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Moose and reindeer occur in large populations in the Fennoscandian boreal forests,
and also roe deer occurs in dense populations in Sweden and Norway. These large
herbivores affect the structure and function of the forest ecosystems. During periods
of high densities discussions arise about the impact of these herbivores on e.g.
economic forest trees and preservation of biodiversity. The aim of this study is to
review the present knowledge of the disturbance caused by moose in the boreal forest.
First, we give a quantitative estimate of the different disturbance factors (feeding,
trampling, defecation and urination). Second, we discuss the ecological impact of the

different disturbances.

Introduction

Large herbivores are suggested to affect both
abiotic and biotic factors and, thus, ecosystem
processes (Hobbs 1996). They may change the
conditions for other organisms above and below
ground in addition to directly affecting the plants
they eat. These direct and indirect effects can
affect ecosystem processes from the small to the
large spatial scale and be long lasting (Pastor &
Naiman 1992).

Disturbance in community ecology has been
defined as any relative discrete event in time that

removes organisms and opens up space which
can be colonised by individuals of the same or
different species. Agents of disturbance that cre-
ate gaps include teeth, feet, facces and urine of
herbivores (Begon ez al. 1990). The large herbiv-
ores can thus be considered as disturbance fac-
tors which may affect ecosystem processes by
e.g. their feeding (Pastor & Naiman 1992, Pastor
& Cohen 1997), trampling, defecation, urination,
and leaving carcasses (McKendrick et al. 1980,
Suominen et al. 1999b). The most important im-
pact is suggested to be their food plant selection.
Selective feeding can alter the competition be-
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tween plant species, modify the structure and
composition of the plant community (Pastor &
Naiman 1992, Pastor & Cohen 1997) and affect
the succession rate (Pastor & Naiman 1992, Dav-
idson 1993, Bergquist 1997).

The direction and degree of responses in eco-
system processes to herbivory may to a large
degree depend on herbivore species present, their
population densities, habitat type and whether
the herbivores have been present in the ecosys-
tem for extended (evolutionary) time (Milchunas
& Lauenroth 1993, Hobbs 1996).

The availability of plant nutrients in boreal
forests is generally low (Vitousek 1982), and it is
important to identify factors affecting availabili-
ty and cycling of nutrients (Pastor & Naiman
1992). It is especially important to estimate ef-
fects on nitrogen cycling, because nitrogen fre-
quently limits the productivity of boreal forests
(Vitousek 1982). Studies from North America
suggest that moose browsing can depress soil
nitrogen availability (Pastor et al. 1998).

During recent decades, the Fennoscandian
populations of moose (Alces alces) and roe deer
(Capreolus capreolus) have increased to densi-
ties most likely not experienced in post-glacial
time (e.g. Bergstrom & Willebrand 1992, Ceder-
lund & Liberg 1995). The populations of semi-
domestic reindeer (Rangifer tarandus) have also
increased considerably in some areas (e.g. Vire
et al. 1996). Consequently, it is important to
estimate the significance of disturbance caused
by moose, roe deer and reindeer on ecosystem
processes in boreal forests, not least in relation to
short- and long-term management of wildlife and
forests in the Nordic countries.

Due to the population increases of large her-
bivores in Fennoscandia during the last decades,
there have been increasing demands for research
into questions involving the food resources and
damages to e.g. forestry and preservation of bio-
diversity (Bergstrom & Willebrand 1992). Theo-
retical, broad-scope assessments of the effects of
large herbivores on ecosystems have generally
been qualitative. However, quantitative assess-
ments may provide a basis for evaluating and
modifying theoretical models, and provide in-
sight and perspective into the results of empirical
studies (Milchunas & Lauenroth 1993). It is thus
important to actually quantify the disturbance

caused by large herbivores to be able to evaluate
their impact on the ecosystem.

Quantitative estimation of
disturbance caused by moose

We reviewed literature from Fennoscandia, North
America and the former Soviet Union. Moose
was chosen as a study species because its natural
history is well known, even in quantitative per-
spectives. Further, moose is quite abundant in
many boreal forest ecosystems. Because of its
large size (about 300-370 kg for cows and 390—
470 kg for bulls in Sweden, Sand et al. 1995) and
high densities (at present up to about 2 moose per
km? in Sweden) we can expect a significant im-
pact on the forest ecosystems.

