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Forest management has altered forested environments and provoked stress to many
natural habitats and biodiversity. The goal of biodiversity management is the long-
term persistence of populations in human-modified environments. We demonstrate a
spatio-temporal modeling approach to address the relationship between various man-
agement objectives and population persistence in the long-term in a commercial forest
landscape. We used the flying squirrel (Pteromys volans), the three-toed woodpecker
(Picoides tridactylus) and the long-tailed tit (Aegithalos caudatus) as example spe-
cies. They are all forest species but they have distinctly different habitat requirements.
In the model, forest growth, forest clearing and regional population dynamics were
simulated and operated simultaneously. We addressed regional population persistence
by varying the conservation goal: First, there are no obligations to protect the species.
Second, forest stands where the species occur are not cleared. Third, the entire species’
habitat is preserved. The general message from our analysis is that the sustainable area
cleared annually depends on the species’ habitat requirements, and species’ responses
to management have various time lags.

et al. 2012). Several international institutions
have raised concerns regarding these issues, and

Utilization of natural resources and the produc-
tion of commodities are frequently in conflict
with the sustainable use and protection of natural
systems (Nalle et al. 2004, Shan et al. 2009).
In Finland, the national forest program (KMO)
intends to enhance the extraction of timber and
attempts to find novel production possibilities
for timber. Intensive forest management puts
pressure on many non-timber goods and benefits
in forested environments. At the same time, there
is an urgent need to maintain biodiversity and
ecosystem services in natural systems (Cardinale

inter-governmental agreements have set ambi-
tious goals to improve the state of ecosystems
worldwide. The European Union biodiversity
strategy for 2020 (European Commission 2011)
and the METSO program (Hildén ef al. 2007) in
Finland are the examples of attempts to maintain
and restore natural environments. Sustainable
use of natural resources entails a balance among
economical, ecological and social objectives.
During the last six decades, modern forestry
altered many natural forested habitats in terms
of area and number (Raunio et al. 2008, Finnish
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Statistical Yearbook of Forestry 2012). These
large-scale changes in boreal landscapes have
resulted in regional declines and local extinc-
tions of many forest-dwelling species (Rassi
et al. 2010). To combat these harmful trends
in biodiversity and to mitigate negative conse-
quences of forest clearing, action was taken to
conserve valuable forest areas and to maintain
many forest characteristics that are thought to be
elementary for vulnerable species. Nowadays,
during final harvesting it is common to leave
many key habitats intact; retention trees such as
aspen are not felled, and dead or dying trees are
deliberately left in cleared sites (Paivinen ef al.
2011, Junninen & Simild 2013, Metsitalouden
kehittamiskeskus Tapio 2014). These actions to
improve the living conditions of forest species
have gained some success, but there are spe-
cies that have not benefitted from harvesting
designed to support them. For instance, it seems
that the flying squirrel (Pteromys volans) has
abandoned most of its breeding sites after forest
felling despite detailed official instructions that
outline harvesting restrictions in locations where
it is present (Jokinen 2012, Santangeli ef al.
2013).

The ecological goal of conservation is the
long-term persistence of viable populations.
Conservation planning must be based on ade-
quate knowledge of a species’ ecology and life-
history features (Beissinger & Westphal 1998).
This is seldom possible because of the lack
of ecological information on most species that
should be protected. We usually have no pre-
cise data on the spatial ecology of species and,
therefore, occurrence data are commonly used
to identify valuable sites for species (Cabeza
& Moilanen 2003, Cerdeira et al. 2010, Scha-
paugh & Tyre 2012, Schuster & Arcese 2013).
However, management planning with occurrence
data alone is insufficient to assess the effects of
various management practices on species and
their persistence in suitable forest sites. There-
fore, projections of conservation actions with
occurrence data are not definite for most species,
particularly in human-modified landscapes (Lin-
denmayer ef al. 2003).

