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ABSTRACT
Michael Philip Mobilia: Climate archives from a Viking Age site, Scotland: Seasonal
temperature variability during the Medieval Warm Period
(Under the direction of Donna M. Surge)
The Medieval Warm Period (MWP; 800-1300 AD) represents a recent period of
warm climate that can be compared to today’s warming trend. However, the spatial and
temporal variability inherent in the MWP makes it difficult to differentiate between
global climate trends and regional variability. Acquiring high-resolution temperature data
from this period will allow for increased understanding of temperature variability during
this climate interval.

We used oxygen isotope ratios preserved in archaeological limpet shells (Patella
vulgata) collected from Viking aged midden deposits as a proxy for sea surface
temperature. Samples were micromilled to achieve submonthly resolution. Summer and
winter temperatures averaged 13.4 ± 0.7oC and 5.9 ± 0.8oC, respectively. When
compared to regional data from NOAA (12.40 ± 0.39oC and 7.76 ± 0.44oC) from 19611990, MWP summer temperatures were warmer than current averages, and winter
temperatures were cooler. Our results indicate that MWP seasonality was greater than
that observed today.
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CHAPTER 1
CLIMATE ARCHIVES FROM A VIKING AGE SITE, SCOTLAND: SEASONAL
TEMPERATURE VARIABILITY DURING THE MEDIEVAL WARM PERIOD

Michael Mobilia
Department of Geological Sciences, University of North Carolina at Chapel Hill, Chapel
Hill, NC 27599, USA, email: mobilia@email.unc.edu

Introduction
Anthropogenic forcing continues to change our current climate, increasing the
necessity for accurate predictions of the scope and timing of future climatic changes. The
study of paleoclimate is vital in gaining this understanding, as it allows us to observe how
climate has behaved in the past. The late Holocene (~3000 YBP to present) has been
identified as an ideal period for study, as it offers the chance to evaluate not only climatic
changes, but also human-climate interactions. We chose to study the Medieval Warm
Period (700-1100 YBP), as it represents a relatively recent period of a warm climate and,
as such, provides an interesting comparison to today’s continuing warming trend.
However, the Medieval Warm Period exhibits spatial and temporal variations in
temperature that make it difficult to differentiate between global climate trends and
regional variability [Hughs and Diaz, 1994; Mann and Jones, 2003; Brazdil et al., 2005;
Jansen et al., 2007; and others]. Continued study of the period will allow for the analysis
of data from a wider geographical range, providing a more accurate picture of regional
and global variability during this time.

The study of coastal environments is especially important, as coastal regions are
extremely vulnerable to changing climate conditions. Small changes in temperature have
been shown to cause significant changes in the ecology of near-shore environments
[Taylor, 1995], suggesting that future warming may result in large-scale ecological
changes. The effects of climate change on coastal areas can also have serious societal
impacts. At present, a large percentage of the world’s population lives within 100

2

kilometers of coastlines and 200 meters of sea level [Cohen, 1997; Small, 2004], and is at
risk from the consequences of climate change.

The use of shells as a proxy for marine and coastal climate offers a counterpart to
the large number of paleoclimate archives obtained from either deep marine or arctic
environments and is important in further reinforcing our knowledge of coastal climate
[Dansgaard et al., 1984; Alley, 2000; D’Arrigo et al., 2006; Stott et al., 2009]. Coastal
archaeological deposits can provide a rich resource of paleoclimate archives for such
environments. Past coastal societies obtained much of their sustenance from the ocean;
consequently, there are often a large amount of shells found in archaeological middens.
The use of mollusc shells as a proxy for temperature has been well-documented [Epstein
et al., 1951; Williams et al., 1982; Jones, 1983; Jones and Quitmyer, 1996; Surge and
Walker, 2005, 2006], so the abundance of archaeological shell deposits provides ample
opportunity for paleoclimate study. Not only can these shells serve as
paleoenvironmental archives, but they also offer a unique opportunity to study the
relationships between past human societies and climate [Shackleton, 1973; Walker and
Surge, 2006].

We sampled shells of the European limpet, Patella vulgata, obtained from a
Viking age site in the Orkney Islands, Scotland to test the hypothesis that climate during
the Medieval Warm Period exhibited higher temperatures and decreased seasonality
compared to today. This was accomplished by analyzing oxygen isotope ratios (δ18O) of
shell carbonate as a proxy for sea surface temperature.
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Ecology of Patella vulgata

P. vulgata is a gastropod inhabiting rocky shorelines in the cold- and warmtemperate biogeographic provinces from Norway to Spain. Prior studies record that P.
vulgata lives in water with salinities ranging from 20 to 35 psu (practical salinity units)
and temperatures ranging from -8.7 to 42.8oC [Crisp, 1965; Branch, 1981]. P. vulgata
lives on a home base or scar, and only ventures short distances to forage for algae,
diatoms, and spores; consequently, the shell records environmental conditions from a
single location.