Food intake

The mean daily food intake of moose (dry and
fresh mass) varies between seasons, and is con-
siderably higher in summer than in winter (No-
vikov 1959, Schwarz et al. 1984, 1987, Renecker
& Schwartz 1998, Schwartz & Renecker 1998).
Two-three times higher intake rates of dry matter
in summer than in winter have been reported
(Schwarz et al. 1984, 1987, Renecker & Hudson
1985).

The quality and availability of food is higher
in summer, resulting in increased activity levels
and food intake (VanBallenberghe & Miquelle
1990, Schwartz & Renecker 1998). Intake rates
are also affected by seasonal cycles in metabolic
rate (Regelin et al. 1985), physiological demands
of reproduction, age, diseases and parasites, con-
dition, (likely) photoperiodism (Schwartz & Re-
necker 1998) and the snow cover in winter (Hjel-
jord 1987).

The quality and quantity of browse vary con-
siderably between regions, but there seem to be
no significant differences in the daily intake rates
of gross dry matter between regions (Saether &
Andersen 1989). There are some differences in
the quantity of consumed food between moose of
different age and sex (Novikov 1959, Schwarz et
al. 1984), but the major difference in food intake
over the year is still the difference in intake rates
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between summer and winter.

It thus seems reasonable to estimate an aver-
age intake rate of 5 kg dry matter per moose and
day in winter (Table 1) and for summer 10 kg as
estimated by Renecker & Hudson (1985).

For further calculations we have divided the
year into summer and winter only. Assuming 180
days of winter and 180 days of summer, the
average consumption per moose in one year is
2 700 kg of dry mass. In terms of fresh mass (10
kg per moose and day in winter and 30—40 kg per
moose and day in summer), the average con-
sumption per moose in one year is 7 200-9 000 kg.

Trampling

The activity patterns of moose vary considerably
over the year (Risenhoover 1986, Cederlund
1989, VanBallenberghe & Miquelle 1990). Ac-
tivity levels reach a minimum in late winter
(Risenhoover 1986, Cederlund 1989), and a max-
imum in spring and early summer (Risenhoover
1986, Cederlund 1989, Cederlund et al. 1989,
VanBallenberghe & Miquelle 1990). Some stud-
ies also report a second peak during the moose rut
in autumn (Cederlund 1989), but the most pro-
nounced transition in activity levels occurs in the
shift between summer and winter diet (Cederlund

Table 1. The average daily food intake of adult moose.

1989). The variation in activity levels over the
year is probably mainly explained by temporal
changes in the quality and distribution of food
(Risenhoover 1986, Cederlund 1989, Cederlund
et al. 1989, VanBallenberghe & Miquelle 1990).
The quality of food (and thus time needed for
rumination) seems to be the most limiting factor
on activity levels (Risenhoover 1986, Cederlund
et al. 1989), and food quality is generally lower
in winter than in summer. Low temperature,
moderate snow levels or forage quantity in win-
ter do not seem to limit activity levels significant-
ly (Risenhoover 1986, Cederlund et al. 1989).
The differences in activity levels between re-
gions are probably caused by differences in the
quality of food, although differences in snow
depths may contribute to this difference in winter
(Saether & Andersen 1989). In addition to the
variation on larger scales, the activity levels of
individual moose are observed to vary from day
to day. This variation is partly due to occasional
long distance movements (Risenhoover 1986).
However, the major activity patterns seem to
be rather similar in adult moose (Cederlund
1989, VanBallenberghe & Miquelle 1990) on
larger scales in time and space (Table 2), and
there seem to be no significant differences among
years either (VanBallenberghe & Miquelle 1990).
Differences in activity levels documented be-

Area Season Intake (kg) Range (kg)
Troms, Norway" Winter 5.5 (dry weight)

Gausdal, Norway" Winter 4.3 (dry weight)

Nordic Countries? Winter 8—15 (fresh weight)
Montreal, Canada® Winter 4.2 (dry weight)

St. Petersburg, Russia® Winter 10 (fresh weight) 5-21 (fresh weight)
Moscow, Russia® Winter 13 (fresh weight)

Soviet Union? Winter 6—12 (fresh weight)
Mean Winter 4.7 (dry weight)

Moscow, Russia® Autumn 20 (fresh weight)

Pechora, Russia® Summer 3040 (fresh weight)
Soviet Union® Summer 30-40 (fresh weight)
Soviet Union® Autumn 15—-20 (fresh weight)
North America® Summer 10.0 (dry weight)

Isle Royale, USA? Summer 6.5 (dry weight)

Mean Summer 8.3 (dry weight)

"Saether & Andersen 1989, ?Hjeljord 1987, captive moose, ¥Joyal & Ricard 1986, “L. Baskin pers. comm.,
9Novikov 1959, ®Renecker & Hudson 1985, "Miquelle 1983.
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tween moose of different sex and reproductive
status (Ericsson & Wallin 1996), and the occa-
sional individual long distance movements are
probably of smaller importance than the daily
activities associated with feeding. Most of the
active time of moose is spent on foraging, includ-
ing searching for food (Risenhoover 1986). The
difference in activity levels between summer and
winter seems to be the most important source of
variation, and to estimate a mean daily travelling
distance of 1 km per moose and day in winter and
2 km per moose and day in summer seems rea-
sonable (Table 2).

