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Abstract

Woody species played, and in many Nordic regions

still play, a very important role in livestock feeding.

However, forage quality (contents of macroelements

and fibre fractions) of the leaves of common woody

species is often inadequate. The aim of our study was

to determine forage quality of leaves of Betula nana,

Betula pubescens, Salix lanata, Salix phylicifolia and Sor-

bus aucuparia from Iceland and to compare it with the

forage quality of the common native grass Deschampsia

cespitosa and the introduced grass Alopecurus pratensis

used by contemporary Icelandic farmers for forage

production. Samples were collected at four localities in

Iceland in late June 2013 and analysed for nitrogen

(N), phosphorus (P), potassium (K), calcium (Ca),

magnesium (Mg), neutral and acid-detergent fibre and

lignin concentration. Analyses were compared with

the optimum range for cattle and sheep nutrition. The

nutritive value of leaves of the Icelandic woody spe-

cies was relatively high, and analysis showed their

nutritive content satisfied both cattle and sheep nutri-

ent requirements for N, P, K, Ca and Mg, but the

relatively high content of indigestible lignin in all

woody species could cause problems for livestock

metabolism. Grasses were characterized by lower P, Ca

and Mg, but substantially higher K concentrations,

and higher N:P and K:(Mg + Ca) ratios. The forage

quality of leaves of woody species increased in the

order B. nana < B. pubescens < S. phylicifolia < S. aucu-

paria < S. lanata. Results are discussed in relation to

use of leaf fodder in the past, when woody species,

particularly Salix spp., are likely to have played an

important role in livestock feeding.
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Introduction

In high-latitude areas of the Northern Hemisphere,

with short growing seasons and limited possibilities for

cultivation, human subsistence has relied heavily on

animal products. In the North Atlantic islands, the

extent of arable farming was negligible and crop pro-

duction was restricted to barley (Hordeum vulgare) in

the most favourable areas (Simpson et al., 2002; Han-

non et al., 2005; Church et al., 2013). Animal products

from hunting and fishing were important in some

areas, particularly for indigenous groups in Greenland.

For the Norse cultures, however, the main source of

animal products was livestock husbandry (Dugmore

et al., 2012). The colonization of the North Atlantic

islands by Norse settlers (AD 500–900) was associated

with the spread of livestock (cattle, caprine, pigs and

horses) (Dugmore et al., 2005; McGovern et al., 2007)

brought into the pristine ecosystems of the northern

islands. With the exception of avian herbivores, these

ecosystems had developed without grazing pressure by

large herbivores, resulting in vegetation that was low

in defence mechanisms (Bryant and Kuropat, 1980;

Bryant et al., 1989). Defence mechanisms are espe-

cially found in browse woody species and are often

induced by herbivory (Kohi et al., 2009). Leaves of

woody species usually have high nutritive value com-

pared to grasses, which makes them attractive to her-

bivores, especially if the plants are also low in defence
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mechanisms (Bryant et al., 2014). Therefore, woody

species must have been attractive as forage for live-

stock during the first period of settlement in the North

Atlantic islands, and many settlers, with experience

from their home country, are likely to have made

good use of this source of forage for their livestock

(Hjelle, 1999). Direct evidence for the composition of

animal diets from the Norse landn�am period is limited,

and to our knowledge, there are no archaeological

records from Iceland that document livestock diets.

There is limited evidence, however, from coprolites

and mediaeval middens (Ross and Zutter, 2007) and

indirect information from teeth of sheep and goats

from Greenland (Mainland, 2006), which indicates

that heathland shrubs were an important resource for

caprines, including Betula nana and Salix spp. Recent

palaeoecological investigations in Greenland also pro-

vide additional indirect evidence of grazing manage-

ment on birch woodland and dwarf shrub heath

communities (Schofield and Edwards, 2011; Ledger

et al., 2014a,b), suggesting also leaf and twig foddering

of Betula sp. (Ledger et al., 2015). Because of the low

content of secondary compounds for defence, the use

of leaf-hay fodder as a high-nutrition feed source is

also therefore very likely to have been widespread in

Iceland (McGovern et al., 2007). Given their high

importance as a limited resource, birch woodlands in

Greenland and Iceland were probably managed in a

relatively sustainable way, and there is evidence for

regulation and management of fuel resources, at least

for some time after settlement (Simpson et al., 2003;

