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Abstract Since WWII, forest management in Fenno-

scandia has primarily been based on even-aged stand

management, clear cut harvesting and thinning from below.

As an alternative, uneven-aged management, based on

selection cutting of individual trees or small groups of

trees, has been proposed. In this review we discuss the

theoretical aspects of ecology and economics of the two

management approaches. We also review peer-reviewed

studies from boreal Fennoscandia, which have aimed at

comparing the outcomes of uneven-aged and the conven-

tional even-aged forest management. According to a

common view the main obstacle of practicing uneven-aged

forestry is its low economic performance. However, the

reviewed studies did not offer any straightforward support

for this view and several studies have found uneven-aged

management to be fully competitive with existing even-

aged management. Studies on the ecological aspects indi-

cated that selection cuttings maintain mature or late-suc-

cessional forest characteristics and species assemblages

better than even-aged management, at least at the stand

scale and in the short term. We conclude that although the

number of relevant studies has increased in recent years,

the ecological and economic performance of alternative

management methods still remains poorly examined,

especially for those stands with multiple tree species and

also at wider spatial and temporal scales. For future

research we advocate a strategy that fully takes into con-

sideration the interdisciplinary nature of forest manage-

ment and is better connected to social goals and latest

theoretical and methodological developments in ecology

and economics.
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INTRODUCTION

Since the birth of industrial-scale forestry, timber har-

vesting throughout the circumboreal forest has been based

on clear cutting, which has been seen either as a logistically

efficient way to extract pristine timber resources (Canada,

Russia) or as a means to organize sustained-yield forestry

when most of the original pristine forests are logged

(Norway, Sweden, Finland). However, recent policy

demands for more sustainable forestry, including its eco-

logical, economic and social goals, have raised questions

about the dominant role of clear cutting and resulted in an

increased interest in alternative forest management systems

(Kohm and Franklin 1997; Bergeron et al. 2002; Gauthier

et al. 2009; Puettman et al. 2009). From the management

point of view, the question is: What should be the roles and

functions of different silvicultural systems in future for-

estry? Before addressing this question it is useful to take a

brief look at how timber harvesting practices have devel-

oped in Fennoscandia over time.

The methods and principles of forest harvesting in

Fennoscandia have undergone drastic changes during the

past century. Initially, timber extraction was based on

selective harvesting (Östlund et al. 1997; Siiskonen 2007).

This was practical as forests, which mostly had originated

from natural processes, were in general plentiful and the

demand of timber was primarily for specific domestic

purposes, such as construction and fuel. Prior to industri-

alized forestry some forest uses, especially iron mining,

potash and tar extraction, and slash-and-burn cultivation

practices were extensive (Heikinheimo 1915; Östlund et al.

1998; Östlund and Roturier 2011). For example, the mining

for iron in Mid-Sweden created large clear cuts already in

the eighteenth century. From around the mid-nineteenth

century, timber was increasingly cut for the booming
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sawmill industry, which targeted the largest trees of the

best quality (Östlund 1995; Siiskonen 2007). With dimin-

ishing numbers of large high quality trees for sawn logs,

smaller and smaller trees had to be harvested. Finally, the

rise of the pulp industry enabled the large-scale utilization

of even smaller diameter trees. All these developments led

to high demands for timber and diminishing timber

resources in many areas of Fennoscandia (Esseen et al.

1997; Östlund et al. 1997).

As a response, the leading foresters and state authorities

expressed their increasing criticism against selective log-

ging practice (Siiskonen 2007). Selective logging was

indeed basically resource extraction with little or no con-

sideration of long-term sustainability of the resource base,

for regeneration of the forests. In particular, diameter limit

cuts were considered to be the main cause of the deterio-

rated condition and growth of the forests. There were also

fears of genetic deterioration of the trees due to the

selective harvesting of the best quality trees. This led to the

official banning of selective diameter limit cuts, for

example in Finland in the late 1940s (Appelroth et al.

1948), and in the state forests in Sweden in 1950. Forestry

authorities deemed the practice of diameter limit cuts as an

unsustainable way to manage the forests. As a result, the

strengthened forestry administration steered a swift tran-

sition from selective cutting practice to clear cut harvesting

and even-aged management, which incorporated thinning

from below. This transition was also partly enabled by the

availability of improved machinery and inexpensive fossil

fuels (Esseen et al. 1997). The main motivation for the

change to even-aged management was to ensure continued

and increasing raw material supply for the nationally

important forest industries.

This focus on sustained-yield forestry through even-aged

forest management also had a strong and far-reaching influ-

ence on the development and orientation of forest sciences

(Jalonen et al. 2006). A major part of forest research has

hitherto focused on issues that are directly related to the

implementation and practice of the even-aged management

system. In contrast, other management systems have received

little or no attention. Moreover, for example, in Finland

applying these other practices has been made very difficult or

impossible by the forest legislation (Siiskonen 2007). One

unfortunate consequence of this narrow policy orientation is

an inadequate development of more general theory and

knowledge of various silvicultural possibilities (Jalonen et al.

2006). However, this knowledge is indispensable for devel-

oping novel forest management scenarios in the rapidly

changing ecological and socio-economic environment.

It is evident that past forest harvesting and management

practices have mostly been dictated by resource needs and

limitations, mediated by technological innovations to

intensify forestry. However, the even-aged management

system has been criticized because of its adverse ecological

effects (Esseen et al. 1997; Kuuluvainen 2002). Moreover,

in a centralized forest policy regime the economic objective

of forestry was taken to be the maximum sustainable yield.

In addition, the broader environmental values of forests were

given little attention. In the global context the importance of

tropical areas in pulp and paper industry is growing at the

expense of northern areas. In Europe the use of woody

biomass for energy is rapidly increasing. The changing

operational environment and changes in social values make

it essential to re-evaluate silvicultural practices as tools for

attaining specific goals set by forest owners and by society.

In the discussion regarding the pros and cons of different

silvicultural alternatives the main focus has been in making

a comparison between two contrasting approaches: uneven-

and even-aged forest management (Fig. 1). Even-aged

forest management is characterized by stands with even

tree age structures, resulting from forest regeneration

through clear cutting usually followed by single species

planting and by intermediate thinnings from below. Cur-

rently in Fennoscandia this management system is domi-

nant and it is applied with a low number of live retention

trees left on the clear cuts (low retention management). The

retention of live trees (typically 5–10 trees ha-1) is due to

forest certification (PEFC, FSC) standards (Vanha-Maja-

maa and Jalonen 2001; Gustafsson and Perhans 2010).

In contrast, uneven-aged forest management creates

stands with uneven tree age structure (Fig. 1). This age

structure is maintained through selection cuttings, in which

trees can be removed individually (single tree selection) or

as groups (group selection) (e.g., Nyland 2002). Thus,

uneven-aged forest management can actually be regarded

to consist of a range of methods, in which the forest cover

is only partially removed (see Fig. 2). It is noteworthy that

in this definition of uneven-aged management the tree age

distribution does not necessarily conform to the reverse

J-shaped form (all-aged forest) and an uneven-aged forest

can also consist of spatially segregated groups of tree age

classes (cohorts) created by the group selection method.

This broader group of uneven-aged management methods

is also sometimes referred to as continuous cover forestry

(Pommerening and Murphy 2004).

The main purpose of this study is to review and syn-

thesize research comparing even- and uneven-aged forest

management in boreal Fennoscandia. To this end, we first

consider the management systems from a theoretical point

of view, and then focus on the ecological and economic

performance of the two management systems, in addition

to a more general evaluation of the studies that have

reported these findings. With this approach, we aim to

point out gaps in the knowledge and shortcomings of past

studies in order to make recommendations regarding future

research.
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SELECTION OF THE REVIEWED STUDIES

We used a systematic approach for the selection of the

studies for review (Pullin and Stewart 2006; Pullin et al.

2009). Four databases were interrogated in terms of

targeting the title, abstract, and keywords of the indexed

studies: the BIOSIS, CAB Abstracts, CSA Natural Sci-

ences, and the ISI Web of Science. We used a set of pre-

defined search terms (Table 1), which describe the diverse

array of terms used for uneven-aged forest management,

and the locations (limited to boreal Fennoscandia). The

studies were published prior to May 2011. Only peer-

reviewed studies were accepted, as a quality control

measure.