Most studies on moose movement are based
on radio-telemetry. The estimates of distance
moved per day are thus conservative estimates of
the actual distance covered by moose, because
this distance must have exceeded the distances
between consecutive radio locations (Ericsson &
Wallin 1996). However, because more precise
data on the actual distance moved per moose and
day were not available, we chose to use the esti-
mates based on data obtained by radio-telemetry.

On average, a moose makes about 1.5 tracks
per m (I.-L. Persson pers. obs.), giving an esti-
mated mean of 1 500 tracks per moose per day
in winter (1 000 m per moose and day X 1.5
tracks per m) and 3 000 tracks per moose per
day in summer (2 000 m per moose and day X
1.5 tracks per m) The track area of moose in
Canada has been estimated to be 443.7 cm?
(range 370.5-515.4) for male moose, 3.5 years

old, and 498.5 cm? (range 387.6-605.0) for old-
er males, giving a mean area of about 110-125
cm? (range 96.9-151.3) per hoof (Kelsall 1969).
Unfortunately, no data were available for female
moose, but the sexual dimorphism concerning
foot loading has been estimated to be 4.6% for
moose in favour of females (Telfer & Kelsall
1984). This means that females, compared to
males, have larger track area relative to their
body weight, making the difference in hoof area
smaller than expected from sex differences in
size. The track area of moose does not seem to
be significantly different between provinces al-
though weights differ (Kelsall 1969), indicating
that the track area is relatively constant.

For adult moose in Sweden it seems reasona-
ble that the mean area of one track is about 115
cm?. With this estimate, the actual area affected
by trampling is on average 17.3 m? per moose per
day in winter (1 500 tracks per moose and day
0.0115 m? per track), and 34.5 m* per moose per
day in summer (3 000 tracks per moose and day
0.0115 m? per track).

Assuming 180 days of winter and 180 days of
summer, the area affected by trampling of one
moose is 9324 m* = 0.9 ha in one year (17.3 m?
per moose and day x 180 days) + (34.5 m? per
moose and day x 180 days). Using an estimate of
350 000 moose in Sweden before the hunting
season, the area affected by trampling in one year
can be estimated to be 3 255 km?, an area compa-
rable to Vinern, the largest lake in Sweden

Table 2. The average time spent in activity and distance moved per moose and day (24 h).

Study area Season Active time Time moving Distance moved
(min) (min) (m)

Grims6, Sweden” Winter 445

Furudal, Sweden" Winter 420

Denali, Alaska, USA? Winter 390 85 950

Grimso, Sweden?® Winter 450

Gausdal, Norway? Winter 390 1000

Troms, Norway? Winter 500 1250

Mean Winter 430 1070

Grims6, Sweden® Summer 580

Vasterbotten, Sweden® Autumn (pre hunt) 1740

Denali, Alaska, USA® Summer 605 60

Mean Summer 590

'Cederlund et al. 1989, ?Risenhoover 1986, ¥Cederlund 1989, ¥Saether & Andersen 1989, SEricsson &

Wallin 1996, ®VanBallenberghe & Miquelle 1990.
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(5 585 km?). These are, however, underestimates
because telemetry distances are shorter than
moved distances, and also because moose makes
tracks while standing still feeding. Quantitative
data on the number of tracks made during feeding
were not available. The effects of lying down on
the ground might also be comparable to the ef-
fects of trampling, further contributing to the
underestimate.

Defecation

Several studies report large variations in the def-
ecation rates of moose (Joyal & Ricard 1986,
Andersen et al. 1992, Timmermann & Buss
1998). The number of pellet groups deposited per
moose and day varies between regions (An-
dersen et al. 1992, Timmermann & Buss 1998),
with season (Andersen et al. 1992), with age and
sex (Baskin & Lebedeva 1987, Timmermann &
Buss 1998) and within and between individuals
(Joyal & Ricard 1986, Andersen et al. 1992).