V�esteinsson and Simpson, 2004; McGovern et al.,

2007; Schofield and Edwards, 2011). This resource,

however, would become limited; most studies show

there was a decline of Betula pubescens woodlands in

Iceland and Greenland during the centuries following

settlement (Edwards et al., 2008; Ledger et al., 2015),

probably due to interactions between climatic deterio-

ration and land use (i.e. grazing, as well as iron pro-

duction and charcoal making) (Dugmore et al., 2006;

Lawson et al., 2007; McGovern et al., 2007; Erlendsson

and Edwards, 2009).

The Norse farmers in Iceland continued in the tra-

dition of shieling areas for milking livestock at the edge

of the farms, as practised in Norway, and used com-

munal rangeland grazing areas for the rest of livestock

during the summer (Thomson and Simpson, 2007;

Brown et al., 2012). In the sheep-and-cattle-based

economy in Iceland, winter housing for animals and

ensuring enough winter fodder collection were essen-

tial for their survival (Dugmore et al., 2005). Winter

fodder was mainly grass hay from home fields but

also, to a large degree, from forage cut from natural

pastures; that is, natural grasslands, extensive wet-

lands and leaf-hay fodder harvested in adjacent

woodlands, especially in some parts of the country

(Church et al., 2007; Gudmundsson, 2015).

The Icelandic woodlands, dominated by B. pubescens

and Salix spp., declined after the Norse colonization in

the 9th century (McGovern et al., 2007). This decline

has been attributed to changes in land use: forest

clearing, livestock grazing, wood collection needed for

cooking and for charcoal making to fuel extensive iron

production (Fridriksson and Hermanns-Audard�ottir,

1991; Church et al., 2007; Trbojevi�c et al., 2011) and

intensified by the worsening climate and volcanism

after the 13th century (Ogilvie and J�onsson, 2000;

Sigurmundsson et al., 2014). The importance of wood-

lands as a source of leaf fodder in Iceland is very

poorly documented, but different sources have implied

important use of leaf fodder historically in Iceland

(Sigvaldason, 1967; Gunnlaugsson, 1969; Sigur-

mundsson et al., 2014), especially in the northeast and

east of Iceland (Gudmundsson, 2015). Although

woody species most likely played an important role in

livestock feeding, in both winter and summer, forage

quality (as nutritive value) of the leaves of common

woody species, in terms of macroelements and fibre

fraction concentrations and their effects on animal

nutrition, has not been investigated to any detail in

Iceland; see, however, Sigvaldason (1967) and Gunn-

laugsson (1969).

Although often an important component in live-

stock diets, there has been relatively little attention

paid to the forage quality of browse vegetation in the

Nordic regions. In recent years, however, interest in

the nutritional value of browse and woody species has

been increasing, especially in relation to their content

of secondary compounds, particularly tannins and

their effect on parasite burden and on ruminal

methane production (Tedeschi et al., 2014; Villalba

et al., 2014). Further, the effect of the interaction of

browsing and climate change on the spread of woody

vegetation in the Arctic tundra has come into focus

(Bryant et al., 2014). Therefore, further information

on the nutritional value of browse and its use as for-

age is of renewed interest.

The aim of this study was to determine the forage

quality of leaves of some common woody species

(B. nana, B. pubescens, Salix lanata, Salix phylicifolia and

Sorbus aucuparia) in Iceland and to compare it with

the forage quality of the common native grass

Deschampsia cespitosa and with the high yielding, culti-

vated grass Alopecurus pratensis, introduced from else-

where in Europe (Kristinsson, 2013) and which is

common in Icelandic hayfields used for winter forage

production (Helgad�ottir et al., 2013). From these

results, we discuss forage quality of leaf fodder in rela-

tion to the nutritional requirements of livestock and

the possible consequences of forage quality of different
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woody species following their selection by livestock,

leaf-fodder harvesting and the development of forest

vegetation under farming management.

