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Abstract

Establishing and sustaining agricultural production was a key factor in
the success of Norse settlements during the landnam colonisation
across the North Atlantic. In light of the occurrence of channel
features in several abandoned home-field areas of the Norse Eastern
Settlement of Greenland, and the irrigation requirements of present-
day Greenlandic sheep-farmers questions are raised: was irrigation
used by the Norse settlers of Greenland on their home-field areas?
and, if so, how frequently? Modelling of soil chemical, physical and
soil-water hydraulic properties integrated with contemporary high-
resolution climatic data demonstrate a frequent requirement for
irrigation. Soil moisture deficits are related to the duration and
intensity of winter temperature. Using the winter Dye 3 ice core 520
record as a climatic proxy, the frequency of moisture deficits, based
on comparing mean winter temperatures, indicates that there was a
frequent irrigation requirement to maintain home-field productivity,
increasing throughout the period of settlement until the 14th
Century.
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1. Introduction

Norse expansion across the North Atlantic region during

the 9th and 10th Centuries AD was based on the establishment
of agricultural settlements. A key determinant of the success

of settlements in the Faroe Islands, Iceland and Greenland

was, therefore, land management to establish and maintain
agricultural production to support the population of the settlement.
In Greenland, the Norse colonies were founded in AD

985 by Eirik porvaldsson - Erik the Red - after earlier exploration
from AD 982. Many discussions on the sustainability

of the Norse settlements in Greenland have examined the
collapse or forced abandonment in the late 15th or early 16th
Centuries and have focussed on the deterioration of climate



[6,7,9] and consequential societal and environmental impacts.

It has been argued that the development of hierarchical societies
underpinned by control of access to fodder resources

may have helped precipitate the Norse decline through overly
conservative resource management [3,44]. Similarly, overgrazing
by sheep and goats leading to soil erosion has been

suggested as a factor in the Norse collapse [27,34]; the dental
wear of sheep and goat teeth, attributed to the ingestion of
eroded soil, suggests that this may have been a factor throughout
the whole of the Norse settlement period [42].

In contrast, away from these discussions of crises, the influence
of land management practices relative to and in response

to climatic factors for the sustainability of the Norse farming
system during the early period of Norse settlement in Greenland
has not been considered in detail [43]. The influence of

climate on food production is an obvious and major factor

in the sustainability of early-Norse settlements emphasised

by contemporary measurement of plant productivity suggesting
year-to-year fluctuations of up to 20% in biomass production
for this region [28]. In common with Norse settlement

sites in the Faroe Islands and in Iceland [1,4,45] and given the
fluctuations seen in present-day agricultural yield, it is clear
that an understanding of the management of early agricultural
activity is crucial to developing an insight to the long-term
sustainability of the Norse settlement in Greenland.

The rearing of grazing livestock including cattle, sheep,

goats and geese is an obvious and key component of early-
Norse farming practices. Such animal husbandry is in turn
dependent on the management of grassland: the extensive
rangeland outfield area for summer grazing and the home-field
area to produce sufficient fodder to feed livestock through
winter. In a range of Norse contexts in the Faroes and Iceland
[1,57] it has been demonstrated that, for successful home-field
production, management of nutrients through manure applications
is essential to maintain fertility and, furthermore, that

such manure management may help alleviate short-term, i.e.
year-to-year, climatic fluctuations. In each of these contexts,

the availability of water for plant growth has not been found
limiting, yet present-day Greenlandic farmers periodically require
irrigation for grass production in several areas which

previously formed part of the Norse @sterbygden, or, Eastern
Settlement. With previous surveys of farms in the Eastern



Settlement interpreting relict channels seen in field systems

as irrigation ditches [25,40] and comparison of this field

evidence being made with other locales [5], two obvious questions
are raised: (i) Was irrigation required by the Norse

settlers of Greenland to maintain grass production on the
home-field? and (ii) If so, was irrigation of the home-field

required every year, or only infrequently?

While archaeological studies of irrigation systems in temperate
and tropical contexts are relatively common, there are

no environmental studies of past irrigation systems in subarctic
regions. Furthermore, the possible Greenlandic use of

irrigation as an auxiliary supply of water to grassland, rather
than to an alternative crop, negates the possibility of using
methods successfully used elsewhere to identify irrigation
sources such as use of diatom markers [64]. Understanding

the weed ecology can reveal past irrigation of cereal crops

[12]; functional analysis of the grassland flora has been successfully
used to examine hay crops [32], but the effects of

past irrigation could be confounded with several other factors
identified as affecting site productivity. Regardless of the

period and location, the requirement for field irrigation at any
particular site is dependent upon a number of factors: these

are the water inputs through precipitation and ground-water
movement, water drainage from the site, transpiration by plants
and evaporation from the vegetation and soil surfaces.