The variation in defecation rate may be ex-
plained by variations in the quality (digestibility)
and availability of consumed food and intake rate
(Lavsund 1975, Joyal & Ricard 1986, Saether &
Andersen 1989, Andersen et al. 1992, Timmer-
mann & Buss 1998). Intake rates are also scaled
to body size. Larger moose will normally have
higher defecation rates than smaller (Timmer-
mann & Buss 1998), and males are observed to
have significantly higher defecation rates than
females (Franzmann & Arneson 1976). Howev-
er, defecation rates do not always increase with
body size, because some studies have reported
defecation rates of moose calves as high (Joyal &
Ricard 1986) or even higher than the rates of
adults (Lavsund 1975, Andersen et al. 1992).

In spite of the large variations reported in
defecation rates, the average number of pellet
groups deposited per moose and day is rather
constant (Table 3). The average defecation rate
seems to be 14 pellet groups per moose and day.
Few data on defecation rates in summer were
available. Miquelle (1983) suggested that defe-
cation rates for moose were higher in summer
than in winter, but their estimate of 11.2 pellet
groups per moose and day in summer does not
support this suggestion when compared with oth-

er studies of defecation rates (Table 3).

Using the estimate of 14 pellet groups per
moose and day both in summer and winter, we
assessed that one moose on average produces
5 040 pellet groups in one year.

The wet and dry weights of pellet groups seem
to be generally stable (Andersen et al. 1992).
There is no significant effect of age and sex (Joyal
& Ricard 1986), and the weight also seems to be
rather similar in different regions (Andersen et al.
1992) and between seasons (Belovsky & Jordan
1981). The differences in daily total fecal output
are thus mainly a result of variations in defecation
rate (Andersen et al. 1992). Using an estimate of
170 g dry mass per pellet group (Table 4) and 14
pellet groups per moose and day, we calculated
that one moose on average deposits 860 kg dry
mass in one year, and the entire Swedish moose
population 300 000 tonnes.

The amount of nitrogen (N) excreted is a func-
tion of dietary levels of nitrogen, digestible ener-
gy, tannins and body size (Hobbs 1996). There
are few estimates of the nitrogen concentration in
moose pellets. To estimate the contribution of N
from moose pellets, pellet groups from free rang-
ing and fenced moose in Visterbotten County

Table 3. The average number of pellet groups de-
posited per moose and day for adult moose.

Study area Pellet groups Range Season
Garpenberg,

Sweden" 13.0 Winter
Norway? 18.6 7-31  Winter
Montreal,

Canada® 12.7 6.9-19  Winter
British Columbia,

Canada? 13.0 ?
Soviet Union® 14.0 Winter
Isle Royale,

Michigan, USA® 11.2 Summer
Ontario, USA® 10.9 Summer
Alaska, USA” 17.6 10-25 Winter
Alaska, USA® 16.7 Winter
Mean 14.2

YLavsund 1975, ?Andersen et al. 1992, ®Joyal &
Ricard 1986, YEdwards 1963, cited in Lavsund 1975,
9Baskin & Lebedeva 1987, ®Miquelle 1983, captive
moose in Ontario, "Franzmann & Arneson 1976,
80Ildemeyer & Franzmann 1981, mean of 2 winters
(defecation rates of 16.2 and 17.2).
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were collected (Table 5). The fenced moose were
fed an approximately “natural” diet.

The content of N in summer pellets was sig-
nificantly higher than in winter pellets (F-test, p
= 0.0001, Table 5). There was no significant
difference in the content of N in moose pellets
from free ranging and fenced moose in winter (#-
test, p = 0.0761).

Using the estimates that each moose on aver-
age produces 170 g dry mass per pellet group
(Table 4) and 14 pellet groups per moose and day
(2.38 kg dry mass per day) and our own unpub-
lished estimates of 1.33% N in winter pellets and
2.44% in summer pellets on average (Table 5),
we estimated the contribution of N to be: [(2.38
kg dry mass per day x 0.0133 kg N per kg dry
mass X 180 days of winter) + (2.38 kg dry mass
per day x 0.0244 kg N per kg dry mass x 180 days
of summer)], for a total of 5.7 kg N per moose in
winter and 10.5 kg N per moose in summer.
Thus, the contribution of nitrogen from pellets
was estimated to be on average 16 kg N per
moose in one year, and 5 600 tonnes for the entire
Swedish moose population.