P. vulgata from the United Kingdom differs from other Patella species found
farther to the south in that it slows its growth during the winter, with maximum growth
occurring during the summer months [Lewis and Bowman, 1975; Ekaratne and Crisp,
1982; Jenkins and Hartnoll, 2001; Schifano and Censi, 1986]. Growth rates range from
approximately 0.005 mm/month to 2.6 mm/month [Ekaratne and Crisp, 1984].

The shell of P. vulgata is conical and averages 6 cm in length, with the apex
central or slightly anterior. The outer surface can exhibit coarse radiating ridges and
visible growth lines. In cross section, shells exhibit both major and minor growth lines.
Major growth lines are annual and formed during the winter in individuals collected from
the United Kingdom [Fenger et al., 2007]. They signify a slow down in growth rate
during winter months, most likely due to temperature and reproductive processes
[Bourget, 1980]. Minor growth lines are observed in bundles of approximately 14 to 15
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growth increments. This suggests the minor growth increments represent fortnightly time
intervals, composed of microgrowth increments controlled by tidal cycles.

Study Area

Our study area is located on the isle of Westray in the Orkney Islands (Figure 1).
The Orkneys (59o24’N, 2o22’W) comprise an archipelago to the north of Scotland and are
mostly of low relief. They lie within the cold temperate biogeographic province, yet the
influence of the nearby Gulf Stream results in a relatively mild climate. Winter sea
surface temperatures average 7.76 oC ± 0.44oC and summers average 12.40 oC ± 0.39oC
(Figure 2; monthly averages, from NOAA SST reconstruction 1961-1990). The
proximity of our site to both the Gulf Stream and the North Atlantic Oscillation make it
an extremely interesting location to study Medieval Warm Period climate.

Samples were obtained from the Viking village of Quoygrew, situated on the
coast of the large northwest-facing Rackwick Bay. The village of Quoygrew is a wellpreserved rural settlement occupied from the Viking Age to post-medieval times. Shells
collected from Quoygrew will serve as an archive of sea surface temperature adjacent to
the site, and by extension, help characterize the climate in the North Atlantic.

Local Climate Mechanisms

The North Atlantic Oscillation (NAO) and the Gulf Stream both play major roles
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in the climate of northern Europe. Consequently understanding these climate
mechanisms is vital to the study of Medieval Warm Period climate. The location of the
Orkney Islands places them in a region influenced both by the NAO and the Gulf Stream,
so temperature data collected from our field site in Orkney may potentially offer insight
as to the state of these climate mechanisms during the interval of study.

Today, both the Gulf Stream and the NAO are widely recognized as the major
sources for short-term climate variability in the North Atlantic realm. The NAO alone is
responsible for 31 percent of interannual temperature variance in the North Atlantic –
NW Europe region [Hurrell and van Loon, 1997]. In addition to variability induced by
the NAO, the influence of the Gulf Stream is thought to affect precipitation and
atmospheric circulation changes throughout the entire troposphere [Minobe et al., 2008].
When teleconnections between the NAO and the Gulf Stream are taken into account,
these two climate phenomena potentially have a large influence on the climate of the
North Atlantic.

Gulf Stream

The Gulf Stream is the northward flowing western boundary current associated
with the North Atlantic gyre. The climate of Europe is dependent upon the Gulf Stream;
thus, disruptions or changes in the activity of the current have large effects on regional
climate. Studies by Lund et al. [2006] have shown the Gulf Stream flow density gradient
was lower during the Little Ice Age (1650-1850 AD). Coupled with the fact that the
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volume transport of the Gulf Stream is thought to have been approximately ten percent
weaker during that period, it is likely a weakened Gulf Stream was a contributing factor
to the Little Ice Age [Lund et al., 2006]. Knowing this, it is also possible the Medieval
Warm Period may have been caused by an increase in heat transport northward, although
no conclusive results have yet been produced on this topic.

In addition to large scale variability associated with dramatic changes in
thermohaline circulation, the Gulf Stream undergoes higher frequency, smaller scale
variability. These changes typically result in latitudinal displacements of the Gulf
Stream, with the current migrating north and south aperiodically [de Coetlogon et al.,
2006]. Studies of plankton in the North Atlantic have shown changing abundances that
can be correlated with the location of the Gulf Stream [Taylor, 1995]; similarly, lakes in
the United Kingdom exhibit changes in their chemistry that are in phase with Gulf Stream
variability [Jennings and Allot, 2006]. This implies the north-south migration of the Gulf
Stream has climatological effects throughout the Atlantic and northern Europe, likely
caused by the changing distribution of heat as the Gulf Stream moves. This change in
temperature is accompanied by, or perhaps causes, changes in the number of North
Atlantic cyclones, another factor that influences northern European climate [Taylor,
1995].

