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Abstract Dead wood is a key substrate for forest biodiversity, hosting a rich and often

threatened biodiversity of wood-living species. However, the relationship between the

occurrence of dead wood and associated species is modified by several environmental

factors. Here we review the present state of knowledge on how dead wood on different

spatial and temporal scales affects saproxylic biodiversity. We searched for peer-reviewed

studies on saproxylic species that compared dead wood distribution on at least two spatial

or temporal scales. We scanned close to 300 articles, of which 34 fit our criteria. 20 studies

were directed towards the current amount of dead wood at different scale levels and how

this relates to the abundance or occurrence of saproxylic species, embracing scales from

10 m to 10 km. 14 studies compared time-lagged effects of dead wood, covering time-lags

from 25 years to more than 200 years. The reviewed articles focused mainly on European

forest and addressed invertebrates (mostly beetles), alone or in combination with fungi (27

articles), fungi (six articles), or lichens (one article). Although the significance of dead

wood for forest biodiversity is firmly established, the reviewed studies show that we still
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have limited knowledge of the relationship between saproxylic biodiversity and spatial and

temporal scales. Based on the reviewed studies, we conclude that there is large variation in

response to spatial and temporal dead wood patterns between different taxa and sub-

groups. Still, several of the reviewed papers indicate that time-lagged effects deserve more

attention, especially on a landscape scale and for specialized or red-listed species. Further

work is required before firm management recommendations can be suggested.

Keywords Landscape scale � Time-lag � Extinction debt � Saproxylic � Coleoptera �
Fungus � Biodiversity � Dispersal � CWD � Forest management

Introduction

Ecological assemblages do not live in isolation from their surroundings, and they represent

the summed influence of years of changing conditions. However, there is quite limited

empirical evidence that shows which specific, quantitatively measurable variables, at

which spatial and temporal scales, shape the assemblages. Such information is urgently

needed to formulate sound management and conservation actions. Better knowledge on the

effect of previous conditions and of current factors at different spatial scales would have

significant consequences for management and conservation planning (Lindenmayer et al.

2008).

In forest ecosystems worldwide, an essential habitat for biodiversity is dead wood. Dead

and decaying trees are extremely important to flora and fauna, with hundreds of different

microhabitats, and thousands of associated species (Stokland et al. 2012). Many of the

species associated with dead-wood are listed as threatened or near threatened in national

Red lists (Kålås et al. 2006; Rassi et al. 2001; Gärdenfors 2010). In managed forests, the

amount and distribution of dead wood have often reduced dramatically. For example, in

boreal Northern Europe, the amount of dead wood has been reduced to only 10–15 % of

that normally found in pristine forests (Jonsson et al. 2005; Siitonen 2001). Additionally,

the dead wood often occurs patchily in the landscape, concentrated in protected areas.

Changes in the amount, quality and spatial and temporal distribution of dead wood have

also been documented in temperate forest (e.g. Moretti and Barbalat 2004; Sirami et al.

2008) and in the tropics (Grove 2001).

Dead wood is a locally dynamic and transient substrate. Consequently, associated

individuals must be able to compensate local extinctions on dead wood entities with

repeated colonization events to ensure survival at the landscape level (Grove 2002; Jonsson

et al. 2005). However, the spatial distribution and scarcity of dead wood substrates may

restrict efficient colonization if not matched by the dispersal abilities of the relevant

species. Knowledge of the relevant scale for dispersal and colonization of different sapr-

oxylic species is, thus, essential for successful management. For instance, should man-

agement efforts like retention of trees during harvests or forest protection be concentrated

to areas near existing sites that currently have high levels of dead wood to ensure suc-

cessful colonization, or will the dead wood also be reached and utilized if it is distributed

more evenly across the landscape?

The past development of the dead wood resource may be of decisive importance for

current populations of dead-wood associated species. There may be lag-phases [‘‘relaxa-

tion’’ or ‘‘transition’’ phases (Kuussaari et al. 2009; Johansson et al. 2013)] in response to
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habitat changes; large current occurrence of dead-wood species may not reflect long-term

viability but instead be remnant populations from former, more favorable conditions. Such

populations may be destined to decline or even become locally extinct.