The resulting studies were screened, based on their title

and abstract contents, to exclude the studies that either did

not include comparisons between the two management

systems, or were outside the region of interest. The fol-

lowing information was extracted from the remaining

Fig. 1 An illustration of the two forest management systems to be

compared in this study: the even-aged (a) and uneven-aged (b) forest

management. At stand level, even-aged management comprises a

clear and repetitive cycle of distinct phases, including the regener-

ation, growing, and thinning, and final harvesting where typically a

low number of live retention trees are leaf on the clear cuts. In

uneven-aged management the cyclic phases occur at smaller scale and

are thus mixed in space and time at stand level. Here harvesting can

be done either by removing individual trees uniformly throughout the

stand or in small groups when the created small gaps provide

microenvironments suitable for regeneration. Note that irrespective of

the management system, permanent retention is a prerequisite if

biodiversity conservation is a goal of forest management (Drawing:

Tuomas Aakala)

Fig. 2 An illustration of the relationships between different forest

management alternatives at stand level in terms of proportion of timber

removed and retained at each cutting event. It is noteworthy that the two

conventional management systems, the uneven-aged management

under single tree selection system and the clear cutting system,

represent two extreme cases in the continuum of removed versus

retained timber at each cutting event. Between these extremes there

exists a wide range of potential stand structures in which the forest

cover remains more or less continuous, although sometimes patchy and

partly open to facilitate regeneration. These structures can be created

by leaving variable retention and can be broadly classified under the

concept of uneven-aged or continuous cover forest management. The

conventional silviculture thus only utilizes a small part of potential

range stand structures to realize different management goals, whether

economic, ecological, or social ones (see also Franklin et al. 1997)

Table 1 The used literature search term combinations

Forest zone Structure/procedure Location

boreal forest AND uneven age* AND Fennoscand*

uneven size* Finland

partial cut* Finnish

alternative harvest* Swed*

alternative cut* Norw*

alternative felling* Murmansk

selection felling* Karelia

single tree selection Leningrad

selection harvest*

gap cut*

gap felling*

gap harvest*

Within each column all terms are searched with the Boolean operator

‘‘OR’’

* Wildcard search terms
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studies (when applicable): location, type of study (empir-

ical, experimental, simulation, or a review), dominant tree

species, site type, spatial scale, temporal scale, connection

with natural disturbances, and the percentage of trees

removed.

The studies were categorized according to their focus,

namely ecological effects, timber production, forest eco-

nomics, and societal aspects of forest management. In the

following, we focus on the ecological effects and forest

economics. Timber production was evaluated as a part of

the evaluation of the forest economics as it is an implicit

part of those assessments. The literature searches revealed

that societal aspects of the forest management system were

very rarely evaluated, and were thus not considered here.

Some of the experimental studies included several cutting

intensities. We focused our comparisons on selection cut-

ting and clear cutting, with the former typically the lightest

cutting treatment within experimental designs.

The literature searches returned 26 studies that fulfilled

our screening criteria. Ecological aspects were treated by

12 studies whereas timber production or economic per-

formance was considered by 14 studies. The number of

studies has increased in the recent years. Most of the

studies (18) have been conducted since 2000. This reflects

the increase in the number of research reports published in

general, and also in their better indexing (i.e., the newer the

study the more likely it is that it is indexed in literature

databases). However, it is most likely to be indicative of an

increased interest in the topic.

Most studies have focused on forests dominated by the

shade-tolerant Norway spruce Picea abies (L.) Karst. This is

probably because shade-tolerance has often been considered

a pre-requisite for managing forests through selection cut-

tings (O’Hara 2002). However, it should be noted that such a

restriction seems to be unnecessary as unmanaged Scots

pine Pinus sylvestris L. forests are known to be typically

characterized by uneven-aged or cohort age structures

(Shorohova et al. 2008; Kuuluvainen and Aakala 2011).

Accordingly, Pukkala et al. (2009) developed growth mod-

els for uneven-aged Scots pine and birch (Betula pendula

Roth., Betula pubescens Ehrh.) forests in Finland.

ECOLOGICAL EFFECTS AND PERFORMANCE

Theoretical Aspects and Evaluation Criteria

The ecological impacts of tree harvesting in Fennoscandia

and elsewhere can most logically be considered within the

framework of forest disturbance ecology (Sousa 1984; Clark

1989; Attiwill 1994). It is generally acknowledged that tree

mortality, viz., disturbance, whether natural or anthropo-

genic, has a profound impact on a forest ecosystem, its

community structure and processes, and its species richness

(Attiwill 1994). The variability in the extent, severity and

frequency of disturbances maintain the structural heteroge-

neity of forests. This heterogeneity creates habitat variabil-

ity, which is fundamental for species diversity and

ecosystem processes (Kuuluvainen 2002). A logical out-

come of an increased understanding of the central impor-

tance of disturbances in forest ecosystems is the natural

disturbance emulation (NDE) hypothesis in forest man-

agement. This hypothesis states that most components of

biodiversity can be protected and ecosystem resilience

secured when forest management maintains the key char-

acteristics of natural habitats by imitating the repeatability,

severity, and extent of natural disturbance events (e.g.,

Bergeron et al. 2002; Perera et al. 2004; Drever et al. 2006).

The NDE hypothesis is closely linked with two com-

monly used and inter-related ecological and management

concepts: the natural range of variability (NRV, Landres

et al. 1999; Keane et al. 2009) and the coarse and fine filter

metaphor (Hunter et al. 1988). It is assumed that stand and

landscape structures can be kept within their NRV by

implementing management that emulates natural distur-

bances. This is essentially the same as realizing the coarse

filter principle, i.e., maintaining the essential parts of the

structural variability and the processes characteristic to the

natural forest at a particular site. This in turn is hypothesized

to maintain the associated components of biodiversity.

However, this approach will probably not be sufficient for

maintaining the most demanding species, and thus it needs to

be complemented by the fine filter, e.g., a network of strict

forest reserves or restored habitats (Hunter et al. 1988).

With the NDE approach the guiding principle is the cre-

ation and retention of natural habitat structures, for which

organisms are adapted and which positively influence their

long-term survival (Bergeron et al. 2002; Gauthier et al.

2009).Within this framework selection cuttings represent an

important silvicultural tool that can be used to imitate nat-

ural disturbances, especially in ecosystems where partial or

small-scale disturbances are prevalent (Kuuluvainen 1994;

McCarthy 2001; Raymond et al. 2009).

This is particularly relevant in boreal Fennoscandia,

where natural forest dynamics are suggested to be char-

acterized by partial and small-scale disturbances, whereas

stand-replacing disturbances appear to be less common

(Gromtsev 2002; Shorohova et al. 2009; Kuuluvainen and

Aakala 2011). Thus, selection cuttings under this approach

would be justified as a way to mimic the process of tree

mortality at the scale of individual or small groups of trees.

This would imitate a gap creation and subsequent gap

filling processes that occur in response to tree mortality in

natural conditions (Kuuluvainen 1994). On the other hand,

in the NDE-framework clear cutting would then represent

stand-replacing disturbances.
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Moreover, other specific ecological hypotheses and the-

ories have been proposed with regard to the effect of spatial

and temporal scale of disturbances on species richness.

Probably the most relevant of these is the intermediate dis-

turbance hypothesis (Connell 1978). This hypothesis states

that species richness is maximal under intermediate levels of

disturbance. This is based on the assumption that under

intermediate disturbances both early- and late-successional

species can survive, which will result in high diversity. Here

‘intermediacy’ can refer to frequency, intensity, extent or

duration of disturbance and the spatial scale of observation

from stand to landscape (Roxburgh et al. 2004; Shea et al.

2004). In general, the intermediate disturbance hypothesis

can be interpreted to represent the outcome of a between-

patch spatial meta-population process (Wilson 1994).

When considering the intermediate disturbance

hypothesis for the comparison of even- and uneven-aged

management, the disturbance extent, such as gap size,

becomes important. According to the theory, the proportion

of shade-intolerant pioneer species can be expected to

increase with increasing disturbance (gap) size whereas the

proportion of shade-tolerant species decreases (Runkle

1982). With intermediate gap sizes, or over a range of gap

sizes, both shade-tolerant and shade-intolerant species are

able to co-exist. What IDH basically hypothesizes is that if

management based on natural disturbance emulation

(NDE) succeeds to maintain the patch dynamics within its

natural range of variability (NRV), it will also safeguard

native species populations and their dynamics.

