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In forests many endangered species depend on old-growth 
stand structures such as very old and large trees, an abun-
dance of exposed coarse woody debris (CWD), and the oc-
currence of a specific forest successional stage (Nilsson and 
Baranowski 1997, Heilmann-Clausen and Christensen 
2003, Ranius et al. 2008, Fritz et al. 2009a). In natural 
old-growth beech forests of the temperate zone all of these 
attributes exist in a finely patterned, diverse mosaic of de-
velopmental phases (Emborg et al. 2000). 

In contrast to natural disturbance, forest management 
usually simplifies stand structure through the reduction of 
dead wood volumes and the number of old and large trees, 
by changing tree species composition and by shortening 
the successional cycle (Christensen and Emborg 1996, Bo-
biec 1998). In this way, humans have modified southern 
Swedish beech-oak forests for centuries, especially since 
the middle of the 19th century, due to intense forestry 
(Nilsson et al. 2001).

Until the 19th century multiple use of forest prevailed, 
based mainly on selective cutting of trees for local use 
and grazing of domestic livestock (Simonsson and Lars-
son 2007). Since the economical importance of timber 
increased during the 1900s, intensive forest management 
was introduced based on clear felling and active replanting 
of trees, usually conifers. Since about 1920, Norway spruce 
Picea abies has been strongly promoted and has replaced 
deciduous forest in many places. Many of the remnants of 
beech-oak forests in southern Sweden have high conserva-
tional values reflecting the occurrence of endangered species 
of invertebrates, lichens and fungi (Berg et al. 1994). The 
Biskopstorp forest studied here, is now protected as one 
of the largest semi-natural beech-oak forests in southern 
Sweden. Earlier studies in this area have revealed the exist-
ence of stands with high conservation values connected to 
old-growth features (Heilmann-Clausen and Christensen 
2003, Fritz et al. 2008, 2009a, b, Fritz and Brunet 2010). 
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In this study, we investigated the amount, distribution 
and spatial continuity of old-growth associated structural 
attributes at a landscape level in the beech-dominated 
stands of the ca 900 ha Biskopstorp reserve. We analyzed 
the age of 979 living beech trees to obtain a picture of age 
distributions and regeneration patterns both at stand and 
landscape scale. Age structures were specifically studied in 
relation to the presence of old-growth attributes. Such in-
formation is valuable for predicting the spatio-temporal 
development of valuable habitat and will help in the long-
term management planning of the area. 

Material and methods

Study area

The Biskopstorp forest is located in south-west Sweden, 
10 km north of Halmstad (56°48´N, 12°52´E), Halland 
county (Fig. 1). The climate of the region is maritime tem-
perate. This results in generally moderate weather with 
average temperatures in January and July being –1.6°C 
and 15.5°C, respectively. The yearly average precipitation 
is 1100–1200 mm (Alexandersson and Eggertsson Karl-
ström 2001). The dominant soil type is podzol with mor 
humus, developed on gneiss bedrock (Fredén 2002). The 
area is at the northern limit of European deciduous forest 
within the temperate zone (Ahti et al. 1968). 

The forest of Biskopstorp comprises a total area of ca 
900 ha (Bengtsson 1999). The landscape is characterized 
by a diverse topography, and is rich in hills of up to 200 m 
a.s.l., steep ravines, rocky outcrops and many small streams 
and lakes. Among previously managed spruce stands, typi-
cally planted in the period 1920–1960, there are managed 
stands and old, semi-natural stands of beech, oaks Quer-
cus petraea, Q. robur and black alder Alnus glutinosa. The 
long term reconstruction of the forest history, based on 
pollen and charcoal analyses, indicates a gradual increase 
of Fagus sylvatica since 1000 AD followed by decline of 
oak, birch Betula spp. and hazel Corylus avellana (Karlsson 
1996, Björkman 2000, Lindbladh et al. 2008). Deciduous 
stands with beech, oak, birch and alder cover >50% of the 
total forest area. Intensive forest management was intro-
duced in the 1920s, comprising the replacement of beech 
and oak forest with spruce plantations that were managed 
until the 1990s. In some of the remaining beech stands, a 
shelterwood cutting system was applied with additional 
soil scarification. 