North Atlantic Oscillation

The NAO describes the climatic phenomenon located in the North Atlantic Ocean
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characterized by the fluctuations in sea level pressure between the Icelandic Low and the
Azores High. The oscillation between these pressure centers results in variations in the
strength of the Westerlies over Europe, and is a major source of variability and one of the
most important climate mechanisms in the North Atlantic – European region.

The NAO exhibits no obvious periodicity, but instead a mix of different, mostly
small-scale periodicities [Cook et al. 2002]. Some variability is also seen on longer,
interdecadal timescales, but is poorly understood [Wanner et al., 2001].

During the positive phase of the NAO (NAO+), the strong pressure gradient
strengthens the Westerlies and forces them farther to the north. This results in the flow of
warm air over much of northern Europe, which increases surface temperatures throughout
northern Europe. It also causes a northward shift in Atlantic storm activity, and increases
precipitation over affected areas. The resulting effects of a NAO+ would result in
regional climate that mirrors what is seen in northern Europe during the Medieval Warm
Period. Mann [2007] proposed that the cold continental air mass resultant from a
negative phase of the NAO may be directly related to the decreasing temperatures during
the span of the Little Ice Age. If this is indeed the case, it is reasonable to assume other
climatic episodes (such as the Medieval Warm Period) may be related to changes in the
NAO.

During the atmospheric pressure changes associated with the NAO, geostrophic
flow in the North Atlantic is affected, which can lead to the north-south oscillations seen
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in the location of the Gulf Stream [Taylor and Stephens, 1998]. Positive phases of the
NAO have been correlated to a stronger, farther north flowing Gulf Stream, while a
negative NAO is generally followed by a weaker, southern flowing Gulf Stream [de
Coetlogon et al., 2006]. This has a substantial impact on climate in northern Europe, as
the NAO and Gulf Stream can, through this interaction, amplify their effects on the North
Atlantic.

To date, knowledge of the Medieval Warm Period suggests a time of inherent
variability, with temperatures ranging above the averages of the preceding and
subsequent time intervals. Based on our understanding of NAO climatic effects, a period
of warm temperature in northern Europe may suggest the existence of a positive phase
NAO at this time, as well as a northward-shifted Gulf Stream [Stenseth et al., 2003].
This is contrary to what was seen in the Little Ice Age, during which it is suspected a
persistent negative phase NAO, coupled with a decrease in Gulf Stream transport,
contributed to colder temperatures [Mann, 2007].

Medieval Warm Period

The Medieval Warm Period is the name given to the climatic episode that
occurred in Europe from roughly 900 to 1300 AD, during the historical medieval period.
It is thought the average temperatures in Europe during this period represent values
higher than those in the preceding Dark Ages Cold Period or later Little Ice Age.
Temperatures observed during the Medieval Warm Period are some of the highest seen in
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the last millennia [Jansen et al., 2007]. Only current global warming has produced
temperatures that are higher. Because the Medieval Warm Period took place before
anthropogenic forcing became a significant driver of climate, any climate change during
this period is due to natural forcing [Hunt, 2006; Goosse et al., 2006], making this
interval ideal for further study.

However, there is no consensus as to the exact dates bounding this period, and it
has been established that this time was not, as previously thought, an episode of
continuous above-average temperatures, but rather a period of varying warm and cold
intervals [Hughes and Diaz, 1994]. Several more recent studies have questioned the
accuracy of some of the historical data that forms the basis of the argument for a
Medieval Warm Period [Mann and Jones, 2003; Hunt, 2006], and Jones and Mann [2004]
have questioned the existence of such a period. Other studies have questioned the extent
of any climatic anomaly, in an effort to determine the scale and regional impact of
warming [Crowley and Lowery, 2000; Esper et al., 2002; Hughes and Diaz, 1994;
D’Arrigo et al., 2006]. Intergovernmental Panel on Climate Change (IPCC) reports on
paleoclimate, some of which have focused on the Medieval Warm Period, have identified
several concerns regarding the evidence used as a basis for the existence of this period.
These include the lack of temporal correspondence between climatic variability in
different regions, regional variability, and the fairly small amplitude of the average
temperature anomalies in the affected regions [Hunt, 2006]. However, the most recent
IPCC report presents temperature reconstructions that show positive anomalies in the
northern hemisphere during the time of the Medieval Warm Period.
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Lamb [1965] was among the first to propose the idea of a warm period during
medieval times. Much of the original data Lamb used to make his claim was obtained
through historical climatology. Agriculture was feasible at higher latitudes and altitudes
than is currently possible, and several historical records document large crop yields.
Vineyards in central Europe are thought to have been cultivated farther north and at
higher altitudes (~220m higher above sea level) than they were in the early 20th century.
Similarly, the presence of a large number of vineyards in England also implies warmer
temperatures and longer growing seasons [Lamb, 1965; Mann, 2002]. Historical records
also note the dates of frosts, freezing of bodies of water, and snow cover which indicate
that winters during this period were less intense [Mann, 2002].