Through considering the requirements for hay crop production

in the Eastern Settlement in Greenland, this paper

describes how through linking contemporary climate measurements
and paleoclimatic regimes with measurement of relict

soil properties, an assessment of irrigation requirements for

grass production by the Norse settlers can be made. This is
addressed in three steps: first, by examining the physical properties
of the relict soils an understanding of the intrinsic

hydraulic properties of the soils in the home-field areas used

by the Norse settlers can be found. Second, by investigating
detailed modern climate data, periods of plant stress - where
irrigation would be beneficial for sustained production - can

be identified by combining the climatic data with the soil

data. Third, comparisons between modern-day climate data

and paleoclimatic reconstructions, allow possible markers of

an irrigation requirement in the proxy record to be identified,
thereby allowing assessment of the frequency and intensity for



which irrigation, if any, was required by the Norse settlers in
Greenland. The synthesis of these three sets of data using

a model based approach allows the question of irrigation of
grassland as an early-Norse land management practice to be
addressed.

2. Study sites

Two study sites in the area of the Norse Eastern Settlement,
towards the head of Tunindliarfik Fjord (Erik’s Fjord) were examined
(Fig. 1). The first site is at the present-day settlement

of Qassiarsuk (Figs. 1 and 2). Although there is occasional
speculation about other locations [24], Qassiarsuk is commonly
considered to be the location of Brattahlid, the site of

first settlement by Eirik porvaldsson which later developed

into a more extensive medieval Norse settlement. The second
site is at Tasersuaq, between the Tunindliarfik and Sermilik
Fjords (Fig. 1). This site has no present-day settlement but
Norse ruins are visible (Fig. 3). The geology of the area is
mixed: biotite-rich gneiss underlies the north of the Quassiarsuk
(Brattahli®d) site with sandstones underlying the southern
portion [22]. The Tasersuaq site also lies on mixed geology
with visible outcrops of sandstone and biotite-rich granite.

The soils in the region have not been surveyed in detail;
however, a chemical study [56] of five profiles from a variety
of sites in the Eastern Settlement areas concluded that there
were no obvious nutrient deficiencies for subsistence production
on these soils. Another soils study [33] reported
podzol-development in several locations, with the pedological
development of such soils suggested as indicating long-term
soil development extending through the Holocene. The other
soil factor is the potential loss of soil through erosion, with
recent and historical overgrazing problems suggested as a factor
in the abandonment of the Norse colony [33,34]. Much of

the past paleo-environmental research in the area has focussed
on the pollen and macrofossil record [18e21]. In common

with Iceland and the Faroe Islands, the major change in the
pollen record at landnam is the sequential reduction in tree

and shrub species (Salix sp., Betula sp.) and a rise in grasses
(Poaceae). With the exception of a single pollen grain of

barley type (Hordeum) [19] there is no evidence of attempts

at cereal cultivation during the Norse settlement.



The extensive Norse and Inuit ruins at Qassiarsuk (Fig. 2)

have been subject to several archaeological surveys [8,25,
40,48,55]. Most excavations have focussed heavily on the
early-Norse Church and nearby Norse ruins [40,46,48] and

the midden area is presently being investigated (Paulsen, personal
communication). The notation of surveyed ruins in

Greenland has two systems: the notation of Brunn ([8] et

seq.) which considered only Norse ruins, and a more recent
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Fig. 1. Site locations: (a) paleo-climate data sources and (b) field-work locations
within the former Norse @sterbygden (Eastern Settlement) of Greenland.

numbering scheme including both Norse and Inuit ruins [7].

