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A B S T R A C T

Primary forests are characterized by high vertical and horizontal stand diversity, which provides habitat for a
diverse range of species with complex habitat requirements. Detailed knowledge of related ecological processes
and habitat development of primary forest species are essential to inform forest management and biodiversity
conservation decisions, but relationships are not well documented. We collected dendrochronological data and
inventoried numerous structural elements in permanent plots throughout the primary temperate forests within
the Carpathian Mountains. We fit and compared multiple predictive models to quantify the importance of
200 years of natural disturbance dynamics on the occurrence probability of an umbrella species – the capercaillie
(Tetrao urogallus). We showed that a mixed-severity disturbance regime ranging from low through moderate to
high severity disturbances is required to generate diverse forest habitats suitable for capercaillie. The variation
in natural disturbance severity and its timing promoted key structural habitat elements, such as low natural
regeneration density, low mature tree density, high ground vegetation cover, availability of forest gaps, and
abundance of standing deadwood. This study demonstrates the importance of natural disturbance in maintaining
the variety of conditions necessary to support primary forest specialist species. Managers of protected areas
should be mindful that natural disturbances generate habitat for the capercaillie in mountain Norway spruce
forests. Further intervention is unnecessary. Conservation planning and forest reserve design should shift focus
to the large-scale spatial requirements needed to ensure that a wide range of forest developmental phases are
represented in protected areas.

1. Introduction

The rich levels of biodiversity found in primary forests are a con-
sequence of their high structural variability and habitat continuity
(Franklin, 2000; Gao et al., 2015). Throughout Europe, primary forests
now cover less than one percent of the contemporary landscape and
pressure to convert primary forest cover to structurally simplified for-
ests managed for timber production continues to increase (Knorn et al.,
2013; Wallenius et al., 2010). To fully understand the consequences of

the loss of forest structural complexity on biodiversity, quantifying the
relationship between structural variability in primary forests and the
abundance of related indicator species is necessary.

The structural variability of primary forests arises largely as a
consequence of natural disturbances (Franklin et al., 2002; Franklin and
Pelt, 2004; Trotsiuk et al., 2014; Čada et al., 2016, Meigs et al., 2017).
Disturbance results in structural reorganization, reduction in living tree
densities, increased canopy openness, heterogeneous regeneration of
trees and ground vegetation, and increased standing and lying dead
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wood (Donato et al., 2012). As a source of environmental variation,
natural disturbances put evolutionary pressure on forest populations
(Holling, 1987). Species consequently adapt to the conditions provided
by disturbance and forest development; for example, abundances of
various bird species are associated with unique configurations of ver-
tical complexity in forest stands (Hansen et al., 1995). Identifying the
importance of specific structural elements and their relationship with
disturbance is critical for understanding the loss of biodiversity in
structurally simplified managed forests (Gao et al., 2015; Mori and
Kitagawa, 2014).

Capercaillie (Tetrao urogallus) is a typical Eurasian forest specialist
bird representing an important umbrella species of species-rich forest
habitats (Suter et al., 2002). Large and complex habitats characterized
by structural heterogeneity, rich ground vegetation, and high habitat
connectivity improves its reproductive success and viability (Bollmann
et al., 2005; Braunisch and Suchant, 2008; Graf et al., 2009; Lakka and
Kouki, 2009). It is a species well known to a wide audience, which
makes it a flagship species for promoting the conservation of forest
ecosystems and biodiversity (Storch, 2007). One of the largest, al-
though declining, European population of capercaillie, lives in the
Carpathians (Klinga et al., 2015). This mountain range comprises the
largest remaining continuous temperate forest ecosystem in Europe; it
accounts for more than two-thirds of temperate European primary
forests (Veen et al. 2010). Structural heterogeneity in the primary
spruce forests throughout the Carpathian Mountains is driven by
windthrows and bark beetle disturbances occurring at a wide range of
severities (Janda et al., 2017). Capercaillie especially require forests
with rich ground vegetation cover, which is directly influenced by the
amount of light penetrating the main canopy to the forest floor (Storch,
2007). The variability in natural disturbances induces tree mortality,
hence disturbances are expected to play an important role in providing
habitat for the capercaillie.

