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ecosystem

Ungulates have traditionally been viewed as consumers of plants and prey for predators, but
recent studies have revealed that they also can have a significant indirect impact on
fundamental ecosystem processes and biodiversity.
In my thesis, I focus on how moose ( A k a alces) can affect the boreal forests ecosystem
in Sweden. Because of its wide distribution and at present high population densities we can
expect moose to be important. The outcome depends on moose density as well as habitat
productivity, and we chose an experimental approach where we simulated browsing,
defecation and urination of different moose population densities in exclosures situated
along a forest productivity gradient. The simulation was based on a review of availahle
literature.
I found that moose can have a significant impact on the morphology arid productivity of
the main food plants in winter, Scots pine (Pinus sylvestrzs) and hirch (Refulupubescens
and B. pendula). The outcome was. highly dependent on mnose density. At “low” to
”moderate” moose densities, small and non-significant effects were found, whereas the
effects were large at higher moose densities. I concluded that both foraging efficiency and
food wailability can be affected at higher moose densities over extended time, and that food
production may steadily decrease to a level where winter food is limiting. Habitat type also
affected the results. At low productive sites both birch and pine had low productivity and
thus compensatory ability to defoliatinn by moose. Birch and pine also seemed to respond
di rferently to habitat productivity, and thc explanat.ion might have been that pines suffered
lrcm competition with deciduous trces at richer sit.es.
T h e quilntity and quality (specks mix) of litter from the trec and shrub layers wcrc
affected hy the level of siinulated moose population density and tiahitai. Richcr sitcs
produced inore high quality litter (i.e. lower proportion of conikr nccdlcs). ‘I’hc quantity
decreased and the proportion of conifer needles incrcascd with simulated moosc dcnsity.
Despite the high browsing pressure on Scots pine, the general outcome of moose at high
population densities over extended time seems to be decreased quantity and quality of litter,
and thus reduced nutrient cycling and habitat productivity in the long run.
Decay rates of moose dung appeared to be rather low, suggesting that the fertilizing effect
also was low. However, the dung disappeared fast at richer sites due to concealment by
vegetation, and visibility was negatively correlated with litter production.
Thc coprophilous community colonidng moose dung appeared to be species rich and
poorly known, and the abundancc arid spccics richness a e affected by interactions with
ulhcr organisms as well as habitat 1yl~c.
Jn my thcsis 1 show that muosc can affcct fundamental ecosystem processes and
biodiversity in Swedish boreal fore.sts, and act as an important ecosystem engineer.
Productivity gradients are important to consider when studying effects on the ecosystem
level. Based on my findings, I suggest that more studies should be done on other tree
species, plants in the field and bottom layers, soil properties, microclimate, and organisms
connected to faeces and urine.
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Introduction
The central theme in ecolrigy is the understanding of how organisms interact wilh
each other and the enviroruneot (Regon, Ilarper & Townscnd 1940). The
prevailing approach has been to study the direct trophic interactions between
organisins, but recent research has revealed that indirect interactions can be even
more important (Jones er al. 1994; Hobbs 1996).
Ungulates have traditionally been viewed as consumers of plants and prey for
predators (Hobbs 1996). Less known is their role as important agents of changes in
the environment, whch can modify conditions for other organisms (Hobbs 1996).
T h y are important regulators of ecosystem processes like primary pi-duction,
nutrient cycling and abiotic disturbance, they regulate proccss ratcs, modify spatial
mosaics and can control transitions between alternative ccosystcm states (Nairnan
1988; Crawley 1389; Hobhs 1996; Mocn, Pastor & Cohen lCl98). Some ungulates
thus fulhl the criteria of being ecosystem engineers; organisms that directly or
indirectly modulate the availability of resources to other species by causing
physical state changes in biotic or abiotic materials, and in so doing modify,
maintain andor create habitats (Jones et al. 1994).
Ungulates affect ecosystem properties mainly through four mechanisms (Pastor,
Moen & Cohen 1997): (1) Defoliation, resulting in immediate, short-term
compensatory growth of the food plants; (2) dcposition or facccs and urine; (3)
long-[crm succcssiorial changcs in plant species composition and (4) changes in the
physical environment as a result of 1-3. The outcomes vary widely aniong
ecosystem. types (Bryant et al. J 991; Augustiiic & McNaughton '1998; Hester et al.
2000), and must thus be studied for each ecosystem specifically. In my thesis 1
focus on the impact of the ungulates inhabiting the northern brireal forests, with
special emphasis on moose (Alces alces).

Regulation of ungulate populations
To understand the impact of ungulates, better knowledge about the relations
between their population dynamics and ecosystem proccsses is necessary (Hobbs
1996; Augustine & McNaughton 1998). To reveal which factors limit and regulate
the population growth is therefore essential (Crawley 1989; Srether 1997). I h i t i n g
f x t o r s can be defined as any process which quantifiahly afCecl population growth,
and can thus bc both density-dcpendent and density-independent factors (Messier
1991). Examples of limiting factors are weather condilions and when the
proportion of the prey population killed by predators decreases with increasing
prey density (inverse density-dependence). Regulatory factors are any densitydependent processes that ultimately keep populations within normal density ranges
(Murray 1982; Sinclair 1991; Skogland 1991). Examples are when the proportion
of the prey population killed by predators increases with prey density, or when
inortality caused by starvatioii increases with population dcnsity. Rcgiilating
factors thus constitutc a subsct of iiiniting factors, and have lht: potential t o depress
population growth as anirnal abundance incrcases (Messier 1.99I). Limiting factors
can explain changes in animal ahundance (Messier 1991; Sinclair 1491; Skogland
199l ) , but only regulating factors can explain the upper limit on population density
7

