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ABSTRACT: Interactions between soil properties and climate affect forage grass productivity.
Dynamic models, simulating crop performance as a function of environmental conditions, are
valid for a specific location with given soil and weather conditions. Extrapolations of local soil
properties to larger regions can help assess the requirement for soil input in regional yield estimations. Using the LINGRA model, we simulated the regional yield level and variability of timothy, a
forage grass, in Akershus and Østfold counties, Norway. Soils were grouped according to physical
similarities according to 4 sets of criteria. This resulted in 66, 15, 5 and 1 groups of soils. The properties of the soil with the largest area was extrapolated to the other soils within each group and
input to the simulations. All analyses were conducted for 100 yr of generated weather representing the period 1961−1990, and climate projections for the period 2046−2065, the Intergovernmental Panel on Climate Change greenhouse gas emission scenario A1B, and 4 global climate models.
The simulated regional seasonal timothy yields were 5−13% lower on average and had higher
inter-annual variability for the least detailed soil extrapolation than for the other soil extrapolations, across climates. There were up to 20% spatial intra-regional differences in simulated yield
between soil extrapolations. The results indicate that, for conditions similar to these studied here,
a few representative profiles are sufficient for simulations of average regional seasonal timothy
yield. More spatially detailed yield analyses would benefit from more detailed soil input.
KEY WORDS: Climate change scenarios · Crop modelling · Forage grass · LINGRA ·
Soil properties · Spatial variability · Phleum pretense · Poaceae
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Soil physical properties such as texture, waterholding capacity and bulk density have a large effect
on crop growth and productivity (Hallett & Bengough
2013). Interactions between water-holding capacity,
organic matter content, other soil factors and other
environmental variables, particularly the climate
and types of field management practices, also affect
crop growth and productivity. Soil characteristics are
spatially heterogeneous within many agricultural
regions (European Soil Portal, http://eusoils.jrc.ec.

europa.eu/). Such soil variability naturally affects crop
yield potential and yield variability within regions.
Due to the complicated interactions between soil factors and other environmental factors, it is difficult to
predict the effect of soil variability on regional crop
growth and yield under different scenarios. Better
knowledge and methods to predict the impact of soil
variability on crop growth and yield can help understand the production potential for agricultural crops.
Such information about production potential could,
in turn, be valuable when evaluating the consequences of shifts in crop management, land use and
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allocation of different crops, climate change and
changes in other environmental conditions.
Perennial forage grasses are the main source of
energy and nutrients in dairy, beef and sheep production in temperate regions across the world, including
northern Europe (Wilkins & Humphreys 2003), and
are thus of great importance to the whole agricultural
sector in this region. Timothy grass Phleum pretense
(Poaceae) (hereafter referred to as ‘timothy’), either
grown in single stands or mixed with other forage
grasses and legumes, is the dominating forage grass
species in many regions of northern Europe (Höglind
et al. 2005, Nordheim-Viken & Volden 2009). In order
to ensure high quality and quantity of yield, production of timothy and other forage grasses has been continuously adapted to the prevailing environmental
conditions over the last century. It is likely that future
projected changes in climate and farming structure
will entail future continuous changes in grassland
production, e.g. changes in the acreage and the type
of soil on which forage grasses are produced. Given
the high importance of soil factors on crop production,
a good knowledge of soil impact on regional grassland
production is crucial to analyses of future forage grass
production scenarios.
Dynamic crop models, which simulate growth,
development and yield as a function of weather, soil
and crop management, have been developed for a
wide range of crops (Brisson et al. 2003, Jones et al.
2003, Keating et al. 2003, Stöckle et al. 2003, Nendel
et al. 2011) including perennial forage grasses (Gustavsson et al. 1995, Riedo et al. 1998, Schapendonk et
al. 1998, Höglind et al. 2001, Bonesmo & Bélanger
2002a, Kiniry et al. 2002, Jouven et al. 2006, Pedreira
et al. 2011). These types of models have been used
e.g. to evaluate the effects of climate change (Soussana et al. 2010, White et al. 2011) and other environmental factors and management practices (Boote et
al. 1996) on crop production, and can thus be used as
support tools for crop management decisions (Hoogenboom et al. 2010). The LINGRA model, which was
originally developed for perennial ryegrass Lolium
perenne (Schapendonk et al. 1998) and later adapted
for use with timothy (Höglind et al. 2001, van Oijen et
al. 2005), is one of the most widely used forage grass
models. The adaptation of LINGRA to timothy grass
has been focused on northern European conditions
and the model has been applied to simulate grassland under different climate and production scenarios in this region (Höglind et al. 2013, Persson &
Höglind 2014).
However, yield predictions and other outputs from
crop and grassland models are valid only for the spe-