At Qassiarsuk the ruins are designated as two separate sections
in both notation systems, the northern section, including the
Norse Church, Ruin Group 539 (Brattahlid; Settlement @

29a) and the southern section - Ruin Group 540 (Brattahlid;
Settlement @ 29). The site topography is characterised by an
east-facing aspect, with a terrace, possibly a relict raised

beach, to the west of the present-day infield areas (Fig. 2).
Present-day activities at Qassiarsuk are centred on sheepfarming
and limited tourism, with soil disturbance limited to



disk-harrowing of the soil surface during the reseeding of
grassland. The infield area has been expanded in recent years

with land taken in hand through fencing and pasture improvements
such as the removal of boulders; therefore, Ngrlund and
Stenbergers’s [48] survey has been used as a basis for Fig. 2. A
distinct relict channel positioned to draw water from the small

river running through the settlement, is clearly visible (Fig. 2)

and past surveys have considered that this was created by the
Norse settlers for home-field irrigation.

The ruin group at Tasersuaq (Ruin Group 542; Settlement

@ 31) has been previously surveyed by Brunn [8] and by
Guldager et al. [25] (Fig. 3). Presently, this site lies within

an extensive area of rough grazing and is therefore subject

to little soil disturbance. An area of permanent pasture lies
adjacent to the ruins; given the minimal disturbance of the
whole area, this is likely to have been the maximum extent

of home-field for the Norse settlement (Fig. 3). The Tasersuaq
site lies between two lakes of different topographic elevations.
Distinct relict channels, emanating from a single take-off point
on the uppermost lake, are visible on the land surface. From
field survey, these have been previously interpreted as irrigation
ditches [25].

3. Site climate

The climate of Southern Greenland is dominated by seasonal
temperature extremes between land and sea. Away

from the ice cap, in winter the sea is relatively warm and in
summer relatively cold, this leads to land breezes in winter
and sea breezes in summer. A characteristic of the region

are katabatic winds emanating from the ice cap. These drying
winds can reach gale force and can persist for many days [11].
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Fig. 2. Map of Qassiarsuk, site of the medieval Norse settlement Brattahlid, showing
locations of Norse ruin groups, Norse home-field area, relict channel and the
permeameter measurement positions (adapted after [25,40,48]).

Present-day climatic observations are made at 21 weather
stations in Greenland with the nearest and most representative
for both the study sites located at Narsarsuaq airfield, originally
known as Bluie West 1 during World War II. (WMO

station no. 34270; 61° 10" N; 45° 25" W; 24 m above sea level
(asl); Fig. 1). Continuous temperature and precipitation data
have been collected at this meteorological station since

1958, with sunshine measurements taken since 1980. Standard
temperature normals for 1961-1990 are shown in Table 1

[11]. To allow for high-resolution analyses data have been
obtained and collated on a daily basis for the period 1980-
2003 from the Narsarsuaq weather station (Fig. 4aed). Comparing
years, the maximum temperatures seen in summer vary

little whereas pronounced differences are seen in the winter
temperatures (Fig. 4a). Precipitation inputs arise from regular
small events rather than as erratic extreme events (Fig. 4b) but
shows pronounced variations in the total input (Fig. 4c). This
shows an inverse relationship with magnitude of the wind’s



speed (Fig. 4d). The two study sites are in close proximity

to each other and lie towards the head of the fjord. These sites
experience more continental climatic conditions than the
seaward end of the fjord; this is highlighted in the length of
summer period with a mean period of 115 days continuous
frost-free at Narsarsuaq compared with 68 days at Qaqgortoq
(60° 43" N; 46° 03" W) [11].

Palaeo-climatic studies of Southern Greenland considering

the Norse landnam period are primarily based on the use of ice
core proxy information for, unlike Iceland, there is little or no
surviving climate history sources from the early-Norse period
[49]. For later periods, literature sources indicate that there
were prolonged cold periods, with ice restricting shipping
throughout the 14th Century [50,51]. Palaeo-temperature
reconstructions can be made from ice cores either from direct
measurement of temperature at a sequence of depths in the ice
core borehole or through considering isotopic ratios. Relative
differences in air temperatures can be inferred from analyses
of the stable oxygen isotope records in incremental ice layers.
The ice’s stable isotope ratio relative to that of Standard Mean
Ocean Water (*¥0/®0 - commonly expressed as 5'20), re-
flects the temperature of the cloud vapour, and in turn the
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Fig. 3. Map of Tasersuaq, Southern Greenland showing positions of the Norse ruin
group, relict field channels, and permeameter sampling positions (after [25]).



air temperature, at the time of formation of the snow which
formed the accumulating ice [14]. These data can be seasonally
resolved and show good correlations with contemporary
instrumental records [6,36,60]. However, since ice accumulation
occurs only with precipitation there is an inherent bias

in 580 records with the winter record the most robust seasonal
proxy [38,66]. For this comparison, winter 8'20 data

have been used following an established protocol [66] which
takes a fixed period of accumulation and can be considered

a proxy of the severity of each winter, i.e. mean winter temperature
from December to March inclusive.