Alternatively, historical paucity of the resource may have caused species to become

locally extinct, even if current amount of resource is high enough. The mechanisms of dead

wood continuity can either be that specific microhabitats are developed in old-growth

forest, or that the time period necessary for colonization of all ‘belonging’ species exceeds

the turnover time for managed forests (Nordén and Appelqvist 2001). A large-scale per-

spective on habitat continuity in the form of landscape connectivity (sensu Hanski 2005)

has proven to be of high importance in semi-natural grasslands (Münzbergova et al. 2013;

Cousins et al. 2007) and for species assemblages in old trees (Ranius et al. 2008). The

interplay between the spatial and the temporal dimension is likely to be a key concern for

the understanding of dead-wood species.

Any effect that is related to spatial or temporal scale—such as the effect of patch

isolation on colonization ability—is likely to be species dependent. Different organisms

have widely different abilities to survive in a specific landscape over a given period of

time, depending on e.g. habitat demands, reproductive mode and dispersal abilities.

Simulations suggest that some responses of species to spatial patterns, such as an abrupt

reduction in population size below a certain critical threshold of remaining habitat, are

closely and predictably related to characteristics of the species (e.g. dispersal, reproduc-

tion, area/edge sensitivity) and landscape (e.g. fragmentation, matrix quality, rate of

change) (Swift and Hannon 2010). Although we might lack details for species-specific

analyses, looking for trends in certain functional groups (like habitat specialists), might be

helpful in understanding more of the complex interactions between species and habitat

patterns on a landscape scale and across generations. Such knowledge would help in the

continuous development of better management guidelines.

A large amount of studies have been published on dead wood and associated species

during the past 20 years, and knowledge on different aspects of dead wood in relation to

biodiversity has been summarized in different reviews (Bunnell and Houde 2010; Davies

et al. 2008; Grove 2002; Jonsson et al. 2005; Junninen and Komonen 2011; Lassauce et al.

2011; Müller and Bütler 2010; Paillet et al. 2010). Still, there is lack of compilation and

analyses of studies that focus on the importance of spatial and temporal scales for species

dependent on dead wood. We aim to fill this knowledge gap, since issues of scale are of

large importance for practical management.

In this paper we review and synthesize information in the published scientific literature on

the relationship between saproxylic species and the spatial and temporal scale of the distri-

bution of dead wood. We included all studies comparing dead wood distribution on at least

two spatial scales (usually stand and landscape), or at least two temporal scales. When

selecting the studies, we followed the definition of saproxylic species given by Alexander

(2008): Saproxylic organisms are species which are involved in or dependent on the process

of fungal decay of wood, or on the products of that decay, and which are associated with living

as well as dead trees. We include studies of insects, fungi, lichens, and bryophytes—but we do

not include studies of species nesting in hollow trees (like birds, bats or marsupials).

We address the following questions:

• What is the present state of knowledge on the importance of dead wood on different

spatial and temporal scales for saproxylic biodiversity?

• Do different taxa or functional groups respond differently to dead wood at different

spatial and temporal scales in the accumulated literature?
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• Is the knowledge-base large enough to allow recommendations from a management

perspective?

Materials and methods

Focusing the questions

We divided the scale problem into different aspects represented by a two-by-two array of

spatial scale (local vs. landscape-scale) by temporal scale (current vs. historical) (Fig. 1).

In a hypothetical landscape, the saproxylic species and assemblages can be influenced by

the variation in dead wood in four distinctive ways, assuming a constant pool of species

that can colonize a site.

Firstly, local availability of suitable dead wood microhabitat is a prerequisite for local

reproductive occurrence of the associated species. Local in this sense is taken to mean

stand scale, commonly a focus in research and practical forest management. This situation

corresponds to Fig. 1a.

Secondly, the local temporal continuity of the dead wood resource may influence

species’ occurrences, both since former large amounts of dead wood may cause delayed

extinction effects, and since there may be time-lagged effects in colonization of species in

response to current larger amounts. This corresponds to the situation Fig. 1c.

Thirdly (Fig. 1b), the current species richness of saproxylic organisms may be influ-

enced by the variation of habitat that currently occurs in the neighboring landscape. If this

is the case, large parts of the saproxylic assemblage variation within the focal patch can be

explained by the present habitat availability in the surroundings of the focal patch, but most

likely in combination with focal patch characteristics. The relative importance of the

habitat patches in the surrounding and the local patch can differ, according to the source-

sink concept (Thomas and Kunin 1999).