cific location or agricultural field represented by the
input variables. To circumvent this limitation, different scaling methods to allow crop models to represent larger geographical regions have been developed. For a review of scaling methods including
extrapolation, aggregation and interpolation of input
and output variables in agro-environmental systems
studies, see Ewert et al. (2011). Extrapolation of the
most frequently occurring soil within grid cells of certain sizes is one notable method to handle soil input
variables in simulations of regional crop yield (Easterling et al. 1998, Folberth et al. 2012). The extrapolation methods go from simple approaches where
only 1 soil was applied and considered representative or for multiple sites covering large regions to
approaches where the dominant soil was used to represent all other soils in grid cells with varying sizes.
Reasons for using simple approaches with only 1 or a
small number of soils to represent large areas could
be, depending on the situation, the lack of more
detailed soil information for a region, the lack of sensitivity of crop model output to soil factors and the
wish to limit the number of combinations of soils,
weather and management practices in the simulations. Comparisons of output data derived using
different methods of scaling and different levels of
detail of the of soil input data for a particular region
and crop can be used to determine the gain of using
detailed data versus non-detailed data and thus also
determine appropriate handling of the soil input data
given the purpose of the specific study. Most such
comparisons have, so far, been made mainly for annual crops (Easterling et al. 1998, Folberth et al. 2012,
Angulo et al. 2014).
There are very few evaluations of the effect of different levels of detail in the soil input data on simulated regional forage grass yield available. However,
adequate handling of the soil input data is crucial to
analyses of forage grass production under various
production scenarios. Given the large differences between annual crops and perennial forage crops, e.g.
as regards harvested products and timing, results
from studies of soil scaling effects on annual crops
cannot easily be adapted to perennial forage crops.
By analysing the effect of using different details to
describe the soil characteristics in simulations of regional forage grass yield, one could estimate the level
of precision at which an increase in the level of detail
in the soil input data does not increase the precision
of the output yield that is simulated. For such an
analysis, the model should be evaluated across
weather data for an extended period of time and
which covers the normal weather variability, and
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preferably for several climate scenarios. The latter is
particularly important to evaluate the requirement
of regional soil information to estimate forage grass
yield under conditions with different temperature
and precipitation conditions, which encompass potential differences in the risk of e.g. heat and water
stress, and shortage of feed supply. Southeastern
Norway is characterised by a highly variable soilscape (Klakegg 2004, 2005, European Soil Portal,
http://eusoils.jrc.ec.europa.eu/) and a humid coldtemperate climate (Norwegian Meteorological Institute, www.met.no). The region includes considerable
areas of both annual crops; mainly cereals and perennial forage crops (Rognstad & Steinset 2013). These
conditions are comparable to those in many other
agricultural regions in northern Europe, e.g. regions
of Finland and Sweden. Future projections of the climate in southeastern Norway include an increase in
summer and winter temperatures as well as an increase in annual precipitation. Moreover, the distribution of the precipitation during the year is expected
to become more uneven, including more frequent
events of extreme precipitation as well a higher frequency of long dry spells (Hansen-Bauer et al. 2009).
These conditions and future climate projections make
this region suitable to apply to a study where different levels of detail in the soil description and climate
scenarios are combined in order to help better identify the need for descriptions of soil characteristics for
accurate simulations of regional timothy yields.
The aim of this study was to determine the impact
of 4 soil extrapolations to describe regional soil characteristics on simulated regional timothy yield and
its variability, in a region which comprises Akershus
and Østfold counties in southeastern Norway under
current and future climate scenarios. The soil extrapolations were based on known effects of soil physical
properties on plant growth. The extrapolation effect
on timothy yield was evaluated under conditions representing the historical climate for the period 1961−
1990 and 4 projections of the climate for the future
period 2046−2065.

2. MATERIALS AND METHODS
Timothy cultivation was simulated under soil and
climate conditions representing Akershus and Østfold counties in southeastern Norway (Fig. 1). Soil
and weather input data for the timothy simulations
were obtained as described in sections 2.2.1. and
2.2.2., respectively. The timothy simulations with the
LINGRA model are described in section 2.2.3.

73

Fig. 1. Akershus and Østfold counties (outlined in black) in
southeastern Norway. Background land cover map derived
from the Norwegian Forest and Landscape Institute (www.
skogoglandskap.no)

2.1. Study site
The region comprising Akershus and Østfold counties (9100 km2) has a humid cold-temperate climate
(Köppen climate types Dfb and Dfc. The mean
annual temperature varies between 1 and 7°C, and
the annual precipitation varies between 60 and
−1100 mm within the region (Norwegian Meteorological Institute, www.met.no). The total area of
arable land within the 2 counties is 1550 km2, i.e.
17% of the total land area. The rest of the area is
mainly covered by forest, while urban areas constitute 2% of the total area. The landscape in the region
is mostly gently to moderately undulating. About
10% of the agricultural land is artificially levelled.
The soils in the area are young, formed on a wide
range of parent materials deposited during and after
the last glacial period, which ended around 10 000 yr
ago (Fig. 2). Arable land is strongly dominated by
clayey marine deposits. These deposits are often
fringed by sandy marine beach deposits, especially
in the south of the region. Large areas of silty flood
and glaciolacustrine deposits and sandy glaciofluvial
deposits are located in the north. According to soil
maps obtained from the Norwegian Forest and Landscape Institute (www.skogoglandskap.no), the major
reference soil groups (World Reference Base for
Soil Resources, WRB) supporting arable land in the
region are Stagnosols, Albeluvisols and Regosols
(artificially levelled soils).
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Fig. 2. Superficial geological deposits, topsoil texture classes and soil organic matter in Akershus and Østfold counties,
Norway. All maps based on national soil maps from the Norwegian Forest and Landscape Institute (www.skogoglandskap.no).
Grey boundaries denote landscape regions dominated by arable land and forest

2.2. LINGRA model input data
2.2.1. Soil data
Input data for soil physical and chemical properties
were derived by linking digital soil maps (www.skogoglandskap.no) for the study region to soil profile
data from the national soil survey database of the
Norwegian Forest and Landscape Institute. The soil
map is on a scale of 1:5000, and map units represent
local soil series with associated representative soil
profiles in the soil survey database. For the representative profiles, data on soil properties such as particle
size distribution, organic carbon content, coarse fragment class and chemical properties were available
for each soil horizon. In Akershus and Østfold counties, approximately 900 local soil series were identified. The differences between many of these soil
profiles were not sufficiently large to result in any
differences in soil water-holding characteristics, i.e.
the factors by which crop growth is affected by the
soil in the LINGRA model, between the profiles.
Therefore, we did not include all identified soil profiles in the timothy simulations. Instead, the model
was run for a set of representative profiles, selected
by the procedure as described below. First, we
grouped the soils into classes according to Sveistrup
& Njøs (1984), which are largely based on soil functionality with respect to plant productivity and soil
erosion, with a few additional modifications. This
resulted in the following classes.

For soil organic matter (SOM) content:
• Very low: 0−1%
• Low: 1−3%
• Moderate: 3−6%
• High: 6−12%
• Very high: 12−20%
• Organic: > 20%
For particle size distribution (texture class), including
coarse fragments:
• ‘Coarse sand’: gravel and coarse sand
• ‘Sand’: fine and medium sand, loamy fine
and medium sand
• ‘Silt’: silt, sandy silt
• ‘Loam’: loam, sandy loam
• ‘Silt loam’: silt loam
• ‘Clay’: clay loam, silty clay loam, heavy clay
At this stage, each soil profile was divided into 3
compartments, retaining information about SOM and
texture classes for each of these layers:
• Topsoil: 0−25 cm (representing lower
boundaries varying from 15 to 40 cm)
• Subsoil 1: 25−60 cm (representing lower
boundaries varying from 40 to 80 cm)
• Subsoil 2: 60−100 cm
By this approach, a limited number of soil groups
were identified. For each group, the soil type with the
largest area extent within the 2 counties was extrapolated to represent all agricultural land area covered
by other soil types in the same group. If an identified
representative soil type had an area extent less than
10 ha, the group it was supposed to represent was
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eliminated and the soil type(s) within the group was
(were) moved to one of the other groups which contained soils with the most similar properties. The
result of this extrapolation was that the approximately 900 soil types were reduced to 76 representative soil types. The next level of soil grouping aimed
at reducing the 76 soil groups to approximately 15
soil groups considering the most important features
with respect to SOM class, textural class and simplified soil layering. To achieve this, some merging of
SOM classes and texture classes, and somewhat less
emphasis on soil layering, was conducted. The 15 soil
groups (Table 1) were represented by the soil type
with the largest area extent within the group. The
third level of soil grouping aimed at representing 4
major soil groups ‘clay’, ‘silt’, ‘60 cm silt over clay’
and ‘sand’ with the dominating SOM class of the
region (moderate SOM), in addition to 1 organic soil.
The 5 soil groups (Table 1) were represented by the
soil type with the largest area extent within the
group. The least detailed extrapolation comprised 1
representative soil type, i.e. a Luvic Stagnosol (Siltic)
developed on marine clay deposits, with a silty clay
loam texture throughout the profile and a topsoil
organic carbon content of 2.6%.
Bulk density and the water content at saturation,
field capacity (matric potential 100 hPa) and wilting
point (matric potential 15 000 hPa) presented in