We present a spatio-temporal modeling
approach with which the relationship between
various management objectives and long-term

population persistence in a commercial forest
landscape can be assessed. In the model, forest
growth, forest clearing and regional population
dynamics are simulated and operated simultane-
ously. Using this modeling approach, we exam-
ined the flying squirrel (Pferomys volans), the
three-toed woodpecker (Picoides ftridactylus)
and the long-tailed tit (Aegithalos caudatus) as
example species. These species are all forest
species, but they have distinctly different habitat
requirements. Because these species are associ-
ated with different combinations of forest-stand
characteristics, they exemplify the demanding
task of forest management planning to main-
tain functional populations regionally for several
species at the same time.

In this paper, we analyze the effects of the
following three management strategies, in which
forest clearing is allowed or restricted, on popu-
lation persistence: (1) clear felling of a stand is
allowed even if it is occupied or habitat is suit-
able for the species; (2) clear felling is prohibited
if the stand is occupied by the species but can
be harvested if it becomes unoccupied; and (3)
clear felling of a stand is not allowed in stands
where habitat is suitable for the species but can
be harvested if it turns unsuitable with time. The
forests in our study area are managed in accord-
ance with these alternative guidelines to achieve
the targeted level of harvested timber. We altered
the area harvested (the amount of hectares clear-
cut annually) to see when and how population
persistence conflicts with timber extraction.

Material and methods
Study site

Our study area is located in central Finland
(62°14°N, 25°43°E). The Finnish Forest Center
in central Finland provided empirical stand infor-
mation in GIS format. The main criterion in
selecting the study area was that available data
covered most of the area. The data set covered
65% of the forested land in the study area. We
also avoided protected areas such as national
parks in the study area to ensure that all stands
are qualitatively equal and had been managed in
the past. The missing 35% of forest data and gaps
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in our GIS data were completed from the exist-
ing data set by randomly assigning a location on
the map and extracting stand information from
the data. New stands had sizes selected from a
normal distribution, which followed parameters
(mean and standard deviation) derived from the
data. Forest data were based on field inventories
in which tree structure was sampled and meas-
ured and, also, notes on biodiversity character-
istics were made. The study area is 69 000 ha
in size, and represents a boreal landscape where
forest on mineral soils covers 55%, peat lands
13%, lakes 16% and farmland settlement some
15%. Pine, spruce and mixed stands dominate
the forests, consisting of ca. 31 000 stands of an
average size of 1.45 ha. Past forest management
practices have resulted in a bimodal age structure
of forest stands, with most of the stands being
presently younger than 40 years. The other mode
occurs near 80 years. For the present study, a
subregion of 7908 ha (17.7%) was extracted. This
subregion was the largest uniform forest area that
could be extracted from the study area to avoid
permanently open landscape features such as
lakes, peatlands and fields. These features in the
vicinity of forest stands affect the spatial dynam-
ics of forest species. This subunit contained 5797
forest stands and was a sufficient spatial sample
of the entire study area to achieve our research
objectives.

Forest growth

Stand variables for forest growth modeling and
habitat index calculations were extracted from
the database administered by the Finnish Forest
Centre. The initial data set was an empirical one,
and had been collected in the field by staff of
the Finnish Forest Center during several years.
Forest stands were inventoried only on private
land. Due to temporal differences in sampling
and non-random sampling scheme, this empiri-
cal data set had inherent uncertainties and inac-
curacies.

Forest growth in stands was modeled using
the MOTTI stand simulator (Hynynen et al.
2005). MOTTI executes distance-independent
tree-level models for natural regeneration, forest
growth, tree mortality and effects of manage-

ment on tree growth (Salminen ef al. 2005).
These empirical models are based on data from
permanent field experiments and forest inventory
plots, thus allowing simulating stand develop-
ment under various growth conditions in Finland
(Hynynen et al. 2002). Here, we simulated forest
growth for a 50-year period using two different
management options: (1) a stand was grown and
felled according to the official protocol, includ-
ing one or two thinnings and a clear cut after the
stand matured (Metsatalouden kehittamiskeskus
Tapio 2014); and (2) the same as in option 1 but
clear felling is not performed to allow a stand
to grow old. We needed these two forest growth
projections in our simulation since clear felling
of a stand is performed randomly during the
simulation after the stand has matured. There-
fore, our management option 1 determined the
minimum age for clear felling. For stands older
than this age, stand development followed the
forest growth projection of management option
2. Thus, all stands were allowed to mature, if
they were not randomly harvested in the year of
maturation. Thus, stands may become (much)
older than their optimal final harvesting age.