The Dye 3 ice coring site (65° 11’ N; 43° 50’ W; 2480 m

asl) is the closest to the Quassiarsuk and Tassersuaq sites.

Data from the ice cap summit GRIP 93 (72° 35’ N, 37° 38’

W; 3230 m asl) and Crete (71° 07’ N, 37° 19'W; 3172 m

asl) ice cores (Fig. 1) are used for comparison. The directly measured
ice core temperatures from the Dye 3 79 core and

corresponding measurements from the GRIP core are shown

in Fig. 5a, b [13] and cover the landnam period. These data

have a relatively coarse temporal resolution, but allow longterm
trends in climatic warming and cooling to be considered.

The winter 580 measurements for the Dye 3 79 and Crete ice

cores from AD 900 to 1970 are shown in Fig. 5c, d (Vinther,
personal communication) and allow relative year-to-year comparisons
of the winter temperature. In both the direct borehole

temperatures and in the winter 0 data there are good agreement
between the trends seen in the Dye 3 and GRIP 93 and

Crete data sets and with instrumental records. For the highresolution
ice core data, correlations versus December-March

Southern Greenland temperatures as defined by Vinther et al.

[66] are r = 0.59 for Dye 3 79 and r = 0.45 for Crete. The

lower altitude and more southerly position of the Dye 3 coring

site is also seen in the warmer temperatures recorded in the

proxy (i.e. greater 580 value). Independent from the ice

core data, analyses of biogenic silica concentrations, a proxy

for past air temperature, from lake sediment samples taken

at Qipisarqo (61° 01’ N, 47° 45" W; 7 m asl; Fig. 1), a coastal

site 120 km south-west of Qassiarsuk (Brattahlid), show close
correspondence with the Dye 3 ice core data [39] further con-
firming the overall climatic trend.
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4. Field methods
4.1. Soil sampling and analysis

Physical properties of the soils from
the two field sites were measured
using a mixture of laboratory
measurements and in situ field
observations and measurements. Two
profiles were exposed at each of the
Norse home-field areas at Quassiarsuk
(Brattahli®) (Fig. 2) and at the
Tasersuaq (Fig. 3). Following field
survey, profiles positions were
selected in areas representative

of the majority of each home-field in
terms of slope and aspect. These
positions were further limited in order
not to disturb ruin groups and their
surrounding buffer zones. At
Qassiarsuk, modern disturbances such
as farm tracks were avoided. Field
description was based on Hodgson
[31]. Soil samples were collected from
selected depths. Bulk density

was measured using fixed-volume
samples. The particle size distribution
was measured following wet-oxidation
of organic matter, using a Coulter LS-
200 instrument. Soil organic matter,
included in the calculation of soil
hydraulic properties through
pedotransfer functions [52], was
measured on further subsamples by
the WalkleyeBlack method [47].

4.2. In situ soil permeameter analysis

To assess the transfer of water

through the Norse home-field soils a
set of in situ measurements of field-
saturated hydraulic conductivity (Kss)
were obtained. These measurements



were made using a Guelph Permeameter, a constanthead in-hole
permeameter apparatus which is based on the principle of a Mariotte
bottle (Fig. 6). The apparatus is used to measure the steady-state
recharge into unsaturated soil required to maintain a constant depth,
or head, of water above the bottom of a cylindrical well-hole [53]. For
use in Greenland, the apparatus was modified to provide greater
stability on uneven ground and during strong wind gusts. Locations
for sampling were selected on the basis of the presentday land
surface thereby avoiding interference by modern agricultural
machinery, and on the position of the home-field area. Three
independent measurements at 5 m spacing were made at each
location marked on Figs. 2 and 3.

A standardised measurement protocol was followed [41,59]. A well-
hole 20 cm deep was augered at each sample location. The well-hole
was cleaned by brush to remove any smearing; other suggested well-
hole preparation procedures [41] were tested and found not to be
necessary. A set of measurements was made at 1 min intervals for
15 min with a 5 cm constant head height. At Tasersuaq, the well-
holes were then deepened to 40 cm and the procedure repeated. All
measurements were made without interference from any precipitation
inputs with dry weather before and during measurements.