(Messier 1991; Sinclair 1991). Which factors regulate populations is therefore
especially important to reveal.
Competition for food arid predation is considered to be the main Factor which
can regulatc population growth of the ungulates inhabiting the northern boreal
forests (I’cck 1980), but there is no getieral agreement about which ractor is rnost
important (Peek 1980; Thompson & Peterson 1988; Messier 1994). Ilairston,
Sinith & Slobodkin (1960) claimed that whether organisms arc regulated by
predators or resources depends on their position in the food chain. In terrestrial
ecosystems, plants are resource limited, not herbivore limited, and obvious
depletions of green plants are exceptions. Predators regulate herbivore populations,
and thereby allow plant biomass to accumulate - ”the world is green” concept.
According to Ilairston, Smith & Slobodkin (1960), ungulatcs should thus be
regulatcd by their predators. The ungulates inhabiting the northern hcmisphcrc
have coevolved with efficient predatoi-s (Pidoll 1967), of wbich the grey wtilf
(Cunis Iripus) is the dominant non-human predator mosl. likely to influence the
populalioris (Mcch 1970). Prcdation obviously inflicts losses in the prey
population, and thus is a limiting factor by definition (Sinclair 1991; Boutin 1992).
However, it is considerably more difficult to determine if it also regulates growth
of the prey population (Sinclair 1991; Ballenberghe & Ballard 1994), but some
studies have found the ungulate populations to be regulated by predation (Peek
1980; Messier & Cr&te1985; Ballenberghe & Ballard 1994; Messier 1994).
The top-down view concerning the effect of predation on population dynamics n P
ungulates proposed by Hairston, Sinith & Slobodkin (1960) has been topic for
considcrable debate (Crawlcy 1989; Boutin 1992; Ballad Br Rallenberghc 1998;
Ballenberghe & BaIlard 1998). According to Cwwlcy (1989) food more often than
prcdation regulates vertebrate herbivores, and there arc studies which have found
that ungulates arc rcgulatcd by food compctition peek 1980; Peterson, faige &
Dodge 1984; Messier 1991; Skogland 1991). Some ungulates, red deer (Cervus
elaphus) and moose in particular, s e e m to be entirely extrinsically regulated (i.e.
regulated by resource availability, predators andor diseases, Caughley & Crebs
1983), and can therefore increase to numbers beyond the sustaining level of their
food supply (PimIott 1967; Keith 1974).
However, if food competition or predation regulates the ungulate populations
depends on the condiLions; there is no general answer hut rather a continuum of
possiblc outcomes (Mech IY70; Pcck lY80; Caughley 1981; Thompson & Pelersrm
1988; Messicr 1991). Predation and food competition can act concomitantly to
regulate ungulate populations (Caughley 1981), o r neither of them may have a
regulatory function. Environmental factors (e.g. climate) also seem to have a strong
influence on the population dynamics of ungulates (Saether 1997). Predation is
most likely to be the main regulatory factor if the ungulate densities are low
(Messier & Cr&te1985; Sinclair 1991; Messier 1994), andor if the predator(s) are
very efficient (Messier 1994). It also seems to have a larger impact in systems with
niultiple predators than in systems with only one predator species present
(Ballcnbcrghe 1987; Bergcrud & Stiidcr 1988; Larscn, Gauthier Br Markel 1%9,
Gasaway et al. 1991). Population Tegulation through food corripetition can be
expected tci occur at high ungulate densities, where the food plants no tongcr can
compensatc for the tissue loss, and is most likely to arise during winter when
environmental stochasticity (e.g. weather) and density dependence in combination
8

affect the resource base (Sather 1997). The concept of carrying capacity is
important (Sinclair 1991: Ballenberghe & Ballard 1998) and has been defined as
the rimximuin density of animals that can be sustained indefiniteIy without iiiducing
uends in vegetation, e.g. the ungulate - vcgetation equilibrium (Caughley 1976).
However, carrying capacity is no simple conception (Pastor, Moen Rc Co.hen 1997;
Sather 1997), and a stable equilibrium between ungulate populations and the food
resources has been claimed to be unlikely to exist in predatoi--free environments
(Sather 1997). Thus, ungulate populations are not characterized by a simple
carrying capacity, and regulating factors rather act to keep population densities
within certain limits (Caughley 1976; Begon, Harper & Townsend 1990; Pastor,
Moen & Cohen 1997).

The moose in Sweden
The moose is abundant in the boreal forests of the nortlicm hernisphcre (Karns
1498), and invaded Sweden aftci- the last glaciation, some 9,000 - 10,000years ago
(Cederlund & Bergstrom 1996). The population density and distribution has varied
considerably since then, but has increased dramatically after the Second World
War (Lykke 1974; Markgren 1974; Cederlund & Bergstrom 1996). Moose is now
distributed over the whole country except from the island Gotland (Gustafsson &
Ahlin 1996) and occnr in densities higher than experienced in historic time, at
prcsent up to about 20 moose per 1000 ha in average winter density (Cederlund &
Bergstrom 1496).
Thc main rcasons Tor the increase in thc moose populatiun are predator control,
regulated hunt.ing and the large-scale introduction of the moderii forestry with
clew-cutting, resulting in a coiisiderable increase in availahlc fond (Ccderlund &
Bergslrijm 1996). At the Scandinavian Peninsula (Norway and Sweden), the native
predators of moose, wolf and brown bear (Ursus arctos), were almost extirpated
during the last decades of the 19th century (Haglund 1975; Swenson et al. 1994).
The populations are now recovering (Swenson et al. 1994; Wabakken et al. 2001),
but they are yet not numerous enough to regulate the moose population. Today the
main mortality of moose in Sweden is human hunting, and approximately 100,000
moose are shot each year (http://www.jagareforbundet.se, 14 Feb, 2003). However,
despite the high hunting pressure and increased food abundancc, deosily-dcpctidcnt
efliccls ol' resource dcpletion on budy growth and reproduction has been found in
some areas in Swedcn (Sand 1996). When the population density is at a level near
carrying capacity, we can also expe.ct thc indirect impacts on ecosystem processes
and biodwersity to be especially strong. Studies of the interactions between the
moose and its food resources at high population densities, as well as effects on
fundamental ecosystem processes and biodiversity are therefore necessary.

