (Geirsdottir et al., 2009; Geirsdattir et al., 2013;
Larsen et al., 2012). These lake records are interpreted as showing that soil
erosion is predominately driven by climatic cooling and that there was no
increase in sedimentation rates as a result of settlement in ~870 AD until the
onset of the LIA. Geirsdottir et al., (2013) find that from the period of 1 t0 0.7
ka there was little to no soil erosion, which they attribute to the warm climate.
In contrast our data shows high SeAR from 1.1 to 0.8 ka, at levels well outside
the range seen in the previous 2500 yrs. This difference is probably a
reflection of the very different environmental contexts of the records. Our sites
are mostly below 400 m (mean 218 m asl) and < 10 km from farms and thus
could be expected to best reflect environmental changes as a result of human
settlement and the introduction of domestic livestock. The data used in
Geirsdottir et al., (2009) and Geirsdottir et al., (2013) comes from lakes with
high altitude catchments. Hvitarvatn is a proglacial lake at 422 m asl and one-
third of its watershed is part of Langjokull ice cap (Larsen et al., 2012). It is
sited in the interior highlands far from habitation. Haukadalsvatn has most of
its catchment above 500 m asl. While these lakes provide excellent records of
the processes operating within their comparatively high altitude catchments
they have limited relevance for settled lowland areas.

The impact of tephra fall from the Eldgja eruption in AD 9331 (Vinther et
al., 2006) would have been considerable in this area (Larsen, 2000). The
average air fall depth of 210 mm would have been deep enough to smother
vegetation and evidence of reworking by surface flow is more common
immediately above the Eldgja tephra than any other tephra in the sequence.
However there is no correlation between depth of the Eldgja tephra and SeAR
at individual sections over the period to the next frequently present tephra
(H1206). As the greatest depth of tephra fall is to the north, where both
evidence of reworking is lower and SeAR rates are lower the higher SeAR in
areas below 300 m asl does not appear to be related to the effects of the
Eldgja eruption. This pattern of higher SeAR and high rates of instability below
300 m asl continues to AD 1206, although where H1104 was recorded SeAR
declines prior to H1206.

5.3 Cross scale analysis of environmental records

As the effective understanding of the resilience of SES requires a cross-scale
analysis (Walker et al., 2004) there is a need for environmental records
specific to a range of scales. Being able to resolve environmental change at
the farm scale is important because many key actions take place at this scale
(Lageras, 2007) and these can lead to emergent behaviours across the wider



landscape. Although farms sites are the focus of individual archaeological
excavations (e.g. Lucas, 2009), networks of resource use that encompass
greater scales are known to be important for our effective understanding of
the past (Lucas, 2009; McGovern et al., 2007, Dugmore et al., 2013a). An
additional consideration is that the spatial scale of environmental records may
not match with the scales of social organisation of the landscape use (Fig. 2),
and records are often located far from sites of human habitation. Unlike
environmental archives wedded to particular natural catchments, the soil
records considered here may be grouped in ways that reflect the social
organisation of the landscape, such as areas landholdings with contrasting
patterns of land management (Fig. 2, Fig. 8f).

Switching from the high temporal resolution but limited spatial resolutions of
regional environmental archives to the varied spatial scale of SES (Fig. 2)
adds uncertainty. North Atlantic SST records (Fig. 8a) and storminess records
(Fig. 8b) have annual resolution but poor discrimination at sub-regional spatial
scales. Lake records have high temporal resolution but spatially homogenise
records at the scales encompassed by their catchments (Fig. 8c, d).
Tephrochronology used in isolation cannot match the continuous temporal
resolution of annually-laminated environmental archives (such as ice cores)
but it can provide precise and accurate spatial correlations at a near
continuous range of spatial resolutions. This can be used to reduce the
uncertainty involved when assessing change across different spatial scales.