4.3. Permeameter data treatment

The data from the permeameter measurements at each sample/
sample depth combination were analysed by two methods
calculated using a single head. This allows both intra-site
comparisons and comparisons with data from previous studies.

The first method adopted is based on the Laplace analysis

of flow and only considers the saturated component of

such water movement [16]. This method tends to overestimate

Kts. The second data treatment is the so-called Richards analysis. This
requires an estimation of soil capillarity deduced from the soil’s
textural and structural properties. The method then uses Richards
analysis of flow to calculate K¢ [54]. This method has the
disadvantage of requiring an estimated variable, but the advantage
over the Laplace analysis of considering both saturated and
unsaturated components. In both instances these data tend to a
logarithmic distribution, so to summarise the results a geometric
rather than an arithmetic mean has been calculated, along with the
range and standard deviation.



5. Soil-water-plant balance modelling

To consider the need for water management at the two sites,
the contemporary climate measurements have been used to
consider the effect of water management on grass growth.
Changes in water inputs and losses due to both climate and
plant growth factors have effects on the depth of the water
table and the water content of the soil in the plant-root zone.
If there is a prolonged lack of water in the plant-root zone,
then plant growth will suffer. Conversely, if there is too much
water in the plant-root zone, then the soil may become anoxic,
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Fig. 4. Contemporary climate data at Narsarsuaq (a) 30-day moving average (b)
daily precipitation (c¢) 30-day moving mean precipitation (d) daily vector mean wind
speed.

again detrimental to plant growth. Using a field-level model of
soil-water-plant interactions WaSim [29,30] the soilewater
balance has been calculated on a daily basis for the period
1980-2003. The WaSim model considers water input from
precipitation, water movement through the soil, and removal
of water through site drainage and evapotranspiration (Fig. 7).

Evapotranspiration is a combination of: (i) water directly
evaporating from soil and plant surfaces, and (ii) water transpired



by plants. It is a key variable in the plant-soil-water

balance; at the start of the growing season, direct evaporation
from soil will be the major component of the evapotranspiration
value, whereas the contribution from plant transpiration

will increase as the plants grow. Evapotranspiration values

were calculated using the PenmaneMonteith equation [2] using

a set of site parameters (ground surface cover, site latitude,
albedo and soil heat flux) and four key climatic variables

(wind speed, solar radiation, relative humidity and air temperature).
Surface runoff of precipitation is included in the model

and has been calculated using past measurements on temperate
North American permanent pastures [58]. The model is particularly
sensitive to the drainage characteristics of the site, especially
given the limited depth of these soils. However, if the

hydraulic conductivity of the parent material underlying

the soil parent material is much greater (e.g. an order of magnitude
greater) than the soil itself, then the model’s boundary

conditions can be assumed to be limited to the depth of the soil
profile. Reported hydraulic conductivities for a variety of geological
materials sampled at multiple locations [61] have

therefore been used as a comparator.

Soil properties are incorporated into the model in order to
calculate the redistribution of water in the profile. These
include the hydraulic conductivity of the soil as measured

by the Guelph Permeameter using the Richards data analysis
method, with other soil-water retention properties calculated
using validated pedotransfer formulae [23,52]. Plant growth
and growing season parameters were specified based on
contemporary observations at Narsarsuaq [63]. Using the
measurements from 20 cm soil depth at Qassiarsuk, and for the
20 cm and 40 cm soil-depths at Tasersuaq, three model runs
for the period 1980-2003 have been calculated. The model
assumes that these soil properties are uniform throughout the
soil profile, thereby allowing a depth-independent comparison.

6. Results and discussion
6.1. Soil measurements
The results of the physical soil measurements and permeameter

measurements of the soils are shown in Table 2. Both the physical
and water permeability measurements reveal clear differences
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al. [35].
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between the two sites with the Tasersuaq site characterised by
greater mean Kss values and by stonier soils than those found at
Qassiarsuk. The results of the Guelph Permeameter measurements
show large ranges of values and standard deviations at each site
(Table 2). This variability is undoubtedly due to soil heterogeneity
including the relative stoniness of each profile. It can also be ascribed
in part to the shallow depth of the soils. The high values relative to
the mean are likely to have occurred in circumstances where water
flow during the measurement partially occurred in large voids in
the soil parent material, a phenomenon frequently called pipe-
flow, rather than solely into the soil matrix. At Tasersuaq, the
mean Kgs values are greater at the 40 cm depth than at 20 cm

and correspond to the coarser soil material.