The moose - ecosystem interaction
The grazing and browsing (Hofmann 1989) by large ungulates can affect the
morphology and productivity of their food plants (Janicson 1963; McNaughton
1979; Paigc & Whitham 1987: Crawlcy 1989; Gordon & Lindsay 1990; Danell,
Bergstroni & Edenius 1994). Morphological changes can affect the harvest rates
(i.e. food intake per unit time) and thus foraging efficiency (Spalinger & Hobbs
9

1992; Shipley et al. 1999), whereas changes in the productivity can affect the
entire resowce base (Gordon & Lindsay 1990). Studies of moose browsing have
shown that both morphology and productivity of the h o d plants can be affected
(Olderneyer 1983: Bergstrom & Dane11 1987; Danell, Bergstrijm & Edcnius 1994;
Bergman 2001). Because winter food is considered a critical [actor for ~nuosc
(Thompson & Euler '1987; Andersen 1991; Shipley, Blornquist & Danell 1998),
changes in the productivity of the main food plants in winter are especially
important.
Ungulates can also affect fundamental ecosystem processes like nutrient cycling
and habitat productivity (Holland et al. 1992; Pastor & Naiman 1992; Milchunas &
Lauenroth 1993; Hobbs 1996; Augustine & McNaughton 1998). Their selective
feeding. changing the structure and species composition of the plant community
and thus thc quantity as well as quality (species mix) of plant litter seems 10 he
most importmt. (McTnnes et al. 1092; Pastor er al. 1993; Hobbs 1996; Kiclland &
Bryant 1.998; Ryerson & Parmenter 2001). Ungulates generally prefei-plants which
are rapidly growing, rich in N and low in sccondary compounds (Bryant P I a!.
1991; Jeffeiies, Kleiii & Shaver 1994). Studies from North America indicate that
the general outcome of moose browsing in boreal forests is increased dominance of
the less preferred conifers with slowly decomposing, nutrient-poor litter, and thus
reduced nutrient cycling and habitat productivity (Pastor et al. 1988; Bryant et nl.
1991; Mclnnes et al. 1992; Pastor et ul. 1993). However, the effect of moose
browsing might be different in Sweden than in North America, because Scots pine
(Finus sylvestris) is important in the winter diet o f Swedish moose (Cedcrluiid ef
al. 1980; Dcrgstrijm & lljeljord 1987; Hcikkila & Mrkonen 1993).
Faeces and urinc of largc ungulates o f h casily availablc plant nutrients which
can increase planr productivity (Kuess & McNaughton 1987; Pastor t t al. '1993).
However, the fertilizing effect depends on decomposition rates, which have been
found to vary over the year and among habitat types (Smith 1968; Lavsund 1975;
Harestad & Bunnell 1987; Lehmhhl, Hansen & Sloan 1994; Massei, Bacon &
Genov 1998). To reveal such differences is also important concerning wildlife
management. With the large moose population we have in Sweden, reliable and
cheap methods to estimate population density and trends are important to develop,
arid count of pcllet groups is a commonly uscd rncthod (Wallmo et al. 1962; Neff
1968; Tirmnemann 1974; liarestad & Bunnell 1987). Different disappearancc
rates over h e year and among habitat types can bias the estimates and we
important Lo reveal.
Large ungulates can also affect other animal assemblages, and studies of moose
have shown changes in the abundance and species diversity of ground and treeliving invertebrates (Danell & Huss-Dane11 1985; Roininen, Price & Bryant 1997;
Suominen, Danell & Bryant 1999; Suominen, Dane11 & Bergstrom 1999). Faeces
and urine of moose are also interesting concerning biodiversity. Many species of
fungi, mosses and invertebrates are specialised to live on these substrates (Marino
1988; Hanski & Cambefort 1991; Dix and Webster 1995), but data are scarce
conccming wild, forcst-living species. The comrnunity composition can also be
expected to vary with habitat type, but there are little data.
In a n ecosystem perspective, few studies have dealt with the impact o f cilhcr
moose or other ungulates (Naiman 1988; Pastor, Moen & Cohen 1997; Airgustine
& McNaughton 1998; Kienast et ul. 1999). Many studies have been done as
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exclosure experiments, where ungulates havc bccn excluded (Crawley 1989; Hester
cr al. 2000). The differences between inside the exclosure (representing the
ecosystem without ungulates) and the outside subjectcd to a more or less known
ungulate density, have then h e m estimated. There are several shortcomings with
thesc studies, however. Ungulates are an integral part of many ecosystems, and the
interactions cannot be assessed simply by removal of the ungulates (Hcster et al.
2000). Plant - animal - ecosystem interactions are spatially and temporally dynamic
systems, and responses are often not linear (McNaughton 1979; Hilbert et al. 1981;
Pastor, Moen & Cohen 1997). There might also exist critical threshold values
(Kuznetsov 1984; Kienast et al. 1999; Hester et al. 2000) which is important to
reveal, but few data are available (Hester et al; 2000). Also, the outcome of the
interactions differs among ecosystem types (Augustine & McYaugbton 1998), as
well as among habitat types within ecosystem (Thompson &L Peterson 1988;
Jefferies, Klein & Shaver 1994; Hester et al. 2000). Gradients of primary
productivity have been shown to affect the outcome o f the herbivore - plan1 ecosyslem inleraction in grasslands (Milchunas & Lauenroth 1993), and there is
dearly a need for more studies of the impact of productivity in forest ecosystems
(Hater et al. 2000). To reveal the impact of moose and other ungulates on
ecosystem processes and biodiversity in forest ecosystems, controlled,
experimental studies where several known ungulate densities as well as
productivity gradients are taken into account should be done (Hester et al. 2000).

0bjectives
The intent with my thesis was to study the impact of moose 011 some important
ecosyslcrri processcs and on biodiversity in Swedish boreal forests. I also
conducted a study of the visibility of moose dung. More specifically, the following
questions were asked in papers I - VI:

(I) How large is the disturbance by moose (i.e. biomass removal, trampling,
defecation and urination) in quantitativc terms?
(11) How will simulated browsing, defecation and urination o f diffeTent levels o f
moose population dcnsity all'ecl [he morphology and productivity of Scots pine and
birch (Bctula pu6escens and B. perlduh)'!

(111) How will the variation in forest productivity affect the response of Scots pine
and birch to simulation of browsing, defecation and urination of different levels of
moose population density?

(IV) How will simulated browsing, defecation and urination of different levels of
moose population density affect the litter production and quality (species mix) in
the Lrce and shrub layers along a hresi productivity gradient?
(V) How do season arid habitat affect the visibility of moose pellet giciups'!
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(VI) Which fungal species colonize summer dung of moose in northern Sweden,
and how large is the variation in fungal abundance and species richness between
different habitat types?