Observations of settlements in central Norway have shown the migration of many
villages and towns approximately 100-200 meters up valleys and hillsides, in areas that
would have previously been covered by snow. These villages had been static before this
time, and retreated back down the valleys in the 14th century [Lamb, 1965]. The upper
limit of forests in the Alps is thought to have been located up to 200 meters higher than
the present tree line, with a return to 20th century altitudes between 1300 and 1600 AD.
These changes in altitude correspond to an increase in summer temperatures of
approximately 1oC compared to present day temperatures [Lamb, 1965].

Analysis of glacial moraines in northern Europe shows there were periods of
glacial advances before 900 AD, and after 1250 AD. However, there is a lack of glacial
advancement during the period between 900 and 1250. Some areas of the European Alps
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actually show evidence of glacial retreat during this period [Hughes and Diaz, 1994].
Grove and Switsur [1994] also used glacial evidence to study the Medieval Warm Period.
They identified a glacial phase that preceded the Medieval Warm Period, beginning
around 600-800 AD. Coupled with evidence of the beginning of the Little Ice Age at
around 1200 AD, their glacial data seem to imply a period of higher temperatures
between 800-1200 AD.

Pfister et al. [1998] attempted to reconstruct the winter climate during the
Medieval Warm Period. They created a comprehensive compilation of meteorological
texts for the medieval period prior to 1300 AD. This information, in conjunction with
documentary proxy data (ice, snow, plant activity) was used to reconstruct winter
temperatures over western central Europe for a 550 year period. By analyzing anomalous
winters (above and below average) on the basis of proxy data for frost, the freezing of
bodies of water, duration of snow cover, and atypical seasonal growth of vegetation, they
were able to create an index of winter storm severity. They concluded severe winters
were weaker and less frequent during the Medieval Warm Period than in the centuries
preceding it, and from 1300-1900 AD. From 1180 to 1299 AD, winter temperatures were
similar to those seen in the 20th century.

Some of the most compelling evidence for a Medieval Warm Period is the
colonization of Greenland and Iceland by Norse settlers. Settlements on Greenland lasted
for several centuries, implying the existence of climate conditions suitable for habitation
[Ogilvie, 1991].
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Historical climate data imply a period of above average temperatures during the
Middle Ages, resulting in more widespread farming, an increased frequency of northern
settlement, and an effect on trade due to decreased sea ice. Observations of sea ice,
growing seasons, areas of settlement, and agriculture suggest a temperature increase of
approximately 1-2oC for the years 1000-1200 AD, with a larger temperature anomaly
possible in high-latitude areas [Lamb, 1965]. However, information of this kind is not
without considerable error, and must be supported by more accurate temperature data.
As more research is performed, it becomes clearer the climate of this period cannot be
classified as a synchronous, global warming event, but rather as an episode of climatic
variability resulting in several phases of increased temperature, with a great deal of
temporal and regional variation. It is the focus on constraining the extent and magnitude
of any temperature anomalies during this period that is the basis of much of the current
research into the Medieval Warm Period.

Archaeological Context

Shells for our study were collected from the Viking site of Quoygrew in the
Orkney Islands (Figure 3). The longhouses and associated middens present at the site
document a sequence of settlement from the Viking Age to post-Medieval times (9501930 AD). This includes the Viking to Medieval transition, which is thought to be
accompanied by a change in subsistence strategies by both inhabitants of the Orkneys and
other northern European peoples. This change is characterized by an intensification in
marine resource use, including an increase in fishing during the 11th century, which
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continued into the 14th century [Barrett and Richards, 2004]. This intensification can be
seen at Quoygrew, and it is theorized that an expansion of fishing may be the cause of the
greater number of limpets found in middens, as limpets were used as bait for the cod
fishing industry [Milner et al., 2007].

The shell samples used in this study were recovered from two locations: 1) a
midden on the seaward side of the structures, known as the ‘fish midden,’ and 2) an
inland ‘farm mound’ developed due to the superposition of abandoned building ruins and
an associated midden (Figure 3).

Methods

Chronostratigraphy

To create a temperature archive for the Medieval Warm Period, it was necessary
to select shells that were harvested during that period. This was accomplished by
selecting samples from deposits dated and classified by Milner et al. [2007]. The
middens at Quoygrew were divided into four phases, numbered 1 through 4, and were
dated, using radiometric and artifactual evidence, to the 10th through 13th centuries. Each
phase covers a period of approximately one hundred years. The middens are well
stratified, and shells taken from the site were cataloged according to phase, allowing for
the placement of each shell within the time interval corresponding to each particular
phase (Figure 4).
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Sample Collection

Our samples of archaeological limpet shells were acquired from the Quoygrew
site collections housed at the Orkney Museum, in Kirkwall, Orkney. We targeted shells
from phases 1 (9th–10th centuries) and 2 (11th-13th centuries), which cover a time interval
spanning the Medieval Warm Period. Our initial samples included 134 limpets, 66 of
which were from the Medieval Warm Period. Of these, I selected seven shells, three
from phase 1 and four from phase 2 were subject to analysis. The modern limpet shells
used in this study were collected by volunteers. The modern samples were recovered
from Rackwick Bay, near the Quoygrew archaeological site.