Urination

The quantity of urine produced per moose and
day differs between seasons; much less urine is
produced in winter than in summer (Novikov
1959, Belovsky & Jordan 1981). The number of
urinations per day is around 11.2 for free-ranging
adult moose (Miquelle 1983) (Table 6).

Using the data of Belovsky & Jordan (1981)
of 13.1 litres of urine per moose and day in
summer and 11 urination events, we estimated
each urination to be on average 1.2 litres. During
the summer (180 days), one moose produces a
total of about 2 360 litres of urine, distributed on
almost 2 000 spots.

Data on moose urination in winter is scarce.
Using the estimate of Novikov (1959) of 2-3
litres of urine per moose and day in winter and
assuming 180 days of winter, we assumed that
each moose produces, on average, 360-540 litres
of urine per winter. Using the higher estimate of
Belovsky & Jordan (1981) of 7.3 litres of urine
per moose and day, we calculated that each
moose produces, on average, 1315 litres of urine
per winter, and the whole Swedish moose popu-
lation 1.26 million m? in one year.

Because nitrogen is the most important limit-
ing nutrient in boreal forests (Vitousek 1982), the
compounds in urine containing nitrogen (i.e.
urea, creatinine and uric acid) are probably most
important concerning the contribution of plant
nutrients.

The content of nitrogen in moose urine in
summer was estimated to be 4.38 g N from urea,
0.28 g N from creatinine and 0.49 g N from uric
acid per one litre of urine, adding up to a total of
5.15 g N per litre. This corresponds to a nitrogen
concentration of about 0.5% N in moose urine
(John Pastor pers. comm.). Using the estimate of
13 litres of urine per moose and day in summer
and 180 days of summer, we found the total
contribution of N from moose urine to be 12.1 kg

Table 4. The average output of faeces (dry mass) per moose and day for adult moose.

Study area Daily output Weight per pellet Season
of faeces (kg) group (9)

Gausdal, Norway" 2.6 Winter
Troms, Norway" 2.9 Winter
Norway? 195 Winter
Montreal, Canada?® 2.3 181 Winter
Isle Royale, Michigan, USA% 3.0 178 Winter
Isle Royale, Michigan, USA® 1.4 126 Summer
Ontario, USAY 2.2 179 Summer
Isle Royale, Michigan, USA% 1.1 178 Summer
Mean 2.2 173

" Saether & Andersen 1989, ? Andersen et al. 1992, ¥ Joyal & Ricard 1986, 4 Belovsky & Jordan 1981, 9

Miquelle 1983, captive moose in Ontario.
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N in one summer (13 litres of urine per moose
and day x 5.15 g N per one litre of urine x 180
days) = 12.1 kg N. No data were available on the
composition of moose urine in winter.

Effects of disturbance caused by
large herbivores in boreal forests

Effects of feeding

Selective feeding by moose in boreal forests has
been documented to affect tree canopy composi-
tion and structure, field and bottom layers, myc-
orrhizae and forest succession rate. Feeding has
been suggested to have larger impact on ecosys-
tem processes than trampling, faeces and urine,
at least on larger scales in time and space (Pastor
& Naiman 1992, Pastor ef al. 1993, Suominen et
al. 1999a) (Table 7).

The canopy structure

The main effect of browsing on the canopy struc-
ture is reduced twig density, resulting in a more
open canopy (Mclnnes et al. 1992, Kielland &
Bryant 1998, Suominen et al. 1999a, 1999b). An
opening of the canopy has been associated with
increased decomposition rates (Pastor et al. 1993,
Augustine & McNaughton 1998) due to higher
light intensity (Risenhoover & Maass 1987,
Mclnnes et al. 1992, Kielland & Bryant 1998)
and higher soil temperature (Kielland & Bryant
1998). Cold wet sites appear to have forest floors
with low mineralization rates (Flanagan & Van

Table 5. The content of N (estimated as % of dry
weight) for 30 groups of moose pellets. The content
of N for free ranging moose in winter is set as the
basic level with which the other samples are com-
pared in the statistical tests.

Samples %N SE p-value

Fenced moose,

summer 10 2.44 0.053 0.0001
Fenced moose,

winter 10 1.28 0.053 0.0761
Free ranging moose,

winter 10 1.38 0.037 -

Cleve 1983), and the lower soil moisture and
lower relative humidity associated with a more
open canopy (Kielland & Bryant 1998) may also
contribute to increased decomposition rates. An-
other change that has been associated with a
more open canopy is the tendency to increased
cation and anion concentrations (Kielland &
Bryant 1998).