Intermediacy can also be considered in terms of the

severity of disturbance. The severity of disturbance may

affect the regeneration mechanisms, such as buried seeds,

sprouting or advance regeneration, and thus the community

species composition. Thus, the variability of disturbance

severities can also dictate species richness (Oliver and

Larson 1990). This may be relevant when variable reten-

tion is used (Jalonen and Vanha-Majamaa 2001). Further-

more, disturbance frequency, or time since a disturbance,

can vary but less so in managed forests.

It is evident from the foregoing that the scale is crucial

when evaluating ecosystem impacts of tree harvesting

disturbance. Scale in this context refers to the spatial or

temporal dimension of an object or a process (Turner et al.

2001). Forest management takes place and impacts upon

forest structure across a range of spatial and temporal

scales. Two factors are important to distinguish: the scale

of the disturbance per se and the scale of observation at

which the outcomes of these disturbances can be detected

(Shea et al. 2004). In forest management, the former refers

to the size and repetition of harvesting, whereas the latter

depends on the intrinsic scale of the object or process of

interest. For example, the impact of cutting practices on

common sessile plant species may be studied at the stand

scale, whereas the impact on rare mobile animal species

requires a larger landscape-scale approach (Wilson 1994).

In addition to spatial scales, the temporal scale is highly

relevant for ecological processes. In boreal forests, the

influence of alterations in the stand and landscape struc-

tures occurs over the long term, on temporal scales

extending from decades to centuries (Aakala et al. 2009).

Consequently, often there is a delay between habitat loss

and degradation and its influence on species populations

(Hanski 2000). Therefore, the impacts of forest manage-

ment need to be considered over similar time scales.

We therefore have distinguished a number of crucial

questions or criteria, against which to assess the validity of

the findings of earlier studies, regarding the comparison of

the performance of even- versus uneven-aged management

systems or their respective associated silvicultural methods

(clear cutting vs selection cutting). For forest ecological

considerations the evaluation criteria are as follows: (1) Are

the spatial scales of the study relevant for the study ques-

tions? (2) Are the temporal scales of the study relevant for the

study questions? (3) Have the study and its hypotheses been

linked to respective theoretical framework? The relevant

spatial and temporal scales are to some extent dependent on

the study questions, and were based on our own judgment.

STUDIES ON ECOLOGICAL PERFORMANCE

Forest Structure and Ecological Processes

The question in the ecological studies that needs to be

addressed is, whether there are differences between selection

cutting and clear cutting in chosen response variable(s), such

as species abundance/richness, stand structure, and ecolog-

ical processes (Table 2). Particular attention should be paid

to selection cuttings which can be expected to better maintain

forest conditions to resemble those of late-successional

forests. Such conditions include the more or less continuous

presence of big trees and associated canopy cover, which acts

to reduce variations in microclimatic conditions and stand

structure, i.e., habitat availability (Atlegrim et al. 1997). In

contrast, after clear cutting the changes in microclimatic

conditions are expected to lead to a reduction in shade-tol-

erant late-successional species and increase in pioneer spe-

cies (Jalonen and Vanha-Majamaa 2001).

Lähde et al. (2002) examined the structural development

of stands following thinning from below compared to

selection felling. As was to be expected, thinning from

below reduced structural diversity compared to selection

cuttings that were aimed at creating an uneven-sized

structure. In general, the issue of ingrowth has been con-

sidered as the most challenging component of uneven-aged

724 AMBIO 2012, 41:720–737

123
� Royal Swedish Academy of Sciences 2012

www.kva.se/en



forest management (Smith et al. 1997), and it is also central

in retaining structural diversity.

Atlegrim and Sjöberg (2004) measured deadwood vol-

umes near Vilhelmina, Sweden, in selection cut (single tree

selection) forest and compared it with a clear cut forest.

They concluded that after the cuttings, deadwood volumes

were higher in the selection cut forest. However, the study

covered a relatively short time period. Thus, the authors

cautioned that in a longer time period continued selection

harvesting may not solve the problem of declining avail-

ability of dead wood in managed forests. Finally, the authors

refer to landscape-level forest dynamics and raise the issue

that selection cuttings can be used to mimic small-scale gap

disturbances and maintain the forest conditions created by

such dynamics (Atlegrim and Sjöberg 2004).

Microclimatic differences between the two management

systems could be expected to lead to differences in dead-

wood decomposition rates, given that the decomposition

rates measured in vitro have shown dependence on the

temperature and moisture conditions (Shorohova et al.

2008). However, contrary to these expectations, after mea-

suring stump decay rates for different treatments, Shorohova

et al. (2008) concluded that the retention levels in cuttings

had no effect on the stump decay rates. They considered the

interaction of temperature and moisture as a plausible

explanation for this result. They found that while exposure to

sunlight following cutting episodes increases, the effects of

the subsequent temperature increase are countered by the

decrease in substrate moisture (Shorohova et al. 2008).

Plant Species

Only two of the studies selected for this review reported

vegetation changes, and both found that, in the short term,

the changes in the under-storey species composition (Jalo-

nen and Vanha-Majamaa 2001) and abundance (Atlegrim

and Sjöberg 1996a) were smaller in selection versus clear

cutting. In their experiment, Atlegrim and Sjöberg (1996a)

reported that 4years after harvesting, selection felling

(removing 30% of the number of trees) had a smaller impact

on blueberry Vaccinium myrtillus abundance compared to

clear cuttings. They suggested that selection cuttings and

better maintenance of blueberries, a major food source for

many herbivores, is beneficial for the maintenance of bio-

diversity associated with mature forest conditions.

Similarly, Jalonen and Vanha-Majamaa (2001) studied

the immediate effects of harvesting on understorey vege-

tation at stand scale and reported that within a year of

cuttings, selection cutting (33% of trees removed) retained

late-successional plant species better than clear cutting or

clear cutting with retention (93% of trees removed). They

concluded that if late-successional plant species are to be

maintained at the stand level, treatments must be less

intense than clear or low retention felling (Jalonen and

Vanha-Majamaa 2001).

Invertebrates

A majority of the ecological studies (7/12) focused on the

effects of cutting events on invertebrate species assem-

blages (Table 2). It is noteworthy that cutting events can

have both a direct influence on the species and an indirect

effect through the changes in vegetation.

Matveinen-Huju and Koivula (2008) studied the changes

in spider assemblages for different treatments (clear cuts,

retention fellings, gap fellings, and thinnings), over 2.5years

in south-central Finland. Their thinning treatment was, in

effect, similar to selection cuttings found in most other

studies, in that the removal of between 11 and 34% of the

trees was done to retain an uneven-sized structure. The thin-

ning treatment led to only minor changes in spider assem-

blages compared to the uncut control. In contrast, clear cutting

and retention felling led to drastic changes, whereas group

selection within an uneven-aged management technique lead

to mixed responses. They concluded that cuttings that aimed

at an uneven-aged forest structure, appear to maintain spider

assemblages efficiently and similar to that found in the mature

forest (Matveinen-Huju and Koivula 2008).

Siira-Pietikäinen et al. (2003) studied the changes in

macroarthropods over three years in the same experiment as

described by Matveinen-Huju and Koivula (2008). The

changes in community structure correlated with harvesting

intensity in such a way that macroarthropods were the most

affected by clear cutting and the gap cuttings, whereas the

selection cuttings had smaller impacts on their populations

(Siira-Pietikäinen et al. 2003). Siira-Pietikäinen et al. (2001)

studied the short-term response of microbial assemblages and

found no changes after selection cuttings, whereas changes

were found after gap and clear cuttings. Nevertheless, in their

two studies Siira-Pietikäinen et al. (2001, 2003) concluded

that both the decomposer and macroarthropod communities

were relatively resistant to the environmental changes that

resulted from harvesting. Siira-Pietikäinen and Haimi (2009)

resampled the soil fauna 10years after the cuttings in a fol-

low-up of their earlier study and concluded that no changes

were observed for the selection cuttings. Moreover, they

stated that in the more intensive cutting treatments the fauna

had not recovered within the 10-year period.