The permeameter data show the same trends regardless of

the data treatment applied for both the mean and range values
between sample sites and depths. This suggests that regardless
of any differences in the flow characteristics in the soil (saturated
only vs. unsaturated and saturated) that these differences

are consistent. The mean Ky values for the 20 cm depth

samples at both sites are very similar to those found in upland
topsoils in Scotland [41]. However, the mean K values at the
40 cm depth sampling at Tasersuaq are significantly higher

than those previously reported for “subsoil” and for parent materials
[41]. It is therefore likely that the observed conductivity

of the deeper horizon is influenced by the porosity and
connectivity of pores in the underlying glaciofluvial deposits.
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6.2. Modelled irrigation requirement from contemporary
climate measurements

The modelled soil-plant-water balance shows a water

deficit in the plant-root zone occurring each year of values

up to ¢.70 mm and for varying periods (Fig. 8a-c). Differences
between both Qassiarsuk and Tasersuaq at 20 cm and between
20 cm and 40 cm depths at Tasersuaq are revealed. Since the
climatic data modelled are consistent for each location, these
differences represent the effect of inherent soil properties
including organic matter content and particle size distribution
(Table 2). Since grassland is not a determinate crop (i.e. not
grown for mature seed), the fact that there are water deficits
each year does not necessarily indicate significant water stress
such that there is an impact on crop yield. It is indeed the
combination of the magnitude of the water deficit and the period
that the deficit persists that is important. Both the establishment
of plant growth after dormancy and the ultimate fodder
production of the grassland each year will be dependent

upon this combined factor. Using the twin criteria of a moisture
deficit threshold of 15 mm and persistence of these conditions



for longer than 23 days (i.e. 20% of available growing season),
periods of significant plant water stress are highlighted
([10,29,67]; Fig. 8a-c). The effect of the deficit on the grass
will occur in two stages, a reduction in plant transpiration
followed by a reduction in plant growth.

From the 24-year period considered, five years (1985, 1991,
1995, 2001, 2003) show such pronounced deficits that would
warrant irrigation inputs to maintain plant growth at both sites
considered. These moisture deficit periods follow relatively
warm winters (Fig. 8d) and/or where wind speeds are generally
higher (Fig. 4d). These two factors are seen confounded

in the calculated evapotranspiration values (Fig. 8e). The

effect of individual prolonged gale force storms with a dry
katabatic wind emanating from over the ice sheet is mixed;
these events appear to be significant in some years, e.q.

1985 (Fig. 8f) but are not consistently found in years with
moisture deficits. It is therefore year-to-year variation in the
general prevailing weather conditions rather than localised extreme
events that appears significant in determining the soil

moisture deficit and the consequent need to irrigate grassland.

The major limitations and sensitivities of the modelling

analysis concern the quantification of three model variables.

First is the problem of specifying plant growth parameters

for a permanent pasture crop since the dates relating to the
onset of growth, to the period of anthesis (commencement

of flowering) and to plant senescence will vary each year. Pronounced
variations in these timings have been observed during

studies of grass growth at Narsarsuaq [63]. Specifying plant
growth timings, which are obviously not independent of the
climatic conditions is therefore required to be typical. The limited
duration of the field studies upon which these values have

been taken is a major limitation. Second, the model is particularly
sensitive to changes in the specification of drainage
characteristics of the underlying sediment. In the two sites
considered the underlying glaciofluvial deposits appear to be
particularly porous; reported hydraulic conductivities for

such materials are of up to 100 m day™ [61]. The assumption
about the underlying drainage made in the model therefore
appears valid, although complete verification would require
catchment-level hydrological analyses relative to local precipitation
inputs. Thirdly, the relationships between soil-water

movement relative to air and soil temperatures are obvious



issues in this climatic environment. The effects of frozen

soil and the duration of snow cover are not directly modelled
but are considered in the seasonal timing of the grass growth
used in the model. However, since these climate factors may
have a confounded effect they may have a major role on
annual productivity. Obviously if the ground is frozen at the
surface there will be no grass growth during these periods,

but these conditions will also alter the soil moisture regime.

A greater quantity of precipitation will runoff the soil surface

if the soil is frozen, and since snow is a poor thermal conductor
prolonged snow cover may significantly extend the period

for which the ground is frozen after each winter. The modelled
outputs therefore can be seen as a best-case with these factors
confounding the water deficit and further reducing the period
of plant growth.