The production of shrubs and herbs also often
increases because more light reaches the forest
floor (Mclnnes et al. 1992). These changes in
habitat structure and microclimate in the shrub,
field and bottom layers also affect invertebrate
communities (Suominen et al. 1999a, 1999b).

Tree species composition

Selective browsing on trees by moose often re-
sults in a shift in the canopy composition towards
increased dominance of unbrowsed species, and
thus altered composition and quality of the litter-
fall (Pastor et al. 1988, Mclnnes et al. 1992,
Pastor & Naiman 1992, Hobbs 1996, Kielland &
Bryant 1998).

The quality of the substrate is a major factor
governing microbial population sizes and litter
decomposition rates, and is actually suggested to
be more important than within- and between site
microclimate differences (Flanagan & Van Cleve
1983). An altered composition of the litterfall is

Table 6. The average volume of urine (l) produced
per moose and day for adult moose.

Study area Volume Urinations Season
Isle Royale,

Michigan, USA? 13.1 Summer
Isle Royale,

Michigan, USA® 11.2 Summer
Isle Royale,

Michigan, USA% 11.8 6.4 Summer
Soviet Union" 15-17 Summer
Isle Royale,

Michigan, USA? 7.32 Winter
Soviet Union" 2-3 Winter

“Novikov 1959, ?Belovsky & Jordan 1981, ®Miquelle
1983 (the volume estimated for captive moose, the
number of urinations of 6.4 is for one captive male
yearling and 11.2 is for at least 10 free ranging
female moose).
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observed to affect soil carbon:nitrogen (C:N) ra-
tios, pools of mineralizable carbon, fine root pro-
duction, soil pH and soil moisture (Flanagan &
Van Cleve 1983, Holland & Detling 1990, Kiel-
land et al. 1997, Kielland & Bryant 1998).
Moose browsing in boreal forests in North
America has been documented to result in a de-
crease in soil carbon and nitrogen content, cation
exchange capacity, field nitrogen availability,
potentially mineralizable nitrogen and microbial
respiration rates (Pastor et al. 1988). The effect
of the litterfall on the microbial N immobiliza-
tion-mineralization dynamics is probably impor-
tant in this context (Holland & Detling 1990).
Microbial soil organisms in boreal forests seem
to be limited by the supply of energy (C) rather
than by the supply of nutrients (Flanagan & Van
Cleve 1983). If the carbon availability (C:N ra-
tio) decreases, the result may be reduced micro-
bial growth and nitrogen immobilization, in-
creased nitrogen mineralization and increased ni-
trogen availability for plants. Less allocation of

carbon to root growth, resulting in a decrease in
the total root biomass and C:N ratio in the pres-
ence of herbivores is also suggested to be part of
the explanation (Holland & Detling 1990). Sig-
nificant changes in the C:N ratios in the presence
of herbivores are documented for young forest
stands in boreal forests (Kielland et al. 1997,
Kielland & Bryant 1998).

As browse species, deciduous trees are gener-
ally preferred over conifers, and the litterfall
from deciduous trees also decomposes more eas-
ily than that from conifers (Flanagan & Van
Cleve 1983, Pastor & Naiman 1992). In early
successional stages with alder (Alnus sp.), selec-
tive browsing of moose has been suggested to
increase the litter quality and decomposition
rates, accelerating the soil organic matter turno-
ver and increasing habitat productivity (Kielland
et al. 1997).

In later successional stages, however, selec-
tive browsing on deciduous trees seems to in-
crease the proportion of conifers and thus the

Table 7. Suggested and documented effects of selective browsing by moose in the tree layer. See text for

references.

Affects

Suggested and documented effects

Canopy structure

More open canopy

Higher light intensity

Higher soil temperature

Lower soil and air moisture

Higher decomposition rates

Changes in plant and animal communities

Tree species composition

Lower quantity of litter-fall

Lower quality of litter-fall due to increased proportion of coniferous
and decreased proportion of deciduous litter

Lower soil N content

Lower field N availability

Lower potentially mineralizable N

Lower soil C content

Lower cation exchange capacity

Decreased microbial respiration rates and decomposition

Lower habitat productivity

Higher quality of litter-fall in young successional stages with alder
Higher decomposition rates in young successional stages with alder
Higher habitat productivity in young successional stages with alder
Changes in plant and animal communities

Mycorrhizae

Rate of forest succession

Lower mycorrhizal infections of preferred browse species

Retard succession rate in early seres

Hasten succession rate in later seres
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proportion of slowly decomposing coniferous lit-
ter, which is associated with slower carbon turn-
over and decreased decomposition rates (Pastor
& Naiman 1992, Kielland et al. 1997, Suominen
et al. 1999a).