Fourthly, the current assemblage in the focal patch may be affected by changes in the

surrounding landscape a long time ago (Fig. 1d). Conceptually, this is close to the

extinction debt and associated metapopulation models (Hanski and Ovaskainen 2002). In

those models, focal patches may remain largely unchanged (such as protected areas) but

their surroundings may cease to produce colonizers that are vital to maintain local pop-

ulations. Final extinctions are realized long after the landscape has changed.

Naturally, these four broadly divided ‘‘effect categories’’ are not mutually exclusive but

are likely to operate simultaneously. When reviewing the studies, we have also sought for

possible combined effects that originate from different spatial and temporal scales. These

combined scale effects are, quite naturally, often very complex to show and analyse.

Measured responses in studies of spatial and temporal effects like those described above

would depend on species, since species have different habitat demands, different life history

traits including dispersal abilities, and different response times to environmental changes.

Article selection

We included only studies published in peer-reviewed journals. The aim was to find all

studies that matched the criteria of: (1) including saproxylic species, (2) comparing dead

wood distribution on at least two spatial scales, or (3) comparing dead wood distribution on

at least two temporal scales. We conducted a search in the ISI Web of Knowledge for
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papers in English that matched either of the words (in title, abstract or keywords) sapr-

oxylic, wood-inhabiting, epixylic and at the same time either of the words landscape* or

scale*. This search was conducted on July 20, 2012 and contained 235 papers. In addition,

we searched the reference lists for additional papers that matched the above three criteria.

In total, we scanned 278 studies, and of these 34 fit our criteria. Many excluded papers

described saproxylic species richness in managed versus unmanaged forest in general.

Also, studies comparing very small scales, like single trees and their immediate sur-

roundings (Buse et al. 2007; Sirami et al. 2008; Sverdrup-Thygeson et al. 2010) were

excluded. Papers in which saproxylic species were not separated from other species in

analyses (e.g. Janssen et al. 2009) or where two different species sampling methods were

used for the two scales (e.g. Siitonen 1994) were also not included.

Article overview

Most of the 34 included studies originated from Europe, but there were also 4 from North

America (Table 1). The majority of the studies addressed beetles and other invertebrates,

alone (see Table 1) or in combination with fungi (Jonsell and Nordlander 2002; Komonen

et al. 2000; Laaksonen et al. 2008; Kehler and Bondrup-Nielsen 1999; Rukke and Mid-

tgaard 1998), while six addressed fungi (Berglund et al. 2011; Berglund and Jonsson 2008;

Paltto et al. 2006; Penttilä et al. 2006; Sverdrup-Thygeson and Lindenmayer 2003; Nordén

et al. 2013), and one focused on saproxylic fungi and lichens (Ranius et al. 2008). Species

Large 
scale 
effects 

Small 
scale 
effects 

Current effects Time-lagged effects 

Temporal 
scale 

Spatial scale 

b 

a 

d 

c 

Fig. 1 A conceptual model of how local and landscape scale, as well as time (temporal scale), can influence
current species patterns in a focal patch. In a, the main influence is from current local habitat characteristics;
while in b the main influence is from habitat characteristics at the current landscape-scale. In the two right
side figures, the response is time-lagged (symbolized by dashed lines of habitat qualities): In c, the previous
local habitat characteristics exert the main influence on the current species pattern, and in d, the previous
landscape-scale habitat characteristics are most influential. In reality, these effects may act simultaneously
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richness was the most common response variable, but some studies measured assemblages,

occurrence or abundance of specific species, especially red-listed species or species

assumed to be specialized to rare microhabitats or environmental conditions.

In a few studies the scale issue was the main focus (e.g. Franc et al. 2007; Paltto et al.

2006; Ranius et al. 2008), while in others it was covered more briefly and indirectly (e.g.

Moretti and Barbalat 2004; Buse 2012). We divided the studies in two main groups,

following our criteria above and in Fig. 1: Those that compare local and landscape current

effects of dead wood, i.e. spatial effects (Fig. 1a, b), and those that consider time-lagged

local and landscape-scale effects, i.e. temporal effects (Fig. 1c, d). 20 of the studies in our

material were directed towards the current amount of dead wood at different scale levels

and how this relates to the abundance or occurrence of saproxylic species (Table 1). These

studies embrace scale levels from 10 m (Jackson et al. 2012) to 10 km (e.g. Franc et al.

2007; Gibb et al. 2006). 14 studies compare time-lagged effects of dead wood, including

time-lags from 25 years as the shortest (Andersson et al. 2012) and &200 years as the

longest time span (Ranius et al. 2008).