Study Area
The study was performed in the middle boreal zone (Ahti, Hamet-Ahti & Jalas
1968), coastal northern Sweden (Figure 1). The length of the vegetation period
(average day temperature > 5 "C) in the study area is 120 - 150 days with onset
bctwccri 10 arid 20 May, and precipitation during the vegctation period is 300 350 mm (Nilssiin 1996). Snow covers the ground approximately from 20 - 25
Octobcr to 5 - 15 May (Raab & Vedin 1996). The climatic variation within the
study area is thus rather small, and we could assume that climatic conditioris were
the same at the different study sites. Approximately 80 - 90% o f the total land area
is forestcd (Nilsson 1996), and the area is subjeckd lo intensive forestry. Young
forest stands cover approximately 15 - 25% of the total forested area (Statistical
yearbook of forestry 1999). Scots pine, common birch (Betula pubescens) and
silver birch (B. pendula) were the dominant tree species at the study sites, bur also
rowan (Sorbus aucuparia), aspen (Populus tremula) and willows (Salix spp.)
occured (Table 1). Raspberry (Rubus irlaeus) was common in the shrub layer at
some sites (i.c. hmyrberget and Mortsjostavaren). Wavy hair grass (Desrhanipsia
Jlenuosu),bilberry (Vucciriiunz myrtillus), lirigonbeiiy (V. vitis-iduea) and hcathcr
(Culluna vulguri,s) were common in the ficld laycr, a i d Pleuroziuin schrebcri,
Polytrichum cornrniiine and Cludina spp. wcrc cotnmori in thc bottom laycr (Tablc
2).

Shrdy 3 1 ~ 3

u
Fig. 1. Map ovcr Swcdcn showing the study xea.

12

Table 1. The study sites ranked nfter increarin,: site index (SIj,for pine (i.e. mean hei ht at
100 years-). Further are the litter production in the control plots (g dry ma.u per m and
yenuj, rneun age of trees (years). geoxru hic position (WGSM), altitude (m above s e ~ i
level), brciwse biomass (g dry m a ~ vper m. ) cvlirnnted in 1999, pine den& (trees per m2)
and mnjur tree species priT.sentrd. 3 = BcluIii spp., P = Piiius sylvestris, Po = Populus
weiuiila, S = Sorbus aucupxia and So = Salix spp. Tree spccies occur:@ sparsely o w in
Drackels. For all datn, means and standard errors (in brackets) are presented

3

Y

Site
Liigdiberpet
Skitan Djupsjobrannan
Atmyrberget
Sc lshcrgct
Mortsjostavaren
Kalbergct
Rijnnis

SI
12.9
14.7
24.3
24.8
26.3
26.4
27.3
27.9

Litter
3.17
4.55
4.59
17.47
4.27
12.03
6.44
3.07

Age'
16
9
9
9
7
7
9
9

Geogr. position
64" 0 0 N. 18"45' E
64" 13'N, 19"09'E
64"06'N, 19"12'E
64" 12'N, 19" 17'E
64" 15'N, 19" 16'E
64'22'N,2Oo07'E
64" 13'N,2Oo42'E
64 02' N, 20' 4 0 h

Altitude
300
265
250
305
175
280
250
62

Tabit I . cunt.
Site
Liigdiberget
Skatan
Djupsjobrannan
Atmyrberget
Selsberget
Mfirrtsjostavuen
Ralberget
Ronnis

Browse birch
0.7 (0.21)
4.7 (0.43)
5.3 (0.18)
14.0 (0.46)
1.5 (0.11)
9.0 (0.59)
9.4 (0.37)
3.5 (0.47)

Browse pine
51 (3.23)
37 (2.49)
28 (1.58)
21 (1.35)
15 (0.83)
22 (1 5 5 )
34 (2.53)
22 (1.01)

Pine density
0.56 (0.02)
0.62 (0.02)
0.27 (0.01)
0.16 (0.01)
0.21 (0.01)
0.15 (0.01)
0.18 (0.01)
0.22 (0.01)

Tree species
B, P, Po, (S, Sa)
B, P, (Po, Sa)
B: P, Sa
B, P, S, Sa, (Po)
B, P, S, (Po, Sa)
B, P, S, Sa
B, P, S, Sa, (Po)
B, P, (Po)

'?he mean agr was the same,fnr birch nnd pine at nli sites
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Table 2. The dominant plant species in the field and bottom layers at the diflerent rtudy
sites. Purticulurly dominant species are in bold
Site
IAogdaberget

Field layer
Calluna vulgaris, Vaccinium
myiillus, V. vitis-idaea

Skatan

Culluna vulgaris, Vaccinium
vitis-idaea, V. myrtillus,
Empetrum spp.
Deschampsia flexuosa,
Vacciniurnvitis-idaea,
V. myrtillus
Deschampsia flexuosa, Carex
glubuluriq Gymnocurpiurn
dryopteris, Dryopteris
carth usians, C. canescens
Deschampsia flexuosa,
Vnccitiiuni myrtillus, V. vitisidaea, Maianthemurn b$olium,
Luzula pilosa
Deschampsia flexuosa,
Gymnocarpium dryopteris,
Vaccinium myrtillus,
Epilobium angustifolium
Deschampsia flexuosa,
Vaccinium.rnyrtillus, V. vitisiriaeri, Cmex globulnris,
C~ymaocnrpiumdryopteris
Deschampsia jlexuosa,
Vaccinium vitis-idaea,Calluna
vulgoris, V. niyrtillus

Djupsjobrinnan

Atmyrbergct

Sclsbcrgct

Mortsjostavaren

Ralbcrgct

Kiinnas

Bottom layer
Plaurozium .schrt.beri, Cludina
ran~ifcrinn,Dicmnunz scopariurn,
C . nrbu,rcula
CIadina rungzferinu, Pleurotiitm
schreberi, C. arbuscula, Dicruiim
scapurium, Polytrichum commune
Polytrichum commune,
Pleurozium schreberi, Dicranitm
scopariurn
Polytrichum commune, Sphagiiurn
SPP.

Pleurozium schreberi, Polysn'uhuni
CQ/?ltTlUlle

Polytrichum commune, Dicranum
scopariurn, Pleuroziurn schre beri

Polytrichuin commune, Pleurazium
schrrberi, Dicranurn scopnriitm

Polytrichurn commune, Ilrrm~ium
scopariurn, Pleurozium schreheri

Material and Methods
We chose a controlled cxperimental study where we aimed at simulating browsing,
defecation aid urination of different levels uC iiioose population dcnsity in
exclosures situated along a forcst productivity gradicnt. The exclosures were budt
in 1998, and the field work started in early spring 1999. A separate study was done
to investigate the community of coprophilous organisms colonizing moose dung.