The direction and strength of responses in
ecosystem processes like nutrient availability
and cycling to altered composition of the litterfall
are not easy to predict. There are strong and
complex interactions among the different factors
(Flanagan & Van Cleve 1983), and existing re-
sults are opposing (Kielland et al. 1997). The
effects on decomposition and mineralization rates
depend more on quality of the litterfall than on its
quantity. However, if the quantity of the litterfall
(and thus C available for microbes) changes dra-
matically, decomposition rates and plant nutrient
availability may be affected (Flanagan & Van
Cleve 1983). Moose browsing has been docu-
mented to result in decreased quantity of litterfall
(Pastor et al. 1988, Suominen et al. 1999a).

The mycorrhizae

Browsing and grazing by large herbivores seem
to affect the mycorrhizal fungi (Helle & Aspi
1983, Rossow et al. 1997). Moose browsing is
suggested to have a negative effect on mycor-
rhizal infections of fine roots of preferred browse
species. Decreased allocation of carbohydrates to
roots and thereby reduced availability of carbo-
hydrates to ectomycorrhizae might be the expla-
nation (Rossow et al. 1997). Opposing to this,
reindeer grazing on lichens seems to have a pos-
itive effect on the mycorrhiza infecting Scots
pine (Pinus sylvestris) and dwarf shrubs. Lichens
produce toxins, which inhibit the development of
mychorrizae fungi, and reduced lichen cover due
to grazing may increase the extent of mycorrhizal
infection (Helle & Aspi 1983).

The rate of forest succession

The rate of early forest succession seems to be
under significant control of large herbivores
(Pastor et al. 1998, Kielland & Bryant 1998),
which usually prefer to feed on intermediate seral
species like grasses, shrubs and pioneer trees.

The general outcome of this food preference is
that large herbivores retard the succession from
early seres dominated of annuals and shorter per-
ennials (if such seres are present), and hasten the
succession from grasses, shrubs and pioneer trees
to persistent trees (often including conifers, Dav-
idson 1993). Moose and roe deer browsing on
deciduous trees seems to prolong the stage dom-
inated by grasses in early seres and to hasten
succession to dominance of conifers in later seres
(Bergquist 1997). Reindeer grazing on lichens
(which are dominating forest floor species in late
successional stages) can retard the succession
rate (Helle & Aspi 1983).

Effects of trampling

Trampling is suggested to have substantial ef-
fects on the ground vegetation at high ungulate
densities (Helle & Aspi 1983, Vire et al. 1996).
Trampling by reindeer herds has been found to
have a large impact on the vegetation cover in
oligotrophic pine heaths, resulting in more barren
ground and altered vegetation composition. Tram-
pling also seems to damage fine roots (Vire et al.
1996) (Table 8).

The production of nitrate often increases rap-
idly after disturbance of the forest floor (Vi-
tousek 1982). Trampling certainly is a distur-
bance factor and may result in higher mineraliza-
tion rates of nitrogen inside compared to outside
of the tracks.

Table 8. Suggested and documented effects of
trampling and defecation. See text for references.

Disturbance Suggested and documented effects

factor
Trampling Altered composition of ground veg-
etation
More barren ground
Negative effect on fine roots
Higher N mineralization rates
Defecation

and urination Higher availability of plant nutrients
Higher soil microbial processes
Higher habitat productivity

Impact on fungi, mosses and in-

vertebrates
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The effects of trampling are probably most
pronounced at low productivity soils at northern
latitudes with high ungulate densities.

Effects of defecation and urination

The contribution of plant nutrients from faeces and
urine has been suggested to be trivial, assuming
uniform deposition across the home range of an
animal. However, herbivores in general do not use
their habitats uniformly, and faeces and urine be-
come concentrated in space at several scales. The
contribution of nutrients may thus be significant in
areas preferentially selected (Hobbs 1996). Faeces
and urine offer plant nutrients easily available for
plants and microbes (Hobbs 1996), and plant
growth and soil microbial processes may thus be
enhanced (Ruess & McNaughton 1987, Pastor et
al. 1993). In boreal forests, the content of plant
nutrients has been found to be higher under faeces
and carcasses (McKendrick et al. 1980). Further,
the contribution to the soil nitrogen from moose
urine and faeces has been shown to constitute a
considerable proportion of the total aboveground
nitrogen input in early successional stages. The
high proportion of faecal nitrogen was probably
due to low litterfall in these habitats rather than
especially high rates of faecal input, however
(Kielland et al. 1997, Kielland & Bryant 1998).