Materials and methods

Biomass sampling

We selected five common broad-leaved woody species

(Betula nana subsp. nana, B. pubescens, S. lanata,

S. phylicifolia and S. aucuparia) and two grass species

(D. cespitosa and A. pratensis) for biomass sampling

(Figure S2 gives further information about the inves-

tigated species). From these, leaf biomass (fully

expanded leaves, blades and petioles together for

woody species and sward biomass for grasses) was

selected and mixed from at least three individuals for

one sample on each of four samples per species in

late June 2013. Samples were collected at four locali-

ties in Iceland: in the surroundings of Gullfoss

(64°190N, 20°070W), Akureyri (65°410N, 18°10W),

Godafoss (65°400N, 17°330W) and H�usav�ık (66°020N,
17°200W). A total 20 (five woody species 9 four repli-

cates) leaf biomass samples and eight above-ground

biomass samples (leaves, stems and inflorescences

together, cut at 5 cm above the ground) were col-

lected and oven-dried at 60°C for 48 h and ground to

powder.

Biomass chemical properties

In biomass samples, the concentration of macroele-

ments (N, P, K, Ca, Mg) and the content of residual

ash (i.e. ash – (P + K + Ca + Mg)) neutral- and acid-

detergent fibre (NDF and ADF) and acid-detergent lig-

nin were determined. NDF represents cellulose, hemi-

cellulose and lignin together; ADF represents cellulose

and lignin. The N concentration in the plant samples

was determined using an automated analyser (TruS-

pec, LECO Corporation, St Joseph, MI, USA) by com-

bustion with oxygen in an oven at 950°C.
Combustion products were mixed with oxygen, and

the mixture passed through an infrared detector of

CO2 and by circuit for the aliquot ratio where carbon

is measured as CO2. Gases in the aliquot circuit were

transferred into helium as a carrying gas, conducted

through hot copper and converted to N.

Biomass samples were burnt in a microwave oven

at a temperature of 550°C and weighed to determine

ash content. Biomass samples were mineralized using

aqua regia, and P, K, Ca and Mg concentrations were

then determined in the solution using ICP–OES (Var-

ian VistaPro, Mulgrave, Vic., Australia). Residual ash

containing mostly Si was calculated as the ash content

minus the sum of P, K, Ca and Mg concentrations.

Contents of NDF, ADF and ADL were determined by

standard methods of AOAC (1984).

All analyses were performed in an accredited

national laboratory, Ekolab �Zamberk (http://www.

ekolab.zamberk.cz). The ratios of N:P, Ca:P and

K:(Ca + Mg) were calculated from determined concen-

trations.

Data analyses

Data tested by the Kolmogorov–Smirnov test of nor-

mality met assumptions for the use of parametric tests.

One-way ANOVA followed by post hoc comparison using

the Tukey’s multiple range tests in Statistica 9.0 (Stat-

Soft, Tulsa, OK, USA) was used to identify significant

differences in concentrations of nutrients and NDF,

ADF and lignin contents among species.

Unconstrained principal component analysis (PCA)

in the Canoco for Windows 4.5 program (ter Braak

and �Smilauer, 2002) was used to analyse the relation-

ships among biomass chemical properties and the sim-

ilarity of the twenty-eight samples. Data were centred

and standardized before the analysis. The results of

the PCA analysis were visualized in the form of an

ordination diagram constructed by the CanoDraw pro-

gram (ter Braak and �Smilauer, 2002).

Results

With the exception of N, all analysed chemical proper-

ties were significantly different among plant species.