In this study, we used 50-year forest growth
projections because present forest growth models
in the MOTTT stand simulator tend to overesti-
mate forest growth if run over a long period and,
especially, in old stands. Error and uncertainty in
predictions increase considerably with time; 30
years is considered a reliable time span, while
one rotation (60-70 years) gives overestimates in
the oldest stands. On the other hand, if the simu-
lation period is grossly extended, the entire data
will change its nature: initial empirical data were
entirely replaced by forest data, which were gen-
erated by the model during forest regeneration.

Harvesting

Area harvested (AH) in our study area was
assessed from forest management statistics col-
lected by the Finnish Forest Center in central
Finland. During 20062011, annual clear felling
area in our study area varied between 295 and
692 ha, with the average being 485.5 ha (1.08%
of the total area). Here, we used 445 ha (~1%) as
a baseline area harvested. This benchmark level
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was then systematically increased or decreased to
assess the effect of forest clearing on population
size and to uncover the timber supply capacity
within our study area. We changed area harvested
moderately at intervals of about 12%. These
changes were well within the range of observed
forest management. Clear felling was assigned
randomly to mature stands that were available
at a given time period. If felling was not allowed
because of protection, another stand was selected.
Harvesting continued as long as the given har-
vested area was reached or no more felling was
allowed. We assumed that all studied species
respond similarly to clear felling and cannot per-
sist in stands immediately after clear felling.

Habitat index

Stand variables can be combined to calculate
the suitability of a stand for a given species (for
details, see Monkkonen et al. 2014). We scaled
the indices between 0 and 1, with O being non-
habitat and 1 the best possible habitat for the
species. Species’ habitat modeling was based on
stand variables that are known to be associated
with the species. Those stand variables have a
minimum value after which the habitat becomes
suitable for the species. After the minimum value,
habitat quality increases linearly or follows an
equation deduced from an empirical study. Simi-
larly, we determined a ceiling value for the stand
variables after which habitat was of the highest
quality in our data. Habitat index (HI) is a prod-
uct of two or more sub-utilities (w) to combine
stand variables. Since our example species vary
distinctively in their habitat demand and, there-
fore, habitat extent varies between species, we
did not apply the same index threshold value to
distinguish suitable sites from unsuitable ones.
To be able to compare population trends among
management strategies, the threshold value for
each species was defined so that at the start of
the simulation there were ca. 200 suitable sites in
the study area, and half of them were randomly
assigned as occupied. A common problem in
habitat modeling at broader scales is that all nec-
essary variables are not available in the data used
for modeling. Resulting models are, therefore,
perhaps not the most accurate ones but, never-

theless, are practical and serve many simulation
approaches in an ecological study. Also, many
species respond to habitat characteristics both
at a stand scale and also at a local scale (e.g. the
flying squirrel). Inclusion of these hierarchies
requires more complicated habitat modeling than
was executed in this study. Here, habitat index
was used to label a certain habitat suitable for
the given species, and to represent the potential
breeding site as a core area of a species’ range.
Thus, in this study, a species’ habitat was calcu-
lated at the forest-stand scale, their population
dynamics at the local scale and forest manage-
ment (area harvested annually) was measured at
the study-area (subregion) scale.

The Siberian flying squirrel

The Siberian flying squirrel is found in mature
spruce-dominated mixed forests. It requires large
spruce for shelter, and aspen and other decidu-
ous trees for feeding (Reunanen 2001, Selonen
2002).

Habitat of the Siberian flying squirrel was
described with our data as:

0,if v, . <140

Womeea = 100286v,  —4,if 140 <y, <175,(1)
Lifv,,. >175
where w is the sub-utility for the spruce

sprucevol
volume and v
spruct

stand (m* ha™?).

. 1s the volume of spruce in a
0,if P <50
10p,,,. —35,if 50<p,,. <60, (2)
]’ if pspruce > 60

w —

sprucep

where W rucep is the sub-utility for the spruce pro-
portion and Ppruce is the proportion of spruce of
the total timber volume in a stand (%).

