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The Rothwald forest in Lower Austria represents one of the few never logged old growth forests in Central
Europe. Here, the influence of windthrow pits and mounds on tree regeneration in a spruce–fir–beech
mountain forest was studied. Two main factors for recolonisation of sites after disturbance were inves-
tigated: (i) the trapping ability of microsites for seeds and (ii) the ability of particular tree species to
establish and grow on different microsites. On two one hectare permanent sample plots, pits resulting
from windthrow with existing tree trunks were recorded. At each windthrow three microsites were
determined: pit, pitwall and undisturbed forest floor. If the windthrow plate already collapsed and
formed a mound, this microsite was recorded as well. Furthermore, a control site was established at each
windthrow. For two years the development of seedlings at four different microsites and the according
control sites were monitored. To describe the variability of environmental factors possibly influencing
seedling establishment and survival, litter, humus and soil attributes, herb vegetation cover as well as
light availability (GSF) were assessed. In addition, soil temperature, chemical soil properties and water
content were recorded at randomly selected windthrows. The distribution of the seedlings was assessed
with a Redundancy Analysis, its occurrence modelled with a logistic regression and the mortality ana-
lysed with the Kaplan–Maier lifetime function. In contrast to the assumption of seed accumulation in
concave microsites because of secondary dispersal, the pit microsites show comparable seed rain to
the control site. However, pits have the lowest seedling numbers and by far the highest mortality rates
of seedlings. The thickness of leaf litter was identified as a major driver of suitability of a microsite for
recolonisation. Through its thickness, it inhibits germination and smothering of seedlings poses a partic-
ular high hazard during the winter period. Also different establishment patterns of the investigated tree
species were detected. The results indicate that windthrows create microsite heterogeneity and plant
species richness but limit tree population size and spatial distribution of the occurring tree species.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

The uprooting of trees by wind is an important disturbance fac-
tor in almost all forest ecosystems (Clinton and Baker, 2000). It cre-
ates a characteristic pit and mound relief on the forest floor which
is reported to last for several centuries in temperate (Beatty and
Stone, 1986; Samonil et al., 2009) and boreal (Ulanova, 2000;
Vodde et al., 2010) forests and covers areas between 10% and
50% (Schaetzl et al., 1989b). In tropical forests the situation seems
to be different, with faster levelling of the created pit and mound
relief and a lower frequency of windthrows (Putz, 1983).
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The process of uprooting alters the links between the biosphere,
pedosphere and atmosphere. Hence, its influences have been re-
ported in numerous publications and pit and mound microsites
have been the scope of researches and reviews. The multiple influ-
ence of uprooting on the pedosphere ranges from inverting soil
horizons (Bormann et al., 1995; Beatty and Stone, 1986; Samonil
et al., 2009) and a resulting altered soil chemistry and hydrology
(Schaetzl et al., 1989a), to the formation of a pit and mound topog-
raphy (Lyford and MacLean, 1966).

Studies focusing on the recolonisation of the pit–mound micro-
sites showed that mound microsites receive significantly higher
photosynthetically active radiation (PAR), have lower soil moisture
and higher soil temperature than pit microsites (Clinton and Baker,
2000; Peterson and Campbell, 1993; Peterson et al., 1990), see also
Schaetzl et al. (1989b). The disturbed areas provide important
microsites for plant establishment and maintenance of species
richness in forest ecosystems through exposing buried seeds (Putz,
1983) and providing niches for plant establishment (Beatty and
icrosites on tree regeneration and establishment in an old growth moun-

http://dx.doi.org/10.1016/j.foreco.2011.06.028
mailto:simonalois@web.de
http://dx.doi.org/10.1016/j.foreco.2011.06.028
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco
http://dx.doi.org/10.1016/j.foreco.2011.06.028


2 A. Simon et al. / Forest Ecology and Management xxx (2011) xxx–xxx
Stone, 1986). Kuuluvainen and Juntunen (1998) showed that in
boreal forests, regeneration of Pinus sylvestris and Betula pendula
was strongly restricted to pits and mounds. They found a fine scale
partitioning of pit and mound sites between these species which
was supposed to contribute to species coexistence. While Lyford
and MacLean (1966) and some more authors cited in Schaetzl
et al. (1989b) reported almost no or significantly less tree regener-
ation in pits, Peterson and Pickett (1990) and Peterson and Camp-
bell (1993) found higher seedling density in pits.

The scale of existing studies on the influence of uprooting on
plant communities ranges from canopy gaps created by the
downed tree (von Oheimb et al., 2007) to a fine scaled separation
of pit–mound microsites and comparison of species occurrences
with intact forest floor in the surrounding (Peterson and Pickett,
1990). Peterson et al. (1990) and Clinton and Baker (2000) charac-
terised different colonisation rates within pits or mounds.

Although wind is the major abiotic disturbance agent in Central
European forests (Schelhaas et al., 2003) and in spite of the fact
that the storm frequency was high during the last two decades,
there is a lack of data on establishment and survival of natural tree
regeneration in windthrow created microsites (but see Harrington
and Bluhm (2001) and Vodde et al. (2010)). This is particularly true
for Central European mountain forests. This study thus aims at
improving the understanding of the tree regeneration response
to windthrow – generated microsites in European mountain
forests.