Table 2 were calculated from class pedotransfer
functions developed from Norwegian data in the
EU-HYDI database which includes data of texture,
bulk density and water content at saturation, field
capacity and wilting point for soils in the groups
above (Kværnø et al. 2013). The EU-HYDI data were
grouped according to the classes for SOM and texture given above, and the mean bulk density, water
content at saturation, field capacity and wilting point
were calculated for each combination of SOM and
texture class. For SOM >12%, the mean values were
calculated over all texture classes, yielding a single
set of texture-independent values for these 2 groups.
Since the LINGRA model works for a single-layer soil
profile, while the profile data were available for individual soil horizons, soil properties for the singlelayer model soil were calculated as a mean value
weighted by horizon thickness. This simplification of
the soil profiles to comply with the structure of the
LINGRA model entailed that the number of profiles
in the most detailed soil extrapolation decreased
from 76 to 66 since there were no differences in the
soil water-holding characteristics between a few of
the weighted profiles. The number of soils in the
other extrapolations did not change by the weighting
of the soil layers to a single layer. The range of soil
physical properties for the 66-soil base set, grouped
by topsoil texture class, is presented in Table 3.

Table 1. Soil extrapolations based on 15-, 5- and 1-soil datasets. Sand: <10%
clay, > 40% sand, < 50% silt; Silt: <12% clay, > 50% silt; Loam: 10−25% clay;
Clay: > 25% clay; Sand/clay: sand topsoil over clay subsoil; Silt/clay: silt topsoil
over clay subsoil; Silt60/clay: approximately 40−80 cm silt over clay; Organic =
organic soil. Organic matter content — low (L): L: 0–3%, medium (M): 3−6%, high
(H): 6−12%, organic (O) >12%; WRB: World Reference Base for Soil Resources
Soil type (WRB classification)

Texture, carbon

Anthropic regosol
Endostagnic cambisol (dystric)
Umbric endogleyic podzol (arenic)
Haplic stagnosol (ruptic)
Endostagnic umbrisol (ruptic,
endoeutric)
Anthropic regosol
Endostagnic cambisol (dystric, siltic)
Umbric stagnosol (siltic)
Haplic stagnosol (ruptic, siltic)

Sand - L (15)
Sand - M (15, 5)
Sand - H (15)
Sand/clay or loam - LM (15)
Sand/clay or loam - H (15)

15
15, 5
15
15
15

Silt - L (15)
Silt - M (15, 5)
Silt - H (15)
Silt60/clay or loam MH (15, 5)
Silt/clay or loam - LMH (15)
Clay or loam - L (15)
Loam - M (15)
Clay - M (15, 5, 1)
Clay or loam − H (15)
Organic − O (15, 5)

15
15, 5
15
15, 5

Epistagnic albeluvisol (siltic)
Anthropic regosol
Epistagnic albeluvisol (siltic)
Luvic stagnosol (siltic)
Mollic gleysol (siltic)
Sapric histosol (ruptic)
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Extrapolation set

15
15
15
15, 5, 1
15
15, 5

2.2.2. Weather data
Climate scenarios that represented
1961−1990 and the future period
2046−2065 were included. Weather
datasets for the latter period were
generated based on the Special
Report on Emission Scenarios (SRES)
intermediate greenhouse gas emission scenario A1B (Nakicenovic et
al. 2000) in the Intergovernmental
Panel on Climate Change (IPCC)
Fourth Assessment Report (Pachauri
et al. 2007). Daily data on maximum
and minimum temperature, precipitation, net solar radiation and
evapotranspiration representing the
2 periods were generated using the
Long Ashton Research Station
Weather Generator (LARS-WG; Semenov 2010). This tool incorporates
and is able to generate daily weather
for future periods based on 15 global
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Table 2. Class pedotransfer functions for soil physical properties: bulk density (ρb), water content at saturation (θs),
field capacity (θfc) and wilting point (θwp). SOM: soil organic
matter
ρb
θs
θfc
θwp
(g cm−3) (m3 m−3) (m3 m−3) (m3 m−3)
SOM <1%
Coarse sand
Sand
Silt
Silt loam
Loam
Clay
SOM 1−3%
Coarse sand
Sand
Silt
Silt loam
Loam
Clay
SOM 3−6%
Coarse sand
Sand
Silt
Silt loam
Loam
Clay
SOM 6−12%
Coarse sand
Sand
Silt
Silt loam
Loam
Clay
SOM 12−20%
All
SOM > 20%
None (organic soil)