Concentration of N, P, Ca and Mg, and ratios Ca:P and

K:(Mg + Ca) were higher in woody species than in

grasses, but the K concentration and N:P ratio were

higher in grasses than in woody species (Table 1).

Contents of NDF and ADF were lower in woody spe-

cies than in grasses, being highest in S. phylicifolia and

lowest in A. pratensis. Content of lignin was substan-

tially higher in woody species than in grasses, but

residual ash was lower in woody species in compar-

ison with grasses (Table 2).

The relationship between all analysed chemical

properties in all species is well differentiated by the

PCA ordination diagram (Figure 1). The first axis of

the diagram explained 50% of data variability, and

the first two axes together explained 71% of data vari-

ability. The first axis divided the analysed species into

woody species on the left side and grasses on the right

side of the diagram. Grasses were characterized by

higher K concentration, residual ash, NDF and ADF

content, K:(Ca + Mg) and N:P ratios. Woody species,

on the other hand, were characterized by higher N, P,

Ca and Mg concentrations, lignin content and Ca:P

ratio. Four replications for each species made clearly

visible clusters in the ordination diagram, indicating
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that the effect of species on the analysed chemical

properties was substantially higher than the effect of

locality. Very low intraspecies variability in the anal-

ysed chemical properties was recorded, particularly for

B. nana, B. pubescens, S. phylicifolia and D. cespitosa as

marks for all replications were close together in the

diagram.

Discussion

Forage quality of leaves of woody species and
two grass species

The results of our study show that concentrations of

macroelements in the leaves of all the Icelandic

browse species were well within the optimum range

of nutritional requirements for cattle and sheep, in

terms of requirements for maintenance, growth, preg-

nancy and lactation, and were comparable to the

results obtained for meadow hay from Icelandic grass-

lands (Table 1). The P concentrations in samples of

S. phylicifolia and S. lanata were very high, and even

close to the upper limit of the requirements of highly

productive dairy cattle in lactation (Whitehead, 2000).

Very high interspecies differences in K concentrations

were recorded, particularly between leaves of woody

species and grasses. Only in B. nana and B. pubescens

were the K concentrations within the optimum range

for cattle and sheep. In all other species, K concentra-

tions exceeded nutritional requirements. The concen-

trations of Ca and Mg were higher in leaves of woody

species than in the meadow hay. Both were mostly at

the upper limit or above the limit of the optimum

range for livestock requirements, consequently result-

ing in a low ‘tetany ratio’ (K:(Ca + Mg)). The N:P

ratio was within the optimum range in all species

except D. cespitosa where it was too high.

The Ca:P ratio was slightly below the optimum

range in A. pratensis and above the optimum in

S. lanata and S. aucuparia. The K:(Ca + Mg) ratio was

below the optimum range in all woody species and

within the optimum range in both of the grasses,

A. pratensis and D. cespitosa.

Very high P concentrations were recorded in the

leaves of both Salix species. These P concentrations

were greater than values recorded in young leaves of

dominant woody species in Central Europe (Hejc-

manov�a et al., 2014). A possible explanation is that

concentrations of P and forage quality increase with

latitude because of higher radiation, lower tempera-

tures and slower plant growth (Reich and Oleksyn,

2004).

Optimum NDF content for cattle nutrition was

recorded only in S. lanata. Both Betula species were at

the lower limit of requirements, and other woodyT
a
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species were largely below the limit, whereas grasses

were largely above the optimum NDF content

required for cattle nutrition. Optimum contents of

ADF for cattle nutrition were recorded in B. pubescens,

S. phylicifolia and S. aucuparia. Other species were

above the optimum range. Contents of lignin were

substantially higher in woody species than in grasses.

In terms of animal nutrition requirements, leaves

of woody species can be, and in the past may also

have been, a valuable fodder for Icelandic livestock.

The main problem for livestock metabolism is the rela-

tively high lignin content in all woody species in com-

parison with grasses. Digestibility of the biomass

generally decreases with an increase in lignin content

Table 2 Concentration (means � s.e.

of mean) of neutral detergent fibre

(NDF), acid-detergent fibre (ADF), lignin

and residual ash in leaf biomass of studied

species.