The recolonisation of a site with plants after a disturbance is the
result of a combination of several factors like seed rain, trapping
ability of microsites and the ability of a particular plant species
to establish and grow in the conditions of each microsite (del Moral
and Bliss, 1993). Since primary seed dispersal can be presumed to
be homogenous between the pit and the adjacent mound micro-
sites, it is likely that the other two factors are influencing future
stand composition. Therefore this study aimed at quantifying (i)
the trapping ability of different microsites within a pit–mound re-
lief and (ii) the survival response at these microsites and causes for
early mortality of tree seedlings. To fulfill the assumption of seed
homogeneity without seed limitation, the study was conducted
after a strong sporadic masting of Fagus sylvatica (Litschauer,
2010).
1.2. Study area

The study was conducted in the northern limestone alps at the
old growth forest Rothwald (300 ha, 900–1400 m a.s.l., 47�470N,
15�040E) in the Wilderness area Dürrenstein, which is the largest
and one of the best-documented virgin forest in Central Europe
as far as the historical documentation is concerned which can be
traced back to 976 A.D. (Zukrigl et al., 1963). It is situated in a ba-
sin, surrounded by steep slopes (Splechtna et al., 2005). The aver-
age annual rainfall is around 2200 mm (Roller cited in Zukrigl
et al., 1963) with a binomial pattern showing maxima during sum-
mer and winter months. The climate is submaritime to subconti-
Table 1
Description of the sampled microsites along pit and mound gradients.

Position Description

Pit Position 1: at the deepest point of the pit (depression formed by the r
Pitwall Position 2: at the slope of the pit edge, opposite to the root plate, bet
Undisturbed Position 3: undisturbed forest floor in the canopy opening created by
Control Position 4 and 5: two samples at the opposite corners of a 2 � 2 m co

under closed canopy (for further processing of the data averages of th
Mound Position 0: at the top of the mound created by the collapsed root plat
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nental with long winters and short, cool summers. A mean
annual temperature of 3.7 �C and a long-lasting snow cover limits
the growing period to around 160 days (Zukrigl et al., 1963). The
nearby official climate station Hieflau at 492 m altitude, gives for
the period 1971–2000 an average annual precipitation of
1567 mm and a mean annual temperature of 7.6 �C (ZAMG,
2011). The bedrock material consists of dolomite, banked lime-
stone and Hierlatz-limestone, leading to a mosaic of rendzic Lepto-
sols and chromic Cambisols (Zukrigl et al., 1963). The Rothwald
forms a basin, surrounded by steep slopes. The forests in the basin
were classified as Asperulo-Abieti-Fagetum (Zukrigl, 1973), a higher
altitude subtype of a Galio-odorati-Fagetum (Willner and Grabh-
err, 2007). The forests on the slopes were described as Adenostylo
glabrae-Fagetum. Typically for natural forests in montane zone of
the northern limestone alps is the coexistence of Picea abies and
Abies alba and F. sylvatica. The trees form a two layer canopy with
F. sylvatica dominating the stand, building up the second layer
(around 30 m), and conifers (up to 58 m) overtopping it by 10–
15 m (Zukrigl et al., 1963; Schrempf, 1985).
2. Methods

The data recording was carried out on two 100 � 100 m perma-
nent sample plots located in the basin. One plot (MWP) was in-
stalled in 1943 (Mayer-Wegelin and Schulz-Brüggemann, 1952)
at 1030 m a.s.l., the second one (WSP) in 1980 (Schrempf, 1985)
at 1080 m a.s.l. both during forest structure analysis.
2.1. Sampling design

At the two 1 ha sample plots, all windthrow pits (WTP) were re-
corded. Nurse logs play an important role as safe site for tree
regeneration in many forest ecosystems (e.g. Harmon and Franklin,
1989; Gratzer et al., 1999; Kuuluvainen and Kalmari, 2003; Hunz-
iker and Brang, 2005; Motta et al., 2006). This study, however, fo-
cuses on the role of windthrow created pits and mounds on
regeneration dynamics and does not include nurse logs as
microsites.

Four positions were sampled: pit, pitwall, undisturbed forest
floor (in the following, the term undisturbed is used for this sam-
pling position) and control (Table 1). The ‘‘undisturbed’’ site was
located in the canopy opening while the control was located adja-
cent to the windthrow but below the canopy.

Samples at mounds were only taken if the root plate already
collapsed and formed a mound. The nomenclature and the desig-
nation of the microsites follow Peterson et al. (1990). In total 70
WTP’s were investigated. The sample size at each position was
0.8 � 0.4 m (0.32 m2), except the seed sampling performed with
a 0.31 � 0.31 m (0.0961 m2) frame. The relatively small plot size
was chosen to capture the small scale variation between the differ-
ent microsites created by the disturbance. Also Peterson and
Campbell (1993) used such small sample size (0.5 m2) to asses
the differences between microsites.
No. of
observations

oot plate) 70
ween position 1 and position 3 70
the wind thrown tree, adjacent to the pit, opposite the root plate 70
ntrol plot 2 m adjacent of the pit with undisturbed forest floor,
e two control samples were used, compiled as position 45)

70

e 13
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2.2. Recorded data

General descriptors on the WTP like depth, direction of dip and
exact position on the permanent sample plot was assessed. From
the maximum expansion in length and width the area was calcu-
lated approximating the shape of the pit to an ellipsoid. The age
of the pit was assessed by the stage of decomposition of the fallen
tree trunk and the rotten wood. Five classes (Maser et al., 1979)
were later on aggregated to three groups, representing the major
windthrow events in the study area in the years 1966, 1990 and
2007.