Most studies addressing the relationship between the habitat use of
forest specialist species and natural disturbances analyzed the effects of
recent disturbances (e.g., Beudert et al., 2015). The effects of long-term
disturbance and developmental dynamics on species habitat relation-
ships are only poorly understood (Mori, 2011). It is predicted that
natural disturbance regimes will be altered due to climate change (Seidl
et al., 2014), which emphasizes the need to understand the impacts of
historic natural disturbance dynamics on species of high conservation
concern. Poor understanding of past processes increases the uncertainty
in future predictions (Thom et al., 2017), and, therefore, the un-
certainty in conservation management decisions is also greater.

To address this knowledge gap, we used retrospective den-
droecological methods to perform the first quantitative analysis linking
natural disturbance history to the habitat requirements of capercaillie.
Because species responses to structural variability are potentially
complicated, we adopted a multi-model strategy by assessing models of
increasing flexibility to provide contrast between more parsimonious
versus complicated explanations. The size of our data set permitted
further evaluation of model predictive performance using out-of-sample
data (Shmueli, 2010), thus improving our assessment of the biological
relevance of our findings, an approach critically needed in ecology
(Houlahan et al., 2017). The two main research questions addressed
were: (1) Can the past natural disturbance regime in the primary forests
of the Carpathians explain current capercaillie occurrence? (2) Which
disturbance variables and primary forest structures are the best pre-
dictors of capercaillie occurrence?

2. Materials and methods

2.1. Study area

This study was conducted in the mountain forests of Giumalau
(37,500 ha) and Calimani (24,000 ha), a core zone of capercaillie dis-
tribution in the Carpathian Mountains (Fig. S1). Based on the inventory

of Romanian primary forests (Veen et al., 2010), we selected two pri-
mary Norway spruce (Picea abies (L.) Karst.) mountain forest stands in
Giumalau (110 ha) and Calimani (40 ha) located between 1300 and
1650 m a.s.l. Norway spruce is the dominant tree species with a minor
component (< 5%) of rowan (Sorbus aucuparia L.) and stone pine (Pinus
cembra L.). The understory of the study areas is dominated by bilberry
(Vaccinium myrtillus L.), Calamagrostis villosa, greater wood-rush (Luzula
sylvatica (Huds.) Gaudin), and wavy hair-grass (Avenella flexuosa (L.)
Trin.). The average annual temperature in the study region is between
circa 2.4 and 4.0 °C; the mean annual precipitation ranges between
1100 and 1650 mm and increases with altitude (FAO, 2010). Snow
cover is present for the duration of 139–208 days per year and con-
tributes to up to 500 mm of the total annual precipitation.

2.2. Habitat data

To obtain capercallie and forest structure data, we simulated a
141.4 by 141.4 m grid over the two selected primary forest stands.
Within each grid, a permanent circular study plot (1000 m2) was es-
tablished to sample forest stand structure and past disturbance history
(see Svoboda et al., 2014 for more details). The total of 104 permanent
study plots were used to record the following habitat characteristics:
diameter at the breast height (DBH), status of all trees ≥10 cm (live
and dead), natural regeneration density of tree species in three height
classes (0.5–1.3 m, 1.3–2.5 m, and > 2.5 m), ground vegetation height
(mean height of dominant layer), and proportion of forest floor covered
by bilberry, an important food source for capercaillie (Storch, 2002;
Broome et al., 2014).

2.3. Stand age structure and disturbance history variables

Age structure and disturbance history reconstructions were based on
a dendroecological study reconstructing disturbance histories of the
surrounding region (Svoboda et al., 2014) Twenty-five living dominant
trees per plot were randomly selected (using a random number gen-
erator) and cored to produce a cross-dated ring-width series collection
of 2600 tree cores from all study plots. Mean age, median age,
minimum and maximum tree age, mean age of five oldest trees, and
interquartile range of age were calculated for each plot (see Table S1).