The exclosures
The simulation of moose was done in 8 exclosures, each of 4,900 m2. The
exclosures were situated in young forest stands with a mixture of Scots pine and
deciduous trees (Table l), the habitat type most preferred by moose (Cederlund &
Bergstrom 1996). In trcatrnent plots (25 x 25 m, Figure 2) inside cach cxclosure,
we simulated hrriwsing, defecation and urination corresponding lo 0 (conlrol), 10,
30 and 50 moose per 1000 ha on a landscape level. The simulated moose densities
were allocated randomly among these subplots within each exclosure. The reasons
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for choosing the moose densities were that. 10 moose per 1000 ha approximat.ely
corresponded to the average winter density of moose in the study area (Ball, Dane11
& Sunessori 2000), and was alsu common in many other areas in Sweden
(Hornbcrg 2001). Thirty moose pcr 1000 ha was slightly higher than thc highcst
eslimated wintcr density or moosc on ole County basis in Sweden (24 moose pcr
1000 ha, V a d a n d County 1980-81, Hiirnberg 2001), and 50 moose per 1000 ha
represented the extremely high moose density. However, as high and even
considerably higher moose densities have been documented locally in Sweden, e.g.
in winter concentration areas.
We did not obtain the estimated biomass removal in the 50 moose per 1000 ha
plot at some sites, even after compensating among species (Table 3 ) . In those
cases, as much biomass as possible was clipped in the “50 moose” treatment plot,
md 1/5 and 3/5 of that biomass was then clippcd in the “10” and “30 moose” plots
respectively in order to maintain the same proportional simulated population
densities. Due to the complexity in the herbivore - food plant - ecosystem
interaction, thcre hardly exists any simplc asymptotic food carrying capacity
(Pastor, Moen & Cohen 1997; Srether 1997). In those cases where we did not gain
the estimated biomass, the food base could not support a moose density of “50” at
that specific site and would have been a limiting factor. The use of proportional
clippings thus allowed us to estimate the impact of a moose density of 1/5 (20%)
and 315 (60%) the size of the moose density a given site can support. Pooling all
study sites, the biomass removed per m2 and year corresponded to simulated moose
population densities of 8, 24 and 40 per 1000 ha on avcragc. However, hccausc wc
c.ould remove biomass corresponding to the iritendcd population densities at most
sites, I have uscd 10, 30 and 50 moose pcr 1000 ha as figure legends and i n the
discussion.
The study of how habitat differences affected the composition of the
coprophilous community colonizing moose dung was done within the sane study
area, but outside the exclosures. Here we chose older forests; a mature pine forest
(sunny and dry), a mature pine - spruce forest (shady and mesic) and a mire (sunny
and wet).

Definition of the forest productivity gradient
The forest productivity gradient was a main factor in thc siudy, and it was
important to find useful quantitative measurements to rank the sites. We chose to
estimitc site index o f pine ( i . ~ estimated
.
top height at 100 years) using methods
developed for young forest stands (Lindgren et al. 1994; ElfXing & Kiviste 1997).
Site index is a common measurement of habitat productivity in forestry in Sweden,
and is developed for coniferous trees. However, conifers and deciduous trees seem
to have fundamentally different soil - plant interactions (Ollinger et al. 2002). As
complementary productivity measurements, we also used the estimated available
browse biomass of birch and pine before the treatment started (Table 1, Figure 2)
as well as litter production in h e trcc and shrub layci-s in the control plots (Table 1,
Paper TV).
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Fig. 1. The dcsign of the exclosures. Treatment (lcvcl of simulated moose density) WE
allocated at random to plots (25 x 25 m) within each exclosure. The fence was 3 m, and
there were buffer zones of at least 5 m between treatment plots and between treatment plots
and the fence.
Table 3 . The real moose densities (per 1000 ha} simulated in the “50 mooxe” per 1000 ha
plot at the diflerent sites in winter and summer during 1999-2001, and average biornass ( g
dry m c r s s j removed per mz0andyear. Rensvn.sfor the h i n t i o n s from the intended r n o o . ~
tlensitiy: Winier clipping: Atmyrberget had low p h e biarmss, and the pines were attncked
by Melatiipsora pinitorqua. Selsberget htrd both low pine and birch bbmass. Ar Riinniis. the
pines were rather small in 1999, and lhe birch Diormws was low. However, the biupnau
corresponding to SO moose per 1000 ha could be clipped in 2000 and 2001. Sunmer
clipping: Logdiiberget and Skatan were lichen-rich pine heaths. The occurrence <$
deciduous trees was low, and raspberry and fireweed were missing. Aspen, rowan, wiILows
as well A X mspberrj, blueberry and heather were scarce at Djupsjiibrannan; birch was
therefore treated e-xtremely hard tv compensate. Riinniis had low biomass of birch and
other decidirous trees, fireweed and raspberry

Site
I .ogdiherget.
Skatan
Djupsjobrinnan
AtniyrI3eiget
Selsberget
MiirtsjBstavaren
Rdberget
Ronnas
Mean