In the reviewed studies, several different methods were applied for quantifying the

amounts and distribution of dead wood. Some studies used buffer radius metrics (sensu

Calabrese and Fagan 2004), and related the response variable (in a site of fixed size) to

amount or connectivity of habitat within a buffer of surrounding area, comparing two or

more spatial scales. The most common between-scale comparison was stand scale to

landscape scale (the latter typically covered a few kilometres) (Franc et al. 2007), but

several studies used continuous measurement of scales (e.g. Ranius et al. 2011a; Bergman

et al. 2012). A few studies compared effects of surroundings on response variables in sites

of different sizes in a nested set-up where the larger scales are pooled from the smaller

units (Kehler and Bondrup-Nielsen 1999; Rukke and Midtgaard 1998; Økland et al. 1996;

Jackson et al. 2012).

Two main approaches were used to study the effect of the temporal dimension in the

reviewed papers. No studies had actually collected data in different points in time. Rather

they either applied retrospective methods, either by obtaining data from historical maps, or

by using space-for-time substitution to compare sites that have different known history

(Table 2).

A common set-up in the studies of time-lagged responses (Fig. 1c, d) was to relate the

response variable to previous amount of habitat in the surrounding area versus current

amount of habitat in the surrounding area, where previous amount was interpreted from

historical data. Our material included six studies that used historical data (maps) to esti-

mate the effect of previous amounts of dead wood (or a proxy for this) on current

occurrences of saproxylic species (Table 2). Four of these studied fungal species that were

either red-listed or assumed to indicate ecological continuity (Sverdrup-Thygeson and

Lindenmayer 2003; Ranius et al. 2008; Paltto et al. 2006; Nordén et al. 2013).

Another common method for studies of time-lagged effects was using space-for-time

substitution and comparing sites that had been isolated for different lengths of time or were

situated in regions differing in land use history (Abrahamsson et al. 2009; Berglund and

Jonsson 2008; Komonen et al. 2000; Jonsell and Nordlander 2002; Kouki et al. 2012;

Lindbladh et al. 2007; Siitonen 1994; Penttilä et al. 2006; Laaksonen et al. 2008). The

basic aim was to find out if long-term management of the surrounding matrix is reflected in

the current composition of saproxylic assemblages and, furthermore, in the potential to

restore species. The studies in this category typically aimed to include dead wood as a

covariate or to keep the amount constant when revealing the effects of management and

logging at the landscape scale.
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Effects of current dead wood amount and distribution on different scales (Fig. 1a, b)

Single species

Five studies analysed the occurrence patterns of single saproxylic species. Kehler and

Bondrup-Nielsen (1999) and Rukke and Midtgaard (1998) both studied the occurrence

of a single fungivorous beetle living in basidiomes (sporocarps) of fungi and its

dependence on habitat amount in surroundings. The predictor variables changed as they

analysed the effects on increasingly larger spatial scales from within single logs,

between logs, and finally between woodland patches. The studies both found that the

intermediate scale—between trees—stand out as important for the species in focus, but

Kehler and Bondrup-Nielsen found effects of isolation at all scales, between fungal

basidiomes on a log (0–2 m), between clusters of basidiomes in a forest (1–71 m) and

between woodlots in an agricultural matrix (25–2,000 m). Saint-Germain and Drapeau

(2011) studied the effect of residual habitat in surroundings (from 40 m to 2 km) for

four species of Cerambycidae in aspens. Two of the four species responded most

clearly to the largest spatial scale; 2,000 m, one species to 1,200 m and one to 800 m

scale (Saint-Germain and Drapeau 2011).

Bergman et al. (2012) studied the multi-scale responses of several oak-dependent

beetles in a large dataset of 33,000 large or hollow oaks. They found that scale response

was highly species-specific in the 16 beetles (out of 35) that showed a clear relationship

with oak density. The characteristic scale of response of species richness of oak beetles was

2,284 m. Some species responded to both local and landscape scale.

A study of a territorial and dispersal-limited beetle, Odontotaenius disjunctus, also

points to the influences of factors acting at multiple scales (Jackson et al. 2012). They

found that while forest cover best predicted occurrence at a scale of 225 ha, it accounted

for very little of the variance, and the occurrence of the beetle was most sensitive to

environmental factors measured at the smallest scale (‘‘log section scale’’—which was the

scale of the beetles’ territories).