0,ifv, <12
W, = 1034y, —4,if12<y, <15, (3)

dec dec

Lifv, >15

where w,_1is the sub-utility for the deciduous
tree volume and v, is the volume of deciduous
trees in a stand (m> ha™).
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The habitat index for the flying squirrel
(HL) is the product of sub-utilities denoting the
volume of spruce, its proportion in a forest stand
and the volume of deciduous trees, and it was
calculated as follows:

HI =w X W XW, . (€))

fs sprucevol sprucep dec

Three-toed woodpecker

The three-toed woodpecker is widespread and
fairly common in mature, often conifer-dominated
forests. The species is a resident hole-nester. It
feeds on bark beetles and other insects living in
dead and decaying trees (Pakkala et al. 2002).
Therefore, dead or dying trees are essential for the
feeding and breeding success of the species. Rob-
erge et al. (2008) calculated the presence of the
three-toed woodpecker in a forest stand (in central
Sweden) from the total basal area (BA; m? ha™') of
recently dead trees with an equation:
w,, =1+ exp(-3.55BA-446)]" (5),

where w__ is the sub-utility for the dead wood.

In addition, Pakkala et al. (2002) found that
stands with timber volume < 60 m? ha™ are not
suitable habitats for the three-toed woodpecker,
which we included as follows:

0,if v, <60
v, /200,if 60 <v,_, <200, (6)

1,if v, >200

w o=

vol

where w_ is the sub-utility for the total timber
volume and v, is the total volume of timber in
a stand (m? ha™).

The habitat index for the three-toed wood-
pecker (HI ) is the product of these two sub-
utilities denoting the basal area of fresh dead
wood and the timber volume that exceeds 60 m?
ha, and it was calculated as follows:

I_Httwo = wdw X wvol' (7)

Long-tailed tit

The long-tailed tit is a semi-resident species

feeding on small invertebrates. According to
Jansson and Angelstam (1999), its habitat is
dominated by middle-aged to mature deciduous
stands composed of Alnus spp. and Befula spp.
These researchers reported that occupied forests
had a minimum basal area of all living trees of
11 m? ha! (mean 18 m? ha™) and at least 21%
deciduous trees (mean 66%). Using this informa-
tion, we formulated three following sub-utility
functions for a habitat index:

0,if age < 30

0.033xage—1,if 30 < age <60, (8)
1,if age = 60

w =

age

where Woe is the sub-utility for the stand age and
‘age’ is the stand age in years.

0,ifBA<10
0.02xBA-2,if10< BA<15, (9)
1,if BA>15

Wpa =

where w,, is the sub-utility for the stand basal
area and BA is the total basal area in a stand
(m? ha).

0,if p,. <20
25p,.—05,if 20 < p,. <60, (10)
1,if p,. > 60

w, =

dec

where w,_ is the sub-utility for the deciduous
tree proportion and p,  is the proportion of
deciduous trees of the total timber volume in a
stand (m* ha™?).

The habitat index for the long-tailed tit (HL,)
is the product of these three sub-utilities denot-
ing the stand age, the total basal area in a stand
and the proportion of deciduous trees in a forest
stand, and it was calculated as follows:

€8Y)

HIltl = wage x wba x wdec'

Population dynamics

Our population modeling was based on the
incidence function method proposed by Hanski
(1994). Our modeling approach was kept con-
servative, and details of species’ behavior were
not included in the present project. To assess
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the capacity of our study area to support viable
populations, we assumed that only one closed
population occupied our study area. Population
dynamics take place in a patchwork of suitable
forest stands. A forest stand is labeled suitable
if its habitat index exceeds a threshold value. A
collection of these stands constitute the current
patchwork for the population at each time step.
Colonization of a stand depends on the location
and size of suitable stands in the neighborhood.
For simplicity, we assumed that large good-
quality forest stands most probably remained
occupied and empty sites were colonized eagerly
if there were occupied sites nearby. Stand extinc-
tion probability, E, depends on its size as fol-
lows:

E=MIN[1,A_ [(A"®)], (12),
where A is the stand size (ha, A, = 0.2 ha).
Stands that are smaller than 0.15 ha always
remain unoccupied. The average size of stands
in our subregion was 1.63 ha with a population
extinction probability of 0.13. Here, we assumed
that small sites may become occupied for a short
period of time (i.e. one time unit) but they were
not capable to support longer continuous occu-
pancy.