The most interesting biological effect of defe-
cation and urination might be the impact on spe-
cies richness of fungi and invertebrates connect-
ed to faeces and patches of urine, but few data are
available on moose. Studies have documented
that there exists a whole community of coprophi-
lous fungi on the faeces and urine patches of
large herbivores, e.g. Octospora aggregata and
Nanfeldtiella aggregata (Lundqvist 1972, Dix &
Webster 1995, Petersen 1998, Petterson 1998),
and also a large number of invertebrates, includ-
ing Atomaria peltataeformes and Aphodius nemo-
ralis (Kronblad 1971, Petterson 1998). Prelimi-
nary results indicate that some species of beetles
(Coleoptera) connected to faeces and urine of
moose have increased their distribution and abun-
dance in Scandinavia due to the increase in the
moose population (Petterson 1998).

Synthesis

The study of the direct and indirect effects of
disturbance caused by large herbivores in boreal
forests is a relatively new area of research. Herbiv-
ores are suggested to have a large impact on forest
habitats (Tables 7 and 8), but there is considerable
scarcity of data and the documentation of long-
term effects is especially poor (Risenhoover &
Maass 1987). Most of the studies are from North
America and may thus not be directly applicable to
boreal forests in Fennoscandia. Population densi-
ties of large herbivores in boreal forests are typical-
ly far higher in Fennoscandia than in North Amer-
ica (Karns 1998), and the food preferences may
also differ (Suominen et al. 1999a).

Most studies of selective feeding by large
herbivores have dealt with the direct effects on
the tree layer (Table 7) or the lichen cover, and
we have fairly good knowledge about how the
large herbivores affect the canopy structure, the
tree species composition and the lichen cover.
However, except from reindeer grazing on li-
chens in winter, few studies have focused on how
large herbivores affect the plant communities in
the field and ground layers. The limited data
suggest that the effects are significant, but it is
not possible to make any general conclusions.
Little attention has been paid internationally to
the effects of large herbivores on the different
animal assemblages (Suominen et al. 1999a).
Significant changes in the communities of ground
living invertebrates both in areas browsed by
moose and areas grazed by reindeer have been
documented in Fennoscandia (Suominen 1999,
Suominen et al. 1999a, 1999b) and there are also
indications that tree-living invertebrates are af-
fected (Danell & Huss-Danell 1985). A change in
the invertebrate fauna may affect other groups of
invertebrates and vertebrates feeding upon them.
Thus, disturbance caused by large herbivores has
the potential to affect several trophic levels.

If, and to what extent, large herbivores affect
fundamental ecosystem processes like decompo-
sition rates, soil nutrient availability and habitat
productivity are even less known than how they
affect plant- and animal assemblages. Documen-
tation of how below-ground systems like fine
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roots and mycorrhizal fungi may be affected are
also insufficient. Studies from North America in-
dicate that large herbivores have a large impact on
different ecosystem processes (Pastor & Naiman
1992, Pastor et al. 1998). The interactions are
complex (Pastor & Naiman 1992, Hobbs 1996)
and (especially the abiotic) mechanisms underly-
ing observed responses are poorly known and
thus important to reveal.

Large herbivores may not only affect differ-
ent groups of organisms and ecosystem process-
es by their feeding, but also by trampling, defeca-
tion and urination. The impact of the latter distur-
bance factors is poorly known, and may act in
opposite ways to the effects of selective feeding.
There are also suggestions that they are less im-
portant than the effects of selective feeding, at
least on larger temporal and spatial scales (Pastor
et al. 1993), but quantitative data are not availa-
ble. On the other hand there are many species of
fungi and invertebrates that are more or less spe-
cialized to substrates that the herbivores produce,
e.g. pellets, urine patches and carcasses. These
groups should be considered when the impact of
herbivores on biodiversity is discussed.

As a conclusion, there is considerable scarci-
ty of data concerning the impact of large herbiv-
ores in boreal forests, except for the direct effects
of selective feeding on the tree layer and the
lichen cover. Also, we do not know the relative
impact of the different disturbance factors on
different scales in time and space, the effects of
different population densities, the effects on dif-
ferent productive soils, or if possible responses
are linear or not. Further research of how large
herbivores affect plant- and animal assemblages
and also fundamental ecosystem processes in bo-
real forests is needed, and will probably reveal
several complex (and unexpected) effects and
interactions.
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