Preparation of Shells

Shells were set in a metal-based epoxy resin to protect the shell during
preparation, and then cut parallel to the axis of maximum growth utilizing a Buehler
isomet low speed saw. The shells were subsequently cut into ~2mm thick cross section
and polished to 1 µm diamond suspension grit (Buehler). Polished cross sections were
then mounted to microscope slides. An Olympus DP71 12 MP digital camera mounted to
an Olympus SZX7 microscope was used to analyze growth increments in the shell cross
sections (Figure 5). If growth increments were difficult to discern, the shell surfaces
were immersed in Mutvei’s solution to enhance growth lines and increments (see Schone
et al. [2005] for methodology). By observing growth lines and increments it was possible
to identify fortnightly and annual growth lines, which provided guidelines for
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microsampling. After identifying growth lines and targeting increments for sampling, the
shells were prepared for sampling. This involved a process similar to that outlined
earlier, with the exception of the immersion in Mutvei’s solution. Another method used
to aid in the identification of growth lines was to create extremely thin sections (< 1mm);
the thin samples allowed for observation using transmitted light, which in some cases
made the growth lines easier to identify.

Sampling and Geochemical Analysis

Microsampling was accomplished utilizing a Merchantek micromill sampling
system, consisting of a dental drill connected to a computer-controlled microscope, which
was used to identify drilling paths. This allowed for high-resolution sampling (~50-200
µm spacing). The outer calcite layers of the limpet were chosen for sampling based on
results obtained by Fenger et al. [2007] during their calibration of this technique.

Approximately 30-50 µg of carbonate powder were micromilled from each
sample path. Paths were drilled at 50-200 µm spacing; spacing depended on length of the
drill path. In areas near the apex of the shell, increased spacing was needed to obtain
enough powder to offset the shorter drill path. Appendix A shows the number of samples
taken from each shell. Archaeological limpets, which range in age from three to twelve
years, were sampled along their entire length. One modern limpet was also sampled,
with sampling done along approximately one year’s worth of growth.
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Once micromilled, carbonate powder was sent to the Environmental Isotope
Laboratory at the University of Arizona for isotopic analysis. Oxygen (δ18O) and carbon
(δ13C) isotope ratios were measured using an automated carbonate preparation device
(Kiel-III) coupled to a gas-ratio mass spectrometer (Finnigan MAT 252). Powdered
samples were reacted with dehydrated phosphoric acid under vacuum at 70oC for one
hour. The isotope ratio measurement was calibrated based on repeated measurements of
NBS-19 (National Bureau of Standards) and NBS-18. The precision of the
measurements was ±0.1‰ for δ18O (1σ) and ±0.06‰ for δ13C (1σ). Results are reported
in per mil (‰) relative to the Vienna Pee Dee Belemnite (VPDB) standard.

Temperature Estimation

Estimated temperature was calculated using the data collected from the
archaeological specimens. The equilibrium fractionation equation for calcite and water
[Friedman and O’Neil, 1977, modified after Tarutani et al., 1969] was used to calculate
temperature from δ18Oshell values,

1000 ln α = 2.78 × 106 / T2 – 2.89

where T represents temperature and α is the fractionation factor between calcite and
water. The relationship between α and δ is:

α = (δcalcite + 1000) / (δwater + 1000)
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where the value δ is expressed relative to VSMOW (Vienna Standard Mean Ocean
Water). Because the measured calcite δ18O values were reported relative to VPDB,
theymust be converted to VSMOW using the equation described by Gonfiantini et al.
[1995]:

δ18O(VPDB) = (δ18O(VSMOW) – 30.91) / 1.03091

We used a value of 0.31‰ ± 0.1‰ for the δ18O of the water at the study site.
This value was obtained from water samples taken from Orkney. An error of 0.1‰
corresponds to 0.5oC temperature error. Total error for each measurement was calculated
by also accounting for analytical error for each sample (Appendix A). Fenger et al.
[2007] observed an offset of 1.01‰ in δ18Oshell, which was consistent with offsets seen in
similar study. This correction was applied to our δ18Oshell values.