1.51
1.61
1.47
1.61
1.76
1.65

0.39
0.38
0.46
0.40
0.34
0.40

0.08
0.23
0.37
0.34
0.26
0.36

0.02
0.04
0.04
0.11
0.11
0.23

1.44
1.52
1.31
1.42
1.60
1.47

0.41
0.41
0.48
0.46
0.39
0.46

0.15
0.24
0.38
0.37
0.28
0.39

0.03
0.05
0.05
0.10
0.10
0.19

1.59
1.21
1.14
1.17
1.37
1.31

0.38
0.50
0.54
0.54
0.47
0.51

0.18
0.31
0.42
0.44
0.35
0.42

0.05
0.07
0.07
0.09
0.11
0.16

1.28
1.00
0.94
1.17
1.12
1.10

0.50
0.58
0.58
0.53
0.53
0.58

0.30
0.39
0.45
0.46
0.39
0.48

0.12
0.11
0.07
0.12
0.11
0.16

0.90

0.63

0.45

0.14

0.36

0.79

0.65

0.17

references for these GCMs can be found in the IPCC
Fourth Assessment Report (Pachauri et al. 2007) and
in Semenov et al. (2010). Note that for the historical
period, stochastic weather data with statistical characteristics that were not statistically different from
the observed data for 1950−1988 were generated to
be used in the timothy simulation. By this method, we
obtained a larger sample size to represent this period
than what would have been available if we had used
observed data and thus reduced the risk of any influences of biases in the weather data on the simulated
yields. Using the same number of repetitions for all
climates also facilitated the statistical analysis of the
simulated yields. In a previous study (Höglind et al.
2013), simulations with the LINGRA model using
these 4 GCMs showed that they represent the climate projections from 15 GCMs and the Nordic
Region well. Therefore, we assumed that these 4
GCMs were sufficient to cover most of the impact
that the variation in climate projections between all
15 GCMs in the IPCC could have on projections of
timothy yields for this period. An overview of the
climate scenarios for which daily weather data were
generated is provided in Table 4, and the mean
annual temperature, accumulated annual precipitation
and solar radiation values in the weather datasets
generated are shown in Table 5.

2.3. LINGRA simulations

climate models (GCMs) from the IPCC Fourth Assessment Report (Semenov et al. 2010). The LARSWG was first calibrated against observed historical
daily weather data for the period 1950−1988 and the
location Ås (59° 40’ N, 10° 48’ E; 89 m a.s.l.) in the centre of the study region. This was the longest period of
continuous observed weather data that was available
for this station. These observed weather data were
obtained from the eKlima portal (http://eklima.met.
no/) of the Norwegian Meteorological Institute. Then
for each period and GCM, 100 yr of stochastic daily
weather data were generated. For the future period
representing the climate of 2046−2065, 4 sets of
weather data representing the climate conditions for
the BCM2.0 (BCM), CSIRO-M.k3.0 (CSMK), GISSAOM (GIAOM) and HadCM3 (HADCM3) GCM
were generated. Thus, in total, 5 sets of 100 yr
weather data were generated. More information and

The LINGRA model version for timothy simulates
growth and above-ground dry matter as a function of
weather, soil and crop management (Höglind et al.
2001) using time steps of 1 d. This model is based on
the concept of source−sink, where the sources are
represented by photosynthesis and reserve remobilisation and the sinks by carbon demands from growing plant tissue, and is also able to handle disturbances in the form of removal of above-ground plant
parts by cutting and subsequent regrowth, which is
dependent on the growth stage at which the crop
was cut. The model setup allows for cultivar-specific
calibration of the crop parameters regulating growth,
development and yield in the model. Soils in LINGRA are represented as single-layer compartments
in which the plant-available water is calculated
as the difference between the water content at field
capacity and the water content at wilting point. The
soil water-balance calculation takes into account
infiltration, evaporation from the soil surface and
crop water uptake. A rainfall intensity which is
higher than the infiltration capacity results in surface

39−80 (58)
16−45 (33)
4−19 (8)
0.1−0.4 (0.3)
1.5−1.6 (1.6)

Soil properties, subsoil; min−max (mean)
Sand (%)
0−93 (67)
Silt (%)
0−62 (19)
Clay (%)
0−35 (8)
OC (%)
0.1−40 (3.0)
ρb (g cm−3)
0.3−1.6 (1.5)
1−54 (22)
37−79 (65)
4−32 (13)
0.2−0.9 (0.4)
1.3−1.6 (1.5)

1−35 (16)
55−93 (74)
6−11 (10)
2−7 (3)
0.9−1.3 (1.1)
0.48−0.63 (0.55)
0.38−0.45 (0.43)
0.05−0.14 (0.07)
78−96 (89)

Silt (17)

Soil properties, profile (weighted over horizon thicknesses); min−max (mean)
θs (m3 m−3)
0.37−0.74 (0.43)
0.39−0.44 (0.42)
0.42−0.50 (0.46)
θfc (m3 m−3)
0.10−0.59 (0.23)
0.23−0.31 (0.27)
0.28−0.39 (0.36)
θwp (m3 m−3)
0.02−0.18 (0.06)
0.04−0.12 (0.06)
0.04−0.16 (0.08)
AWC (mm)
62−332 (130)
126−200 (166)
168−262 (218)

48−78 (66)
18−45 (28)
4−9 (7)
1−10 (3)
0.9−1.5 (1.2)
0.41−0.63 (0.50)
0.24−0.45 (0.32)
0.05−0.14 (0.07)
48−78 (62)

Sand (7)

Soil properties, topsoil; min−max (mean)
Sand (%)
50−91 (71)
Silt (%)
4−43 (23)
Clay (%)
2−9 (6)
OC (%)
1−7 (3)
ρb (g cm−3)
1.0−1.6 (1.3)
θs (m3 m−3)
0.38−0.58 (0.48)
0.15−0.39 (0.29)
θfc (m3 m−3)
θwp (m3 m−3)
0.03−0.12 (0.07)
AWC (mm)
30−70 (55)

Coarse sand (15)

0.41−0.72 (0.46)
0.21−0.60 (0.38)
0.01−0.20 (0.12)
123−336 (199)

0−78 (16)
0−79 (58)
0−40 (19)
0.2−40 (3.0)
0.3−1.7 (1.5)

4−28 (15)
51−80 (66)
15−24 (19)
2−4 (3)
1.2−1.4 (1.2)
0.46−0.54 (0.53)
0.37−0.46 (0.43)
0.09−0.12 (0.10)
69−86 (83)

Silt loam (16)

0.39−0.47 (0.41)
0.26−0.36 (0.31)
0.05−0.18 (0.11)
129−190 (152)

6−65 (48)
21−62 (35)
8−32 (17)
0.3−2.0 (0.7)
1.4−1.7 (1.6)

49−67 (56)
17−38 (28)
12−19 (16)
1−3 (2)
1.4−1.6 (1.4)
0.39−0.47 (0.46)
0.28−0.35 (0.34)
0.10−0.11 (0.11)
45−62 (59)

Loam (7)

0.42−0.50 (0.45)
0.37−0.42 (0.39)
0.18−0.22 (0.20)
116−181 (144)

0−11 (4)
8−67 (48)
31−91 (47)
0.3−0.7 (0.5)
1.5−1.6 (1.6)

3−26 (10)
35−63 (56)
28−42 (34)
2−10 (4)
0.9−1.5 (1.2)
0.46−0.63 (0.54)
0.39−0.48 (0.44)
0.14−0.19 (0.16)
51−82 (69)