At each sample position, the seedlings which germinated in the
current or last vegetation period, were recorded (species, height,
substrate, damage) and permanently labelled for resampling. A to-
tal of 390 seedlings germinated in the current year and only 62 one
year old seedlings were included in the study (4 spruce, 8 beech, 50
fir). The first survey took place in summer (July to August) 2008,
resampling was performed in autumn 2008, spring 2009, autumn
2009 and spring 2010. The status (living/dead), height, damage
and mortality reasons were recorded. During the first survey, soil
parameters, namely humus type, mean thickness of litter, humus
and A-horizon defined according to Arbeitskreis Standortskartie-
rung (2003), possible driving the seedling establishment and
development were recorded.

To address the seed density at the different microsites at each
sample position the nuts or remains of the testa of Fagus sylsvatica
were collected within a 0.31 � 0.31 (0.0961 m2) sample frame. The
assessed seed number constitutes an integral of the seed input over
time because the testas accumulate and no clear distinction be-
tween recent and older seeds was possible. Therefore the analysis
of the seed numbers was done with respect to the age class of the
pit.

At each sample position, the presence and coverage of all vascu-
lar plant species of the herb layer was recorded. Nomenclature fol-
lows Fischer et al. (2008) and coverage was estimated in 1%, 2%, 5%
and in 5% steps for coverage P5%.

To asses the light condition, hemispherical photographs were
taken during overcast sky conditions at mound, pit, undisturbed
and control with a Nikon Coolpix995 digital camera equipped with
a 180� lens, at height of 66.4 cm (±6.7 cm standard deviation)
above ground level. The camera position at this height was the
lowest possible as determined by the tripod and the relief. For
the pitwall the value of the pit was adopted because of the spatial
proximity. The hemispherical photographs for the control position
were taken at the centre of the control plot. The GSF was computed
with the software HemiView 2.1 (Delta-T Devices) using the
threshold method with manually defined thresholds for distin-
guishing visible/obscured sky (HemiView, 1999).

During the winter season between October 2008 and June 2009,
the soil temperature of three randomly selected WTP was re-
corded, once at pit and mound, twice at pit and undisturbed to
characterise the snowmelt pattern at the microsites. Using a UNI-
LOG MINICUBE datalogger (EMS, Brno, CZ) and soil temperature
sensors in 5 cm soil depth with 30 min storing intervals as a calcu-
lated mean of 10 min measurement intervals.

For further characterisation of the microsites, soil samples were
taken at 30 randomly selected WTP (30 samples at pit, pitwall,
undisturbed, 25 samples at control and 3 samples at mound).
The undisturbed, volumetric soil samples were gained from the
A-horizon using coring with 137.41 cm3 (6 cm depth) or
68.71 cm3 (3 cm depth) depending on the horizon thickness. The
<2 mm soil fraction was chemically analysed. The total N was ana-
lysed according to semimicro Kjeldahl-method (ÖNORM L1082).
Organic C was determined by dry combustion with a LECO SC
444 element analyser (ÖNORM L1080) reducing it by inorganic C
determined with the Scheibler method (ÖNORM L1084). From
Please cite this article in press as: Simon, A., et al. The influence of windthrow m
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these results the C/N ratio was calculated. Weights were reported
on an oven-dry, 105 �C basis. Soil pH-value was determined in a
1:2.5 soil:H2O ratio respectively in a soil:0.01 M CaCl2 ratio
(ÖNORM L1083). Furthermore, the volumetric soil samples were
used to gravimetrically quantify the soil water content [Vol.-%].

To evaluate the frequency of windthrow pits in the whole area
of the old growth forest, at five line transects (total length 1.4 km)
with random starting points and directions all intersected wind-
throw pits were sampled. The calculation was done according to
the equations proposed by Runkle (1992) for elliptically shaped
canopy gaps.
2.3. Statistical analysis

Statistical analysis was performed with SAS (vers. 9.1, SAS Insti-
tute Inc., Cary, USA) and graphics were generated with R (vers.
2.13.0, R Development Core Team, 2011), for the three main tree
species F. sylvatica, A. alba and P. abies. To test for normal distribu-
tion, the Kolmogorov–Smirnov test was used (Brade and Zöller,
2009). For non parametric distributions the transformation rules
proposed by Zar (1999) were applied to meet normal distribution,
all coverage data were arcsin transformed. For normally distrib-
uted data, ANOVA with Bonferroni tests (Brade and Zöller, 2009)
were performed to test for differences between the microsites.
Homogeneity of the variances was tested with a Levenscher test
(Krämer et al., 2008). The non-normally distributed variables were
analysed with Kruskal–Wallis tests for multiple comparisons and
Mann and Whitney test for single comparisons (Brade and Zöller,
2009).