Variables characterizing the disturbance history covering the last
200 years of individual plots, including the maximum disturbance se-
verity, time since the maximum disturbance, and diversity of dis-
turbance severities represented by the disturbance index, were derived
to describe the disturbance histories (Svoboda et al., 2014). Disturbance
index (DI) represents the diversity of disturbance severities in time per
plot characterized by the commonly used Shannon index of diversity
(Svoboda et al., 2014). Low values (i.e., −3) indicate low severity
disturbances that occurred frequently over 200 years; the maximum

Fig. 1. Example of disturbance histories in plots with disturbance index value 0 (red
color), −1.75 (green color) and −3 (blue color). Disturbance severity represents the
canopy removal. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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theoretical value, 0, indicates that 100% canopy area was disturbed
during a single decade over 200 years period. The highest diversity of
disturbance severities is represented by middle values of the index.
Examples of disturbance histories are shown in Fig. 1. All the variables
used are summarized in Table S1.

Gaps within forests stands were identified from aerial images; their
shape and location were validated during the fieldwork. A recently
disturbed forest canopy>0.1 ha in area was considered a gap. The
distance of the plot to the nearest canopy gap was measured and used
for the analyses.

2.4. Capercaillie data

Capercaillie occurrence on the study plots was determined by a
thorough search of signs indicating capercaillie habitat use (e.g.,
feathers, droppings, tracks in the snow) during winter seasons 2013 and
2014 prior to the snow melting (one visit each year). Each plot was
searched for capercaillie signs for 15 min resulting in binary data of
capercaillie presence (at least one presence sign recorded during at least
one visit) and absence (no signs of presence recorded in both years).
The presence/absence matrix was used for the analyses.

2.5. Effect of disturbances on habitat characteristics

The effects of disturbances on habitat characteristics (forest struc-
ture) were assessed using multivariate linear models (Table S1; an
overview of variables used). Habitat characteristics were standardized
to zero means and unit standard deviations to accommodate for dif-
ferent units of measurement across the variables. Our application of
multivariate models deviates from traditional MANOVA approaches in
two respects. Firstly, we applied ridge regularization to account for
correlation between habitat characteristics; this produces numerically
more stable test statistics than the conventional approach (Warton,
2008). Secondly, the calculation of probabilities was based on model
residuals randomization (10,000 permutations), which does not require
multivariate normality (Anderson and Robinson, 2001). After sig-
nificant multivariate tests, we utilized a series of univariate permuta-
tion tests (10,000 permutations) to determine which habitat char-
acteristics showed significant effects. Probabilities in these tests were
adjusted to control for the family-wise error rate using Holm’s step-
down multiple testing procedure (Wang et al., 2012).

2.6. Effect of disturbances and habitat characteristics on capercaillie
occurrence

2.6.1. Simple logistic models with single predictor variables
To ensure we did not exclude potentially important links between

environmental settings and capercaillie distribution, we fitted a series
of simple generalized linear models (GLM) with binomial errors and
logit link function (McCullagh and Nelder, 1989) relating capercaillie
presence/absence to individual habitat characteristics. Because it is
possible that the highest probability of capercaillie occurrence is asso-
ciated with moderate levels of disturbance, we fitted the GLM with
second-order polynomials allowing for a hump-shaped response along
the disturbance gradient. Significance of simple GLMs was tested using
permutation of regressor residuals (PRR) with 10,000 permutations
(Potter, 2005).

2.6.2. Parsimonious GLM model
We built a parsimonious GLM relating capercaillie occurrence to

habitat and disturbance characteristics. To avoid unstable estimates of
model coefficients and inflation of their standard errors (multi-
collinearity problem), we screened the correlation matrix of 28 habitat
and disturbance characteristics and excluded eight strongly correlated
variables until all of the remaining variables had correlation coeffi-
cients< 0.75 (Table S2). The variance inflation factor (VIF < 10;

Quinn and Keough, 2002) was used to verify that the full model did not
exhibit considerable multicollinearity patterns. We built the most par-
simonious GLM via sequential deletion of the non-significant terms
(p > 0.05) based on PRR tests (10,000 permutations). In addition, the
relationships between capercaillie occurrence and predictors were dis-
played as effect plots (Fox, 2003).

Since some plots were highly clustered in space, we constructed non-
parametric spatial correlograms (Bjørnstad and Falck, 2001) to check for
autocorrelation patterns in the residuals of the GLMs. Several models
showed weak (Moran’s I < 0.3), but significantly positive, autocorrela-
tion at short lag distances (<300 m). In these cases, we grouped data into
94 spatial clusters using k-means algorithm and randomly sampling one
plot from each group. The new data subset (comprising 90% of the ori-
ginal data) was used to re-build models that showed autocorrelations
within the full dataset. None of these sub-sampled GLMs showed sig-
nificant autocorrelation pattern. We report results of these models rather
than the models with autocorrelated errors.