Colonization of an empty, suitable stand
depends on the number of occupied stands in
its neighborhood within a 500-m search radius.
This is an edge-to-edge distance, which results
in somewhat different search areas depending
on stand size. However, despite the varying area,
distances between stands remain the same. All
occupied stands within or at the border of the
search area were included in the calculation of
colonization potential:

m= ZAj exp(—dij), (13),
where m is the colonization potential of a vacant
forest stand, and Aj is the size of the neighbor-
ing occupied stand, and dl.j is the distance (in
hectometers) between them. Colonization prob-
ability, ¢, was then calculated as

c=ml(m+y), (14),

where y is a parameter (y = 0.3).

We applied the same population model to all
species since we had no valid data to adjust the
models for each species. This is a shortcoming
of the study, but it allowed for the comparison
of species with dissimilar habitat requirements.
Therefore, our study shows species’ occupancy
dynamics in a habitat network rather than repre-
sents a true population study. A search distance
of a constant 500-m may seem a limited one,
but considering the size of the subregion, and
changes in habitat availability in our study area
during the simulation, area of colonization was
relevant for our approach. There was no move-
ment outside the subregion nor were individuals
moving in from outside the study area.

Spatio-temporal modeling

Computer simulations were carried out with
the SELES (spatially explicit landscape event
simulator) software. SELES is a domain-spe-
cific computer language for modeling landscape
dynamics (Fall & Fall 2001). SELES enables
dynamic simulations of landscape models that
operate on digital maps from real landscapes
(e.g. classified remote sensing images). Models
built using SELES may incorporate a variety
of submodels of landscape processes simulta-
neously (forest succession, disturbance events,
etc.). Additionally, the location of animal and
plant populations and movement of individuals
in the landscape and among populations can be
explicitly simulated (Fall er al. 2001), which
allows for more realistic understanding of spe-
cies ecology in dynamic heterogeneous environ-
ments than static models.

Our simulation encompassed three subrou-
tines: (1) species habitat modeling which was
based on a forest growth schedule; forest growth
data, in turn, were derived from the MOTTI forest
stand simulator; (2) population dynamics among
suitable forest stands; and (3) final harvesting of
forests from forest statistics. Subroutines were
run in a sequence of 5-year intervals. Simula-
tion at each time interval started with the habitat
model. Forest growth was updated and the current
habitat index for all stands was calculated. Suit-
able stands for the given species were mapped as
a spatial variable. After habitat modeling, extinc-
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tion and colonization probabilities were calcu-
lated. Each suitable stand was visited again and
checked for its present status by comparing the
probabilities of E and ¢ (Eqs. 12 and 14) with a
random probability number. After these subrou-
tines, clear felling was performed. A given total
area of stands was felled. All runs were repli-
cated ten times to produce average trends and to
explore variation in the resulting trends.

Our modeling scheme was rather conserva-
tive and makes many assumptions. Our study
area did not contain protected areas or refuges
for the species but it could be managed entirely.
We assumed there was only one landowner since
a stand selected to be harvested must be com-
pensated with another one if constrained by the
species to achieve the given management objec-
tive. In addition, we assumed that the system
was closed and there was no population flow
from outside the study area. These assump-
tions were to some degree unrealistic but they
helped to avoid overly-detailed analysis in order
to uncover the general, emerging trends. The
interpretation framework of the results of this
study covers the study area and the 50-year time
span. With this research design, it was meaning-
less to look at single forest stands or periods
since the 50-year time range attempted to cover
most of the rotation length, and resulting trends
were specific to this study area only. Therefore,
one should pay attention to emerging popula-
tion trends and compare occupied stand numbers
with their initial number. Absolute numbers are
simulation specific and change if models and
assumptions are modified.

Results

If there is no harvesting at all in the study area,
the amount of habitat, and concomitantly, the
number of occupied stands in all species increased
(Fig. 1). Population growth depended on the
regional forest structure and the temporal capac-
ity of our study area to provide habitat for the
species. However, the response curves were dis-
tinctly variable because of species habitat require-
ments. Deviation between lines suggests how
quickly the population responded to an increase
in the amount of habitat in our study area.