Our data reinforces the idea that particular drivers of land surface change may
only operate in specific areas of the landscape. If datasets do not capture
records from these specific areas they may give a misleading impression of
what is driving environmental change. The mismatch will be greatest where
conditions are heterogeneous and environmental signals are transmitted only
short distances. This is the case for soil erosion in south Iceland, particularly
after the 10" century where the spatial correspondence between sites is
typically less than 250 m (Fig. 7). Multiple soil profiles will record localised
erosion in different areas of the landscape at different times, and this is seen
in systematic patterns of change such as erosion zones migrating down slope,
or erosion that reflects patterns of deforestation. In contrast a lake record
contains a homogenised signal generated by changes across the altitudinal
range of the catchment and across all its ecological and land management
zones. The lake records considered by Geirsdottir et al., (2009), for example,
reflect an amalgamated record of a catchment where the largest area is
above 500 m asl (Fig. 8C). As much of this catchment lies above the natural
tree line (~300 m asl in south Iceland (Thérhallsdéttir, 1997)) it is perhaps not
surprising that the high levels of sediment flux in sites below 300 m asl over
the period 1.1-0.7 ka in our data are not found in the Geirsdéttir et al (2009)
record. Furthermore because the sediment pulse observed in our data in sites
> 300 m asl is short lived (< 64 yrs) it may be smoothed out in records where
there is not secure chronological controls bracketing this particular period.

5.4 Resilience, alternative stable states and land degradation
Multiple explanations for the observed pattern of SeAR in south Iceland have
been identified previously, each applying to discrete areas or periods of time



(e.g. Dugmore and Buckland, 1991; Dugmore et al., 2009; Streeter et al.,
2012; Streeter and Dugmore, 2013a). If these alternative (but complimentary)
explanations are placed in the theoretical framework of complex systems,
resilience, alternative stable states and thresholds then apparent
inconsistences can be resolved. The SeAR record compared to other
environmental records (Fig. 8) suggests changing spatial relationships
between climate, geomorphic and human processes through time. These
relationships can be assessed as phase diagrams (c.f. Dearing, 2008).
Changes in SeAR through time can be shown against some of the main
putative drivers of land surface change, temperature, storminess, and
vegetation change (Fig. 9). The levels of SeAR suggest alternative stable
states within certain parts of the land surface system because there are
clusters of data and there is no regular progression.

Aggregate SeAR plotted against a low-frequency North Atlantic palaeo-
climatic reconstruction (Mann et al., 2009) shows a strong phase organisation
pattern because there are trajectories of change (Fig. 9a). Prior to Landnam
SeAR is insensitive to climatic variability. The introduction of grazing animals
at Landnam and the creation of persistent areas of aeolian erosion moves
SeAR into a new regime of consistently higher SeARs, and there is little
overlap between SeARs before and after Landnam (Streeter et al., 2012).
This new phase state of elevated SeAR is reached after a rapid transition
period (< 64 yrs), which is plausible considering that Iceland was colonised
rapidly by a people dependent upon introduced domesticated animals
(Vésteinsson and McGovern, 2012) and we know that woodland around farms
was cleared rapidly (Halsdéttir, 1996; Vickers et al., 2011). The introduction of
wide-ranging herbivorous mammals and the related systematic removal of
woodland represents a fundamental shift in the ecology of the island. An
alternate state of SeAR does not occur in areas above 300 m asl, which, apart
from the first 60 years after settlement, shows a continuity of SeAR levels
without obvious step-wise shifts. This contrast between low lying and upland
areas may be due to a lack of pre-existing sediment cover for sustained
erosion at these elevations (Dugmore et al., 2009).

After Landnam a generally cooling climate between AD 871-1477 is
associated with reducing SeAR rates (Fig. 9). From AD 1625-1918 climate is
variable, with significant cold periods and with an overall higher SeAR than
the earlier period. This increase in sediment flux after AD 1625 is absent in
sites > 300 m asl. The periods of highest SeARs do not correlate to those of
the lowest temperature at sites below 300 m (Fig. 10). Although at low levels
of SeAR (10% quantile) there is a weak negative correlation with temperature
overall there is a weakly positive correlation, with a strong correlation at the
90% quantile (r=0.81, n=37, p=0.29), although these correlations are not
significant (Fig. 10). This pattern is counterintuitive because lower
temperatures result in shorter growing seasons and they could be reasonable
associated with increased grazing pressures. These observations are not
consistent with existing mainly climatic explanations of soil erosion in other
areas of Iceland (Axford et al., 2009; Geirsdéttir et al., 2009) and is counter to
our understanding of the physical surface process and constraints on
vegetation growth which point to higher rates of erosion in cooler, windier