A further implication of the effect of freezing and thawing

on the soils at the two sites may be the effect of land-cover on
the soil’s pedogenic development. Comparative analyses under
different land-covers in Norway have revealed marked
changes in soil micromorphology and, by implication, attendant
physical properties apparent after only 40e70 years

[62]. In Greenlandic contexts, therefore, if the soils were
otherwise unmodified, the effect of changes to the vegetative
land-cover during the landnam settlement on soil hydraulic
conductivity may have become apparent after a similar

period. As yet there is no convincing micromorphological

or chemical evidence of manuring practices associated with

Table 2

Soil measurements and Guelph Permeameter results from Tasersuag and Quassiarsuk, Greenland

Depth (cm) Tasersuag Qassiarsuk
20 40 20

Held properties 75YR 4/4 to 7.5YR 3/2 dark brown: T.5YR 4/4 dark brown: (gritty) sandy loam:  7.5YR 3/2 dark brown:
sandy silt loam; common large stones;  abundant medium and small stones sandy silt loam (gravel);
few fine charcoal fragments frequent/very abundant medium stones

Organic matter (%) 7.6 1.0 15.1

Bulk density (gcm ™) 1.02 1.12 0.96

Sand (%) 43.9 62.3 594

Sile (%) 51.0 32.0 363

Clay (%) 5.1 57 43

Hydraulic conductivity Ky, Richards analysis

Geometric mean (cm/day) 26 70 15
Maximum (em/day) 354 510 147
Minimum (cm/day) 9 16 3
Standard deviation 119 172 46
Hydraulic conductivity Ky, Laplace analysis
Geomelric mean (cm/day) 59 157 29
Maximum (cm/day) 864 1210 371
Minimum (cm/day) 17 43 7
Standard deviation 260 357 113

Combined data for profiles at each site.



these soils in contrast to the Norse home-field management
practices examined in Icelandic and Faroese contexts. These
typically show evidence of manuring inputs which have a
demonstrable effect in moderating year-to-year climatic changes
[1,57]. The Norse Greenland grassland crop production at

these settlements will therefore have been more sensitive to
year-to-year climate changes than at other North Atlantic contexts.
The likely impact on grassland plant species [26] or

functional types [32] is therefore also likely to have shown
contrasts between situations where consistent hay production
was maintained and where year-to-year differences were
experienced.

6.3. Linkage with palaeo-climate record

To link the contemporary data to the palaeo-climate records
available, the relationships between different climate factors
and soil moisture deficits have been examined. Statistical comparison
of the total moisture deficit for each summer (Fig. 8a c)

to the preceding winter (1 November-1 March) (Fig. 8d)

(r= -0.4), suggests an inverse relationship between these
variables. This empirical relationship is independently reinforced
by observations at 186 reference sites across the arctic

region [17], where there is strong correlation between January
temperature and annual precipitation (r = 0.831), compared

to July temperature and annual temperature (r = 0.135), and
similarly January temperature with annual temperature

(r = 0.986).

This linkage is fortuitous since the most robust and highest
resolution palaeo-temperature proxy data available are the
winter 580 ice core data (Fig. 5c). Using the relationship
established between high-resolution oxygen isotope measurements
and measured temperatures at coring sites (0.67%o

per °C; [37]) and at coastal locations (0.7%o0 per °C; [60]) it

is possible to derive mean winter temperatures from the

580 ice core data. These relations are assumed to be applicable
for the Norse settlement period, therefore allowing the severity
of past winters to be examined and the relative

frequency of particularly cold or warm winters to be assessed.

To compare the contemporary climate with these palaeotemperature
data, deviations from respective means have been



considered; with cold winters seen to lead to soil moisture deficits
that determine a requirement for irrigation, the historic
frequency of such a requirement can be established. From

the palaeo-climate 580 data set, the derived winter temperature
is considered for each of five 100-year periods from AD

982 to AD 1482 (Fig. 9). To allow short-term variation to be
examined a mean is calculated for each period and the frequency
and magnitude of significant temperature deviations

have been calculated (Table 3). For the contemporary data

set, winter is taken as 1 November to 1 March each year which
approximates to the proportion (—29%; [66]) of the annual ice
core record considered as winter. The mean is taken from the
daily mean temperatures for all winter period for all years

(AD 1980-2003) and deviations for each winter period (e.g.