Results

Sclerochronologic analysis of seven shells revealed the limpets sampled ranged in
age from 2-12 years, providing a total of 29 years of high-resolution temperature data.
Each shell has variation in isotope ratios that follows a sinusoidal trend. Table 1 shows
the minimum, maximum, and mean δ18O and δ13C values measured from the shells.
Oxygen and carbon isotope ratios were plotted against distance from the apex of the
shell, which represents time (Figures 6 and 7). δ13C values range from -1.22‰ to 1.91‰
(QG1-7246-1), 0.18‰ to 2.07‰ (QG1-7188-1), 1.19‰ to 2.37‰ (QG1-7189-2), 0.80‰
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to 2.23‰ (QG2-1061-1), -0.67‰ to1.67‰ (QG-1064-1), -0.67‰ to 1.67‰ (QG2-71801), and 1.55‰ to 3.01‰ (QG2-7180-2). δ18O values range from 1.76‰ to 4.50‰ (QG17246-1), 1.53‰ to3.64‰ (QG1-7188-1), 1.03‰ to 3.67‰ (QG1-7189-2), 1.50‰ to
3.78‰ (QG2-1061-1), 1.82‰ to 3.72‰ (QG-1064-1), 1.55‰ to 3.95‰ (QG2-7180-1),
and 1.64‰ to 4.18‰ (QG2-7180-2). Oxygen and carbon isotope ratios vary in a
sinusoidal pattern, but are not consistently in phase. The cross-plot of δ13C and δ18O
values for all seven archaeological shells shows no covariant trend (Figure 8).

One modern limpet was also sampled. δ13C values range from -1.03‰ to 0.34‰,
and average -0.19‰ ± 0.36‰. δ18O values range from 0.80‰ to 3.68‰ and average
2.63‰ ± 0.73‰.

Discussion

Temperature Reconstruction

Previous studies by Fenger et al. [2007] calibrated δ18O values in live-collected P.
vulgata as a proxy for temperature. Using modern P. vulgata samples, they were able to
reconstruct sea surface temperatures from their study site in the United Kingdom.
Despite the presence of annual growth lines that formed in winter, P. vulgata recorded
the entire seasonal range of sea surface temperature measured at the collection site.
Therefore, we assume that our results represent a nearly complete range of seasonal
temperature variation.
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Temperature reconstruction was made using measured δ18O values to estimate sea
surface temperature (Table 2; Figures 9 and 10). The coldest temperatures recorded for
each specimen were: 4.52oC ± 0.66oC (QG1-7246-1), 6.12oC ± 0.91oC (QG1-7188-1),
5.99oC ± 0.56oC (QG1-7189-2), 5.58oC ± 0.63oC (QG2-1061-1), 5.80oC ± 0.85oC (QG1064-1), 4.92oC ± 0.71oC (QG2-7180-1), and 4.01oC ± 0.89oC (QG2-7180-2). Warmest
temperatures recorded were: 13.75oC ± 0.64oC (QG1-7246-1), 14.73oC ± 0.52oC (QG17188-1), 16.91oC ± 0.95oC (QG1-7189-2), 14.86oC ± 0.96oC (QG2-1061-1), 13.50oC ±
0.63oC (QG-1064-1), 14.67oC ± 0.52oC (QG2-7180-1), and 14.29oC ± 0.96oC (QG27180-2). Mean summer temperatures (Table 2) were calculated by averaging the highest
temperature of each year, as well as the temperatures immediately preceding and
following it. This enabled us to record temperatures representative of each summer,
while smoothing the records to remove extreme temperature events. The overall mean
summer temperature recorded during the Medieval Warm Period was 13.4oC ± 0.7oC,
while the mean winter temperature during the interval of study was 5.9oC ± 0.8oC.

Seasonal Variation

Our results show δ18O and δ13C values varying in a sinusoidal pattern, which we
interpret to reflect seasonal variation. Isotope data can reflect growth rate, and this is
important to note in the analysis of the data. Previous studies have indicated that P.
vulgata slow their growth during the winter. In this study, dark growth increments,
which denote yearly growth lines, coincide with the most positive δ18O values (Figures 6
and 7), confirming the observation that this limpet slowed its growth during the winter.
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However, during analysis we identified four dark growth increments on QG2-7180-2 that
we attributed to yearly growth increments that do not correspond to more positive δ18O
values. We instead attribute these to lines formed by biological or physical disturbances.
Decreased growth rates during the winter, and corresponding increased growth rates
during the summer, manifest themselves in the number of data points associated with
winter and summer months. Due to slower growth rates during the winter, there are a
fewer number of data points recorded by the limpet. Accordingly, there are more
summer data points than winter (Figures 9 and 10). The fewer number of data points
recorded during winters results in the potential for the full extent of winter temperatures
to not be recorded. Due to this, we excluded from analysis any temperatures from
truncated records. However, based on results from Fenger et al. [2007], we assume that
our results represent a nearly complete range of temperatures.

δ13C values for each shell were also measured, but were difficult to interpret due
to our lack of knowledge of the many variables that can affect the δ13C values of marine
organisms (e.g. primary productivity, pH, DIC, etc.; Fenger et al., 2007). However, it can
be established that δ13C values vary similarly with δ18O, implying that there is a seasonal
influence on δ13C variability. Without more detailed information on local DIC, pH, and
other factors, it is difficult to draw any further conclusions.