The role of different microsites for seedling distribution was
characterised by Redundancy Analysis (RDA) (Leps and Smilauer,
2003) using the program CANOCO for Windows (vers. 4.5, Micro-
computer Power, Ithaca, USA). A binary logistic regression model
with the pooled seedlings numbers at the first count as response
variable was performed to evaluate the probability of seedling
occurrence at the different microsites. Variables were included
with stepwise selection. Survival responses of seedlings to differ-
ent sampling positions were tested with SAS (PROC LIFTEST) using
the Kaplan–Maier method (Brade and Zöller, 2009). Around 30% of
the seedlings were right-censored (excluded at a certain time),
after a massive avalanche in winter 2008/2009 affected the WSP
and deposited woody debris from upslope at some positions of
the sample plot. In a first step, the tree species data was pooled,
to guarantee an appropriate sample size. In a second step, the tree
species were analysed individually.

The survival distribution function S(t) describes the lifetime of a
population and evaluates the probability after time t that a random
unit of the experiment has a lifetime T greater than t: S(t) = P (T > t)
(Brade and Zöller, 2009). As an extension of the survival distribu-
tion function the hazard-function h(t) was calculated, giving the
actual mortality risk of a unit (SAS OnlineDoc): h(t) = oF(t)/o(t)/
S(t) with F(t) = 1 � S(t). Thereby for t, the weeks between the initial
recording and the four resamplings were used.
3. Results

3.1. Frequency of pits

At the two (MWP, WSP) sample plots, pits covered 3.7% of the
ground surface, 9.2% of the area were covered with mounds and
pits. Along the sample transects through the old growth forest, al-
most the same cover percentage of pits was recorded (3.6%). The
DBH of the downed tree explained large portions of variance of
pit sizes (Table 2).
icrosites on tree regeneration and establishment in an old growth moun-

http://dx.doi.org/10.1016/j.foreco.2011.06.028


Table 2
Regression functions of windthrow pit sizes from DBH of downed trees.

Species Function R2

F. sylvatica Pit-
area = 10(�0.2675 + 0.01603 ⁄ DBH)

0.69,
p < .0004

Conifers (A. alba, P. abies
pooled)

Pit-
area = 10(0.1642 + 0.00937 ⁄ DBH)

0.42,
p < .0001
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Also a correlation between the depth of the pit and the DBH of
the downed tree (r2 = 0.31 p = .002) was detected.

3.2. Microsite characteristics

The GSF varied from 2.27% to 30.82% (Fig. 1A) of above canopy
radiation. Differences between the microsites pit and undisturbed
as well as between pit and control microsites were significant (AN-
OVA, Bonferroni test, F = 5.65, p = .0002). Notice that for pit and pit-
wall the same values were used.

Differences among microsites in terms of soil moisture were
analysed for rendzic soils (lithic Leptosols) and relictic loams
(Cambisols) separately. While the Cambisols (Fig. 1B) showed sig-
nificant differences at the microsites (ANOVA, F = 3.36, p = .014), no
significant differences could be detected for the rendzic soils (AN-
OVA, F = 0.45, p = .77). The Bonferroni test indicated that mounds
vary from pits and outs but being similar to pitwalls and control
plots.

The thickness of the humus layer, litter and A-horizon differed
significantly between the five microsites (v2 = 54.5, p < .0001;
Fig. 1. Microsite characteristics; (A) GSF, (B) volumetric water content (for mineral
soil), (C) litter thickness; 0: mound, 1: pit, 2: pitwall, 3: undisturbed, 45: control.
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v2 = 109.3, p < .0001; v2 = 36.2, p = .0006, respectively). Addition-
ally, these three variables were strongly intercorrelated: litter
and humus thickness: r2 = 0.54, p < .0001); litter and A-horizon
thickness: r2 = 0.3 (p = .0007). The litter thickness showed the high-
est values at the pit microsite (Fig. 1C) with a high variation,
reflecting different ages of the windthrow.

The pH value were similar for pit and pitwall and for undis-
turbed and control microsites (v2 = 17.5, p = .0015), mounds had
the highest values (but had to be omitted from analysis because
of low sample size), followed by pits and pitwalls and undis-
turbed – microsites. A similar grouping of sampling positions
was found for organic C and total N (v2 = 10.3, p = .035;
v2 = 13.33, p = .009, respectively). Organic C and N increased from
mounds to pits (similar to pitwalls); undisturbed and control
plots had the highest C and N contents. The C:N ratio was there-
fore similar at all microsites with a value of 17.56 ± 4.63
(mean ± standard deviation).

Soil temperatures were analysed for a period of 26 days in au-
tumn 2008 and 83 days in spring 2009. The differences were
highly significant between pit and undisturbed, and between
pit and mound Kruskal–Wallis test, (p < .0001) (Table 3). Temper-
atures in the pit were lower than in the undisturbed plot with a
mean difference of 0.22 �C and 0.51 �C at the two sample pairs in
autumn.