climates (e.g. Arnalds et al., 2012). One possible mechanism is that in
lowland areas reducing winter snow cover exposes larger areas of sediment
to needle ice formation, which significantly increases the susceptibility of
andisols to wind erosion (Arnalds et al., 2012). Therefore one interpretation of
these contrasting patterns is that it reflects changing sensitivities to
temperature over time. Where SeARs (and thus areas of exposed sediment)
are low soil erosion increases as temperature declines, and this matches with
pre-Landnam records of erosion (Axford et al., 2009; Geirsdattir et al., 2009).
However when SeARs are high, reflecting extensive exposed sediments, this
relationship with temperature becomes weaker or may even be reversed. It
suggests that at the landscape scale, the relationship between climate,
vegetation cover and SeAR is complex, contingent on past states and their
legacies, and sensitive to other changes in the coupled SES, particularly
changes in livestock management.

The Na+ record in the GISP2 ice core provides a proxy for storminess in the
north Atlantic (Meeker and Maywski, 2002). The period of human habitation in
Iceland can be split into an earlier, calmer period (until AD ~1425) and a later,
stormier period (AD ~1425—1900) (Dugmore et al., 2007). This is not reflected
in SeAR rates which do not meaningfully correlate with this storminess index
at any altitude (r = -0.05, n=36, p = 0.76), indicating that there is no simple
relationship between how often and how hard the wind blows and the volumes
of sediment eroded.

Vegetation change as a result of land management is a likely driver of soil
erosion because of the strong feedback loops and mutual dependencies
between vegetation cover and Earth surface processes (Marston, 2010). In
our datasets, changes in woodland cover inferred from the best current long
term record of Betula pollen decline (Lawson et al., 2007) provide a strong
organisation in phase space below 300 m asl. SeAR are high during the
prolonged decline of woodland cover from settlement times until the 14™
Century. Once an essentially ‘treeless’, open landscape is created after AD
1300 SeAR moves within a small range between 0.45-0.6 mm/y, with the
exception of three time periods where it increases to around 0.7 mm/y. These
excursions correspond to climatically cool periods. In general there is a
weakly negative non-significant relationship between tree cover and SeAR
(Fig. 10). Above 300 m, the approximate local limit of natural woodland in
south Iceland (Thérhallsdéttir, 1997), regional changes in Betula abundance
do not correlate with changes in SeAR. The lack of this pre-LIA, but post-
settlement, period of high SeAR in other areas (e.g. Olafsdéttir and
Guomundsson, 2002; Gisladottir et al., 2010, Brown et al., 2012) could be due
to regional differences in pre-existing woodland cover. Where woodland cover
was already low at the time of settlement resilience to grazing by domestic
animals may have been greater, despite less favourable ecological conditions
(Mairs et al., 2006).

The phase diagrams also provide evidence of multi-century landscape scale
hysteresis. The settlement of Iceland created a fundamental change of SeAR
from persistently low pre-existing rates to an alternative state where fluxes
increased to almost double the pre-Landnam rate. In the late 16™ century this



regime shifted again to a state of even higher rates — a change that is
persisting despite temperatures that are likely to be warmer than those at the
time of initial settlement. The most probable explanations for these changes
are firstly the introduction of grazing animals and secondly the propagation of
erosion fronts into deep lowland soils where they are maintained by positive
feedback loops (Dugmore et al., 2009).

5.5 Implications for sustainability science

There is increasing recognition that long time perspectives, such as those
considered here, are essential to understand current and future landscape
resilience because past landscape trajectories affect future pathways of
change (Dearing et al., 2010). There is also strong evidence that early
warning signals exist in a range of environmental systems that may be
identified in time-series of data (Scheffer et al., 2009; Scheffer et al., 2012;
Wang et al., 2012; Streeter and Dugmore, 2013b). In addition to single point
records, changes in spatial patterning have the potential to provide early
warning signals and a measure of system resilience (Dai et al., 2013; Scheffer
et al., 2012; Guttal and Jayaprakash, 2008; Kéfi et al., 2007). Increased
variance (greater spatial heterogeneity) could be a signal of reduced
resilience in the system, and an example of critical slowing down to
perturbations (e.g. Dakos et al., 2011). This is also related to the connectivity
of different components of the system. In southern Iceland, soil erosion
commonly proceeds along erosion ‘fronts’ (rofabards) and greater variation
may be associated with reduced resilience because it implies a larger area of
exposed andisol available to be eroded by surface processes. Although
increasing spatial correlation is also related to reduced resilience (Dai et al.,
2013) and may be a better indicator than temporal series (Guttal and
Jayaprakash, 2008), it is likely this variance would be found at a smaller scale
than considered here. In principle, however, the spatial records of
tephrochronology could be used to investigate spatial indicators of changing
land surface resilience.