Effects on species richness or composition

A few studies have considered the question of assemblage-level response to current dead-

wood characteristics. Økland et al. (1996) found that the relationships between ecological

and species diversity variables were improved by increasing the spatial scale, with the

strongest being found at the largest scale. For parasitoids of saproxylic hosts, the spatial

response peaked at 0.5–1 km for all the studied species (Gibb et al. 2008). The study used

proportion of old forest in increments of 100 m (from 200 to 1 km) or 1 km (from 2 to

10 km) as a proxy for dead wood. Common for both studies, local (stand scale) availability

of dead wood was found to be of limited importance.

A study from deciduous forest in Switzerland addressing the effect of forest fires on

saproxylic beetles in three families found that species diversity and composition were

related to various ecological variables at two levels of spatial scale (Moretti and Barbalat

2004). Specifically for dead wood, they found no effect at the small scale of 0.25 ha. At a

large scale of 6.25 ha, they concluded that the mosaic of different forest habitats and

successional stages created by forest, was important.
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Differential effects on assemblages of generalists and of specialized species

We found six studies comparing the spatial effects of current dead wood habitat on species

belonging to different groups regarding commonness. In two related studies of saproxylic

oak beetles in Southern Sweden, main predictors of species richness of both all species and

red-listed species were first found to be two landscape variables (Franc et al. 2007). In a

follow-up study, Götmark et al. (2011) expanded the range on the axes of the predictors by

adding more study sites. This partly changed the results: local species richness was then

predicted by a combination of local, landscape and regional factors. Local amount of dead

wood turned out as the main predictor of total species richness, while the landscape dead

wood proxy was the main predictor of species richness of red-listed species. Thus, species

richness of red-listed saproxylic species depended more on landscape factors than total

species richness did. As an exception to this main trend, however, Brunet and Isacsson

(2009) found beech-associated red-listed species to respond more both to local and land-

scape dead wood variables than common species.

A study of early-successional beetles in experimental logs in Sweden found that dead

wood availability within 100 m of the study sites was rarely important for beetle abun-

dance (Gibb et al. 2006). In contrast, a large area of suitable stand types within both 1 and

10 km resulted in greater abundances for several common and habitat-specific species. The

authors also tested whether assemblage similarities were lower on sites that were far from

each other. They found that this was indeed the case for red-listed species. This could be an

indication of red-listed species having more localized distributions. Local factors were also

important in a study of early post-fire saproxylic beetles in a recently burned landscape in

boreal Quebec, Canada, where different but weak associations with distance to possible

source habitats were found for the different trophic groups (Boulanger et al. 2010). The

authors point to the fact that this study took place in a pristine ecosystem subject to large

and frequent wildfires, and therefore the high regional pool of individuals may have

overwhelmed any effect of dispersal from specific source habitat.

An experimental work by Lindbladh et al. (2007) is the only one in our material that

failed to demonstrate any landscape-scale effect, but this conclusion was partly relaxed in a

follow-up study using different sampling methods (Abrahamsson et al. 2009). Both studies

investigated species richness of beetles that occupy man-made high stumps in southern

Sweden. Contrary to many of the other studies, they covered a more restricted landscape

gradient. This may partly explain why the result was different from the other studies.

Effects of connectivity of dead wood on local and landscape scale

Another important aspect of the scale effects of dead wood is the spatial arrangement

within different scales, e.g. in the form of local or landscape-scale connectivity (sensu

Hanski 2005) of dead wood. Our material included four independent studies (two arti-

cles from the same study) on this, with mixed responses.

Schiegg (2000a, b) considered connectivity of dead wood on a local scale, by mapping

the position of all dead wood pieces, in plots with a radius of 200 m in mixed Fagus

sylvatica, Abies alba forest in Switzerland. By analysing data with three connectivity

indices she found that species richness of insects was higher in plots with high connec-

tivity, and there were also effects on species composition as well as specific species

responses. In this study, the spatial arrangement came out as more important than the total

volume of dead wood.
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At a landscape scale, high levels of habitat connectivity have been shown to have a

positive effect on species richness and species occurrence. Ranius et al. (2011a) sur-

veyed all oaks deemed suitable as habitat for seven saproxylic beetles and two

pseudoscorpions, all red-listed, within five landscapes in southern Sweden and included

oaks in 4 km buffers surrounding each landscape in the analyses. Positive correlations

with connectivity were found for eight of the nine species. Models generating best fit

varied between 135 and 2,857 m depending on species. The most threatened species

were affected by large-scale occurrence of oaks, indicating that they need conservation

efforts at larger spatial scales. Similar positive correlations with connectivity on a large

scale were found in a study of aspen-specialist beetles, although there was a wide

variability in spatial scale of response in individual species (Ranius et al. 2011b). The

spatial scale at which species richness had its strongest response to habitat was rather

small, only 93 m.