Koivula (2002) found that cutting treatments, by which

10–30% of trees were removed and which aimed at uneven-

aged stands, retained forest-floor carabid assemblages well. In

contrast, clear cutting benefitted generalist and open-habitat

species, and slightly influenced the forest-species. In a 4-year

study Atlegrim et al. (1997) reported no significant effects on

carabid assemblages in response to different cutting treat-

ments, except for a higher abundance of open-habitat species
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in clear cuts compared to the selection treatment. In a review

of Finnish case studies Koivula and Niemelä (2002) argued

that selection cuttings are beneficial for local (stand level)

maintenance of carabid beetle assemblages.

An example of the indirect effects of cuttings on fauna is

provided by the study of Atlegrim and Sjöberg (1996b),

who reported the relative abundances of blueberry-feeding

larvae after selection cutting or clear cutting in the same

areas in which they also studied blueberry abundances

(Atlegrim and Sjöberg 1996a). Clear cutting inversely

affected blueberry and associated larvae, whereas selection

cuttings had little effect on blueberry abundance and

blueberry-feeding larvae. In the selection felled stands

blueberry was patchily distributed, but the abundance of

blueberry was high in these patches. Atlegrim and Sjöberg

(1996b) also suggested that selection cuttings are poten-

tially beneficial to the vertebrates feeding on the larvae.

Summary of Studies on Ecological Performance

As seen above, hitherto there have been only a handful of

rather short-term empirical studies that focus on comparing

the ecological performance of even- versus uneven-aged

management approaches (Table 2). Three of these studies

considered forest structure and ecological processes, two

studies covered plant species and seven studies focused on

invertebrates. Overall, the reviewed studies suggest that

selection cuttings maintain mature or late-successional for-

est characteristics and species assemblages better than even-

aged stands at least at stand scale and in the short term. A

major limitation is that the limited spatial and temporal

scales investigated in these studies hamper conclusions

related to long-term maintenance of biodiversity. It is also

noteworthy that none of the studies made the effort to link

the results to some established theoretical framework, such

as the intermediate disturbance hypothesis. Some of the

studies mention a suggested forest management strategy, the

natural disturbance emulation (NDE), but the link between

this and the study results was not elaborated further.

VOLUME PRODUCTION AND ECONOMIC

OUTPUT

Theoretical Aspects and Evaluation Criteria

Forest management has numerous economic, ecological,

social, and cultural consequences, which imply that the

Table 2 Studies comparing the ecological aspects of the two management systems, and their evaluation against the criteria on spatial and

temporal scales, and the linkage to a theoretical framework

Study Theoretical

framework

Study type Temporal

scalea
Spatial scale Study focus

Atlegrim et al.

(1997)

None Inventory after harvesting Short Stand Ground beetles

Atlegrim and Sjöberg

(2004)

None Inventory after harvesting Short Stand Deadwood and deciduous

trees

Jalonen and Vanha-Majamaa

(2001)

None Inventory before/after

harvesting

Short Stand Plant species diversity and

cover

Matveinen-Huju and Koivula

(2008)

Natural disturbance

emulation

Inventory before/after

harvesting

Short Stand Ground-dwelling spiders

Siira-Pietikäinen et al.

(2003)

None Inventory before/after

harvesting

Short Stand Macroarthropods

Siira-Pietikäinen et al.

(2001)

None Inventory before/after

harvesting

Short Stand Soil decomposers

Atlegrim and Sjöberg

(1996a)

None Inventory after harvesting Short Stand Blueberry abundance

Atlegrim and Sjöberg

(1996b)

None Inventory after harvesting Short Stand Blueberry-feeding larvae

Koivula

(2002)

Natural disturbance

emulation

Inventory before/after

harvesting

Short Stand ? adjacent

habitat matrix

Carabids

Siira-Pietikäinen and Haimi

(2009)

None Re-inventory of earlier

harvesting

Medium Stand Soil decomposers

Shorohova et al.

(2008)

None Decay modeling Medium Stand Stump decay rates

Lähde et al.

(2002)

Natural disturbance

emulation

Inventory before/after

harvesting

Medium Stand Structural diversity

a Short time-scale: 0–5 years; medium time-scale 5–15 years
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forest management research should be a pluralistic, inter-

disciplinary investigation. In this review social sciences are

represented by natural resource and forest economics which

have rather close connections with forest production ecology

but not perhaps with forest ecology more broadly defined.

Timber can be produced by using methods that rather

poorly mimic the development of natural forests described

above (Smith et al. 1997). This leaves many options for the

design of the forest management systems that optimally

achieve various timber production objectives under the pre-

vailing biotechnical and ecological constraints. A large part of

forest science literature is based on the view that the suitable

aim in forestry is the Maximum Sustainable Yield (MSY)

(Puettman et al. 2009). The same MSY objective applies to

biological population harvesting in general (Begon et al.

2011, p. 450). Given such policy aim, even-aged forest

management, artificial regeneration, and thinning from below

have been generally accepted as superior forest management

methods. For example, in Finland the MSY approach has

been considered adequate especially at the national level

(Kuusela 1999). In contrast to the MSY policy the objectives

of private forest owners have been taken to include short-

sighted tendencies. This discrepancy has formed one of the

main challenges in forest policy leading to various silvicul-

tural restrictions in forest legislation and to government

subsidy programs for promoting forest regeneration and

‘‘noncommercial’’ silvicultural activities. However, such

policy appears rather problematic from the economics point

of view; instead of MSY the reasonable economic aim in

timber production is maximizing economic surplus, i.e., pri-

ces, cost and interest rate should be taken into account.

With only a handful of exceptions, forest economic

research has concentrated on applying the optimal rotation

model which dates back to Faustmann (1849). The generic

version of this model is based on assumptions such as the

forest owner’s monetary income (or profit) as being the sole

aim of forest management, perfect capital markets (unlimited

amounts of money can be loaned or borrowed with constant

interest rate) and the rotation period as the only variable to be

optimized (e.g., thinning is neglected). As special cases the

model includes maximizing sustainable yield and maximizing

average annual net revenues or ‘‘forest rent’’.

A major part of forest economic research has produced

various theoretical extensions to the generic optimal rota-

tion model, such as adding ‘‘non-timber’’ environmental

values, but one subset of multidisciplinary studies has

developed ecologically detailed specifications. These

specifications include thinning and the initial density of the

stand among the management variables. In this approach

the stand growth is described by models taken directly

from forest production ecology and the results have been

utilized in designing practical silvicultural guidelines

(Tapio 2006). Typical models have applied statistical–

empirical single tree models (Valsta 1992), but some

economic studies have applied detailed process-based

models (Niinimäki et al. 2012).

As shown by Haight (1985, 1987) and also by Getz and

Haight (1989) the theoretically sound approach for speci-

fying economically optimal uneven-aged forestry requires

that the problem is specified as a dynamic optimization

model. In these models the objective is to maximize the

present value of net revenues over an infinite horizon. The

optimized variables are the cutting of trees from each size

class in any period. The numerical solution for such a

model is more complicated than for the even-aged model.

In even-aged management infinite horizon is obtained as a

chain of similar finite horizon rotation periods. For uneven-

aged management the problem is to apply a time horizon

that is long enough (e.g., 200 periods) for finding a solution

that converges to a steady state or a stationary cycle.

Several studies have tried to circumvent this somewhat

demanding optimization problem. Some early strategies

were to compute the optimal steady states as static opti-

mization problems (‘‘investment efficient steady states’’) or

base dynamic solutions on some predefined steady states

that were required to be reached within a given time period

(‘‘fixed or equilibrium endpoint problems’’). In addition,

many early simulation studies used the silvicultural q-value

principle (Puettman et al. 2009), the aim of which was to

maintain the reverse J-shaped tree size class distribution.

All these simplifications yield deviations from the theo-

retically sound results and may over or underestimate the

true economic performance of uneven-aged management.

Most ecological growth and yield models for Norway

spruce and Scots pine stands are specified and estimated for

the purposes of even-aged management (e.g., Hynynen

et al. 2002). Nevertheless, the models may be restrictive

even for this purpose because the forest structures repre-

sented in the existing empirical data may be too narrowly

guided by past forestry practices. An example of this is the

question of thinning type; growth models are the most

reliable at describing thinning from below because this has

been taken to mimic natural mortality in dense stands due

to competition. However, there are clear economic reasons

to favor thinning from above but it has been a somewhat

open question as to whether the available growth models

were able to describe stand development after removing the

dominant trees. In addition, economic optimization in

uneven-aged management requires growth models that are

derived for the purposes of uneven-aged management or

models that are able to describe forest growth under both

management systems. These models may be individual tree

models or transition matrix models (Getz and Haight

1989). For Fennoscandian tree species such models are still

rare the exceptions being Kolström (1993), Bollandsås

et al. (2008), and Pukkala et al. (2009).
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A crucial element in uneven-aged growth models is the

specification of the natural regeneration process. In the

transition matrix and the single tree models natural

regeneration is specified as ‘‘ingrowth’’, i.e., as the number

of trees that enter the smallest size class in each period.