Species

NDF

(g kg�1)

ADF

(g kg�1)

Lignin

(g kg�1)

Res. ash

(g kg�1)

Betula nana 328 � 23ab 305 � 15abc 154 � 7d 19 � 1a

Betula pubescens 315 � 16ab 294 � 16abc 123 � 10cd 23 � 1a

Salix lanata 376 � 25c 345 � 22bd 96 � 6bc 41 � 4bc

Salix phylicifolia 272 � 28a 243 � 15a 119 � 19cd 22 � 2a

Sorbus aucuparia 285 � 17ab 269 � 12ab 95 � 3bc 28 � 3ab

Alopecurus pratensis 631 � 22d 388 � 13d 65 � 7ab 50 � 4c

Deschampsia cespitosa 614 � 12d 324 � 6bcd 38 � 2a 53 � 2c

Grassland 500–550 270–310 30–50

Cattle requirements 330–450 190–300 Max. 80

Calculated by one-way ANOVA, differences among species for all chemical properties

were significant (P < 0�01). Using Tukey post hoc comparison test, species with the

same letter were not significant. Chemical properties of fodder from Icelandic grass-

land (with dominant grasses Poa pratensis, Phleum pratense and Agrostis capillaris) fol-

low Ragnarsson and Lindberg (2010), and the optimum range for cattle follows

Kudrna (1998) and Whitehead (2000).

Figure 1 Ordination diagram showing

results of PCA of relationships among

chemical properties of biomass of

studied species, N, P, K, Ca and Mg

concentrations; N:P, Ca:P and K:

(Ca + Mg) ratios, residual ash (Res.Ash),

NDF (neutral detergent fibre), ADF

(acid-detergent fibre) and lignin. Species

abbreviations: AloPra, Alopecurus

pratensis; BetNan, Betula nana; BetPub,

Betula pubescens; DesCes, Deschampsia

cespitosa; SalLan, Salix lanata; SalPhy,

Salix phylicifolia; SorAuc, Sorbus aucuparia.
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(Cherney et al., 1993), and therefore, digestibility of

the leaf fodder from all woody species is lower than

that of the analysed grasses. From this point of view,

the forage quality of leaves of woody species can be

ranked in the order B. nana < B. pubescens < S. phylici-

folia < S. aucuparia < S. lanata. On the other hand,

woody species can provide animals with considerable

amounts of essential nutrients, particularly N, P, Ca

and Mg. Nitrogen concentrations in the leaves of all

the woody species were slightly higher than in the

highly productive grass A. pratensis collected at the

same time. Leaves of all the woody species had rela-

tively high P concentration in comparison with that in

A. pratensis. The lower concentration of P in the leaves

of B. nana than in B. pubescens may possibly be associ-

ated with lower genome size, as B. nana is diploid

(2n = 28) and B. pubescens is a tetraploid (2n = 56)

species (Karlsd�ottir et al., 2012). The existence of both

higher P requirements and higher P concentration in

grassland species with large genomes than in species

with smaller genome size has been recorded previ-

ously (�Smarda et al., 2013). It is likely that the same

mechanism is also valid for woody species. In addition,

lower N, P, K, Ca and Mg concentrations in leaves of

B. nana than in B. pubescens are in agreement with the

Ellenberg indicator value for nutrients (which is 2 for

B. nana and 3 for B. pubescens; Ellenberg et al., 1991).

Higher concentrations of Ca, K and Mg in the leaves

of B. pubescens can be explained by its preference for

mineral soils with higher availability of basic elements

than on the organic soils where B. nana frequently is

a dominant species. Icelandic sheep frequently browse

both these Betula species, especially B. pubescens

(Thorhallsdottir and Thorsteinsson, 1993). This pattern

is in agreement with the higher forage quality of

B. pubescens compared with that of B. nana: higher

concentrations of N, P, Ca and Mg and lower contents

of NDF, ADF and lignin. This probably explains why,

in the past, Icelandic farmers harvested B. pubescens for

leaf fodder, whereas B. nana was rarely used (Gunn-

laugsson, 1969).