Winter
52
53
53
46
22
51

54
39
46

Summer
13
23
44
48
48
49
48
24

37

Biomass removal
19.5
24.8
35.3
35.5

29.5
37.3
31.5
21.8

30.2

Simulation of moose browsing, defecation and urination
Inside the plots (25 x 25 in), we simulated browsing, defecation and urination of
frioosc. Assuming that moose consumcs 5 timcs mo.re dry I ~ S Sin young fiiresl
s t u d s than in other habitats (based on p e l l e ~counts of moose in t l c study area, K.
I)aaelI, unpuhl. data) and that young forest stands cuvei-about 20 76 of thc forested
area (Statistical yearbook of forestry 19991, the biomass removal, number o f dung
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piles and urine spots deposited per month for the different moose densities were
estimated (Persson, Dane11 & Bcrgstrom 2000, Paper I). The amount of clippi.ng of
different food plants was based on the diet composit.ionof moose (Cederlund P t al.
1980; Bergstrom & H.jeljord 1987; Shipley, Rlomquist KL Dane11 1998, T h l e 4). I f
it was impossible to gain the estimated biorriass ol' onc fond plant, the remaining
biomass was clipped from another food plant(s) in the diet. As far as possible,
biomass from plants in the tree and shrub layers was compensated with biomass
from other species in those layers, and the same was done for field layer plants.
Each of the winter and summer season was set to 180 days. In winter when plants
are dormant, we did the clipping for the whole winter in April, and in summer we
clipped once a month (Figure 2). The dung for the winter was laid out in May, and
the dung and urine for the sumrnw was laid out in September - October (Figure 2).
The dung was collcctcd at a nearby moose farm. Thc animals wcre using mainly
natmal habitats and had frcc access 10 natural food (Nylxrg & Pei-sson 2002, Papcr
V1). The urine was dorie by sohing urea j n water (5.15 g per I,
Persson, 13anell &
Bergstrom 2000, Paper I). Data on the composition of winter wine was not
available.
The moose dung used in the study of coprophlous organisms (Nyberg & Persson
2002, Paper VI) was also collected at the moose farm. Here we emphasized to
collect newly deposited dung, and no dung pile was older than 24 h when it was
collected. To collect the dung at the moose farm also offered dung from moose
wih ~ h same
c
dict, and thus basically the samc itioculuni of fungal spccics.

2002' Liner traps emplial
tho last limo

2001: Linertraps set out

m a i : Pellei groups
inuestimled Ispring)

,e
Lt

L1

2001: Pellet groups
inva4igotnd (autumn)

2001: Pellet groups
inungtigatnd (summor)

Fert. S

Fed. W

W
Apr.

May

L5

S

s

s

Jun.

Jul.

Aug.

s
Sep.

s
Oct.

Nov.

Fig. 2. The simulation of browsing, defecation and urination of moose and data sampling in
the exclosures during 1999-2002. W = winter clipping, S = summer clipping (same
procedure repeated each yew). Fa[. W = winter dung laid out, Fcrt. S = summer dung and urine laid out (sainc procedure repented each year). L = littei- traps emptied (one annual
production cycle, Paper IV). Data on shout mass and number as well as biomass is
presented are Payers I1 - 111. The resuIts of the pellet group investigation are presented in
paper V.
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Table 4.The estimated composition of the diet of moose, e>xpressedas % o f d n , mass. The
other deciduous frees; “other dec. trees” were Populus tremula, Sorbus aucuparia and
Salix spp. The wincur seami wasfrom November through April (180 days) an.d the sunimcr
seasori,froin
rhruirgh October (180 daysj
Food plant
Pinus Aylvesfris
Betulu spp., Lwigs
Setula spp., leaves
Rubus idaeus
Vaccinium myrtillus
Calluna vulgaris
‘E. ang id StifoliuPlt
Other dec. trees, twigs
Other dec. trees, leaves

Winter
60
30

May
30
20
10
30

June

July

Aug.

Sepi.
10
50

50

50

50

10
10

10
10

10
10

20

20

20

IU

10

10

25
5

10

Ocl.

30
20

15
25
10

10

10

’Epilabbrrz ring usrifulium

Results and Discussion
Disturbance by large herbivores in boreal forests with special
reference to moose (I)
Reviewing avajIable literature on moose, thc avcrage daily food intake, area
trampled as well as dung and urine deposited were estimated. All studies reported
considerable variation in these variables, but the average values turned out to be
remarkably similar in diffcrent parts o f h e world. Thc miin diffcrenccs were
between summer and winter; the food intake, distance moved (and thus area
trampled) and urine deposited were about twice as high in summer as in winter. No
seasonal differences were found concerning dung deposition, however.
Using the estimates from the literature review and an estimate of a total
population of 350,000 moose in Sweden before the hunting season, the total
biomass removed during one year would roughly be 2.5 - 3.2 x lo9 kg dry mass.
The area trampled would be 3,255 kmz, which is comparable to Vanern, the largest
lake in Sweden (5,585 km’). Some 3 x loRkg dung containing 5,6 x lo6 kg N a i d
1.3 x 106m3 urinc containing an uriknow~iamount of N (data on the composition of
winter wine was riot available) would be deposibed. Thus, we concluded hat llie
large moose population we have in Sweden clearly has thc potential to directly and
indirectly affect the forest ecosystem, especially in preferred moose habitats.
Reviewing existing studies of the impact of moose on the ecosystem also
revealed considerable scarcity of data except from the direct impact of browsing on
economically valuable forest trees (e.g. Scots pine). The interactions are complex,
and no general conclusions can be made based on existing studies. Also, many
studies are from Xorth America, and results frnm those studies may not be directly
applicahle to Swc.den, bccause moose have different diet preferences in Sweden
and generally occur at highcr dcnsitics. Wc thcrcforc coiicludcd that inore studics
of how moose affects the borcal f m s i ccrisyskin in Swcdcn arc nccessary.
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The morphology and productivity of Scots pine and birch (I1 111)
In Papcr I1 wc investigated ihc impact of simulated browsing, defecation and
urination of different levels uf moose population density on the murpholugy and
productivity of the quantitatively most important food plants in winter, birch and
Scots pine (AhlBn 1973, Cederlund et al. 1980, Bergstrom & Hjeljord 1987) after
3 years of treatment. In Paper I11 we investigated how the growth responses varied
along the productivity gradient and if birch and pine responded differently.
Morphology and productivity of both birch and pine were affected by the level of
simulated moose population density. The mean yearly height development
decreased, the number of annual long-shoots decreased, and the mass of individual
long-shoots increased with increasing density. The total biomass of Icing-shoots per
tree in the height interval 0.5 - 2.5 ni and the ycarly dcvcloprncni in browsc
biomass per m2 decreased with increasing density. Wc found srnall and nonsignificant affccts at a pr)pulation density of roughly 1.0 moose per 1000 ha,
whereas the effects of both morphology and productivity were highIy significant at
“30” and “50 moose”. We concluded that at high moose densities, harvest rates
( i e . food intake per unit time) and thus foraging efficiency as well as food
production can be affected. Larger shoots might result in increased foraging
efficiency, if not the increase in harvest rate is outweighed by associated decreases
in food quality andor energy expenditure. However, at high moose densities over
extended time, the food availabiIity might steadily decrease to a level where moose
coinpetc for food in winter and we can expect density-depcndcnt effccts on thc
population growth rate.
We also found considerablc variation among sites in the growth responses of
bod1 birch and pine subjected to the same levels of simulated moose population
density. The mass of individual long-shoots was positively correlated with site
index for both birch and pine. The smallest shoots were found on lichen-pine
heaths, which are dry and hav2. nutrient-poor soils (Scholes & Nowicki 1998).
Trees growing at such sites might thus have lower compensatory ability to
herbivory. For birch, the total shoot mass per tree was positively correlated with
litter production in the control plots (Paper IV). Litter is a main source of soil
nutrients (Melillo, Aber & Muratore 1082; Fl.anagati & Van Clew 19831, and thc
soil nutricnt availability likcly increased with litter production, explaining the
corrclation with productivity of hirch. Birch (and other deciduous rrccs) might
therefore have higher compensatory ability at richer sites, We found no
correlations between the total shoot biomass of pine and site index or litter
production. The explanation might have been competition between pine and birch
(and other deciduous trees). At richer sites, deciduous trees have higher growth
rate and are competitively dominant to conifers (Lundmark 1988; Keeley & Zedler
1998). Pines might have faced a trade-off between abiotic stress due to nutrient
deficiency at the poorest soils, and biotic stress due to competition with deciduous
trecs for nutrients and light at richcr sites. Pines mi.ght thercforc havc the highcsl
compensatory ability at some medium-rich sitcs.
At the highest level of simulated noose population density uye found pronounced
decrcases in food production also at rich sites suggesting that the impact of moose
overrides other habitat differences at high moose densities. However, the
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productivity and thus compensatory ability of the food plants vary with habitat, and
habitat differences in productivity might be mwe important at lciwcr tnoosc
densities.