Another ingrowth model, which originated from Usher

(1969), specifies ingrowth as a function of harvested trees

and their size. Both of these specifications have been used

for Norway spruce stands in addition to an assumption of

fixed regeneration per time period.

Detailed even-aged models apply different harvesting cost

specifications for thinnings and clear cuts since clear cutting is

less expensive per unit of volume. This suggests that uneven-

aged solutions should be computed by using a harvesting cost

model suitable for this purpose instead of simply applying the

same stumpage prices or the same harvesting cost models for

both alternative management approaches.

In line with the MSY policy much of the earlier silvi-

cultural literature compares even- and uneven-aged sys-

tems in terms of produced timber volume. From the

economic point of view these studies do not reveal the true

performance of the management methods because volume

output is not a reasonable economic objective either at

national or at forest owner level and because harvesting is

specified by applying ad hoc rules without any optimiza-

tion. A theoretically sound setup defines some initial stand

state and computes the optimal uneven-aged management

solution that converges to some steady state (or stationary

cycle) or switches to even-aged management (Getz and

Haight 1989, Haight and Monserud 1990). This requires

that the ecological growth model is general enough to

describe both management alternatives accurately. Another

approach is to take the optimal even-aged management

solution and the related bare land value from studies spe-

cialized for even-aged management.

We specify five different criteria that can be used to

evaluate the economic studies on the relative economic

performance of even- and uneven-aged management. These

criteria are: (1) Is the optimization framework theoretically

correct? (2) Does the investigation include detailed har-

vesting cost submodels? (3) Is the analysis based on valid

growth models? (4) What kind of ingrowth (regeneration)

model was applied? (5) What is the origin of bare land value

used in computing the even-aged management alternative?

STUDIES ON VOLUME PRODUCTION

AND ECONOMIC PERFORMANCE

Volume Production

Several studies focused on comparing the potentials of the

two management systems for timber volume production

(Table 3). The results obtained were mixed. Mikola (1984)

reviewed older selection cutting experiments in Norway

spruce forests in southern Finland, in which the volume

growth during a 25-year period in two experiments were

3.1 and 3.9m3 a-1 ha-1. He concluded based on growth and

yield tables that this level of growth is approximately half

of what could be expected from an even-aged forest at a

similar site and location. On the other hand, Lähde et al.

(1994) analyzed National Forest Inventory data collected in

the 1951–1953 period, and concluded that although the

density of all-sized (assumed uneven-aged) stands was

much higher, the average volume growths did not differ

between even- and all-sized plots. It should be emphasized

that the management system of the stands was not known,

and the all-sized structure of the stands may have devel-

oped naturally as much as due to any management actions.

When comparing stands with the same volume, growth was

estimated to be higher in all-sized stands. Lähde et al.

(2002) made comparisons for an 11-year period, for which

it was found that timber production in Norway spruce

forests was higher after selection cuttings (5.4m3 a-1 ha-1)

compared to thinning from below (4.6m3 a-1 ha-1). In a

recent study, Lähde et al. (2010) reported 48% higher

diameter increment in uneven-sized Norway spruce forests

compared to even-sized forests during a 15-year period.

The uneven-sized forest was treated with selection cuttings

and the even-sized forest with thinning from below.

Studies that use growth and yield models presented a

somewhat more uniform picture on volume production.

Pukkala and Kolström (1988) used a transition matrix model

to compare volume production between even- and uneven-

aged forest management. Transition matrix models have

been widely used for studying uneven-aged management in

the United States and elsewhere (Liang et al. 2005).

According to the specification given by Pukkala and Kol-

ström (1988), ingrowth depends on the gaps left by harvested

trees (cf. Usher 1969). These authors used simulations in

which a fixed fraction of trees were removed from each size

class. They concluded that uneven-aged management is

capable of producing 5m3 a-1 ha-1, which they presumed to

be inferior to that of even-aged management

(7.8m3 a-1 ha-1). Later Kolström (1993) applied a similar

model and approach with new empirical data and computed

that an uneven-aged Norway spruce stand may produce up to

8m3 a-1 ha-1 on medium to high fertility sites with a tem-

perature sum of 1200 degree days (d.d., defined as the annual

sum of the daily average temperatures over the 5 �C threshold

value). Pukkala et al. (2009) developed growth models for

uneven-aged stands. The harvesting strategy is based on

simple rules of thumb and the models for uneven stands

predicted volume growth that was 0.5m3 a-1 ha-1 less than

that of even-aged forest management in southern and central

Finland. In addition to these studies volume production
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results have been reported as secondary output in economic

studies which are reviewed next.

Economic Performance

Wikström (2000) used a single tree growth model con-

structed using data obtained from six separate studies. The

model simulates the number of trees and their diameter

development but takes tree height as a function of the

diameter. The model is suitable for zones in which the

temperature sum is between 1100 and 1200 d.d. Further-

more, Wikström referred to an earlier study by Kolström

(1993) and specified regeneration to be independent of

stand density and sets ingrowth for every 5years to be

equal to 50 trees ha-1 with an average diameter of 5cm.

Harvesting cost was assumed to be independent of the

management method. The uneven-aged solutions were

restricted to keep the stocking level above 150m3 ha-1.

The study applied various optimization approaches and the

interest rate was set to 3%.

Wikström (2000) specified three initial stands. Two of

the stands were outcomes from even-aged management and

the third stand represented a reverse J-shaped diameter

distribution. The study compared the economic perfor-

mance of even-aged management to an approximate infi-

nite horizon dynamic problem and to an equilibrium

endpoint and fixed endpoint problems. The approximation

was based on 41 5-year periods and the fixed endpoint

Table 3 Some main properties of studies comparing the economic or timber production performance between even- and uneven-aged

management

Study Optimization

framework

Harvesting cost

specification

Growth model Ingrowth model Source of BLV Volume

outputc
Economic outputc

Mikola

(1984)a
None None Case data None None EA[UEA –

Pukkala and

Kolström (1988)a
None None Transition

matrix

Usher-type None EA[UEA –

Kolström

(1993)a
None None Transition

matrix

Usher -type None – –

Lähde et al.

(1994)a
None None Inventory data None None EA\UEA –

Wikström

(2000)

Several None Single tree Fixed ingrowth Same framework EA[UEA EA[UEA

Andreassen and

Øyen (2002)

None Empirical

experiment

Case data/

even-aged

model

Case data External source EA[UEA EA[UEA

Lähde et al.

(2002)a
None None Case data None None EA\UEA –

Gobakken et al.

(2008)

None Same for both

alternatives

Single tree Various

explanatory

variablesb

Same framework EA\UEA Depends on initial

stand state

Lexerød and

Gobakken (2008)

None Same for both

alternatives

Single tree Various

explanatory

variablesb

Same framework EA\UEA Depends on initial

state and

discounting

Tahvonen

(2009)

General

dynamic

None Transition

matrix

Usher -type Same framework – EA\UEA

Pukkala et al.

(2009)a
None None Single tree Function of

density

None EA[UEA –

Pukkala et al.

(2010)

Static None Single tree Function of

density

External source – Depends on site

fertility and

discounting

Tahvonen et al.

(2010)

General

dynamic

Separate for

even and

uneven

Transition

matrix

Function of

density

Same framework,

external sources

EA[UEA EA\UEA

Lähde et al.

(2010)a
None None Case data None None EA\UEA –

a Compares volume yield scenarios only
b Altitude, latitude, site index, age class, number of trees, dominant species
c EA refers to even-aged management and UEA to uneven-aged management
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solution specified the endpoint (or target) stand structure

with a reverse J-shaped diameter distribution. The infinite

time approximation yielded 88–96% of the present value

net revenues of the even-aged solution, whereas the equi-

librium endpoint yielded 78–96% and the fixed endpoint

formulation was 70–96%. Even-aged solution yielded an

average volume output of 6.3m3 a-1 ha-1 whereas the

uneven-aged solution yielded 3.2m3 a-1 ha-1. Basal area

varied between 22 and 15m2 ha-1 and trees were cut when

they reached the 19–25cm diameter class.