2.6.3. Partial least squares discriminant analysis
To evaluate the potential influence of all environmental character-

istics simultaneously, we built a more complex model. In conventional
methods, a high number of strongly correlated predictors pose limita-
tions for parameter estimation (Wehrens, 2011); therefore, partial least
squares discriminant analysis (PLS-DA) was performed to effectively
handle multicollinearity problems (Barker and Rayens, 2003). Based on
the original variables, PLS-DA constructs orthogonal components that
maximize between-group separation and it finds a solution with com-
ponents maximizing discrimination of capercaillie presence and ab-
sence plots. Prior to the analysis, habitat and disturbance characteristics
were standardized equalizing the weight of dimensionally hetero-
geneous variables. Cross-validation was used to estimate the optimal
number of components maximizing predictive performance. Predictive
performance of the final PLS-DA model was assessed using a simple
randomization test (Manly, 1997) comparing the observed performance
of the model with its null distribution generated from randomly re-
shuffled data (10,000 randomizations). The importance of each en-
vironmental variable for discrimination in PLS-DA was calculated using
the sum of the absolute model coefficients weighted proportionally to
the reduction in the sums of squares by each component (Kuhn, 2015).

2.6.4. Model validation and predictive performance
We evaluated capercaillie distribution models using a predictive

approach (Shmueli, 2010; Houlahan et al., 2017) allowing for in-
dependent assessment of model performance also providing useful
knowledge about the practical utility of those models. We used sensi-
tivity as a measure of predictive performance (Alberg et al., 2004); i.e.,
probability of the model correctly detecting the occurrence of ca-
percaillie. To ensure unbiased estimates of predictive performance,
sensitivity of each model was calculated from 100-times repeated 10-
fold cross-validation (Kuhn and Johnson, 2013) enabling us to assess
the ability of the models to generalize out-of-sample situations
(Houlahan et al., 2017). Mean sensitivity averaged across validation
folds was reported along with bootstrap 95% confidence intervals
(10,000 replicates) (Efron and Tibshirani, 1986).

All analyses were conducted in R (R Development Core Team, 2015)
using the packages boot (Davison and Hinkley, 1997), caret (Kuhn,
2015), effects (Fox, 2003), mvabund (Wang et al., 2014), and ncf
(Bjørnstad, 2013).

3. Results

3.1. Effects of disturbances on habitat characteristics

Multivariate analyses indicated disturbances had a significant effect
on habitat characteristics regardless of whether disturbance index (DI,
F(1,102) = 124.5, p < 0.001), maximum disturbance severity
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(DIST.max, F(1,102) = 115.7, p < 0.001), or time since maximum
disturbance (DIST.time, F(1,102) = 121.5, p < 0.001) was used as the
disturbance measure. Univariate analyses showed that DI and DIST.max
were mainly related to tree age and density of both living and dead
trees (Table S3). Specifically, maximum age, range of age, and the
number of large living trees were negatively related to DI and DIS-
T.max, while density of standing deadwood significantly increased with
DI and DIST.max. Ground vegetation cover, mean DBH of living trees,
and the mean and median age were positively related to DIST.time,
with the density of living trees negatively related to DIST.time.

3.2. Effect of disturbances and habitat characteristics on capercaillie
occurrence

3.2.1. Simple logistic models with single predictor variables
Presence of capercaillie was recorded on 39% of the study plots.

Capercaillie occurrence showed a significant relationship to six habitat
and disturbance characteristics based on simple logistic models with
single predictor variables (Fig. 2). Presence of capercaillie was nega-
tively related to the distance to the nearest canopy gap and the density
of living trees, and it was positively related to DIST.time, ground ve-
getation cover, and the mean DBH of living trees. The probability of
capercaillie occurrence showed a significantly unimodal response to DI
(Fig. 3). The highest probability of occurrence was observed in plots
with moderate DI (DI = −1.75), thus indicating that plots with mod-
erate severity disturbances (20–40% canopy removed) are preferred by
capercaillie. The distance to the gap and the density of living trees were
the best predictors of capercaillie occurrence (sensitivity in both cases
∼46%), followed by DI (41%), ground vegetation cover (39%), and
DIST.time (31%). Predictive performance of other simple models did
not appear to be better than random chance (Fig. 2).