The difference was even more pronounced in spring with 2.5 �C
(Table 3). The lowest mean soil temperature was measured at the
mound during the autumn period with a mean difference of 0.76 �C
to the accompanied pit. Furthermore, the mounds showed the
highest variation coefficient (37%), due to high temperate fluctua-
tions. In contrast, the variation coefficient at pit and mound micro-
sites ranged from 8% to 15% in autumn and from 23% to 25% in
spring (Table 3). Snow cover was indicated by a constant soil tem-
perature between 0.5 and 1 �C with very small daily fluctuations.
Therefore the time without snow cover was defined as days with
temperatures rising above 2 �C and daily fluctuations after a long-
er, constant time period. Based on this definition, snow cover
lasted around 10 days longer in pits than in the undisturbed
microsite.

3.3. Seed trapping ability

The seed density of F. sylvatica showed significant differences
among the five microsites (ANOVA: F = 4.79, p = .001) with less
seed retention at mounds and pitwalls (Bonferroni test, a = 0.05)
(Fig. 2A). The differences were more pronounced when the test
was performed for each age group separately. Hereby only the
young age class showed significant differences (F = 11.84,
p < .0001) among the microsites, with three groups being different
from each other (Bonferroni test, a = 0.05). The undisturbed and
control sites, pits and pitwalls and the mound microsites were sig-
nificantly different groups with mounds showing the lowest and
undisturbed and control sites showing the highest seed densities.
Table 3
Soil temperature (�C) at pairs of microsites; letters indicating significant differences
between the recorded pairs (a = 0.05) tested with Kruskal–Wallis test.

Variable Season Mean Standard
deviation

Variation
coefficient

Pit 1A Autumn 7.05 0.58 0.082
Undisturbed 1B Autumn 7.27 0.73 0.100
Pit 2A Autumn 6.61 0.81 0.121
Undisturbed 2B Autumn 7.12 1.11 0.155
Pit 3A Autumn 6.05 0.54 0.089
MoundB Autumn 5.29 1.99 0.376
Pit 2A Spring 7.77 1.99 0.258
Undisturbed 2B Spring 10.2 2.49 0.235

icrosites on tree regeneration and establishment in an old growth moun-
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3.4. Seedling distribution

At the sample plots, 294 F. sylvatica seedlings, 114 A. alba, 44 P.
abies, 4 Ulmus glabra and 1 Acer pseudoplatanus seedlings were
counted. As mentioned before, only the three main species Euro-
pean beech (F. sylvatica), silver fir (A. alba) and norway spruce (P.
abies) were used for further analysis. The Kruskal–Wallis tests per-
formed for beech, fir and spruce separately showed that the seed-
ling density differed significantly between positions (v2 = 30.8,
p < .0001; v2 = 48.27, p < .0001; v2 = 14.5, p = .005, respectively).
The total number of seedlings showed a weak but significantly
negative correlation with the herb vegetation coverage (spearman:
r2 = �0.11, p = .04) but no correlation with GSF. The seedling distri-
bution among the microsites is illustrated in Fig. 2B, at this the two
years old seedling m�2 make up 1.20 at mound, 0.22 at pit, 0.80 at
pitwall, 0.62 at undisturbed and 0.46 at control microsite.

The non-standardized RDA (Fig. 3) showed how the distribution
of species is affected by the microsites and quantified the relation-
ship between the species and microsites. F. sylvatica was rejected
from pits and control microsites while it was positively correlated
with mound and more or less indifferent to pitwall and undis-
turbed. Similar distributions were observed for A. alba. In contrast
to these two species, P. abies was positively correlated to the pit-
wall and negative correlated with the undisturbed and the control
microsite. The proximity (Euclidean distance) of the undisturbed
and the control microsite in terms of species composition and
the disparity of the mound position to the other positions along
the abscissa was illustrated in Fig. 3 and Table 5.

In the logistic regression model, microsite position and litter
thickness remained in the final model. GSF, humus type and herba-
ceous vegetation cover showed no significant influences on the
probability of seedling occurrence. Humus thickness and A-horizon
thickness were excluded due to their correlation with litter thick-
ness. The modelled influence of the microsite is displayed in Fig. 4
Fig. 2. Densities of seeds and seedlings at the microsites; (A) number of beech
seeds, (B) total number of seedlings; 0: mound, 1: pit, 2: pitwall, 3: undisturbed, 45:
control; error bars are 95% confidence intervals.
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and show the lowest probability for seedling occurrence at pit
microsites. A v2 value of 5.54 at p = .59 in the Hosmer–Leme-
show-test indicates an adequate fit of the model. 42% of the cases
of seedlings absent and 89% of the cases of seedlings present were
classified correctly, leading to an overall model accuracy of 71%. As
indicated in Table 6, the pit microsite reduces the probability of a
seedling occurrence by two-thirds (odds ratio = 0.317) in the mod-
el. The strongly negative value for the parameter of litter thickness
indicates that the probability of seedling occurrence is decreasing
with increasing litter thickness, as the odds ratio (0.719) further
corroborates.
3.5. Seedling survival response