600 A
500
400
300
200

1000 5
800 .

600- P

400 s

200

——————

Number of suitable forest stands

0 10 20 30 40 50
Simulation time

— Occupied habitat  --- Unoccupied habitat
Fig. 1. Habitat availability for the three focal species
if no clear felling is permitted. (A) Flying squirrel, (B)
three-toed woodpecker, and (C) long-tailed tit. Result-
ing trend lines are almost deterministic after the forest
management subroutine was switched off. Therefore,
error bars are not included.

The parallel increase in the number of occu-
pied and unoccupied stands that are suitable for
the flying squirrel showed that the species tracks
habitat almost without time lags and was capable
to use emerging habitat effectively (Fig. 1A). By
contrast, the three-toed woodpecker showed a
considerable population decrease during the first
few decades of the simulation, and the number
of stands occupied by the species reached a
minimum level of 33 stands in year 20. Recov-
ery from the early decline took time, and slow
recovery started to take effect only after habi-
tat became more common in the study area
(Fig. 1B). If no area is clear felled, the number
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of occupied stands at the end of the simulation
approximately doubled as compared with the
initial number of occupied stands in the study
area. For the three-toed woodpecker, the lack of
recently dead woody material due to tree mortal-
ity in forests caused a habitat bottleneck for the
species. The long-tailed tit seemed to become
more abundant with a longer time lag than that
of the flying squirrel (Fig. 1C). The reason for
this lag was a higher turnover of its habitat (i.e.
premature middle-aged forests). Deciduous-rich
forests occupied by the long-tailed tit were with-
out exception thinned and thus the change in
vital characteristics in its habitat did not allow
long-term occupancy within any forest stand.

If management planning and subsequent
clear felling was carried out without paying
attention to species requirements, we can explore
the capacity of our study area to provide timber
over the 50-year time frame (Fig. 2). We see that
if the area felled was raised from a baseline level
of 445 ha, the constant management protocol
cannot be maintained in the long run. In our
study area, the current baseline level is rather
close to the upper sustainable long-term manage-
ment objective.

When clear felling in the study area was main-
tained at the current annual level or increased
and the species’ occurrence and/or habitats were
ignored, the number of stands occupied by the
flying squirrel declined. However, when the area
felled annually was reduced from 455 to 350 ha,
the number of occupied stands remained approx-
imately at the initial level or increased during the

ferent levels in the annual
clear felling area.

40 50

simulation (Fig. 3A). Persistence of the flying
squirrel in our study area depended strongly on
the extent of clear felling.

When clear felling was applied in the study
area without regard to species requirements, the
number of stands occupied by the three-toed
woodpecker decreased by 75% during the first
25 years, irrespective of the area felled annually
(Fig. 3B). Only during the second half of the
simulation did the population start to recover at
a rate that depended on the area felled annually.
At lower than the current level of annual felling
(350 ha year™), the population recovered to ca.
65% of the initial level. Because habitat of the
three-toed woodpecker included also immature
forests where the amount of dead wood and total
tree volume were high, the conflict between
clear felling and habitat availability was not as
direct as in the case of the flying squirrel. In our
simulations, all thinnings were performed peri-
odically and suitable habitat for the woodpecker
mainly emerges after the last thinning and may
last for a long time after that. Natural, dead,
woody material from self-thinning accumulated
only with time and provided limited quantities
of dead wood to support the three-toed wood-
pecker.

When clear felling of stands in the study area
was carried out disregarding the species’ occur-
rence or habitats, the number of stands occupied
by the long-tailed tit increased, and the increase
was prominent even if the area felled annually
was increased from the current level (Fig. 3C).
Thus, the long-tailed tit persistence did not
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pied stands by the three 20041
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native harvesting levels
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ing species occupancy 150
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ments: (A) flying squir- 100 +
rel, (B) three-toed wood- 50 4 s REJAE
pecker, and (C) long-tailed — AH500
tit. Vertical bars depict 0 . : ) . .
standard deviation in the 0 10 20 30 40 50

ten simulation runs.

depend on the extent of clear felling. Stands
where deciduous trees comprise a substantial
proportion of the timber volume are common
in the study area even at the elevated level of
annual area felled.