Clay (9)

0.50−0.72 (0.60)
0.30−0.66 (0.48)
0.07−0.22 (0.15)
170−371 (253)

0−81 (24)
0−64 (28)
0−35 (12)
0.3−40 (14.7)
0.3−1.6 (1.1)

−
−
−
25−40 (31)
0.3−0.3 (0.3)
0.80
0.66
0.18
120

Organic (5)

Table 3. Soil properties for soils grouped by topsoil texture class (Sveistrup & Njøs 1984). Minimum, maximum and mean values for the soil groups (no. of soil types in
parentheses) are shown. Coarse sand: clay <10%, sand > 40%, silt < 50%, fine sand > 2/3 of total sand; Sand: same as Coarse sand, but fine sand < 2/3 of total sand; Silt:
clay <12%, silt > 50%; Silt loam: clay = 12−25%, silt > 50%; Loam: clay = 10−25%, silt < 50%; Clay: clay > 25%; Organic: organic carbon (OC) in topsoil > 20%. Ranges
are according to Sveistrup & Njøs (1984). Particle size fractions: clay < 2 µm, silt = 2−60 µm, sand = 60−2000 µm. Data from the national soil survey database, Norwegian
Forest and Landscape Institute. Soil hydraulic properties: ρb: dry bulk density, θs: water content at saturation, θfc: water content at field capacity, θwp: water content at
wilting point. Estimated by class pedotransfer functions. Topsoil and horizon thickness weighted average θ for the whole profile is given. AWC: available water
capacity for the whole profile, calculated as the difference in water content (in mm) between θfc and θwp summed up for all soil horizons
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runoff, and water above the
field capacity in the root zone
is percolated down, i.e. the socalled tipping bucket method
is used. In the version of LINGRA with weather input data
including potential evapotranspiration from LARS-WG used
here, the actual soil evaporation and crop transpiration are
calculated based on the crop
leaf area index and a light
extinction coefficient of 0.5.
The maximum root depth was
set to 0.77 m. In LINGRA, the
transpiration reduction factor,
a function of soil water characteristics content, determines
soil water effects on the
crop. The transpiration reduction factor varies between 1 at
field capacity and 0 at wilting
point and affects key growth
factors such as transpiration
and photosynthesis. The LINGRA model is among the most
widely applied forage grass
models in northern Europe
and, to the best of our knowledge, is the only timothy model
for which regrowth functions
have been tested for northern
European conditions. For a
more detailed description of
the timothy functions of the
LINGRA model, see Höglind et
al. (2001), and for more information about the LINGRA soil
water functions, see Schapendonk et al. (1996).
The LINGRA model was
applied to simulate timothy
over the growing season and
for management practices that
are typical in southeastern
Norway. Cultivar-specific crop
coefficients representing the
cultivar Grindstad, which is
frequently grown in southern
Norway, were obtained from a
previous calibration against
field trial data from several
locations in the Nordic coun-
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Table 4. Climate scenarios for which daily weather data were generated in LARS-WG
Climate
scenario

Atmospheric
CO2 level
(ppm)

Global
climate
model

Short
name

Grid
resolution

Time
period

References

Baseline

350

Baseline

–

–

1961−1990

Semenov (2010), Semenov et al.
(2010); www.rothamsted.ac.uk/
mas-models/larswg.php

A1B

532

BCM2.0
CSIRO-M.k3.0
GISS-AOM
HadCM3

BCM
CSMK
GIAOM
HADCM3

1.9° × 1.9°
1.9° × 1.9°
3° × 4°
2.5° × 3.75°

2046−2065

Nakicenovic et al. (2000),
Semenov (2010), Semenov et al.
(2010); www.rothamsted.ac.uk/
mas-models/larswg.php

Table 5. Mean ± SD annual temperature, accumulated precipitation and
daily global radiation as generated for the baseline period and the climate
generated based on the respective global climate model
Global climate
model

Period

Temperature
(°C)

Accumulated
precipitation
(mm)

Global
radiation
(MJ m−2)

Baseline
BCM2.0
CSIRO-M.k3.0
GISS-AOM
HadCM3

1961−1990
2046−2065
2046−2065
2046−2065
2046−2065

5.29 ± 0.198
7.87 ± 0.199
7.40 ± 0.218
6.84 ± 0.218
8.04 ± 0.199

799 ± 115
891 ± 129
815 ± 117
910 ± 134
848 ± 124

8.72 ± 0.251
8.43 ± 0.260
8.18 ± 0.246
8.21 ± 0.268
9.76 ± 0.319

tries (Persson et al. 2014). Simulations were conducted using each combination of the 66 soil profiles
and the 5 sets of 100 yr daily weather data. The
atmospheric CO2 level was set to 350 ppm in the simulations with the 1961−1990 weather data and to 532
ppm in the simulation with the weather data representing the period 2046−2065. The latter CO2 level
represented greenhouse gas emissions scenario A1B
in the IPCC Fourth Assessment Report (Pachauri et
al. 2007). The growing season was set to start on the
fifth day after the first period in the year when the
average daily temperature exceeded 5°C for 5 consecutive days according to Bonesmo & Skjelvåg (1999).
Initial values of tiller density, above-ground biomass
and weight of carbon reserves for the simulation
were set to equal the mean values observed in field
trials on timothy cv. Grindstad at Særheim (58° 45’ N,
5° 39’ W) in southwestern Norway in 2000−2002
(Höglind et al. 2005), since no observations of these
initial values were available from the region that we
studied here. The start of the simulations was set to
the day of the year at which the temperature sum
above 0°C counted from the start of the growing season, as defined above, equalled the temperature sum
(above 0°C) between the start of the growing season
and the day of the observations of the initial values at
the experimental site at Særheim. Three cuts per sea-

son were simulated, with the first cut
occurring at heading, and 600 degreedays between the subsequent cuts. An
overview of the simulations, including
the combinations of soil and weather
input data, is presented in Table 6.

2.4. Statistical analysis

The averaged simulated dry matter
yield at cutting time was weighted
according to the percentage of the soil
profile in question within each extrapolation. To
assess the difference in the average of the first, second and third cut and total seasonal dry matter
yields, between the 4 extrapolations, 1-way ANOVA
and Fischer’s least significant difference (LSD) tests
were conducted using PROC GLM in SAS (SAS Institute). All of these analyses were made separately
within harvest numbers and climate projections or
time periods. Individual years were used as replicates. Yield differences between the time periods and
climate projections within each harvest number and
soil extrapolations were analysed using the same
methods.