1 November 1980-1 March 1981) calculated. This analysis
discounts the effects of the data resolution and that the ice

core record is dependent upon precipitation. The results show
(Table 3) that while the contemporary Narsarsuaq data have

a higher frequency of large deviations from the mean than

the periods considered by the ice core data, the data covering
the Norse settlement period still show frequent major deviation.
Using a threshold based on the deviations seen in years

with significant water deficits (Fig. 8a-c) of =2 °C than the
long-term mean, it is evident that c. 11% of years at the

time of the Norse settlement of Greenland experienced droughty
conditions, with this proportion increasing to c. 16% into the 14th
Century.
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7. Conclusion

In this paper the question of whether the Norse colonists of

the Eastern Settlement of Greenland needed to develop irrigation
techniques was posed. For the two sites considered, each

strand of evidence examined has shown that there is a frequent
requirement for irrigation, both at present and in the Norse
settlement period. The empirical measurement of soil drainage
parameters has successfully allowed modelling of the effect

that inherent soil properties have on the need for irrigation
relative to contemporary climate. It has been demonstrated

that the demand for irrigation is particularly sensitive to the

soil and site drainage parameters; these, in turn, relate to

both the nature of the soil itself (organic content, particle

size, stone content). Furthermore, any erosional losses from

the home-field area during the Norse period would therefore
have had two confounding effects, a reduction of the organic
content of the soil, and a reduction in soil thickness, both increasing
the need for irrigation.
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Fig. 9. Paleo-temperatures derived from the Dye 3 ice core 580 winter temperature
series showing 100-year mean values AD 982 to AD 1481.

From the results presented it is clear that the Greenlandic

Norse settlers regularly faced one of two different soile
planteclimate issues to maintain fodder production. In years
with relatively warm winters, the increased growing season

will have led to increased water demand from the grass crop,
potentially demanding irrigation. Conversely, exceptionally

cold winters appear to be linked to subsequent moisture deficits,
and again a demand for irrigation despite the impact on crop
productivity through reduction of the growing season length.

The overall home-field management practice seen in these
two Greenlandic sites contrasts with that seen elsewhere. In



Iceland, the 13th Century law book Gragas [15] codifies the
construction and use irrigation channels, clearly indicating

that irrigation on meadows and arable land was practiced at

this time. Earlier early-Norse period references and examples

of structures are unknown, however, the frequency of placename
evidence (ISLEIF - digital archive of archaeological

sites in Iceland, Institute of Archaeology, Reykjavik) suggests
that irrigation was commonly seen on early Icelandic farms.

Whilst this may suggest a common practice with Greenland,
grassland production in Iceland and the Faroe Islands

has not previously been found to be limited by soil-water
availability. The purpose of the practice can been seen to address
different requirements in the Icelandic and Greenlandic

contexts with the practice in Greenland critical to sustain production
rather than enhance production. The assumption that

practices adopted by the Greenlandic Norse colonists are

similar to Icelandic practices, as understood from historical
sources, has already been challenged [65]. Given that there

is a set of feedback mechanisms involved in the management

of the Greenlandic home-fields relative to short-term changes

in the climatic conditions, transfer of knowledge from the
Icelandic context may have raised a false analogy. Successful
adoption or adaptation of irrigation practices as a regular
home-field management practice may therefore be seen as

the essential land management practice to maintain grass crops
in the Norse Eastern Settlement of Greenland.

Table 3
Correspondence between paleo-climate and contemporary climate measurements
Period Mean winter Colder than mean Warmer than mean
temperature temperature by: temperature by:
(°C)
1-2°C 2-3°C 3°C 1-2°C 2-3°C =3 °C
(%) (%) (%) (%) (%) (%)
Narsarsuaq
AD 19802003 6.25° 4 16 12 25 4 12
Dve 3 ice core
AD 13821481 4235 9 6 6 18 8 2
AD 1282-1381 41.90" 5 11 7 8 11 5
AD 1182-1281 4177 14 10 5 13 13 4
AD 10821181 4165 13 8 4 16 9 2
AD 982—1081 a4’ 7 12 4 19 8 3

* Mean winter period {1 November to | March) daily mean temperatures for years AD 1980—2003. Mean value is the mean of all winter period data for all years.
® Mean values and deviations from the mean calculated for each 100 year period from Dye 3 ice core annual winter 6'*0 values [66] converted to temperatures at
a0 0.7, per °C [37.60].
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