In a study of saproxylic aspen-associated beetles, habitat connectedness was not

retained in analyses as a significant predictor of neither occupancy nor species richness—

possibly due to time-lagged effects not captured in the study (Sahlin and Schroeder 2010).

Time-lagged effects of dead wood amount and distribution (Fig. 1c, d)

Effects on species richness in general

One study considers time-lagged effects on overall species richness of saproxylic species.

Andersson et al. (2012) compared 25 year old clearcuts with and without removal of

stumps to see if this contrast influenced present fauna of flying saproxylic beetles. They

found little support for time-lagged local effects of stump harvesting on beetles flying in

the stands. Instead the beetle community was more influenced by the characteristics of the

surrounding forests.

Effects on red-listed or rare species

Also, a few studies consider effects of previous dead wood distribution on single red-

listed species. Two studies from central Europe address red-listed beetles and how they

respond to historical dead wood-related parameters in the landscape. Buse (2012)

studied relict flightless saproxylic weevils and found that the frequency of these beetles

was correlated with historical, but not with current, woodland size. Dubois et al. (2009)

found that the current occurrence of the globally red-listed scarab Osmoderma eremita

in France reflected 50 years old patterns in their dead wood substrate (Dubois et al.

2009). Both studies used historical information in the form of old maps to assess

previous dead wood amounts.

A set-up of comparing sites with different temporal isolation and a control was used

by Komonen et al. (2000), which is the only study considering a food-chain. The study

focuses on three trophic levels: an old-growth red-listed specialist saproxylic fungus

(Fomitopsis rosea), a moth living in the basidiomes of the fungus, and a parasite of the

moth. They conclude that the surroundings outside the stand had a clear temporal effect

on the abundance of the species (Komonen et al. 2000). A time-lag in the effect of

isolation was clearly verified: isolation a long time ago had led to truncated food

chains.
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Differential effects on generalists and certain specialized species

Several studies detect different responses between species richness of generalist species

and richness of species often used as old-growth indicator species (e.g. Nitare 2000) and/or

red-listed species.

Berglund and Jonsson (2008) compared site occupancy of 29 saproxylic fungus

species in Woodland Key Habitats (sensu Timonen et al. 2010) with different times since

the logging took place in the surrounding forest. The temporal scale spanned from sites

that had been isolated for the past 80–100 years, to sites where surrounding old growth

had been removed less than 15 years ago. They also used natural mosaic landscapes that

had been only marginally influenced by humans for [2,000 years as control. They found

few overall effects, but some specialized red-listed species showed decreased occupancy

in old isolates compared to recent, indicating a temporal effect of large-scale dead wood

amounts.

In a study of saproxylic beetles on two polypore fungi, Jonsell and Nordlander (2002)

compared three types of forests that differed in historical continuity and availability of

breeding substrate. Most of the studied beetle species (25 spp. on Fomitopsis pinicola and

27 on F. rosea) were not affected by the continuity. Notably, however, quite a few red-

listed species were more common on long-continuity sites, indicating that historical effects

do affect the current occurrence. However, this pattern was not consistent among all the

red-listed species (data on them were scarce, though).

Studies by Penttilä et al. (2006) and Laaksonen et al. (2008) applied a method where a

specific isolation index of each patch was calculated, based on ca. 50 years history of forest

transformation. This index was then used to test and reveal if and how the temporal history

affects current, empirically measured assemblages. Both studies found clear impacts of

timing of isolation but—again—there were obvious differences between different species.

Penttilä et al. (2006) could verify that time-lagged effects (related to isolation) have

impacts mostly on rare fungi species. Laaksonen et al. (2008) studied beetles and also

found that rare species are affected but also some common species. The results of these

studies were further supported and expanded by Berglund et al. (2011) and Nordén et al.

(2013) who analysed the occurrence of fungi along a gradient of forest management

intensity and duration across southern Finland. A clear landscape effect was observed so

that a suitable dead wood substrate was most likely to be occupied in a region where

management had its shortest history.