3. RESULTS
3.1. Soil variability impact on simulated timothy
dry matter yield
3.1.1. Effect of soil extrapolations
The average of the simulated seasonal dry matter
yield using the 66-soil data set was 1382 g m−2 and
varied between 900 and 1600 g m−2 across the region
for the period 1961−1990 (Fig. 3). The average of the
simulated seasonal dry matter yield varied between
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Table 6. Overview of the combinations of simulation settings
that were applied (for references, see Table 4)
Time
period

Climate projection/ No. of profiles
global climate
in soil
model
extrapolations

No. of
simulations

1961−1990

Baseline

66, 15, 5, 1

100

2046−2065

BCM2.0,
CSIRO-M.k3.0,
GISS-AOM,
HadCM3

66, 15, 5, 1

100

1152 and 1398 g m−2 for the 2046−2065 climate projections and the 66-soil extrapolation (Table 7). The
spatial variations in seasonal yield for the 2046−2065
climate projections were similar to the variation for
the period 1961−1990 (not shown).
The analysis of the simulated single-cut yields showed
that replacing the 66 soils with all coarser extrapolations had the largest impact on the second-cut dry
Fig. 3. Spatial variability in average timothy biomass yield
matter yield and the smallest impact on the first-cut
for the baseline 1961−1990 climate, based on the soil map
with 66 reference soil types
dry matter yield across climate scenarios. The relative
differences in the second-cut yield
among soil extrapolations varied beTable 7. Mean ± SD timothy biomass yield (g dry matter m−2) for the 4 soil extrapolations and the 5 climate scenarios. Letters after the standard deviation indicate
tween 11 and 27% between the scewhether means are significantly different from each other (p < 0.05); the first letnarios. There was a general trend of
ter (or letter combination) is for differences between soil extrapolations within
yield decreases when more detailed
climate projections, and the second is for differences between climate projections
soil extrapolations were replaced by
within soil extrapolations
coarser ones for all climate scenarios
and single cuts.
Soil extra- 1st cut
2nd cut
3rd cut
Total seasonal
When only 1 soil profile was used
polation
biomass
to represent the soil characteristics
1961−1990 climate
of the entire region, the second-cut
1
630 ± 27 A,C 381 ± 148 B,A
302 ± 103 A,B
1313 ± 212 B,A
dry matter yield was between 29
5
633 ± 26 A,C 413 ± 117 AB,A 315 ± 79 A,B
1360 ± 163 A,A
15
633 ± 26 A,C 421 ± 108 A,A
318 ± 7272 A,B 1373 ± 148 A,A
and 65 g m−2 and the total seasonal
66
633 ± 26 A,C 428 ± 101 A,A
322 ± 68 A,B
1382 ± 137 A,A
dry matter yield was between 60
2046−2065 BCM2.0
−2
and 149 g m lower than when the
1
654 ± 45 A,B 280 ± 123 B,B
333 ± 151 B,AB 1267 ± 243 B,A
5
656 ± 44 A,B 312 ± 101 A,B
363 ± 120 AB,A 1332 ± 198 A,A
15- and 66-soil datasets represented
15
657 ± 44 A,B 320 ± 96 A,B
374 ± 108 A,A
1351 ± 183 A,A
the region, for all sets of simulations
66
657 ± 43 A,B 326 ± 92 A,B
378 ± 105 A,A
1361 ± 177 A,A
representing the 2046−2065 climate
2046−2065 CSIRO-M.k3.0
projections and the period 1961−
1
676 ± 36 A,A 285 ± 118 B,B
342 ± 139 B,A
1304 ± 246 B,A
5
681 ± 32 A,A 316 ± 96 A,B
365 ± 107 AB,A 1363 ± 194 A,A
1990. For the future climate condi15
682 ± 31 A,A 324 ± 91 A,B
371 ± 99 AB,A
1377 ± 181 A,A
tions represented by the GCM BCM,
66
681 ± 31 A,A 330 ± 87 A,B
376 ± 93 B,A
1388 ± 172 A,A
CSMK and HADCM3, the second2046−2065 GISS-AOM
cut dry matter yield was between 26
1
685 ± 30 A,A 307 ± 127 B,B
333 ± 138 B,AB 1326 ± 247 B,A
5
688 ± 28 A,A 333 ± 103 AB,B 356 ± 107 AB,A 1377 ± 193 AB,A
and 46 g m−2 and the total seasonal
15
689 ± 27 A,A 341 ± 96 A,B
364 ± 95 A,A
1395 ± 174 A,A
dry matter yield was between 59
66
689
±
27
A,A
343
±
94
A,B
366
±
93
A,A
1398 ± 170 A,A
and 102 g m−2 lower for the 1 soil
2046−2065 HadCM3
type dataset compared with the 5
1
648 ± 38 A,B 179 ± 130 B,C
176 ± 159 B,C
1004 ± 268 B,B
5
654 ± 35 A,B 225 ± 112 A,C
231 ± 136 A,C
1106 ± 231 A,B
soil types dataset. For the period
15
655 ± 34 A,B 240 ± 107 A,C
247 ± 132 A,C
1143 ± 223 A,B
1961−1990, the total seasonal dry
66
655 ± 34 A,B 244 ± 106 A,C
254 ± 132 A,C
1152 ± 222 A,B
matter yield was 47 g m−2 lower for
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the 1-soil dataset than for the 5-soil dataset. Also, the
third-cut dry matter yield was lower for the 1-soil
dataset than for the finer soil extrapolation with more
soil types within the 2046−2065 climate projections
(Table 7).
There were intra-regional differences in simulated
dry matter yields of up to 20% between the 66-soil
dataset and the 1-soil dataset for the baseline period
1961−1990. The differences between the 66-soil dataset on the one hand and the 5- and 15-soil datasets
on the other hand were considerably smaller (Fig. 4).
Similar patterns of intra-regional yield differences
were found for the future climate projections (not
shown). The dry matter yield variability among single-year simulations, measured as the standard error
of the mean, within cuts tended to be higher within
the 1-soil dataset than within the other datasets. No
clear trend in dry matter yield variation among single
years could be discerned between the other soil
datasets for any of the climate projections (Table 7).

matter yield. The yield was strongly correlated with
the available water capacity (AWC) of the soil, with a
more pronounced increase in dry matter yield with
AWC at values < 200 mm and a less pronounced
increase with AWC > 200 mm. At AWC < 200 mm,
there was greater variation in total seasonal dry matter yield associated with the different soils than at
AWC > 200 mm, which was explained by decreased
yield with increased water content at wilting point
(θwp), and indicates that the water is more strongly
bound to the soil particles. Consequently, low yields
were associated with soils with high sand or clay content and low carbon content. At similar AWC, sandy
soils generally had higher yields than clay soils
because the wilting point was lower. The highest
yields were obtained for organic soils and for silt, silt
loam and loamy fine sand soils. However, beneficial
soil texture in the topsoil could be counteracted by
clayey subsoil. The relationship between AWC and
yield is illustrated in Fig. 5.