Andreassen and Øyen (2002) performed an empirical

experiment for comparing clear cutting, tree selection, and

group selection in six initially mature Norway spruce

stands. Data for the initial cuttings were obtained from the

experiments and the future harvests were computed by a

simulator originally designed for even-aged stands. The

authors simply assumed that selection forests would yield

85% of volume increment of the even-aged management.

Selection cuttings were designed subjectively in order to

maintain irregular stand structure and they removed about

30–40% of stand basal area after each sequential 20-year

periods. The experimental cuttings indicated that selection

harvesting increased the harvesting cost by about 10%

compared to clear cutting. Given an interest rate equal to

2%, the selection system was found to yield about 15%

lower net present value (NPV) benefits compared to even-

aged management. Using a 3% interest rate the difference

was 25% in favor of the even-aged stands.

Gobakken et al. (2008) developed an individual tree

forest simulator and used it to study both even- and

uneven-aged management. The simulator included mor-

tality and growth models but the tree height was given as a

function of age and site index. Data source was the per-

manent plots of the Norwegian Forest Inventory system.

The study specified six initial stands; four of them were

uneven-sized stands with varying q-ratios, one stand had a

uniform diameter distribution and one a normal diameter

distribution. The simulator did not include any optimiza-

tion as such; instead the solutions were chosen from some

predefined set of management alternatives. Harvesting

costs were independent of management method and the

interest rate was set at 3%. Under the uneven-aged man-

agement there was a cutting every 30years which removed

all trees with diameter equal to or above 30cm.

According to the results (Gobakken et al. 2008) the

selection cutting method was superior when the initial

stand had an uneven-aged structure whereas even-aged

management dominated when the initial tree distribution

was uniform or normal. Results were similar both for

Norway spruce and Scots pine. Surprisingly, uneven-aged

management yielded higher volumes than the even-aged

solutions based on uniform or normal initial tree distribu-

tions (ibid.).

A study by Lexerød and Gobakken (2008) used the same

simulator which was further developed but it was still

based on somewhat artificial silvicultural actions (for

example, the thinning algorithm removed trees randomly).

The initial stand age in their simulations varied between 64

and 189years, the initial volume between 84 and

335m3 ha-1, and the basal area between 16 and 40 m2 ha-1.

According to the results selection cutting yielded higher

present value revenues with low interest rates (1–2%)

whereas even-aged management became superior with

higher interest rates. For Norway spruce uneven-aged stand

management yielded higher volumes, whereas for Scots

pine the results were slightly the reverse.

Tahvonen (2007, 2009) used the growth model of Kol-

ström (1993) for dynamic economic optimization for

maximizing present value stumpage revenues over infinite

horizon (3% interest rate, harvest every 5years). The

optimal steady state volume output became 7m3 a-1 ha-1,

the diameter of harvested trees was 26cm and the after

harvest basal area was 17m2 ha-1. In a stylized comparison

(e.g., assuming zero regeneration cost) the economic out-

come from uneven-aged management was found to be

clearly higher than that of even-aged management. It is

important to recognize that the regeneration specification

by Kolström (1993) yielded an excessive number of

seedlings, and it became optimal to thin the smallest size

class rather heavily. However, the superiority of uneven-

aged management remained until the ingrowth was

decreased to as low as 8% of the original ingrowth level

given in Kolström (1993).

Pukkala et al. (2010) utilized the growth data from

Pukkala et al. (2009) with the aim of solving optimal

steady state stand structures to develop management

instructions for Norway spruce and Scots pine stands.

Pukkala et al. (2010) based their economic model on the

ideas by Duerr and Bond (1952), Chang (1981), and Bare

and Opalach (1987). This led them to solve for the post-

thinning steady state stand structures that maximize NPV

defined as:

NPV ¼ NRT

ð1þ rÞT � 1
� ðNRcc � NRpcÞ; ð1Þ

where NRT is the roadside revenues net of harvesting costs

(or stumpage revenues) obtained every T periods, the term

(1? r)T -1 reflects the infinite time horizon (r is the rate of

interest), NRcc is the net revenues if the steady state stand

is clear cut, and NRpc is the net revenues if the stand is cut

to the state that enables to continue the steady state uneven-

aged cuttings. The interpretation of this investment effi-

cient steady state by Getz and Haight (1989, pp. 269–272)

and Pukkala et al. (2010) and others, is that NRcc � NRpc is

considered to be an opportunity cost or investment cost

to stocking needed for uneven-aged forestry. The
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maximization of Eq. (1) requires solving for the number of

trees and their diameters over the cycle periods taking the

stand growth model as a constraint. To simplify this

problem Pukkala et al. (2010) followed Bare and Opalach

(1987) and assumed that the post-harvesting stand structure

could be represented by a Weibull distribution function.

The problem could then be computed by taking the

parameters of the Weibull function as the variables to be

optimized instead of the number of trees directly.

Their method yielded a reverse J-shaped post-thinning

stand structure with the property that trees larger than

18–20cm are cut. Typically, the removal consists of about

50% of pulpwood. In comparing even- and uneven-aged

management the latter turned out to be superior both for

Scots pine and Norway spruce. The only exception was in

the case of Norway spruce growing on mesic Myrtillus site

type with 1300 d.d. temperature sum and with 1% interest

rate, which showed that an even-aged management yielded

slightly higher profitability.

The study by Tahvonen et al. (2010) used a nonlinear

transition matrix model for studying uneven-aged man-

agement of Norway spruce. The ecological model was

estimated for sites with rather high fertility, i.e., between

Oxalis–Myrtillus and Myrtillus site types, and a tempera-

ture sum of 1200 d.d. Harvesting costs were specified

separately for even- and uneven-aged management, the

latter being 15% higher per m3 when the harvested trees

were similar (Surakka and Siren 2004). The solutions were

computed applying the dynamic optimization approach.

When the aim was volume maximization, even-aged

management with artificial regeneration and thinning from

above produced higher volume than uneven-aged man-

agement. However, when comparing the economic supe-

riority of forest management forms, it was found that

uneven-aged management was superior to even-aged

management, although at low interest rates the differences

became small.

Summary of Studies on Volume Production

and Economic Performance

The number of reviewed volume production and economic

studies is 14. Of these five studies analyze field experi-

ments or inventory data whereas nine are based on

empirically estimated growth models that are integrated

with economic factors (Table 3). Six studies reported that

volume production was higher in even-aged management

compared to uneven-aged management whereas five stud-

ies obtained the converse result. Economic performance

was compared in seven studies. In two studies even-aged

management was found to be superior, in another two the

result was the converse and in the remaining three studies it

depended on thermal zone and variables such as the interest

rate and the stand initial state. The differences between the

study results can be understood to follow from the differ-

ences in the economic setup and growth models. Four

studies used some economic optimization approach (two

include restrictive features) whereas in others the uneven-

aged management is defined by applying ad hoc principles.

In general, economic studies suffer from the limiting

availability of growth models suitable for uneven-aged

management.

DISCUSSION

Ecology

The concept of ecosystem-based forest management

incorporates the idea that when extracting timber resources,

the natural structures, processes and species assemblages of

ecosystems, and hence the ecosystem services they pro-

vide, are simultaneously safeguarded (Gauthier et al.

2009). Improved understanding of the intrinsic features of

forest structure and dynamics, and comparisons with those

of managed forests, have provided the impetus for critical

re-evaluations of forest management strategies for all of the

circumboreal forest (Esseen et al. 1997; Bergeron et al.

2002; Puettman et al. 2009; Cyr et al. 2009; Kuuluvainen

2009; Shorohova et al. 2009). The traditional view was that

stand-replacing disturbances (mainly fire) and the resulting

even-aged stand dynamics are dominant natural phenom-

ena for all of the circumboreal forest. In such a case, clear

cutting would essentially emulate natural forest dynamics.

However, this view has been abandoned now and the

unveiling picture of disturbance and ecosystem dynamics

of the natural boreal forest reveals much more diversity

than the traditional view (Gauthier et al. 2009; Shorohova

et al. 2008; Kneeshaw et al. 2011; Kuuluvainen and Aakala

2011).