Sampling design and measurements

In all mixed deciduous stands (n=53) with beech present, 
a total of 60 circular plots was established consisting of 21 
plots with a radius of 20 m (0.1257 ha) and 39 smaller plots 

with a radius of 7.07 m (0.0157 ha) – accounting for ap-
proximately 2.4% of pure beech stands and 0.4% of the to-
tal forest area (Fig. 1) (Bengtsson 1999). One large plot and 
up to three small plots were set up in each stand. Large plots 
were established only in beech-dominated stands (>50% 
beech), and small plots in the remaining stands with beech 
present. The number of small plots within a stand was de-
pendent on stand size and variation in stand structure, with 
larger and structurally diverse stands receiving more small 
plots than uniform stands. Centers of the plots were cho-
sen subjectively to represent the most representative parts of 
the stands. The number, age and diameter at breast height 
(dbh) of living trees and snags, dimensions of coarse woody 
debris (CWD – with a minimum diameter of 10 cm at 
the thicker end, and a length of 1 m) and the number and 
age of stumps were measured on 21 large plots. On the 39 
small plots the number, age and dbh of living trees were 
measured. Trees of all species above 2 m in height were clas-
sified as living or snags (dead trees) and their dbh was meas-
ured. Each tree, snag, log or stump was identified to species. 
All living beech trees >2 m were cored for aging with a 
Haglöf increment borer at the lowest possible point, usually 
at 30–40 cm above forest ground. In total 979 living beech 
trees were aged. From snags and stumps full or partial cross-
sections were collected with a chainsaw. Samples were col-
lected only if the rings were still visible which disqualified 
decomposed snags and stumps. In total 89 dead beech sam-
ples were collected from snags and stumps. All cores and 
cross-sections were mounted on wooden sticks or boards, 
dried and polished to a smooth surface with a belt sander 
up to a 400 grid sand paper. For core samples from healthy 
(not rotten) trees where tree piths were missed we estimated 
the pith date after defining the distance to the pith using 
calculated mean radial growth based on a width of the three 
oldest rings visible (Brown and Wu 2005, Brown 2006). 
Only cores with pith present or pith estimated to be located 
within 20 mm from the oldest present ring of the sample 
were accepted for further analyses. All samples were cross-
dated with the pointer year method to avoid biased age 
estimation due to missing rings (Stokes and Smiley 1968). 
The following years had conspicuous narrow rings and 
were the most useful as pointer years: 1869, 1890, 1911, 
1925, 1956, 1960, and 1974. Stands were classified and 
mapped according to the age and composition features as 
old-growth beech stands, beech-dominated stands, and oak 
and spruce-dominated stands.

Data analysis

The landscape scale age structure was based on trees from 
39 small plots (0.0157 ha) alone and trees selected within 
7.07 m radius from 21 large plots (0.1257 ha) to ensure 
same plot area weight (Fig. 1). To test for differences in 
mean diameters between the age cohorts one-way ANO-
VA was applied. Values are presented as mean ± one stand-
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ard error (SE). The dbh of the trees in each cohort was 
log transformed prior to the analysis to achieve normality. 
To test the difference in mean amounts of old-growth at-
tributes (large trees with dbh >40 cm, snags with dbh >40 
cm, CWD with thicker end diameters >40 cm) between 
the cohorts, a non-parametric Kruskal-Wallis test was ap-
plied, due to unequal distribution of valid cases in each 
cohort and non-normal distribution of the data (Quinn 
and Keough 2002). 

Results

The age structure of living beech trees pooled from all 
the plots (n=60) showed prominent peaks of regeneration 
pulses and periods of low recruitment. The age distribu-
tion revealed a large deficit of trees between 180 and 240 
yr old (Fig. 2). The age structure of dead beech trees (snags 

and stumps) in general showed a pattern similar to the liv-
ing trees (Fig. 3). Based on depressions in regeneration that 
occurred in the periods 1760–1820 and the 1920s, three 
main regeneration pulses were distinguished: old cohort 
(>240 yr), intermediate cohort (90–240 yr), and young 
cohort (<90 yr old) (Fig. 2). The distinction of the young 
cohort was also based on the intensive logging and replant-
ing activities that begun in the 1910–1920s. At the plot 
level, beech age structure varied considerably. The majority 
of the plots were represented by one (42% of the plots) or 
two (53%) age cohorts. At three plots (no. 1, 4, 8) trees 
from three cohorts were found (Fig. 4). Only three plots 
(no. 31, 45, 47), showed continuous beech regeneration 
over the last 150 yr. No single plot showed continuous 
beech regeneration since 1750 but five plots with the old-
est trees (no. 1, 4, 5, 6, 8) were composed of two well-
differentiated cohorts (mainly old and young), separated 
by over 100 yr of low recruitment (Fig. 4).