Possible use of leaf fodder in Iceland in the
past

Confirmatory written historical and archaeological

records about the use of leaf fodder for livestock feed-

ing in the North Atlantic Isles are scarce. In Iceland,

we have no direct archaeological evidence about the

use of the leaf fodder for the first two hundred years

after landn�am. There are, however, several written

records about the use of B. pubescens woods for har-

vesting of leaf fodder as well as for the exploitation of

woodlands for livestock (particularly sheep) winter

grazing from the 16th to the 20th centuries

(Gunnlaugsson, 1969; Simpson et al., 2004; Sigur-

mundsson et al., 2014; Gudmundsson, 2015). The

overwintering of livestock is described in the sagas, for

instance in Egil’s Saga from the 13th century, narrat-

ing the settlement of the chieftain Skallagrim in Bor-

garfj€orður in SW Iceland (Hreinsson, 1997). The use

of birch and willow twigs for foddering of livestock

was also described in a diary by J�onsson (1877) as a

desperate attempt to keep livestock alive in late winter

and spring. Indirect archaeological indicators of wood-

land management include records of disarticulation

scars, indicative of branch stripping and suggesting a

form of coppicing (Church et al., 2007). Wood coppic-

ing and/or pollarding are well-known practices of

woodland management for the production of high-

quality leaf fodder (Rackham, 1989).

As documented by historical photographs from the

1920s, whole trunks of B. pubescens, together with

twigs and leaves, were harvested and transported on

horses to the farms in a similar way to mountain hay

(see Figure S1b–c). Leaf-fodder collection, including

young twigs with leaves, was probably an integral part

of the collection of firewood and harvesting of con-

struction timber, and this fodder could have been fed

directly to livestock or dried for winter use (see Fig-

ure S1a). In addition, B. pubescens was harvested for

charcoal production, which seems to have been very

extensive in certain time periods in parts of Iceland

(Fridriksson and Hermanns-Audard�ottir, 1991; Church

et al., 2007).

Although B. nana seems to have been rarely used

for leaf-fodder harvesting in Iceland, this circumpolar

species is an important summer forage species in other

Arctic regions where reindeer are the principal herbi-

vores (Marell et al., 2006; Kaarlej€arvi et al., 2012). In

the Faroe Islands, B. nana was a common species

before the introduction of year-round livestock grazing

(Hannon et al., 2005). Although it is little browsed by

livestock in summer (Thorhallsdottir, 1981; Thorhalls-

dottir and Thorsteinsson, 1993), it is intensively

browsed in winter by different herbivores at a highly

sensitive period for the shrub (Chapin et al., 1980).

Leaves of both Salix species, especially S. lanata, are

heavily browsed by sheep in Iceland, much more than

B. nana or B. pubescens (Thorhallsdottir and Thorsteins-

son, 1993). This observation is in good agreement

with the measured nutritional value reported in this

study (see Figure S2). Browsing of Salix species, with

their high leaf-P contents, helps to maintain a good

Ca:P balance, and Salix species are considered to the

best woody forage species in Nordic regions (Forbes

et al., 2010; Myking et al., 2013) and elsewhere as

winter fodder (Hejcman et al., 2014). Salix spp. seems

to have been much more common before the Norse

settlement, both in Iceland (Hallsd�ottir, 1995) and the

© 2016 John Wiley & Sons Ltd. Grass and Forage Science, 71, 649–658
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Faroe Islands (Egelund et al., 2012). In Iceland,

S. lanata was harvested for leaf fodder, although both

Salix species have been used, particularly in years with

poor grass growth (Gunnlaugsson, 1969).