Erosion rates as reflected in SeAR do not change markedly in Skaftartunga
during the period AD 1206—1597, despite social and economic upheaval
(Karlsson, 2000) and known periods of cool and stormy climate comparable in
magnitude to those that occur after AD 1597 and which are associated with
high SeAR. It is probably, however, that soil cover experienced a gradual loss
of area through the migration of erosion fronts. It is also likely that each of
these periods of stress caused a spatially-specific and partial loss of resilience
that collectively built to lead to an overall loss of resilience in the landscape
system as a whole. This loss of resilience is exemplified by the much higher
rates of SeAR experienced in current mild climatic conditions than earlier
periods of similar climatic conditions, suggesting the present situation of
elevated SeAR represents an alternative stable state and that soil erosion
may have a different response to temperature change than earlier in the
Holocene. Our research shows that climate change alone does not drive soil
erosion and climate amelioration alone is unlikely to inhibit degradation. It is
unwise therefore, to assume that a key driver of past erosion was climate
deterioration and also unwise to assume that climate amelioration will present



an easy solution to degradation and a straight-forward (or indeed inevitable)
route to landscape remediation.



6. Conclusion

The application of resilience thinking to records of environmental change
requires spatially extensive chronologies that are precise and accurate. This
can be achieved across scales of tens of metres to tens of kilometres with
high-resolution regional tephrochronologies. This approach allows the
assessment of landscape resilience at multiple scales and may be employed
to tackle questions of human-environment interaction that would be difficult to
address in any other way, highlighting the importance of tephrochronology in
the large areas of the earth affected by repeated episodes of identifiable
volcanic fallout.

Patchy proximal tephra deposits may be used to develop spatially extensive
high-resolution chronologies. These types of high-resolution, spatial records
are especially well suited to resilience analysis in coupled social ecological
systems because they can be used at multiple scales within the landscapes
where people live.

Tephra deposits can be dated to high-resolution using sediment accumulation
rates where SeARs are high, measurements are precise and numerous and
the stratigraphic separations between securely dated horizons are small
(equivalent decadal time scales). Two tephras from Grimsvétn are dated to
AD 143245 and AD 1457+5 and mapped over 240 km?. The area where the
G1457+5 tephra is visible in stratigraphic sections probably extends to
Myrdalur, 200 km south-west of Grimsvotn caldera.

Aggregate soil profile records suggest a relatively slow rate of land surface
change which can be explained by climate and land use change over the
post-Landnam period, but the spatial patterning and phase relationships show
that it is more complex, with landscape scale hysteresis and path dependency
making the relationship between climate and SeAR contingent.

Extensive soil erosion started immediately after the settlement of Iceland and
continues today, with periods of particularly high erosion from AD 871-1206
and AD 1597-present. However, the rates and severity of erosion have varied
spatially. In the first decades of settlement (AD ~870-935) erosion was most
extensive in upland areas that lacked woodland cover (> 300 m asl).
Ecological change from woodland to grassland driven by the grazing
pressures of introduction livestock was probably responsible for a phase of
lowland erosion from AD 935-1206. Erosion rates declined over the period
AD 1206-1597 but then increased to reach their maximum pre-1918 levels in
the late 17™ century and in the second half of the 19" century. Climate cooling
and increased storminess in the LIA is likely to have been the key driver for
post AD 1597 land surface change by increasing the frequency and rate of
erosion processes and increasing relative grazing pressures through reduced
biomass production. These changes highlight the varying resilience of the
landscape and hysteresis of erosion over millennial timescales.
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Captions

Figure 1 - Study area. Overview location (a) with location of proxy records in
Fig. 8 and 9. Location of Grimsvotn (b) and section with Grimsvotn layers
described in this paper. Location of sampled tephras (c), stratigraphic section
numbers correspond to those in Sl. Table I. Profiles 153 and 179 were used
to calculate ages for the two undated Grimsvotn tephras (Fig. 4). (d) Location
of stratigraphic sections with major rivers and landholdings also shown. Farms
in parenthesis are abandoned. Pre-settlement woodland is generally found at
less than 300 m asl (Thoérhallsdéttir, 1997): extent of woodland cover on
sandur unknown prior to settlement.