The total observation time of seedling survival was 95 weeks
representing for most of the seedlings the first growing season
after germination, the dormant phase during winter, the second
growing season and the second dormant phase during winter.
The total mortality was 50.8% with 5.7% after the first growing per-
iod (autumn 2008), 21.4% after the winter 2009, 15.4% in the sec-
ond growing period (autumn 2009) and 8.3% after the winter
2010. As Fig. 5A indicates for the pooled species data, after the first
growing period the microsites are quite similar in survival re-
sponse with a little higher mortality at the pit and undisturbed
microsite. During the first winter season, the highest losses were
recorded. Therefore, after the first year the probability of surviving
at the pit is only 60% while at the other microsites it ranges be-
tween 75% and 80% (Fig. 5A). During the second growing season,
the mortality stayed at a high level and the microsites segregated
in survival response. The overall mortality during summer was
even higher than during winter. This was driven by high mortality
at the control microsite, which was as high as during winter in the
pit position. The second winter season showed a similar survival
distribution than the first winter, with still highest mortality at
the pit followed by the control positions. At the end of the obser-
vation time, pit microsites showed the lowest probability of sur-
vival (30%) followed by control with 45%. The undisturbed
microsite, mound and pitwall showed around 60% probability of
survival.

Differences in mortality, analysed with a Log-Rank test in re-
sponse to the microsites, were significant (v2 = 11.62, p = .0204).
A Wilcoxon test for covariates influencing the survival distribution
function S(t) indicated a significant result for the GSF (v2 = 4.7,
p = .03) but no significant response to litter thickness or herb
coverage.
Fig. 3. Non-standardized Redundancy Analysis (RDA) of seedling distribution at the
microsites; BU: F. sylvatica, Ta: A. alba, Fi: P. abies; 0: mound, 1: pit, 2: pitwall, 3:
undisturbed, 45: control.
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Table 4
Number of seedlings (seedlings m�2) at the microsites, mean ± standard deviation.

Mound Pit Pitwall Undisturbed Control

F. sylvatica 9.62 ± 8.97 0.98 ± 2.03 3.17 ± 4.31 3.35 ± 4.62 1.92 ± 2.58
A. alba 2.88 ± 2.69 0.45 ± 1.44 1.12 ± 2.13 1.20 ± 1.79 0.89 ± 1.15
P. abies 0.72 ± 1.87 0.71 ± 2.67 0.85 ± 1.99 0.04 ± 0.37 0.11 ± 0.41

Table 5
Result of the Redundancy Analysis (RDA) of seedling distribution at the microsites, significance tested by repeated measures Monte Carlo test with 499 permutations.

Analysis Factor Axis 1 Axis 2 Overall

Non-standardized RDA Eigenvalue 0.138 0.005 –
Species-environmental correlation 0.43 0.206 –
Sum canonical eigenvalues – – 0.143
Monte Carlo test F = 45.9 p < .002 – F = 12.0 p < .002

Fig. 4. Influence of the microsite position as a categorical variable in the logistic
regression model on seedling occurrence; 0: mound, 1: pit, 2: pitwall, 3:
undisturbed, 45: control.

Table 6
Results of the binary logistic regression analysis for predicting the probability of
occurrence of seedlings in different microsites; L_t = litter thickness, SE = standard
error.

Variable �2 LL Parameter SE Odds p (v2)

Intercept 392.53 1.4019 0.2751 – <.0001
Pit 359.78 �1.1504 0.3503 0.317 .001
L_t 353.62 �0.3299 0.1355 0.719 .014

Homer-Lemeshow test: v2 = 5.5474 p = .5935.
Pseudo R2 (SAS R2

max) = 0.1685.
Success of classification: seedling absent 42%, seedling present 89%, overall 71%.
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The survival distribution function S(t) for the main tree species
beech, fir and spruce are also shown in Fig. 5B–D. While beech and
fir had the lowest survival rates at the pits, spruce showed the
same survival but had a 100% mortality at the undisturbed and
control microsites, indicated by a S(t) going to zero before the
end of the observation period (Fig. 5D). Furthermore, the conifer
species generally had a lower mortality during the summer sea-
sons than beech which showed the highest loses during that time
(Fig. 5B). In comparison, fir and spruce showed highest mortality
during winter. After the observation period, the survival probabil-
ity for beech ranged between 34% at the pits and 55% at the undis-
turbed microsites, for fir between 55% at the pits and 88% at the
Please cite this article in press as: Simon, A., et al. The influence of windthrow m
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mounds and for spruce between 0% at the control and undisturbed
and 65% at the mounds (Fig. 5B–D).

The causes of mortality for the pooled species, showed a wide
range of causes during the growing season. The fungus Phytophtho-
ra cactorum from the class of Oomyceta (Butin 1996), which is
host-specific for beech, caused the highest mortality during the
growing season (13%). This was followed by missing seedlings with
6.5%. Desiccated seedlings (6%) were only observed after the grow-
ing season, as well as insect herbivory, leading to defoliation and
die back of 4.2% of seedlings. In contrast, the mortality during win-
ter was not species specific and had two major causes: litter burial
(33%), followed by an unspecific lack of bud flush during the grow-
ing season, without signs of damage at the buds (14%). Further-
more, browsing damage caused by rodents was mainly observed
during winter (3.6%).
4. Discussion