Sorbus aucuparia is native to Iceland but was always

a minor element in Icelandic woodlands (Hallsd�ottir,

1995). Its leaves have relatively high forage quality,

and this species is elsewhere selectively browsed by

herbivores (Myking et al., 2013). Sorbus in Iceland was

highly valued for construction purposes and was espe-

cially protected by law in the past (Gr�ag�as, the law of

the Icelandic Commonwealth period). It is therefore

unlikely that Sorbus aucuparia was ever harvested pri-

marily for forage, although, because of its high nutri-

tive value (see Figure 1), it is a highly selected species

by grazing animals.

In Iceland, modern livestock farming is based on

varieties of the highly productive forage grasses

Phleum pratense, Poa pratensis, Festuca pratensis and par-

ticularly A. pratensis, which are sown as temporary

leys on drained soils (Helgad�ottir et al., 2013). The

role of woody species as fodder for cattle and horses is

very low today, but woody species are still a very

important component of sheep diets on mountain pas-

tures (Thorhallsdottir and Thorsteinsson, 1993). In

Iceland, leaf fodder and other organs of woody species

were probably always very important as livestock

feed, especially in critical years such as (i) extremely

cold years in which the production from grassland

and bog forage was low, and (ii) years with volcanic

eruptions, resulting in tephra accumulations that neg-

atively affected the sward in the short term (although

subsequently supplying a valuable and high-nutrient

additions). In such critical years, woodland vegetation

would stand above snow or tephra accumulations and

could have served as the last emergent feed for sur-

vival of livestock. The extent of how critical the situa-

tion was for livestock feeding, and the survival of

people is well illustrated by the effects on livestock

numbers, which are known in Iceland since 1703

(summarized in Figure S3). There was an extreme

decrease in livestock numbers after the Laki eruption

in 1783, and this decline was followed by famine and

a decline of the human population from approxi-

mately 50 000–40 000 (Vasey, 1991). As indicated by

our research, forage quality of the leaf fodder of com-

mon woody species can, in some aspects, be higher

than the forage quality of grasses and therefore be

especially selected by herbivores. This property,

related to Salix species, especially S. lanata, explains

the browsing of this Salix species by sheep on moun-

tain pastures (Thorhallsdottir and Thorsteinsson,

1993). Leaf fodder played an essential role in Euro-

pean and Norse farming for centuries (e.g. Austad,

1988), and it is, therefore, very likely that leaf fodder

also played an important role in Iceland in the past,

although there is little documentation of this. It would

have contributed additional pressure on the limited

forest resources in Iceland that were already under

decline at the time of settlement (Erlendsson and

Edwards, 2009), and deteriorating climate would have

been further detrimental for the woodlands as the

climate became colder during Little Ice Age

(�Olafsd�ottir and Guðmundsson, 2002; Lawson et al.,

2007; Geirsd�ottir et al., 2009).
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Supporting Information

Additional Supporting Information may be found in

the online version of this article:

Figure S1. In the past, horses were used for the

transport of (a and b) wood and (c) meadow hay

from mountains to settlements. Trunks of Betula pub-

escens were transported with twigs and leaves

together.

Figure S2. Photographs showing (a) Betula nana, a

dominant dwarf shrub on large areas in uplands. (b)

Remnants of natural forests with dominant Betula

pubescens trees and with Betula nana in understorey.

(c) In uplands, sheep browsing (on the left side) can

prevent regeneration of woody species, Salix lanata

(shrubs with grey leaves) and S. phylicifolia (shrubs

with green leaves), particularly. (d) Shrubs of S. phyli-

cifolia are well browsed by sheep. (e) Alopecurus praten-

sis was introduced as a high quality forage species

used for hay and recently also for haylage production.

(f) Deschampsia cespitosa is a tussock-forming weedy

grass of low palatability infesting productive grass-

lands.

Figure S3. Graphs showing changes in number of (a)

cattle, (b) horses, (c) sheep and (d) goats in Iceland

between years 1703 and 2012.
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