Figure 2 —Spatial scales over which socio-ecological systems in Iceland
operate. Fodder is produced in the home fields of the farm and was a key
determinant of success because fodder was necessary to sustain livestock
through the winter (Adalsteinsson, 1990). In the past natural wet meadows
were harvested and outlying shielings or summer farms extended the
utilisation of the upland resources. Rangeland grazing is managed at the
multi-farm (hreppur) scale. Regional exchange networks have included birds,
eggs, fish, marine mammals and essential fuel resources such as peat and
charcoal (McGovern et al., 2006; 2007).



Figure 3. Sub-sections showing the period from AD 1389-1625 from sections
which had samples taken for geochemical analysis. Sections are arranged
from north to south (left-right) with the distance in km between profiles shown
by the scale bar. Further sample details in Sl. Table I. Profile numbers
correspond to those in Fig. 1a. The source volcanic system based on
geochemistry is indicated next to sampled layers.

Figure 4 — Box plots showing estimated age of the Grimsvoétn tephras. (a)
Shows the SeAR for profiles selected for photogrammetric measurements
(Streeter and Dugmore, 2013a). (b) Shows calculated age of the tephras
based on linear sediment accumulation rates between the Katla AD 1416
tephra and the Veidvotn AD 1477 tephra. Bold vertical line shows median
calculated age and the large solid circle the mean age. Small circles are
outliers. Dates were calculated using photogrammetric measurements from
profile 179 and 153. These dates were cross checked against lower resolution
measurements (x2.5 mm) from 75 other profiles where all four tephra layers
were present, but were not used as part of the final age calculation.

Figure 5. Major element plot of sampled 15" century tephra layers east of
Myrdalsjokull. For the location of the samples refer to Sl. Table 1 and Fig. 1
and 3 and full results are in Sl. Table Il. Shaded reference areas are based on
Jakobsson (1979) and Tephrabase (www.tephrabase.org).

Figure 6 — Sediment accumulation rates by altitude for five periods, based on
known tephra markers (Table I). Bold red lines are smoothed loess filters
(bandwidth 0.4) and open red circles indicate sections with indications of
fluvial reworking. (a) Pre-Landnam SeAR and SeAR for the first 65 years after
settlement, with relatively high rates in areas above 300 m, a similar pattern to
elsewhere in south Iceland (Dugmore and Buckland, 1991). (b) In the first
~300 yrs of human settlement the highest levels SeAR are found below 300 m
asl, with more periods of fluvial reworking than in earlier periods. Panels c, d
and e show a flat altitudinal trend, with SeAR increasing only slightly in the
LIA (e), with increased variability.

Figure 7 - Binned empirical variograms of spatial correlation in SeAR for 10
time periods based on widely occurring tephras (Table |). Bold lines are fitted
spherical models, with grey shaded area indicating the range for the model.
Initially erosion is spatially correlated for distances up to 4 km but by the 13"
century there is no correlation above 250 m separation (the smallest
correlation considered in the analysis). This continues through to the present,
with the exception of the period AD 1389-1416, over which patterns of
correlation increase to 1.5 km, which may be due to a general reduction in
landscape pressure due to plague reducing population in AD 1402—-1404
(Streeter et al., 2012, Streeter and Dugmore, 2013a). After this period spatial
correlation is < 250 m to AD 1918 as the sediment flux becomes increasingly
heterogeneous.

Figure 8 — Multiple proxies of environmental change in Iceland AD 700-2000.
(a) Two multi-proxy temperature reconstructions, North Atlantic sea surface
temperatures (SST, Mann et al., 2009) and Moburg et al., (2005). (b) Shows