Preservation of forest stands if they are occu-
pied by the focal species is but one method
to improve species persistence. The number of
stands occupied by the flying squirrel increases

Simulation time

if clear felling was not permitted in occupied
stands (Fig. 4A). Even at an elevated level of
area felled annually, the number of occupied
stands first increased and then remained at a
constat level that is higher than the initial level.
However, after the first 15 years harvest area
higher than the current area felled could not be
maintained and harvesting was severely con-
strained by occupancy by the flying squirrel
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(Fig. 4B). Even the current area felled could not
be maintained during the entire 50-year period.

When clear felling was not executed in suit-
able habitat for the flying squirrel, the number
of occupied stands increased rapidly (Fig. 5A)
at the current and reduced levels of area felled.
This population increase entailed that the current
area of clear felling could not be sustained for
longer than 20 years, and only a reduced level of
clear felling (350 ha year!) was sustainable in
the long run (Fig. 5B).

Avoiding clear felling in stands occupied by
the three-toed woodpecker (Fig. 6) or in all suit-
able stands (Fig. 7) did not completely remove
the population bottle-neck, but the number of
occupied stands decreased approximately to one
third of the initial level almost irrespective of
the area felled annually. However, population
recovery depended both on the area felled annu-
ally and on the way clear felling was assigned
to stands. Within the 50 years, recovery to the
initial level of occupied stands was not com-

plete when only occupied stands were set aside
from clear felling (Fig. 6A). In contrast, the
initial level of occupancy could be attained if all
suitable habitats for the three-toed woodpecker
were set aside from clear felling (Fig. 7A). This
took place also with the current rate of the area
felled. If clear felling was avoided in stands that
were either occupied or suitable for the species,
harvesting areas higher than the current area
harvested was not sustained during the 50-year
period (Figs. 6B and 7B).

Discussion

Our simulations show that species respond dif-
ferently to harvesting and responses have dis-
similar time lags. The habitat of the flying squir-
rel overlaps with mature forests and the popula-
tion distribution responded readily to variation
in habitat availability. Consequently, the species
is vulnerable to more intensive harvest manage-
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ment objectives. Protection of occupied stands
enhanced the population and it allowed felling of
an even larger area annually than currently with-
out negative effects on the population. However,
harvest levels greater than the current area felled
can only be sustained for the first two decades
after which the occurrence of the species starts to
limit harvesting potential. When all suitable hab-
itats, in addition to occupied stands, were pre-
served from clear felling, the population distri-
bution increased, but harvest potential in such a
case becomes rapidly limited even at the current
level of area felled. Thus, for the flying squirrel,
a reasonable strategy for planing forest manage-
ment to resolve the conflict between species
habitat availability and economically-sustainable
forestry is to leave occupied stands unharvested.
Preserving all suitable habitats seems too restric-
tive, and strongly constrains harvesting potential.

Habitat for the three-toed woodpecker in our
simulations strongly declined during the first
half of the simulation period most likely because
of the thinning of stands, which efficiently
removes self-thinning mortality and thereby
reduces the amount of dead wood (Tikkanen
et al. 2012). This is evident from the trajectory
of the number of occupied stands when thin-
ning, but not clear felling, was applied in forest
management (Fig. 1B). The bottleneck results
from the stand age distribution that is distorted
towards younger stands at the initial state of the
simulation. These stands become gradually suit-
able for the three-toed woodpecker after 20-30
years. By this time, suitable habitat in older
stands is harvested and its amount declines con-
stantly. After the bottleneck, the species started
to recover when forests mature and accumulate
dead woody material. An increase in suitable
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stands enhances stand colonization thus mitigat-
ing the recovery of the species. Avoidance of
clear felling in occupied stands had a positive
effect on recovery. If all suitable stands for the
woodpecker were left intact, recovery was obvi-
ous. In this case, the population almost regained
its initial level by year 50. Regarding the poten-
tial management gain, the two strategies did not
differ considerably and, therefore, avoiding clear
felling in all suitable habitat of the three-toed
woodpecker seems an ecologically meaningful
management strategy. However, because the spe-
cies also occupies premature forests, the conflict
between habitat availability and forest clear fell-
ing is not as severe as in the case of the flying
squirrel. Therefore, the best strategy to maintain
viable three-toed woodpecker populations would
be to partly refrain from thinnings in the man-

agement of young forests rather than refraining
from final clear felling at all suitable sites for the
species (Monkkonen ef al. 2014).