Analysis of Paleotemperatures

Seasonal records of temperature obtained from our samples allowed us to observe
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temperature and seasonality in the Orkney Islands during the Medieval Warm Period. By
comparing them to modern NOAA sea surface temperature data (1961-1990) we were
able to place Medieval Warm Period temperatures in context with those seen today
(Figures 9 and 10). The majority of the climate record for this period consists of annual
temperature records, or reconstructions biased toward summer temperatures, so the
creation of a temperature archive showing seasonality during the Medieval Warm Period
is an extremely valuable step in understanding paleoclimate.

The results obtained from the seven archaeological shells we sampled (Figures 9
and 10) show approximately 29 years of temperature data. Summer temperatures during
the Medieval Warm Period average 13.4oC ± 0.7oC. Modern summer temperatures
recorded by NOAA (1961-1990) average 12.40oC ± 0.39oC. We therefore can conclude
summer temperatures during the Medieval Warm Period were slightly higher than
temperatures recorded during time period 1961-1990. Winter temperatures during the
Medieval Warm Period average 5.9oC ± 0.8oC. When compared to modern winter
temperatures (7.76oC ± 0.44oC), it is evident that Medieval Warm Period winters were
cooler than those observed at present. Seasonality was determined by calculating the
difference between average summer and winter temperatures (Table 2). During the
Medieval Warm Period, seasonality averaged 7.5oC. This is greater than modern
seasonality (4.74oC) observed in the NOAA data.

When analyzing paleotemperatures, we compared them with the climatological
mean from 1961-1990 to be consistent with previous studies [Mann and Jones, 2003;
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Jansen et al. 2007]. However, if using NOAA SST reconstructions covering present day
(1991-2009; Figure 2), we observe a slightly different relationship, which is
representative of the recent global warming. Summer temperatures during this time
period average 13.26oC ± 0.46oC and winter temperatures average 7.50oC ± 0.77oC.
When we compare these temperatures with Medieval Warm Period temperatures obtained
from our samples, we observe that summer temperatures during the Medieval Warm
Period are very similar to those seen today. Winter temperatures during the Medieval
Warm Period are colder than those today. Seasonality during the period 1991-2009 is
5.76oC (Medieval Warm Period seasonality is 7.5oC).

Because this is the first temperature archive from the Medieval Warm Period that
allows us to observe seasonal temperature variability, it is difficult to compare our results
with other temperatures recorded during the Medieval Warm Period. However, it is
possible to use a comparison with modern temperatures and seasonality to draw
conclusions about differences in climate between the Medieval Warm Period and today.
As stated previously, we see enhanced seasonality during the Medieval Warm Period as
compared to present day. This is consistent with studies of seasonality changes due to
anthropogenic warming. Seasonality increases poleward, as the climate becomes less
tropical [Legates and Willmott, 1990]. Consequently, as sea surface temperatures rise,
we can expect to see a decrease in seasonality similar to that seen in tropical climates. If
this is indeed the case, the increased seasonality observed during the Medieval Warm
Period can provide interesting insight into the changing seasonality as temperatures
increase.
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Medieval Warm Period Climate

There is uncertainty as to the cause of the elevated temperatures characteristic of
the Medieval Warm Period in northern Europe. The summer temperatures we observed
during the Medieval Warm Period were similar to those observed during the present day,
which are consistent with the idea of warm temperatures during the Medieval Warm
Period. A persistent positive phase of the NAO has been proposed as a possible cause for
the Medieval Warm Period [Lamb, 1965]. This has been further corroborated by a new
NAO reconstruction by Trouet et al. [2009]. Using a tree-ring-based drought
reconstruction for Morocco and a speleothem-based precipitation proxy for Scotland,
they were able to reconstruct the NAO index back to 1049 AD and identify a persistent
positive NAO during the Medieval Warm Period. Because a NAO+ phase has also been
associated with an intensified, further-north Gulf Stream [de Coetlogon et al., 2006], the
persistent NAO+, along with changes in the Gulf Stream, may have contributed to
warmer temperatures seen in northern Europe during the Medieval Warm Period.

A persistent NAO+ would result in warmer winters [Trouet et al., 2009], which
are seen in many of the historical datasets pertaining to the MWP [Hughes and Diaz,
1994; Grove and Switsur, 1994; Pfister et al., 1998]. One potential avenue for future
study is to acquire temperature data for periods preceding and following the MWP, in
order to ascertain how winter temperatures during the MWP compare to winter
temperatures during different NAO phases.
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Suess Effect

When Medieval Warm Period samples are compared with modern limpets, we
observe a negative shift in δ13C values from the Medieval Warm Period to present day
(Figure 11). Modern limpets analyzed for our study have an average δ13C of -0.12‰ ±
0.30‰, and range from -0.84‰ to 0.34‰. These values are consistent with data
obtained by Fenger et al. [2007], where they observe average δ13C values of 0.35‰ ±
0.57‰ and range from -1.54‰ to 1.43‰. δ13C values obtained from Medieval Warm
Period limpets averaged 1.31‰ ± 0.76‰ and range from -0.67‰ to 3.01‰ (excluding
QG1-7246-1). Sample QG1-7246-1 is excluded because it has a slower growth rate than
the other sampled limpets, which results in a truncated record. Fenger et al. [2007]
observed this same effect while analyzing one of their longer-lived specimens.