4.1. Frequency of pits

The disturbance history in the studied forest was described by
Splechtna et al. (2005) as highly discontinuous in time with epi-
sodes (mainly centuries) of high and low disturbance frequencies.
Single events or periods of increased disturbance frequency affect
larger areas of the forest, with an increase in the 20th century,
coinciding with the heavy windstorms in 1966, 1976 and 1990.
Therefore it is likely that the majority of the observed pits and
mounds at the permanent sample plots and on the line transect,
date back to these disturbance events. The total area covered with
pits and mounds was 9.2%, a value roughly corresponding to the
gap fraction of 13.8% resulting from analysis of aerial photographs
for 1996 (canopy gaps can be assumed to be larger than the corre-
sponding pits and mounds) (Splechtna and Gratzer, 2005). These
average fractions of disturbed areas are comparable to those in
temperate forests in North America (Runkle, 1990; Spies et al.,
1990) and Japan (Yamamoto, 2000; Tanaka and Nakashizuka,
1997; Fujita et al., 2003). The percentage of area covered with pits
along the line transect was similar to the one at the sample plots
and confirmed the findings of Splechtna et al. (2005) on the unifor-
mity of the disturbances across the studied old growth forest.

The data confirms that pit size is proportional to tree size (DBH)
for both beech and conifer species, with conifer species forming a
larger pit. Since Putz (1983) and Peterson et al. (1990) found a sim-
ilar relationship of pit size and DBH for a moist tropical forest and
the Eastern Deciduous Forest (US), the validity of this relationship
can be expanded to mountain forests in Europe. The weaker corre-
lation between pit depth and DBH of the downed tree is probably
icrosites on tree regeneration and establishment in an old growth moun-
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Fig. 5. Survival distribution function S(t) over time for the microsites; 0: mound, 1: pit, 2: pitwall, 3: undisturbed, 45: control; time steps are 4 weeks; week 8–12: after
autumn 2008, week 44–48: after winter 2009; week 60–64: after summer 2009, week 94–96: after winter 2010; (A) pooled species, (B) F. sylvatica, (C) A. alba, (D) P. abies.
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caused by the variation in the rooting depth, and partly limited by
the solid bedrock.

4.2. Microsite characteristics

The light availability (GSF) at different microsites is in line with
the findings of Clinton and Baker (2000) which indicate lowest val-
ues in pits. The fact that the GSF at the mound microsite was not
significantly higher than in the undisturbed and control microsites
accounts for the effect that until mound formation takes place, the
gap is already encroached laterally and partly closed. Lateral
encroachment is the major pathway for recovery as response to
small scale disturbance (Splechtna et al., 2005).

The soil moisture of rendzic soils (lithic Leptosols) indicates no
response to different microsites and suggests a levelling effect of
the organic substance, due to its high water storage potential
(Arbeitskreis Standortskartierung 2003). This finding is supported
by the different water contents of the relictic loams, with generally
lower C content. In this subset (Fig. 1B), significantly higher soil
moisture in the pits as shown by Clinton and Baker (2000), could
not be detected. The litter thickness could be a possible explana-
tion for this, being almost the double in the pit than in the undis-
turbed and control microsite. These differences may lead to a
higher litter interception in the pit (Putuhena and Cordery,
1996), thus buffering against eventual lateral inflow and precipita-
tion. The two erosion microsites mound and pitwall show the low-
est soil moisture. Low values at control microsite are in line with
findings from Clinton and Baker (2000) and Peterson and Campbell
Please cite this article in press as: Simon, A., et al. The influence of windthrow m
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(1993) and can be explained by lower precipitation input due to
canopy interception and more water consumption due to higher
root density in undisturbed sites. Nevertheless, temporal water
logging in pits after heavy rainfall was observed and may alter sur-
vival probability.

Results of the chemical analysis confirm results from other for-
est ecosystems (Beatty and Stone, 1986; Clinton and Baker, 2000)
and acknowledge the importance of windthrows to maintain soil
fertility through pedoturbation (Samonil et al., 2009). The seedbeds
in the newly created microsites pit, pitwall and mound consist of
nearly unaltered (relictic) parent material. The low C:N ratio and
a mean N content of around 5 mg g�1 do not indicate serious grow-
ing limitation at these microsites.

Although the influence of the soil temperature on the develop-
ment of the seedlings was not statistically analysed due to the low
sample size, it could have a considerable influence on seedling
mortality. The lower autumn soil temperature at the pit may not
affect the seedlings as seriously as the differences in spring condi-
tions (Table 3). Nevertheless, the mound show more extreme
microclimatic conditions than the other microsites. It is likely that
the faster heating in spring at the undisturbed microsites leads to
earlier bud flush and onset of growth. This assumption, in combi-
nation with the approximately 10 days longer snow cover in the
pit, leads to a shortened growing season.