GISP2 Na+ deviations from the mean, a proxy for storminess (Meeker and
Mayeskwi, 2002). Cumulative deviations from the mean show a shift to
stormier and windier conditions around AD 1425 (Dugmore et al., 2007). (c)
Changes in total organic carbon at Lake Haukadalsvatn, west Iceland used as
a proxy for aeolian erosion (Geirsdéttir et al., 2009). Bold horizontal bars show
means over periods matching key tephra horizons in study (see Table I). (d)
Woodland cover is represented by Betula pollen percentages from a lake core
near Lake Myvatn, north Iceland (Lawson et al., 2007) and charcoal pits
present in south Iceland (Church et al., 2007) (e) Mean aggregate SeAR from
Skaftartunga for period separated by dated tephra layers, with 1 standard
deviation show by grey shading. Mean calculated where n =>10. (f) Mean
aggregate SeAR at the scale of the landholding, from two small landholdings
(Hrifunes and Flaga, see Fig. 1d). (g) Change in SeAR at the landscape
scale, 2 stratigraphic sections which record the onset of increased erosion at
AD 1597, but profile 38 shows stability through the entire settlement period
prior to AD 1918. (h) Population trends in Iceland. Prior to the first census in
AD 1703 estimates are based on medieval populations being similar to or
even higher than the population in AD 1703 (Thérarinsson, 1961b; Karlsson,
2000). Plague reductions of ~40% in AD 1402—-1404 and ~30% in AD 1496
are shown (Karlsson, 1996).

Figure 9 — Phase diagrams showing factors affecting SeAR over the past
2000 years for all sites (a), below 300 m asl (b) and above 300 m asl (c).
Proxy records for temperature, storminess and woodland cover were
averaged over periods bounded by dated tephra layers (see Table I).
Temperature record is North Atlantic SST from Mann et al., 2009. Storminess
is Na+ proxy from GISP2 ice core (Meeker and Mayskwi, 2002). Woodland
cover is Betula Pubescens from a lake core near Myvatn (Lawson et al.,
2007).

Figure 10 — Quantile regression plots of the relationship between rates of
sediment accumulation and putative drivers of soil erosion. (a) SeAR is
plotted against North Atlantic SST from Mann et al., 2009. (b) SeAR is plotted
against a measure of woodland cover (Betula pollen % from Lawson et al.,
2007). (c) SeAR plotted against a measure of storminess, Na+ ppb from the
GISP2 ice core (Meeker and Mayeskwi, 2002). Grey lines show 0.10, 0.25,
0.75 and 0.90 quantile regressions, black line is median regression and
dashed line shows the least-squares estimated regression.

Supplementary Information Caption

Sl. Figure 1. The thickness of 143215 Grimsvotn tephra’s at each section
location.

Sl. Figure 2. The thickness of 145715 Grimsvotn tephra’s at each section
location.



Table |

Table 1 — Tephra layers used

Tephra Date Reference
Katla 1918~ 1918 AD Thoérarinsson 1975
Hekla 1845 1845 AD Thoérarinsson 1967
Laki-Grimsvotn 1783 1783 AD Thoérarinsson 1967
Katla 1755* 1755 AD Thérarinsson, 1975
Katla 1660 1660 AD Thoérarinsson, 1975
Katla 1625* 1625 AD Thérarinsson, 1975
Katla 1612 1612 AD Thérarinsson, 1975
Hekla 1597 1597 AD Thoérarinsson, 1967
Katla 1500 1500 AD '586%6”’ 1984; Larsen,
Vedivotn 1477 1477 AD Larsen, 1984
SeAR age this study,
Grimsvotn 145745 145715 AD ~1460 AD Oladéttir et
al, 2011b
SeAR age this study,
Grimsvotn 143245 143215 AD AD ~1430 Oladdttir et
al, 2011b
Katla 1416* 1416 AD Larsen, 2000
Hekla 1389 1389 AD Thérarinsson, 1967
Oreefajokull 1362 1362 AD Thorarinsson, 1958
Hekla 1341 1341 AD Thérarinsson, 1967
Hekla 1300 1300 AD Thoérarinsson, 1967
Katla 1262* 1262 AD Thérarinsson, 1975;
Larsen, 2000
Hekla 1206* 1206 AD Thérarinsson, 1967
Grimsvotn 12thC ~1140-1180 This paper#
Hekla 1104 1104 AD Thoérarinsson, 1967
. N 934-938 AD, 933%1 in Larsen 2000; Vinther et
Eldgja (E935) Greenland ice core al., 2006
Landnam* 87112 Gronvold et al., 1995
SILK-UN 2660150 BP Larsen et al. 2001
SILK-LN 3139440 BP Larsen et al. 2001

* Key marker horizons used in the study
# This may be from the same eruption which produces a Grimsvotn tephra to
the north of Vatnajokull at this time, Oladottir et al., 2011b.
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Figure

Sediment accumulation rate mm/yr
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