Fig. 2. Capercaillie distribution models ranked according to their
predictive performance (sensitivity). Black dots represent average
cross-validated sensitivity (± 95% bootstrap confidence intervals).
Grey area indicates the range of sensitivity expected by chance (95%
randomly reshuffled values). Models significant at α = 5% are
marked with an asterisk. Plus and minus signs represent positive and
negative relationships, respectively, with capercaillie presence (model
with DI as a predictor is a polynomial GLM, and thus does not have
any particular sign to it).

Fig. 3. Unimodal relationship between temporal disturbance diversity characterized by
the disturbance index (DI) and probability of capercaillie occurrence showing the pre-
ference of capercaillie for stands with moderate-severity disturbance histories. The thick
black line represents a polynomial GLM (± 95% bootstrap confidence interval – grey
area) and the blue line is an estimate of optima (±95% bootstrap confidence interval –
dashed blue lines).
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3.2.2. Parsimonious GLM model
The parsimonious GLM (χ2

(4) = 38.65, p < 0.001) involved four
significant predictors of capercaillie occurrence: mean DBH of standing
dead wood, number of naturally regenerated trees (> 2.5 m), distance
to the gap, and the second-order polynomial of DI (Fig. 4). In contrast to
the simple model, the peak of capercaillie occurrence probability was
shifted more towards the lower severity disturbances (lower DI values).
This indicated that the relation between DI and habitat characteristics
might explain why the unimodal relationship of DI was partly captured
by incorporating multiple predictors. Predictive performance of the
parsimonious GLM (sensitivity ∼66%) was much higher than the per-
formance of any simple model.

3.2.3. Partial least squares discriminant analysis
We fitted the PLS-DA model with all the variables combined into

three components (p < 0.001). The distance to the gap, density of
living trees, and ground vegetation cover were variables with the
highest importance for discrimination between plots with and without
capercaillie (for a complete list see Fig. S1). Cross-validated predictive
performance of the PLS-DA model only slightly outperformed parsi-
monious GLM (66.3 vs. 65.9% sensitivity).

4. Discussion

We performed the first quantitative analysis linking natural dis-
turbance history of primary forests and habitat requirements of an
umbrella bird species, capercaillie, which is strongly associated with
primary spruce forests throughout the Carpathians (Saniga, 2003;
Mikoláš et al., 2013). In particular, we demonstrated the relationship
between structural heterogeneity within primary forests and the oc-
currence of capercaillie, and also the links between patterns of dis-
turbance history and stand structure. Our findings identified high
abundance of standing deadwood, low natural regeneration density,
low tree density, high ground vegetation cover, and the spatial ar-
rangement of canopy gaps as the main structural predictors of ca-
percaillie occurrence in primary forests. Many of these structural ele-
ments are generally absent in managed forests (MacMillan and
Marshall, 2004; Kulakowski et al., 2016; Triviño et al., 2017). The re-
lationships between structural variables and capercaillie occurrence
also suggest that the habitat requirements of capercaillie are distributed
across sites with varying disturbance histories, which clearly indicates
that capercallie require access to multiple phases of forest stand de-
velopment.

Fig. 4. Effect plots demonstrating the multivariate relationship between probability of capercaillie occurrence and its predictors in the parsimonious GLM. Lines represent partial fitted
relationships holding the other variables constant at their means (± 95% bootstrap confidence intervals – grey areas). Results of the tests of model parameters are displayed. Variables
explanations: DEAD.dbh = DBH of the standing deadwood; REG.dens 3 = number of naturally regenerated trees (≤ 10 cm diameter) in the height category > 2.5 m; GAP = distance of
the plot to the nearest gap (> 0.05 ha); and, DI = disturbance severity index representing the diversity of disturbance severities over the previous 200 years (the higher the index value,
the lower the disturbance diversity).
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4.1. Capercaillie dependence on natural mixed-severity disturbance regimes