3.1.2. Relationship between simulated dry matter
yield and available water capacity

3.2. Climate projections
3.2.1. Effect on simulated cutting date

For the 66-soil dataset and the period 1961−1990, a
more detailed screening was performed to identify
how the soil properties influenced simulated dry

The simulated cutting dates occurred between 1 wk
and approximately 1 mo earlier in the simulations

Fig. 4. Spatial variability in percentage difference in total timothy yield for different soil extrapolations under baseline
1961−1990 climate conditions, compared with a reference set of 66 soil types. Positive (negative) values indicate increased
(decreased) dry matter yield relative to the reference set
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Fig. 5. Relationship between available water capacity
(AWC) in the 66 soil profiles and the total seasonal dry
matter yield of timothy for the period 1961−1990
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projection. The standard deviation for the first cut,
third cut and total harvest dry matter yield was
higher in 2046−2065 than in the 1961−1990 for most
soil datasets. Within most extrapolations, the secondcut dry matter yield varied more between years in
the climate in the baseline period 1961–1990 than in
the 2046−2065 climate projections (Table 7).
At the intra-regional level, the difference in simulated seasonal dry matter yield between the 4 projections of 2046−2065 on the one hand, and that of
1961−1990 on the other hand ranged from approximately −30 to +10% (Fig. 7). As shown in Fig. 8, these
differences were strongly related to AWC and θwp for
the HADCM3 projection, with a larger yield
decrease on soils with low AWC and/or high θwp. This
effect was smaller or even reversed for the other
climate projections. There were also small intraregional differences between effects of the climate
projections on timothy yield for the 66-soil dataset
(Fig. 7), and for the 15- and 5-soil datasets (data not
shown).

4. DISCUSSION
with the future climate projections than in the simulations for the baseline period 1961−1990. There
were also up to 2 wk differences in the average cutting dates between the 4 projections of 2046−2065.
The differences in cutting dates between the baseline period and the 2046−2065 climate projections, as
well as the variation between the different projections for the future period, were larger for later cuts
than for earlier cuts (Table 8).

3.2.2. Effect on simulated dry matter yield

The differences in simulated yields between the
soil extrapolations including substantial intra-regional
yield differences under all climate conditions evaluated in this study show that spatial soil variability
should not be neglected when assessing timothy
yield under these conditions. However, for predictions at the regional scale there was little gain in
accuracy when more than a few representative soils
covering the range of soil textures and AWCs in
the study region were included. The relatively small
differences in simulated timothy yield between the
4 soil extrapolations for the entire region, and the
larger intraregional differences, indicate that the
level of detail in soil input data in crop simulations
should be designed to fit the purpose of the study in
question. There is limited need for detailed spatial
soil characterisation if one is interested in assessing

The effects of the different climate projections
on simulated timothy dry matter yield were similar
across the soil extrapolations. The relative differences in dry matter yield between 1961−1990 and the
4 climate projections for the 66-soil dataset are
shown in Fig. 6. For all extrapolations,
the average total simulated seasonal dry
Table 8. Average
matter and the third-cut dry matter yield
were lower for the projection based on
the GCM HADCM3 than for the other
GCM
2046−2065 climate projections and
Baseline
the climate in the baseline period 1961–
BCM2.0
1990. The dry matter yield of the first cut
CSIRO-M.k3.0
was lower and that of the second cut
GISS-AOM
higher for the period 1961−1990 than for
HadCM3
the period 2046−2065, irrespective of

cutting date for the different climate scenarios. GCM:
global climate model
Period

1st cut

2nd cut

3rd cut

1961−1990
2046−2065
2046−2065
2046−2065
2046−2065

23 June
7 June
14 June
16 June
9 June

31 July
13 July
20 July
23 July
13 July

12 September
18 August
26 August
30 August
14 August
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Fig. 6. Percentage difference in regional timothy dry matter
yield for 4 climate projections compared with the baseline
1961−1990 climate scenario for the 66-soil extrapolation

only average regional timothy yield in this region,
for example when assessing the production potential
of the region in a scenario where most or all land is
used for grass production. However, the larger intraregional differences in timothy yield between the soil
extrapolations suggest that more spatially detailed
soil input data would increase the accuracy of analyses aimed at identifying the best sub-regions for
grass production. Such simulations could be relevant

e.g. to evaluate production scenarios where forage
grass-based livestock production and non-animal
farms are interspersed within the same region. Since
the soilscape and climate in the studied region are
similar to those in many other regions of northern
Europe, the results of this study could be relevant for
these regions as well. Consequently, the discussion
about differentiating the way soil input data are
handled depending on the purpose of the study may
be relevant for a region larger than what was studied
here.
The differences in simulated dry matter yield between individual soils were strongly related to the
AWC and the water content at wilting point. This
close relationship is interesting from a method development perspective, since it indicates potential for
using AWC as the basis for a meta-model that could
be employed as an alternative upscaling method, as
previously suggested for winter wheat under Mediterranean conditions by Wassenaar et al. (1999). However, for the purpose of investigating impacts of
climate change, this relationship would have to be
examined for the different climate projections of
interest. It should also be noted that for other proportions of soil profiles than those evaluated here, representing other regions, for example Hedmark county,
a region north of the study area, which has large proportions of loam and loamy sand on glacial till deposits, or eastern-central Sweden where agricultural
soils largely consists of heavy clays, the effects of soil