The production and composition of litter (IV)
We found significant effects of both level of simulated moose population density
and habitat productivity (here defined as litter production in the control plots) on
the quantity and quality (species mix) of litter from the tree and shrub-layers. The
sites with high birch biomass produced large amounts of high quality litter (ie.low
proportion of conifer needles). The lexel of simulated moose population density
had a large effect. The quantity of littcr produced decreased considerably with
increasing density, and was on average S3% lower in the “SO moosc’’ plots khan h e
control plots. The quality of litter also decreased with density, but the effect was
only statistically significant at the “50 moose” per 1000 ha level, where the
proportion of conifer needles had increased from on average 46% (g dry mass) in
the contvol plots to 68%. Our results agree with Suoininen, Dane11 &L Bergstrom
(1999), who suggested that the main effect of moose browsing at pine-dominated
sites is a more open canopy and lower litter quantity, whereas the main effect in
mixed conifer-deciduous sites is both reduced quantity and quality. Despite the
high browsing pressure on pine in Sweden, the general outcome of moose browsing
s e e m to be the same as in North America; decreased litter quality and thus
reduced nutrient cycling and habital quality. However, thc moose density where we
have a significant effect are likely higher in Sweden than North America. SLudics at
Isle .Roy&, Michigan, suggest that a biomass removal of 2 - 4 g per rn2 and year
sccms to cause decrcased nutricnt cycling (Pastor et al. 1988), whcrcas wc had a
significant effect only at a biomass removal of on average 30 g pel- m2 and yea-.
The forest methods with clear-cutting offering an abundance of moose food, as
well as the high browsing on Scots pine in Sweden might explain the differences
between our results and those at Isle Royale. However, more long-term studies are
needed to conclude about which levels of moose population density that Iead to
increased dominance of conifers in Sweden. Also, more studies of the effects
changes in tlie tree arid shrub layers can h a w on the litter production and species
mix in the field layer are necessary.

Seasonal and habitat differences in the visibility of moose pellets
(Paper V)
In paper V, I investigated how fast moose dung disappeared along the forest
productivity gradient (measured as site index and litter production). The study was
done in the exclosures, and was thus an experimental study with pellet groups o f
equal size and origin. The visibility decreased at the fastest rate during the
transition from spring l o summer due to concealmenl wit.h the new vcgctation. 1
also found large habitat differences in how fast visibility decreased. No
correlations were found betwecri the visibility and sitc index, whcrcas visibility
decreased with litter production. ‘lhe vegetation in the field and ground layers were
also important; pellet groups on dry, lichen-rich sites were visible considcrably
longer than those at sites with richer field vegetation. After onc winter orcxposure,
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more than 95% of the pellet groups were visible (i.e visibility > 0) independent on
habitat type, but thereafter visibility decreased fast in the richer sites. I therefore
crincludcd that pellet group counts can he a precisc and useful method to estimate
hdbitiit use and population trends for moose in winter. I lowever, the correlation
betwecn visibility and littcr production indicatcs that visibility can be cstirnatcd as
a function of habitat productivity, and pellet counts could therefore also be used in
the vegetation period and with longer periods between plot visits.

Habitat differences of coprophilous fungi on moose dung (Paper
VI)
In paper TV, we investigated the abundance and species richness of coprophilous
fungi devcloping in summcr dung of moose, and if it was dependent on habitat
type. Despite rather lirrlitcd sampling in space and time, we f'uund 26 different
species of fungi, of which two species were not previously described. Our results
thus strongly support the assumption that moose dung is a species rich community,
which is interesting concerning biodiversity.
We also found significant habitat differences. Fungi are generally associated with
moist habitats, and we expected to find the highest abundance and species richness
in the shady and mesic pine - spruce forest. However, we had the lowest abundance
and species richness here. We suggest that the explanation might be negative
effccts or coprophilous insccls on thc development of fungi. The insect load was
largest in the pine - spruce forest, and invertebrate feeding on the substrate,
mycelia and spores, as well as crumbling and disrupting rhc dung when moving
around might h;tve bcen ncgatiw for the growth and development of the fungi. Our
findings thus demonstrate Iiow a.biotic and biotic interactions vary within the
ecosystem and can result in highly unexpected outcomes.