Figure 1. Distribution of beech Fagus sylvatica age cohorts and established plots in the Biskopstorp forest study area, southwestern 
Sweden. The stands are classified based on the oldest trees found on the plots. 
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The age cohorts differed significantly from each other 
in respect to mean diameters (ANOVA F2, 814=237.24, p < 
0.001). The oldest cohort had the highest mean diameter 
(51.2±1.06 SE), however individual trees with the largest 
dbh observed belonged to the intermediate cohort (Fig. 5). 
The dbh of beech trees was positively correlated with age, 
with age explaining 52% of the variation in dbh (r=0.72, 
F1, 815 = 881.048, p<0.001) (Fig. 5). 

Old-growth attributes (large trees, snags, CWD) were 
found to be unevenly distributed and generally restricted 
to the plots with the old cohort trees. Plots with trees from 
the intermediate and young cohorts had significantly low-
er amounts of large trees (H=7.307, p=0.0259), snags with 
dbh >40 cm (H=9.175, p=0.0102) and CWD with end 
diameter >40 cm (H=7.276, p=0.0263) (Fig. 6). 

Old, intermediate and young cohorts were unevenly 
distributed over the study area. The intermediate cohort 

was found throughout the area whereas the oldest cohort 
with highest amounts of old-growth attributes was found 
in the north. Old beech stands were absent in the south of 
the Biskopstorp reserve (Fig. 1). 

Discussion

Age and stand structures

At the landscape scale, the distinct peaks and the discon-
tinuous pattern of age structure suggests past disturbances 
that triggered regeneration pulses. The age structure of 
both living and dead trees showed generally similar pat-
terns. The age analysis revealed that the studied forest is 
composed of three age cohorts, which differed in terms 
of development history. The oldest trees reach almost 300 
yr in age which is near the upper limit reported for the 
species in northern Europe (Niklasson and Fritz 2003). 
The distinct early cohort regenerated between 1720 and 
1750 over a large area of the studied site (Fig. 1). There are 
indications that these trees are a result of human activities 
rather than natural disturbances (Lindbladh et al. 2008). 
Historical evidence of large-scale felling operations in the 
early 1700s in the area has been found although the pre-
cise locations of these remain unresolved (Simonsson and 
Larsson 2007). Some indications of anthropogenic land-
scape opening in the 1700s are found also in pollen dia-
grams, where around the 1700s the amount of grass pol-
len increased together with rapid decrease of beech pollen 
(Björkman 2000, Lindbladh et al. 2008). This period of 
intensive forest utilization probably created a strong regen-
eration pulse, visible on the present age structure as the old 
cohort. After that period, the recruitment slowed down 
creating a distinct 100 yr long flat trend in the age distribu-
tion (Fig. 2). Periods of low or absent recruitment (1760–
1820) may indicate suppression by an external factor (e.g. 
grazing), filled regeneration space (Eriksson and Jakobs-
son 1999), i.e. when there is no available space for new 
saplings to recruit successfully or intensive cuttings. Since 
the age structures of both living and dead trees showed 
similar patterns, the period of low recruitment may indeed 
have been due to recruitment suppression rather than high 
mortality (both natural and anthropogenic). The collected 
dead beech samples, due to relatively high decomposition 
rates of beech wood may under-represent the real morta
lity processes. Moreover, in late-successional forests shade-
tolerant trees (like beech) can persist for several decades 
under canopy shade (Niklasson 2002), therefore the pre-
sented age structure can not be definitely indicative of a 
disturbance history. 

The origin of the young cohort seems to be caused en-
tirely by anthropogenic influence. Intensive forest man-
agement was introduced in the 1920s (Simonsson and 
Larsson 2007) by replacing beech and oak stands with 

Figure 2. Landscape level age structure of beech Fagus sylvatica 
pooled from all plots with beech present (n=60) based on trees 
from 39 small plots (0.0157 ha) and trees selected within 7.07 m 
radius from 21 large plots (0.1257 ha).