Fig. 7. Spatial variability in percentage difference in timothy yield for different climate change scenarios, compared with the
baseline 1961−1990 climate scenario, based on a soil map with 66 reference soil types. Positive (negative) values indicate
increased (decreased) yield relative to the reference set
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Fig. 8. Difference in total seasonal biomass of timothy between the baseline 1961−1990 climate scenario and 4 future climate
projections as a function of (a) available water capacity (AWC) and (b) wilting point (θwp) for the 66 soil profiles

scaling on timothy yield might have been different.
Likewise, another distribution of timothy production
among soil types would have resulted in different
effects of the extrapolations on timothy yield and
yield variability.
The results of the study also provide information
that can be useful in determining the potential for
timothy production under future climate conditions.
The fact that the influence of the spatial pattern of
soil on simulated yield levels was similar for the
1961−1990 climate period and the climate projections
for 2046−2065 indicates that regional soil variability
will be important to consider for production under
future climate scenarios. However, the effects of the
projected climate change presented here should be
interpreted with caution for the following reasons.
First, the simulated dry matter yields differed widely
between HADCM3 and the other 3 GCMs. This
clearly demonstrates that there is large spread in timothy yield levels between climate change projections
for the mid-21st century. It should also be noted that
there were larger differences between GCMs than
between soil extrapolations with respect to simulated
dry matter yields across the study region for the
period 2046−2065. This indicates that the reduction
in uncertainty concerning future timothy dry matter
yield that could be expected from using more detailed regional soil characterisation for the study
region is small compared to the one originating from
the uncertainty in regional climate change projections. Second, we used only 5 sets of climate data
based on 1 location as input to the simulations to
evaluate timothy production for the whole region
because of the spatial limitations in the climate mod-

els, the LARS-weather-generator and the observed
weather data. If we had used climate data from more
locations, other patterns might have been discerned.
Third, there are also risks of potential biases in generated weather data (Hoffmann & Rath 2012) that
could have impacted the results.
There are a few other uncertainties related to this
study. The LINGRA model assumes optimal plant
nutrient conditions and thus does not account for
possible nutrient differences between soil types.
Nutrient effects would mostly occur under lowintensity systems with low fertilizer levels. Since
nitrogen and other nutrients normally leach more
easily from light soils than from heavy soils, one
could assume that a model which takes into account
soil nutrients and physical interactions would be able
to, under nutrient-limited conditions, reveal other
influences of the soil extrapolation of the yield levels
then we found here. Other models such as the
Canadian Timothy Model (CATIMO) (Bonesmo &
Bélanger 2002a,b), the timothy version of the Simulateur multidisciplinaire pour les Cultures Standard
(STICS) model (Jégo et al. 2013), or the model by
Gustavsson et al. (1995), which in different ways take
into account interactions between soil characteristics
and plant nutrients, are not evaluated for multi-cut
harvesting systems in Norway. Moreover, the fact
that the LINGRA model describes the soil properties
in a relatively coarse way, with 1 homogeneous profile down to 1 m depth, may also have resulted in a
loss of sensitivity to soil variability. Calculated soil
water-holding characteristics based on pedotransfer
functions are associated with uncertainty as shown
by Gijsman et al. (2002) and Lawless et al. (2008).
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However, this method is inevitable at the regional
scale due to the lack of measured water-holding
characteristics for most soil profiles, and further adds
to smoothing and loss of variability. The sensitivity of
timothy production to changes in water availability
could possibly have been better captured if a more
detailed soil module had been used, for example a
module included in the Decision Support System for
Agrotechnology Transfer (DSSAT) suite of crop models (Hoogenboom et al. 2010) or the STICS model
(Brisson et al. 2003), which have multiple layers with
different physical characteristics and non-homogeneous root density across the soil layers. However,
these models are not adapted to simulate forage
grasses under Scandinavian conditions, and it still
remains to be tested whether such models would
give different results than the model used here.
Another limitation of the LINGRA model is that, like
other published grassland models, it does not simulate the influence of artificial drainage systems, which
are common in humid climates with silty and clayey
soils.
The way of extrapolating soil profiles according to
their similarities differed from studies using grids
with different sizes and where the dominant soil in
each grid was set to represent the entire grid area
were compared (Easterling et al. 1998, Folberth et al.
2012, Angulo et al. 2014). Because of these differences in methods, it is not possible to make a clearcut comparison between the results of the studies.
Nevertheless, our results showing limited effects on
simulated timothy yield when going from 5 to 66 soil
profiles to describe the regional soil characteristics
are in line with the general trends of the cited studies
with little impact of soil resolution on the regional
yield accuracy. However, the grid-based approach
provides no explicit information about the sensitivity
of the crop models to soil variability. By our approach, we were able to explicitly test the sensitivity
of regional yield levels that were simulated with the
LINGRA-model to differences in soil physical characteristics. The results from this study can therefore be
helpful to determine an appropriate level of detail in
the soil input data when applying the LINGRA model
or other similar models to determine yield for different regions, climate and production scenarios. A
more precise handling of soil input data in simulations of forage grass yield than what has previously
often been applied e.g. by Höglind et al. (2013) and
Persson & Höglind (2014), where only 1 soil was set
to represent regions covering large parts of northern
Europe, could in particular be relevant when yield
analyses are linked to economic analyses on a farm

or sub-regional scale. Unlike most cereal crops and
many other annual crops, forage grass crops in northern Europe and many other regions are usually not
sold as farm commodities, but instead are used either
on the farm of origin or traded locally. Consequently,
the geographical distribution of forage grass production is strongly linked to that of livestock farms,
which in turn is linked to many other factors in addition to the yield potential of forage grasses at different locations and soil types. These factors include the
local demand for dairy products by consumers, state
subsidies and environmental regulations, and the
potential for producing other crops and alternative
land uses, factors which can be handled in economic
analyses. In many northern European regions, this
has resulted in a patchy distribution of forage grass
production on a wide range of soil types. Simulations
of forage grass yield where the soil input data are differentiated according to major soil physical characteristics that are combined with economic analyses of
the production type, e.g. dairy or meat production,
could thus help increase our understanding of the
conditions for such production systems.
In conclusion, this study showed that timothy dry
matter yields simulated with the LINGRA model for
Akershus and Østfold counties in southeastern Norway changed when the soil characteristics in this
region were described by only the dominant soil
compared with when they were described by 5 or
more soil profiles. In addition, the study showed substantial intra-regional differences between the soil
extrapolations. For this region or regions with similar
climate and soil conditions, the results indicate that a
few representative soils are sufficient if the aim is to
simulate the average regional yield. However, the
use of more soil profiles would provide a better picture of the intra-regional yield variability. Further
studies to determine the impact of scaling of regional
soil characteristics on timothy yield potential could
involve a finer resolution of weather input data, more
than 1 grassland model with different functions for
soil and nutrient input including soil layering and
the handling of artificial drainage, and other regions
with different soil characteristics. Economic analyses
of livestock farming, of which timothy production is a
part, combined with simulations of timothy production on different soil types could be used to determine the potential distribution of timothy production
between soil types under different climate projections.
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