The accumulating evidence points in the direction that

under Fennoscandian conditions the natural forest is char-

acterized by highly heterogeneous stands and landscape

structures and dynamics, which are mainly driven by a

variety of non-stand-replacing disturbances (Kuuluvainen

2009). Partial disturbances, i.e., cohort and gap dynamics

due to wind, insects, pathogens and factors that are

endogenous to trees, appear to be prevalent and these help

maintain the forest on a more or less continuously covered

basis (Kuuluvainen and Aakala 2011). Such structures and

habitats of the natural Fennoscandian forest strongly differ

from those created by the current clear cutting practice

(Esseen et al. 1997, Östlund et al. 1997, Kuuluvainen

2009). From the disturbance ecology point of view what

has taken place since WWII is that forest management has

implemented a disturbance regime that is divergent from
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what the ecosystem has encountered before under ‘natural’

or historic conditions and hence could not have adapted to.

The mismatch between the spatio-temporal scales of nat-

ural versus human-induced disturbances in Fennoscandia

has had and obviously continues to have serious ecological

consequences, including continuous decline of biodiversity

(Hanski 2000; Auvinen et al. 2007; Raunio et al. 2008;

Rassi et al. 2010).

It is evident that many ecologically detrimental changes

in habitat conditions, such as a decline in dead wood, are

related to the amount of timber extraction per se. However,

adverse changes are probably also associated with how the

timber extraction is done, i.e., what is the management

system implemented (Fig. 1; Kuuluvainen 2002, Bergeron

et al. 2002). A crucial question is: Can uneven-aged

management provide an alternative that would allow a

better emulation of the dynamics and habitats that naturally

occur? The ecological results of the reviewed studies

contain a weak positive signal regarding the possibility of

maintaining habitat conditions and species populations

associated with gap-phase dynamic late successional for-

ests in versatile selection cuttings. Importantly, this is also

in accordance with predictions based on the intermediate

disturbance hypothesis. This would suggest that changing

the spatial scales and temporal dynamics of timber har-

vesting to resemble those created by natural disturbances

factors could be a way to better sustain ecological values

(Gauthier et al. 2009).

However, the information from studies that address

ecological questions is fragmentary both geographically,

and in terms of study focus: in particular some species or

species groups are considered, whereas others are not.

Results from long-term and large-scale experiments are

also missing. It is therefore not yet possible to properly

evaluate the differences between the two management

systems in this respect. For instance, the finding that

thinning from below reduced structural diversity more than

selection felling in short-term experiments (Lähde et al.

2002), is prone to uncertainty in its longer-term effects,

because of the critical role of ingrowth of younger and

smaller trees in maintaining the desired structural diversity.

Even so, the reviewed experimental studies are an impor-

tant first step, and with time these and other studies will

yield more and more valuable results, as exemplified by the

case of the re-inventory study by Siira-Pietikäinen and

Haimi (2009) of the experimental cuttings first inventoried

by Siira-Pietikäinen et al. (2003).

It needs to be stressed that the uneven-aged management

cannot be considered as the sole solution to ecosystem-based

management and biodiversity protection, because the natu-

ral disturbance dynamics under Fennoscandian conditions is

known to be highly variable (Kuuluvainen and Aakala

2011). It should also be borne in mind that uneven-aged

management as such does not solve the problems of dead-

wood-dependent species, and a proper tree retention man-

agement plan is necessary to ensure the availability of these

habitats. However, uneven-aged forests have the advantage

over their even-aged counterparts in that larger diameter

deadwood can be created continuously. Such an advantage is

not possible over a long time period after clear cutting,

unless retention trees are left. It seems that uneven-aged

management can be used in natural disturbance emulation

(NDE) and it can be an important component of a coarse

filter management strategy for biodiversity maintenance

(Gauthier et al. 2009). However, it is not a substitution for an

adequate forest reserve network, which would be the fine

filter, necessary for the maintenance of species which are

most sensitive to alterations in their habitats conditions.

The large spatial and long temporal scales of involved

ecological phenomena make research on this topic very

demanding, especially as related to questions of biodiver-

sity. The problems associated with the short time scales were

usually mentioned in the reviewed ecological studies. The

short time scales in experimental studies are understandable,

given that the interest in alternative forest management

strategies has increased only quite recently. However, it is

evident that forest dynamics operate on time scales of dec-

ades or even centuries, and phenomena such as species

diversity also depend on landscape-level habitat mosaics.

The potentially long time lags in ecological responses were

illustrated by the study of Sippola et al. (2001), in which

stand structure and species diversity in forests logged

selectively 50–100years ago had still not recovered in

comparison to those found in unmanaged forests. However,

in some other studies an opposite result was obtained (Lilja

and Kuuluvainen 2005; Lommi et al. 2009).

Conducting experiments on large scales is expensive

and time-consuming (Peterson and Anderson 2009). It was

therefore not surprising that the ecological studies that

relied on experiments were conducted on a stand scale.

This experimental strategy may be sufficient for addressing

the differences between the two management regimes for

some of the study questions, such as the effects on blue-

berry abundance (Atlegrim and Sjöberg 1996a), soil fauna

(Siira-Pietikäinen and Haimi 2009), stand structure (Lähde

et al. 2002), or stump decay rates (Shorohova et al. 2008)

that are not strongly influenced by landscape-scale inter-

actions. However, it is clear that for most study questions

the quality of the surrounding landscape is important, e.g.,

for species dispersal and movement (Wintle et al. 2005).

The study by Koivula (2002) was the only investigation

that explicitly considered the quality of the adjacent stands.

Because it is impractical, expensive, or even impossible

to perform many large-scale experiments, a feasible

approach is to tackle the large spatial and long temporal

scales involved by the use of simulation models to
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complement experimental studies. Such simulations would

also help in designing empirical studies. For example, it

has been shown that models for forested landscapes can be

coupled with species metapopulation models (i.e., habitats

and species), and the effects of different forest management

alternatives simulated (Wintle et al. 2005). Such simula-

tions could also be used to formulate testable hypotheses

when designing for experimental studies. Studying the

effects of uneven-aged management for larger, more

mobile species for which stand scale manipulations bear

little significance, could also be enhanced by simulations.

Similarly, a more systematic approach for studying species

or species group responses would be needed, or at least

substituted by indicator species, to assess the utility of

NDE approach in effectively maintaining species diversity.

The reviewed ecological studies on selection cuttings and

uneven-aged forest management also suffer from the lack of

multi-disciplinary approaches and links to a more general

theoretical basis. For example, in those studies that address

the ecological aspects of forest management probably the

most relevant theoretical framework, the intermediate dis-

turbance hypothesis, was not even mentioned. In addition,

the integration of these studies to a more holistic forest

management strategy, such as that provided by the natural

disturbance emulation (NDE) (Attiwill 1994, Bergeron et al.

2002) has been poor, although three of the studies loosely

connected the use of selection cuttings to the idea of NDE.

Somewhat similar problems can be found in forest economic

studies which are considered next.

Timber Production and Economy

The major drawback in the studies that analyzed timber

production volumes is that they do not apply any common

systematic setup in making this comparison. Two of the

studies (Lähde et al. 1994, Lähde et al. 2002), in which

volume production was found to be higher in uneven-aged

management, were experimental studies with very short

time intervals (11 and 15 years) and they actually compare

thinning from above to thinning from below. As such the

result that thinning from above may yield higher volume

yield compared to thinning from below is not surprising in

the light of studies on even-aged-management (Vuokila

1970; Valsta 1992; Niinimäki et al. 2012). However, the

crucial question is whether this result carries over to the

long-term for uneven-aged management solutions based on

natural regeneration.

The remaining studies on higher volume production in

uneven-aged management (Gobakken et al. 2008; Lexerød

and Gobakken 2008) did not interpret their results, but

Gobakken et al. (2008) gave the impression that their

results may be the outcome of the initial stand state.

In studies that compared the economic performance only

Wikström (2000), Tahvonen (2009), and Tahvonen et al.

(2010) applied a similar optimization procedure. The fact

that their results did not coincide may be due to the after

harvest stocking constraint ([150m3 ha-1) used in Wi-

kström (2000). The author did not justify the constraint but

it may have originated from the Swedish forest legislation.