Kouki et al. (2012) also analysed occurrence patterns of beetles along a management

gradient in southern Finland. Their study was experimental where similar dead wood

substrates were created by burning comparable forests in different landscape context.

There was a very clear landscape-level effect so that areas that had the longest manage-

ment history attracted the least amounts of rare, red-listed and pyrophilous species. The

results suggest a strong landscape-scale effect on the saproxylic beetle fauna.

Time-lagged landscape effects were also found by Paltto et al. (2006), who considered

the proportion of broadleaved forest in the surrounding landscape 130 years ago and today

(as a proxy for broadleaved dead wood) at several spatial scales, and its effect on sapr-

oxylic fungi. They found a clear time-lagged effect of historical habitat within 1 km radius

on present species density, indicating a possible landscape-scale extinction debt. Similarly,

in a study of species occurrence of 21 red-listed species (12 lichens and 9 fungi) on old

oaks, Ranius et al. (2008) considered the effect of density of oaks 170 years ago and today,

and found a time-lagged effect of habitat density for 11 of the species.
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Sverdrup-Thygeson and Lindenmayer (2003) studied the effects of historical patterns in

forest age classes and absence of logging versus present-day structures, at both the forest

stand scale and the surrounding landscape (80 ha) scale, for the two red-listed fungi

Phellinus nigrolimitatus and Cystostereum murrayi. They found that historical landscape

structure was the best predictor for the current occurrence and abundance of P. nigro-

limitatus, while no clear patterns emerged for C. murrayi. Contrary to Paltto et al. (2006),

Sverdrup-Thygeson and Lindenmayer (2003) also found a positive stand-level effect of

previous amounts of dead wood, while local effects were not measured in Ranius et al.

(2008), who had parish area as the smallest scale level.

Overview and conclusions

We found the studies of the effects of spatial and temporal scale of dead wood on sapr-

oxylic species to be rather heterogeneous in relation to their focus, methods and scales

studied. Consequently, general conclusions are difficult to draw. Still, certain trends arise

from the published studies, in particular concerning the importance of a larger and longer

scale perspective.

Small scale vs. large scale

In our compilation, five independent studies with specific focus on spatial scales identify

large scale levels as most important for one or all subgroups studied (Table 3). Three

studies identify small scale levels as most important (Table 3); two of these focus on single

species. In the rest of the studies, both small and large scale effects were found to be

important. Judging from this result, one might suggest that there is a slight tendency that

more studies distinguish large scale effects as more significant, especially for red-listed

species, but mostly this result illustrates the diverse responses of different species and

different systems.

A possible landscape effect has also been hypothesized in previous reviews into this

matter. A meta-analysis on dead wood volume and saproxylic biodiversity found the

magnitude of correlation between the two to be relatively moderate, and suggest that one

reason for this might be the stand-level focus of the studies included (Lassauce et al. 2011).

Also Paillet et al. (2010), comparing managed and unmanaged forest in Europe, point to

the possible overriding effect of adjacent landscape structures.

Time-lagged effects

The 14 studies addressing the temporal scale perspective also include a large-scale spatial

perspective. Ecologically, this makes sense, as local (stand) continuity might be less rel-

evant in practice. Most microhabitats have rather short life-times and the majority of

species therefore have to respond to the dynamics on a larger scale (Hanski 2005).

Only one of the studies addressing temporal effects did not find a time-lagged effect,

namely Andersson et al. (2012). This study also has a special set-up; the temporal effect is

only measured locally (cut stumps removed or not 25 years ago) and it uses only general

species richness as a response variable. The remaining studies on time-lagged effects

analyse species belonging to different sub-groups, like red-listed species, separately. The

strongest effects of previous landscape characteristics were found for rare or red-listed

species, but the relative importance of different scales depended on the setting. As response
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to spatial scale depends so strongly on the dispersal limitations of different species, a

differentiated response could be expected between common generalist species with high

dispersal power and species that are specialized to stable, long-lived microhabitats

(Southwood 1977). Habitat specialists may today live in fragments too isolated for suc-

cessful exchange of genes and individuals (e.g. Henle et al. 2004), resulting in declining

populations and a listing as threatened in national Red Lists.