The capercaillie is largely reliant on natural disturbances generating
the range of structural variation found in their habitats. Our results
question the traditional view that capercaillie habitat is exclusively
associated with undisturbed climax forests, that is, having a permanent
stable canopy (e.g., Ims et al., 1993; Saniga, 2003), in unmanaged
forests. Our results further suggest that all natural disturbance severities
(i.e., high, moderate, and low) across different time scales are necessary
to maintain capercaillie habitats. In general, reoccurring moderate to
low severity disturbances were linked to stand structures found in older
forests (Fig. 5; phases C and D). The relationship between the diversity
of past disturbances and the probability of capercaillie occurrence in-
dicates the particular importance of moderate to low severity dis-
turbances for this species’ occurrence (Fig. 3, Fig. 6). In stands affected
by moderate to low severity disturbances, trees grow in locations far-
ther from each other, thus they tend to have a more open canopy, which
enables the large bird to fly in the forest. It also creates trees with
branches that extend low on its stem, which are important for ca-
percaillie to hide from predators, such as the goshawk (Accipiter gentilis)
or golden eagle (Aquila chrysaetos) (Finne et al., 2000). Higher amounts
of sunlight and higher temperatures enhance the ground vegetation in
the forest, which, in turn, increases cover for capercaillie. Vegetation
must provide sufficient cover to impede predation but be sparse enough
to allow movement of chicks (Hannon and Martin, 2006). Patchy ve-
getation structure might be provided by, for example, decaying dead
wood in primary forests. Bare patches with no ground vegetation are
also important for capercaillie chicks to keep dry in cold weather and
rain, which increase the probability of their survival (Hannon and
Martin, 2006). The importance of high severity disturbances is reflected
by the positive effect of forest stand gaps on capercaillie occurrence

(Fig. 5, phase A), which coincides with the findings of Braunisch et al.
(2014). Gaps sustain high diversity of arthropods and provide higher
productivity of plant species (Swanson et al., 2010). Arthropods are the
main food source of capercaillie chicks, and the main food source of
adults are bilberry fruits during summer (Wegge et al., 2005). Also
critically important are uprooted trees that frequently occur in the gaps.
Capercaillie need to eat small stones during the winter period to be able
to digest their primary winter food source, needles (Storch, 2007). In
winter, when snow cover is high, uprooted trees are often the only
source of stones in the forest. As gaps close between 50 to 100 years
following a disturbance (Svoboda et al., 2014), the structural elements
associated with this habitat type, including gap proximity and ground
vegetation cover, are presumed to decline; further low severity events
are then required to generate different types of structural elements
(e.g., standing dead tress) (see Fig. 5, phase B). Thus, it is important to
note that a mixed-severity disturbance regime and the related forest
structure mosaic are essential for this endangered umbrella species to
survive.

4.2. Multi-model approach in combination with predictive modelling

The overriding importance of disturbance regime was supported by
the multiple modelling techniques indicating robustness of the results.
Some disturbance-related habitat characteristics (e.g., mean diameter
of standing deadwood and natural regeneration cover) appeared un-
important in the simple (marginal) models, but they explained sig-
nificant amounts of variation in the model with multiple predictors.
This finding further emphasizes the role of natural disturbances, and it
highlights the potential for multiple analytical methods to reduce such
bias and the probability of not detecting important relationships
(Houlahan et al., 2017).

Fig. 5. A mixed-severity disturbance regime creates a mosaic of developmental stages across all spatial scales. Capercaillie is a disturbance-dependent species because it requires early
seral stages created by high severity disturbances (A) and late seral stages followed by moderate and low severity disturbances (C, D). Approximately 50–100 years after high severity
disturbances, the disturbed areas might become too dense with regenerating trees; capercaillie do not favor these areas until the next disturbance opens the canopy. Living trees are shown
in black and dead trees in red. Arrows represent the disturbances, as determined by the disturbance index values. Plots with capercaillie occurrences: phases B = 1 plot, C = 28 plots,
D = 12 plots. Phases B, C, D were sampled to obtain dendrochronological data; phase A was not sampled because it was not feasible to collect dendrochronological data in early seral
stages. The positive effect of phase A on capercaillie occurrence was described by the variable ‘distance to the nearest gap’ in all applied models.
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4.3. Implications for primary forest species conservation