In our study, there was not any marked
conflict between forest clear felling and habitat
availability of the long-tailed tit. The population
in our study area will increase even at a harvest-
ing level higher than the current level of forest
clear felling. This is likely because the long-
tailed tit tolerates clear felling of mature forest
stands. Immature, mid-successional forests with
plenty of deciduous trees were common in our
study area, and these stands provided ample
habitat for the long-tailed tit. However, mid-
successional stands are temporary in nature and
provide only short-term occupancy for the spe-
cies. Monkkonen ef al. (2014) suggested that
a cost-efficient way to secure long-tailed tit
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habitats is to refrain from thinnings, i.e. not
to remove all deciduous trees when managing
young forests.

Common and abundant species do not require
extra attention whereas species depending on cer-
tain habitat attributes, such as microhabitat or site
type, need population-level management to allow
their regional long-term persistence. Successful
management planning supports populations in
the long run and does not unnecessarily restrict
harvesting. To meet their commitments, forest
managers should have all the necessary informa-
tion available to plan management accordingly.
Depending on biodiversity-conservation goals,
management objectives and their timing may vary
among geographic locations. There is no one
particular management objective that covers all
forest biodiversity, but protection requires objec-

tives that vary depending on species, and they
should also be prioritized locally, regionally and
temporally (Reunanen et al. 2010).

Corrently, it is common to leave retention
trees, dead and dying trees or key habitats unhar-
vested in the final clearing (Metsitalouden kehit-
tamiskeskus Tapio 2014). These methods are
likely to be effective for some species since
they may provide habitat for them. However,
for many mobile vertebrates, such as birds and
mammals, such residual structures may provide
some resources but they are not large enough
to offer shelter or breeding sites. For instance,
the flying squirrel is sensitive to harvesting in
occupied sites (see also Jokinen 2012, Santangeli
et al.2013). In managed forest landscapes, many
habitats are in short supply and some habitat
characteristics cannot be promoted simply by
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leaving key forest elements unharvested during
final clearings. The three-toed woodpecker
requires dead and dying trees. Sufficient quanti-
ties of dead woody material accumulates in mid-
dle-aged, managed forests. However, such stands
are regularly thinned throughout, which effec-
tively diminishes habitat for the woodpecker at
a broad scale. In our study, the effect of thinning
operations can be seen as a rapid decrease in the
number of occupied stands, which seems not to
be linked with the protection of mature stands.

In spatio-temporal computer simulations with
a limited time horizon, the single most deci-
sive factor affecting future projections is the ini-
tial state of the system. The state of the forest
landscape in the beginning crucially defines the
forest growth trajectories and thus, the supply of
timber and habitat during the simulation time.
However, stochastic population behavior in this
spatio-temporal context cannot be accurately
assessed from the initial state of the system alone
since it depends on several independent and partly
dependent processes. Dynamic populations need
to adapt to forest succession and management, as
well as to local stochastic extinctions. Stochastic
occupancy patterns hamper forest management
planning that aims at functional populations at a
regional scale. Therefore, the need for manage-
ment of animal populations calls for new har-
vesting strategies, such as partial harvesting of a
stand, that can be applied widely and at all stages
of forest management during the rotation.

The general message from our analysis is that
the sustainable level of area clear felled annually
varies among the three focal species. Thus, strat-
egies to reconcile timber harvesting and popula-
tion persistence are species-specific. Sustainable
management depends first of all on the degree
to which forest management objectives overlap
with habitat requirements of the species. Forest
management is restricted by many obligations to
maintain biodiversity, habitats and other values
beside commercial timber production. Strict
terms to maintain biodiversity in forest manage-
ment inevitably limits harvesting possibilities.
On the other hand, adequately informed regional
planning of forest management that adopts mul-
tiple objectives simultaneously may result in
considerable benefits for biodiversity with low
economic costs (Monkkonen ef al. 2014).
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