In the study by Tahvonen et al. (2010) the optimal stand

volume after harvest was about 40 m3 ha-1 and was even

lower with a positive interest rate. The low density was a

consequence of the sensitivity of natural regeneration to the

basal area level and adding the restriction used by Wi-

kström (2000) would clearly decrease the economic output.

Moreover, in Wikström’s (2000) study the high stocking

did not create problems in regeneration because regenera-

tion was fixed at 50 new seedlings per 5 years per ha. In the

study by Tahvonen (2007, 2009) regeneration was based on

the specification made by Kolström (1993). This was

independent of density and it produced high regeneration

and lead to high economic performance. We note that the

level of natural regeneration in the study by Kolström

(1993, see also Pukkala and Kolström 1988), is much

higher than in any other growth model.

The studies of Lexerød and Gobakken (2008) and An-

dreassen and Øyen (2002) produced results suggesting that

the relative performance of uneven-aged management

decreases with discount rate, whereas Tahvonen et al.

(2010) and Pukkala et al. (2010) reported the opposite

result. In Andreassen and Øyen (2002) the initial states

represented mature stands and in even-aged management

there was an immediate clear cut, whereas in uneven-aged

management (ad hoc) harvesting removed a rather mod-

erate fraction of trees every 30years or so. Under this setup

it is to be expected that the relative performance of uneven-

aged management would decrease with interest rate. Those

authors pointed out that their results were influenced by the

initial stand states that favoured immediate clear cutting,

especially with higher interest rates. Tahvonen et al. (2010)

found that, it may be optimal to clear cut an initially mature

stand once and start the transition of the stand toward

uneven-aged management later. Even in this case a higher

discount rate works against the clear cutting solution. The

interpretation of their results is that clear cutting is fol-

lowed by regeneration investment and the investment cost

increases with interest rate, which imply lower competi-

tiveness against free (but scanty) natural regeneration.

The investment efficient steady state that was used in

Pukkala et al. (2010) study had been previously analyzed

by Getz and Haight (1989, pp. 269–272) and Tahvonen and

Viitala (2006) where it was shown to lack a sound theo-

retical basis. A major problem was the ad hoc economic

valuation of forest stands. As a consequence both the

steady state stand structure and the economic profitability
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of the uneven-aged management were found to deviate

from their theoretically correct solutions. The deviation

may be significant (Tahvonen and Viitala 2006). The other

question is how does the optimization of the Weibull

function parameters affect the optimal solution? A priori it

can be expected that it decreases the profitability results for

uneven-aged management since it brings additional

restrictions to the optimization.

A problem in many economic studies is the lack of

theoretical specification behind the computations or the

heterogeneity of the theoretical specifications applied. This

problem reflects the fact that applying the correct economic

approach of solving a nonlinear, nonconvex infinite hori-

zon optimization problem is computationally demanding.

The other main problem is the low number of ecological

models that describe the growth of heterogeneous uneven-

aged stands. The existing growth models have some

weaknesses like the ingrowth specification that gives the

number of trees that enter to the smallest size class. These

specifications include density dependence but implicitly

assume the existence of some stock of seedlings indepen-

dently of stand history. From the economic point of view

the growth models should include the most important tree

species simultaneously and they should be general enough

to allow the analysis of both even- and uneven-aged

management. In addition, knowledge on many practical

details such as damages on sapling in selection harvesting

is poor or even nonexistent.

A major part of forest economics does not recognize that

even-aged management is only one of a number of possible

forest management systems (see Fig. 2). Models of

uneven-aged management can be regarded as special cases

of age and size structured models in the general context of

managing biologically regenerating natural resources (Getz

and Haight 1989). Studies on uneven-aged management

should apply sufficiently general optimization methods.

The erroneous belief that the reasonable economic aim in

forestry is maximum sustainable yield has influenced

model development in forest production ecology. This has

led to development of ecological growth models that are

excellent in describing forest management based on clear

cutting and artificial regeneration and thinnings from

below, but which may perform less reliably if thinning is

made from above, for example. From the economic point

of view it is essential to keep these types of management

choices a priori open and subject to analysis by optimiza-

tion models. Fruitful interdisciplinary research in forestry

requires that these two sciences complement and integrate

with each other.

In silviculture the classic selection harvesting system

suggests removing trees from all size classes (e.g., Smith

et al. 1997, Nyland 2002). This is closely related to the goal

of maintaining a balanced uneven-aged structure depicted

by the reverse J-shaped tree size distribution. However,

these traditional views are problematic in the light of

economic studies and are questioned in a recent study by

Tahvonen (2011). Given the Fennoscandian conditions the

critical factor is the low level of natural regeneration. Thus,

it is normally not optimal to harvest small size classes;

instead removal is targeted toward trees with lower relative

value growth and stronger density effects. Simultaneously

the stand density is kept at a level where natural mortality

is low and regeneration is maintained.

There was a clear difference in the implementation

between ecological and economic studies. All but one eco-

logical study relied on experimental set-ups, whereas most

economic studies used simulation approaches and models.

As a result, there was a major difference in the time scales

involved in the assessments. The ecological studies con-

sidered only short time periods that ranged from immediate

post-treatment effects up to 10years, whereas the economic

models applied an infinite time horizon. On the other hand,

economic models seldom included spatial dimension.

CONCLUSIONS

According to a widely held view the main obstacle of

applying uneven-aged forestry is its poor economic per-

formance. However, the existing studies do not offer any

straightforward support for this view and indeed several

studies have found uneven-aged management to be fully

competitive with existing even-aged management systems.

The reviewed ecological studies suggest that selection

cuttings maintain late-successional forest characteristics

and species assemblages better than even-aged stands at

least at the stand scale and in the short term. These results

give some promise for using uneven-aged management as a

component of a forest management strategy that adequately

serves both economic and ecological goals. However, it is

amply clear that more studies are needed.

We conclude that there remain considerable gaps in our

knowledge regarding the ecological and economic out-

comes and applicability of the two forest management

alternatives in Fennoscandian conditions. In the future,

studies would greatly benefit from multidisciplinary

research settings and from linking the studies better to

theory. Moreover, the connection between empirical and

modeling work should be strengthened.
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Lähde, E., T. Eskelinen, and A. Väänänen. 2002. Growth and

diversity effects of silvicultural alternatives on an old-growth

forest in Finland. Forestry 75: 395–400.

Lähde, E., O. Laiho, and J. Lin. 2010. Silvicultural alternatives in an

uneven-sized forest dominated by Picea abies. Journal of Forest
Research 15: 14–20.

Lähde, E., O. Laiho, Y. Norokorpi, and T. Saksa. 1994. Structure and

yield of all-sized and even-sized Scots pine-dominated stands.

Annals of Forest Science 51: 111–120.

Landres, P.B., P. Morgan, and F.J. Swanson. 1999. Overview of the

use of natural variability concepts in managing ecological

systems. Ecological Applications 9: 1179–1188.

Lexerød, N., and Gobakken, T. 2008. Economic efficiency of

selective cutting under different timber price scenarios. In

Planning, management and economy of selective cutting in
Norway, ed. N. Lexerød (PhD thesis). Ås: Norwegian University

of life sciences.

Liang, J., J. Buongiorno, and R.A. Monserud. 2005. Growth and yield

of all-aged Douglas-fir—western hemlock forest stands: A

matrix model with stand diversity effects. Canadian Journal of
Forest Research 35: 2368–2381.

Lilja, S., and T. Kuuluvainen. 2005. Structure of old Pinus sylvestris
dominated forest stands along a geographic and human impact

gradient in mid-boreal Fennoscandia. Silva Fennica 39: 407–428.

Lommi, S., H. Berglund, M. Kuusinen, and T. Kuuluvainen. 2009.

Epiphytic lichen diversity in late-successional Pinus sylvestris
forest along local and regional forest utilization gradients in

eastern boreal Fennoscandia. Forest Ecology and Management
259: 883–892.

Matveinen-Huju, K., and M. Koivula. 2008. Effects of alternative

harvesting methods on boreal forest spider assemblages. Cana-
dian Journal of Forest Research 38: 782–794.

McCarthy, J. 2001. Gap dynamics of forest trees: A review with

particular attention to boreal forests. Environmental Reviews 9:

1–59.

Mikola, P. 1984. Selection forestry. Silva Fennica 18: 293–301.
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