Thousands of hectares of primary forests are being destroyed
throughout Europe despite the growth of total European forest area
(Wallenius et al., 2010; Knorn et al., 2013). Absurdly, the application of
salvage logging in primary forests is frequently justified as being a
protection measure against natural disturbances, in particular, pre-
vention of bark beetle outbreaks following windstorms. Increased an-
thropogenic pressures and the loss of primary forests in certain areas of
eastern Europe (Knorn et al., 2013) in combination with decreased
habitat connectivity, are factors seriously threatening capercaillie po-
pulations (Mikoláš et al., 2015, Mikoláš et al., 2017). This also applies
to other primary forest organisms such as the three-toed woodpecker
(Picoides tridactylus), the pygmy owl (Glaucidium passerinum), and var-
ious species of fungi or rare lichens such as Alectoria sarmentosa (Ach.)
Ach. (1810) (Zemanová et al., 2017; Olsson et al., 2011; Pechacek and
d'Oleire-Oltmanns, 2004). In addition, salvage logging seriously ham-
pers various ecosystem processes in primary forests, including natural
regeneration, nutrient cycling, and carbon storage (Bače et al., 2012;
Trotsiuk et al., 2016; Anderegg et al., 2016).

Our results demonstrate that natural disturbances are an indis-
pensable part of primary forest ecosystems. High severity disturbances
are also required because low severity disturbances on their own do not
provide the full range of habitat conditions necessary for capercaillie
occurrence. It is thus important to understand where the full range of
these disturbance processes occurs to improve conservation efforts
(Pe’er et al., 2014; Leroux et al., 2007). Based on current knowledge of
primary forest dynamics, only large tracts of intact forest provide sui-
table conditions to encompass the range of disturbances in a mixed
severity disturbance regime. When considering for large-scale dis-
turbance events, protecting areas of circa 10,000 ha are needed in order
to maintain a mixed severity disturbance regime (Lehnert et al., 2013).
Therefore, protecting large areas of intact forests secures both habitats
for threatened specialist species, and conditions for ecosystem pro-
cesses. It is encouraging that some studies have observed positive ef-
fects of natural disturbance dynamics on capercaillie populations in
previously managed forests, if unmanaged for sufficiently long time
periods (Rösner et al., 2013; Beudert et al., 2015). The predicted in-
creases in disturbance frequencies due to climate change (Seidl et al.,
2014) may thus accelerate habitat restoration, even in previously
managed forests, in the case that salvage logging is abandoned (Beudert
et al., 2015; Thom et al., 2017; Seibold et al., 2015).

4.4. Conclusion

Detailed insight into long-term ecological processes is essential for
future management decisions. A dendroecological approach was used
to link natural disturbance history with the occurrence of a primary
forest specialist species, and to assess how forest development influ-
ences the distribution of suitable habitat. Linking habitat quality to
forest disturbance and development is difficult to capture with short-
term data, thus our findings provide an important empirical basis for
using long-term data to fit species distribution models. This approach is
widely applicable to other groups of forest species, and it may serve as a
tool for predicting the effects of natural disturbance regimes on species
diversity and co-existence and turnover mechanisms in forest land-
scapes.

Past and recent disturbances of all severities play a role in gen-
erating the features linked to capercaillie occurrence in primary forests.
We stress the importance of integrating this improved understanding of
the role of natural disturbance into forest management strategies,
especially as a conservation tool in protected areas (Bollmann and
Braunisch, 2013). More generally, our results support the conclusions
that predicted shifts in natural disturbance frequencies may have po-
sitive effects on a wide range of species groups, thus supporting re-
storation of habitats of declining populations (Thom et al., 2017). If
forest management policies continue with post-disturbance practices
such as salvage logging, often under the guise of improving forest
health, European primary forest specialists will become extinct in many
regions.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.foreco.2017.09.006.

Fig. 6. Chronologies of disturbance severity on plots with and without capercaillie occurrence—not all developmental stages within primary forests are preferred by capercaillie. Plots
affected by high severity disturbance (DI = 0; around 1920 in the panel on the left) have the lowest occurrence probability because the area usually becomes too dense for the capercaillie
until the next disturbance event opens the canopy, for example, 50–100 years after a high severity disturbance occurs (Fig. 5, phase B). However, the early seral stages created by the high
severity disturbances are essential for capercaillie as demonstrated by the possitive effect of the created gaps (Fig. 5, phase A).
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