Conclusions
In my thesis I found that moose significantly can affect fundamental ecosystem
processes like structure and primary productivity of the tree ,and shrub layers, as
well as production and composition of litter. These hidings indicatc that moose
can act as an important ccosystem cnginccr in Swedish boreal forests.
Both the productivity of pine and birch and the production and composition of
litter differed considerably among study sites, demonstrating the importance of
taking productivity gradients into account when studying the effects of large
ungulates on ecosystem processes. However, to rank sites after productivity turned
out to be a challenge, and differences in stand history prior to treatment likely had
a significant effect and complicated the interpretations. Site index, thc productivity
msasurement for pine used in forestry in Sweden, could not expIain differences
between sites, but gaps in the productivity gradient (i.6. no sites had a site index
hctween '14.7 at Skatan and 24.3 at Djupsjijbrinnan) may havc inllucnccd the
results of the analyses. However, production of litter might be as good or better
measurernent of habitat productivity in young forest stands. Another factor
explaining the problems wilh the productivity ranlung might have been that pine
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and birch (and likely other deciduous trees) appeared to respond differently to
habitat productivity. Productivity of deciduous trees was likely positively
correlated with nutrient availability, whereas pines might have faced a trade-off
hetwcen nutrierit deficiency at poor soils and compe~.it.ioiiwith deciduous trccs at
richer, resulting in the highest productivity at somc rncdium rich sites.
The effects on the structure and productivity of trees and shrubs as well as the
production and composition of litter were strongly dependent on the level of
simulated moose population density, and the impact of moose seemed to be more
important than other habitat differences at high densities. The effects were small
and non-significant at the lowest moose density which can be considered as “Iow”
to “moderate” in Sweden, but large at densities of on average 25 per 1000 ha or
more on the landscape level. In a study of l i f i history strategies of Swedish inoosc,
Said (1996) concluded that moose densities o f approximately 10 per 1000 ha can
be considercd to he well below food carrying capacity. However, he also
concluded tliat density-dependent resource liinitation had resulted in reduced body
growth and fecundity in somc moosc populations during the population peak in the
80ies, at population densities of approxi.mately 20 - 25 per 1000 ha. Wc studied
effects of several levels of simulated moose population density on the availabihty
of winter food, and the findings agree with Sand (1996). Food availability will not
be a limiting factor at moose densities of approximately 10 per 1000 ha. However,
at population densities of 25 - 30 per 1000 ha or more over extended time, the food
plants can not longer compensate for tissue loss due to browsing, and the food
availability will steadily decrease to a level where winter food i s a limiting factor
which can regulate population growth rate. A h , the decrcasc in littci- production
and increased dominance of coniferous inaterial in the litter at high moose dcnsities
likely will result in decreased soil nutrient availability, nutrient cycling aiid habitat
productivity, reinforcing the decrease in food production. The foud carrying
capacity can thus be set at a lower moose density in areas subjected to high
browsing pressure over extended time.
1 also conclude that the negative impact of selective browsing was more
important than a fertilizing effect of faeces and urine on the productivity of trees
and shrubs, otherwise we should have found higher biomass production and/or
litter production in at least one level of simulated moose population density
compared to the control plots. The slow decay rate of the pellet p u p s also
suggcsis that thc fcrtilizing effcct might bc ralhcr small. There seems to be a
ncgative corrclatiori bctwccn disappeai-ance raic of moosc pcllets and habitat
productivity, and the relationship could be developed further to obtain morc
precise estimates which could be useful for moose managers. Faeces from moose
are also interesting concerning biodwersity. The coprophilous community
developing in moose dung seems to be species-rich and poorly known, and the
community composition determined through complex interactions between abiotic
and biotic factors.
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Future Perspectives
1 found large cffccts of the level of simulated moose population density on the tree
aid shrub layers. These changes prtihably also affects othw components in the
ecosystem. Based on my hidings, I suggest the following topics for future
research:
More studies on other plant species in the tree and shrub layers should be done.
We focused on the effects on morphology and productivity of the quantitatively
most important food plants in winter, birch and Scots pine. However, these species
are of medium preference to moose (Bergstrom & Hjeljord 1987; Shipley,
Rlomquist & Danell 1998), and studies should also he done on the preferred
species. Rowan has bccn found to rank highcst in preference for moosc (Shipley,
Blninquist & Danell 1998), and does also sccrn to be toleraiil to hrowsing (Miller,
knriaird &L Cummins 1982). Dur.ing the field work I got the impression that rowan
has a remarkable compensatory ability after clipping, and sites with high
abundance of rowan likely have high production of hgh-quality food for moose
and are interesting for moose managers. Studies have shown that growth responses
in rowan depend on browsing as well as resource availability (Bergman 2001), but
data on rowan are scarce. It would be interesting to estimate the impact of several
levels of moose population density and habitat productivity on the morphology and
productivity of rowan, and cornpart. with thc growth responses o f birch and pine.
Moose mainly browse in the trez and shrub-layers (Cederlund e t al. 1980;
Belovsky 1981; Bergstrom & Hjeljord 1987), and effccts might thus first be
apparent here. Therefore I rocused nn these vegetation layers in my the '
However, the indirect effects of changes in the tree and shrub-layers, as well as
direct efkcts of the clipping, might have induced changes in the productivity and
species composition in the field and bottom layers, and more studies of these
vegetation layers should be done. The reduced height growth and number of shoots
per tree (Paper 11) imply a more open canopy, offering more sunlight down to the
ground. The outcome might be increased productivity in the field and bottom
layers (McInnes et al. 1992), but the outcome likely vary with habitat type as well
as moose density.
The changes in the vegetation communit.y might also have induced changes in
abiotic factors. The more open canopy and increased irradiation might have
affected tempcraturc and moistutc of soil and air, as well as daily and annual
temperature variation. Effects on abiotic factors can feed back on both the plant
community and other animal assemblages, and should be studied more.
Effects on soil properties are especially important to reveal. The significant
effects on the litter production found in my thesis strongly suggest that the
biochemical properties of soils can be affected. Because N availability generally
limits productivity in boreal forests (Flanagan & Van Cleve 1983), I suggest that
the main focus should be on how soil N availability, mineralization and
deconiposition rates are affected by moose density and habilat productivity.
Studies (if the soils would a h reveal how soil prtiperties are correlated with site
index as well as bioinass aud litter- production, and offer inore precise estimates of
hahital productivity.
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More studies on how pellet group visibility is correlated with habitat productivity
should be done. The coprophilous community on the faeces and urine should also
be st.udiedmme. Special attcntion should be paid to reveal how abiotic and biotic
factors interact to determine the abundance and species richness.
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