Limitations

Considering the scale issues, caveats and limitations in comparing and generalizing the

reviewed studies are obvious. One limitation is that most of the current data and studies

originate from those European landscapes that have been under intensive forest manage-

ment for prolonged periods. The accumulated effects of land-use may have influenced the

species pool of these landscapes, especially those species that are most demanding in terms

of forest naturalness. Thus, we might miss certain scale effects, in particular those that are

time-scale related.

Another challenge inherent in the included studies is that the way the dead wood

resource is measured, changes with scale. While detailed dead wood surveys can be

conducted on a stand scale (Fig. 1a, b), this clearly becomes very difficult as scale

increases to a landscape level (Fig. 1c, d). For the larger scales, proxies are instead used

and the most commonly used proxy is the amount of old forest (e.g. Paltto et al. 2006;

Økland et al. 1996). This means that the precision decreases with increasing scale, which

can blur results.

Any scale-related analysis is challenging when only a few scales are included. In many

studies covered here, a common comparison was between ‘‘small’’ and ‘‘large’’ scale or

‘‘stand’’ and ‘‘landscape’’ scales. This approach may prevent finding the real pattern of

scale-dependency. One way to overcome this challenge is to use a continuous variable and

compare effects over a large range of scales, which has been done in some of the analysed

studies (e.g. Bergman et al. 2012; Franc and Götmark 2008). New data sources from

remote sensing, like satellite imagery or data from airborne laser scanning, might radically

change the accessibility of such wall-to-wall digital map input for analyses.

A more basic study design issue is also worth mentioning, namely that the inter-

dependencies of several scale effects can change with the variability or span of dead wood

conditions covered in a study. This was exemplified by the studies of Franc et al. (2007)

and Götmark et al. (2011). By including more sites and thereby expanding the range on the

axes of the local dead wood predictors from the study of Franc et al. (2007), Götmark et al.

(2011) showed that while the significance of the large scale was still present, local species

richness was now predicted by a combination of local, landscape and regional factors.

These limitations call for prudence when it comes to formulating management guide-

lines, as supported by other reviews on dead wood and saproxylic species that conclude the

evidence presently available is insufficient for the formulation of convincing management

recommendations (Davies et al. 2008; Ranius and Fahrig 2006). Still, other reviews sug-

gest that thresholds of local dead wood amounts can be discerned (Müller and Bütler 2010)

and even serve as guidelines for forest management (Junninen and Komonen 2011).

Conclusion

We conclude that the present state of knowledge on the importance of dead wood on

different spatial and temporal scales for saproxylic biodiversity is still limited; we only
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found about 30 studies that addressed this topic in a way that made it possible to include

them in a review. This means that the research field is still too immature to allow firm,

quantitative management recommendations, or to try to differentiate between the response

of different taxa. Still, some patterns emerge. Further research, on more species groups and

in different systems (especially other geographical areas with other land-use histories), will

indicate whether the tentative patterns suggested here are consistent across the saproxylic

community.

Firstly, even with the considerable variation in response to dead wood patterns between

different taxa, and sub-groups of saproxylic species, several of the studies reviewed here

indicate that time-lagged effects deserve more attention, especially on a landscape scale

(Fig. 1d). Secondly, several studies indicate that species specialized to microhabitats or

conditions restricted to old forest habitats or to natural forest dynamics (like many red-

listed species), respond differently to large-scale and long-time forestry than species with a

broader ecological niche.

For future studies, we strongly recommend extending research to areas of forest with

natural CWD levels, and to use them as reference areas or to establish long term moni-

toring sites on them. Such areas are still available in many parts of Russia, Canada and

Alaska. We also advise more studies to simultaneously compare different taxa or different

ecological or functional groups within the same landscape system. Comparisons between

well and poorly dispersing species, generalists and specialists, or common and rare species

could bring much to our knowledge on scale-related effects. Future studies that combine

landscape-level forest planning with the response of functional groups in landscapes with

different remaining species pools are especially urgent. Also, some saproxylic species

groups like bryophytes, lichens, Hymenoptera and Diptera are poorly represented in the

current research and need more focus in future studies. In addition, we suggest that more

rigorous protocols should be applied in future studies so that, for example, measurements

of dead wood amounts at different scales are comparable.

Even though exact scales and the quantitative magnitudes of their effects remain

unresolved so far, there is plenty of evidence that any actions and measures that aim to

promote the diversity of saproxylic species in managed forests require a ‘‘broad-scale

approach’’, i.e. that local management measures should be considered in the context of

current landscape-scale and historical landscapes, to a larger extent than today.
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