The findings clearly show that the variation between the micro-
sites is rather continuous than discrete. Nevertheless, pit micro-
sites show environmental conditions and processes preventing
seedling establishment and development.
icrosites on tree regeneration and establishment in an old growth moun-
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4.3. Seed trapping ability

The assumption that pits receive more seeds through seed accu-
mulation by secondary dispersal processes could not be confirmed.
While the undisturbed and control sites received almost similar
seed rain (Fig. 2A), the pit microsites showed on average 20% less
seeds. The lower seed density at the mound and pitwall can be ex-
plained by the lower trapping ability of these microsites because of
curvature and steepness. At these microsites, tree species with
light seeds and mechanisms that prevent secondary dispersal show
higher seed retention. Spruce seeds easily segregate from their
wing which reduces the surface area for secondary dispersal by
wind and increases the chance of retention. This explains the high-
er density of spruce seedlings at pitwall sites (Table 4, Fig. 3). Pos-
sible explanations for the lower values of seeds at the pit could be
the burying of seeds by mineral soil from erosion of the pitwall and
mound which is a common process in young windthrows (Peterson
et al., 1990) or higher seed consumption by rodents, especially in
young pits due to easier detection. Still, in a fine scaled disturbance
regime like the one in Rothwald, seed rain is not a limiting factor
for tree regeneration except for mound sites.

4.4. Seedling distribution on different microsites and seedling survival
response

The RDA and a non-parametric test for differences in the seed-
ling distributions proved the significant influence of microsites on
seedling distributions. Seedling establishment in pits was lowest
(Fig. 2B). This is in line with findings of Lyford and MacLean
(1966) and Schaetzl et al. (1989b). Winter mortality in this micro-
site was particularly high: the main cause of mortality (33% of the
total mortality) during this period was burial of seedlings by litter.
This is in contrast to findings of Ammer et al. (2002), who found
that coverage of beech seeds with leaf litter led to an increased
seedling number, mainly because of reduced evaporation in an
area which receives only around a third of the annual precipitation
of the forests where this study was conducted. Smothering caused
by burial with litter was also reported to be an important factor for
seedling mortality in temperate forests of the southern hemisphere
(Gillman and Ogden, 2001). A higher probability of smothering in
pits due to higher litter thickness could not be observed. Burial
by litter proved to be an important cause for mortality on all
microsites except for mounds.

This is corroborated by the results of the logistic regression
model which showed a lower probability of occurrence with
increasing litter depth. In spring, directly after the snow melting,
the accumulated litter in pits shows highly compacted, platy struc-
tures. Especially for tree species which disperse their seeds in au-
tumn like F. sylvatica and A. alba this may form an impenetrable
barrier for germination. This is in line with findings of Beatty and
Sholes (1988) who also showed a negative correlation between
the number of individuals and the litter depth.

Besides pits, F. sylvatica also had a high mortality on control
microsites. The main cause of mortality on this microsite was
infection with Phytophthora cactorum. This fungus is known for
causing high mortality rates particularly in areas with high precip-
itation (Butin 1996) like the study area of the present study.

The survival of A. alba was higher in all microsites and reached
its highest values on mounds whereas beech showed highest sur-
vival on the undisturbed microsites and on pitwalls. The total
failure of spruce at the microsites with undisturbed soil within
the observation period can be a result of poor establishment of
the small seeded species on the litter layers or a reflection of its
lower shade tolerance, or a combination of these factors.

The importance of light as a key resource for early tree survival
was also pointed out by Brunner (1993), Minotta and Pinzauti
Please cite this article in press as: Simon, A., et al. The influence of windthrow m
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(1996), Kobe et al. (1995), Pacala et al. (1994), Wright et al.
(1998) and Gratzer et al. (2004). While in the study at hand, the
GSF was not significantly correlated with the seedling density, it
played a significant role in seedling survival. Though seedlings of
F. sylvatica and A. alba are able to tolerate lateral and vertical shade
(Stancioiu and O’Hara, 2006), their survival is strongly influenced
by light intensity (Ammer, 1996). Also Szwagrzyk et al. (2001)
found a significant correlation between the first year survival of
beech seedlings and light intensity. The mortality rate of the first
growing season could have been underestimated, due to unknown
losses in the period between germination and the first data record-
ing. The estimated background mortality of approximately 20–25%
for the first year appears to be realistic, albeit rather low for natural
processes. However, the influence of the older seedlings which
were mainly fir could influence the survival rates of this species.

Former studies concluded that competition among herb-layer
plants is not likely to be of importance for species composition at
the microsites (Peterson and Campbell 1993; Beatty, 1984; Beatty
and Sholes, 1988). In contrast to these findings, the present study
showed that the number of seedlings correlates slightly negatively
with the herb layer cover (r = �0.11, p = .04). This indicates that the
competition for resources may play a role in seedling establish-
ment, even if the total herb coverage was relatively low
(10.5 ± 13.44%).

From the two years observation period, it cannot be conclu-
sively judged if the observed differences in survivorship of beech
and fir on different microsites are enough to allow for coexistence
based on niche segregation. Considering that no differences in the
seedling distribution in different microsites of these two species
were found, it is rather likely that other factors than segregation
of regeneration niches determine coexistence between F. sylvatica
and A. alba in the Abieti-Fagetum of the northern limestone alps.

Windthrows create microsite heterogeneity with parts of the
created sites excluding tree regeneration (pits) and other parts
(mounds and pitwalls) favouring tree regeneration. Given that
the studied forest type is frequent in Central Europe, and wind-
throw is the most frequent disturbance agent in these forests, it
is surprising that part of the created microsite heterogeneity in
gaps represents an unoccupied regeneration niche for the tree spe-
cies present in these systems.
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