If we assume the metabolic effects of P. vulgata have not changed since the
Medieval Warm Period, the negative shift observed between Medieval Warm Period
limpets and modern samples can be attributed to a negative shift in δ13CDIC. This was
most likely caused by the Suess effect. The Suess effect refers to the depletion of δ13C in
ocean and atmospheric reservoirs due to the uptake of light carbon from the burning of
fossil fuels [Bacastow et al., 1996]. The Suess effect has been observed in many marine
organisms, including corals, oysters and other carbonate shelled species [Nozaki et al.,
1978; Surge et al., 2003; Butler et al., 2009], and so is a reasonable explanation for the
negative shift observed from the Medieval Warm Period to today.
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Conclusions

The Medieval Warm Period is a climate interval characterized by its inherent
spatial and temporal variability. Obtaining high-resolution environmental reconstructions
is consequently extremely important in reconstructing seasonal temperature variability
during the Medieval Warm Period. Using the limpet P. vulgata, we were able to derive
seasonal temperature records from the Orkney Islands during an interval of time within
the Medieval Warm Period. Our reconstruction is one of the first datasets to show
seasonal temperature variability that is not an annual record or biased toward summer
temperatures.

Our results show that summer temperatures during the Medieval Warm Period
were warmer than those seen today (1961-1990), while winter temperatures were
consistently cooler during the Medieval Warm Period. This resulted in enhanced
seasonality during the Medieval Warm Period when compared to today. We were also
able to detect a shift in carbon isotope ratios that we attribute to the Suess effect.

With further work, we hope to be able to extend our temperature reconstruction,
and compare Medieval Warm Period temperatures to climate preceding and following
this interval, so that we may obtain a better understanding of past climate. This will
enable us to evaluate not only the potential causes of this climate interval, but also the
effects climate change had on the inhabitants of our study site in the Orkneys.
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Figure 1: Map of study area in the Orkney Islands, United Kingdom. Inset at right shows
the location of the Orkneys relative to the UK, and the orange box outlines our study area
at the isle of Westray. Figure modified from Google Maps.
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Figure 2: NOAA reconstructed sea surface temperatures from 1961-1990 (top) and from
1991-2009 (bottom) from the Orkney Islands. These temperatures were used in
conjunction with estimated MWP temperatures to characterize Orkney climate during the
MWP. Mean summer and winter temperatures are noted on the graph.
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Figure 3: Quoygrew, Orkney. Aerial photograph of the study site on the isle of Westray,
Orkney. The Viking settlement of Quoygrew is undergoing excavation; red boxes
indicate midden locations from which samples were obtained (a – farm mound; b –
midden; c – fish midden).
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Figure 4: Quoygrew chronostratigraphy. Stratigraphy of the middens found at the
Quoygrew settlement. Middens were dated using radiocarbon and artifactual evidence;
radiocarbon dates are shown to the side of the figure. Our study targeted phases 1 and 2,
which spanned the Medieval Warm Period. Figure modified from Milner et al. [2007].
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Figure 5: Limpet cross section. White arrows indicate yearly growth increments. We used
annual growth lines to guide fortnightly sampling, allowing us to obtain high-resolution
climate data.
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Figure 6: Phase 1 oxygen and carbon isotope ratios. Plots show δ18O and δ13C versus
distance from the apex of the shell, which represents time.
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Figure 7: Phase 2 oxygen and carbon isotope ratios. Plots show δ18O and δ13C versus
distance from the apex of the shell, which represents time. Key is the same as that of
Figure 6; dashed gray bars represent disturbance lines.
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Figure 8: Crossplot of oxygen and carbon isotope ratios.
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Figure 9: Estimated temperature for phase 1 shells. Plots show estimated temperature
versus distance from the apex of the shell, which represents time. NOAA data represents
SST reconstruction from 1961-1990.
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Figure 10: Estimated temperature for phase 2 shells. NOAA data represents SST
reconstruction from 1961-1990. Key is the same as that of Figure 9; dashed gray bars
represent disturbance lines.
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Figure 11: Mean carbon and isotope ratios for each shell. Note the negative shift in δ13C
values from the MWP to present. Shaded gray areas indicate longer-lived shells; slow
growth rates for these specimens result in a truncated record. Circled modern data
obtained from Fenger et al. [2007].
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APPENDIX A: Oxygen and carbon isotope ratios
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APPENDIX B: NOAA SST reconstruction 1961-2009
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