Figure 3. Landscape level age structure of dead beech Fagus sylva
tica pooled from all plots with beech present (n=60). All samples 
collected from stumps and snags are presented (n=89) due to the 
low number of datable material. 
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Figure 4. Age structures of living Fagus sylvatica trees at plot scale (n=60) plotted as cumulative germination years of the dated trees. In 
cases where more than one plot was analyzed per stand, the ages from these plots were combined into one graph per stand (8 cases). 
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spruce plantations, with the exception of those stands 
where shelterwood cuttings were done. This is also vis-
ible on the stand scale age structures where several stands 
show distinct, single cohort structure that originated in the 
1910–1920s (Fig. 3). 

Alternatively, the irregular age structure of beech at 
Biskopstorp might have been caused by the natural dis-
turbance regime. Although hurricanes are fairly common 
in the area, they occur predominantly in winter when de-
ciduous trees are much less susceptible. A striking example 
of the difference in windthrow susceptibility was given 
by the hurricane the 8 January 2005 when ca 25% of the 
Norway spruce monocultures in the reserve were over-
thrown. In the beech stands however, only occasional trees 
were broken or uprooted, a pattern observed also in the 
Fontainebleau forest after the storms in 1996 (Pontailler 
et al. 1997). Uprootings are obviously rare in the beech 
stands of the study area (Fuentes et al. 2010). Soilmounds 
after uprootings may remain for centuries (Faliński 1978) 
but very few can be found in Biskopstorp (Fuentes et 
al. 2010, Churski and Niklasson unpubl.). Therefore it 
seems that the present beech population structure is rather 
a result of anthropogenic disturbance, mainly past forest 
utilization. 

Substantially low regeneration in the period 1760–
1820 is difficult to interpret. In a study of lowland forest 
in northern Spain, Rozas (2003) argued that intense graz-
ing pressure inhibited establishment of beech regeneration 
whereas beech recruitment was continuous in periods 
of forest protection against grazing. If this is the case in 
Biskopstorp, a combination of grazing and filled regen-
eration space and selective cuttings may have inhibited 
stronger regeneration pulses. Periods of rapid recruitment 
indicate the availability of space for new saplings to estab-
lish and recruit. In the Biskopstorp forest a disturbance 
that might have provided conditions suitable for success-
ful regeneration and recruitment took place in the 1850s, 

which is indicated by the broad peak in the age structure. 
The next disturbance that created a regeneration pulse 
took place in 1920s–1940s, and was most likely connected 
to active forest management. After that, fast recruitment of 
beech trees was followed by constantly decreasing regen-
eration rate. We interpret the disturbance as the onset of 
a shelterwood management system which at this time was 
substituting grazing and traditional forest use. 

In the studied landscape stem diameter is a poor meas-
ure of demographic parameters. The main cause for the 
low fit is the great plasticity in diameter growth. A large 
number of trees in the old cohort especially have grown 
very slowly, with 240 yr old trees being not more than 
70 cm in diameter at breast height, while in stands with 
trees from the intermediate cohort the same size could be 
reached in less than half the time. 

Continuity of old-growth attributes

Old-growth stands in general are known to support more 
red-listed species than stands in earlier stages of forest de-
velopment. This is mainly connected to the continuity of 
forest cover (Fritz et al. 2008), age of trees (Ranius et al. 
2008, Fritz et al. 2009a) and age-related number of mic
rohabitats (Fritz et al. 2009b), and amount of dead wood 
(Nilsson et al. 1995, Brunet et al. 2010). Therefore old-
growth stands are the most important for conservation 
practices. Fritz et al. (2008) showed that beech forests with 
forest cover continuity for 350 yr or more contain signifi-
cantly more species of epiphytic lichens and bryophytes 
than stands lacking continuity. A disturbed forest develop-
ment cycle in both temporal and spatial scales may limit 
species dispersal, and continuous regeneration of trees is 
crucial in maintaining and dispersing species of epiphytic 
lichens and bryophytes for a time longer than a single gen-
eration of trees.

Figure 5. Diameter at breast height (dbh) in relation to age 
of beech trees (n=817, r2 = 0.52, r = –0.72, F1, 815 = 881.048, 
p<0.001).

Figure 6. Distribution of old-growth attributes among the co-
horts (bars equal to mean + 1 SE).
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Conclusion

The results of this study show a disjointed pattern of the 
old-growth attributes (old trees, large snags and CWD) 
over spatial and temporal scales. Because of the disturbed 
recruitment cycle in the past and the resulting substantial 
deficit of late-succesional phases, an important manage-
ment question arises: how to secure the future of the old-
growth-related biodiversity? Focusing on the near future 
active measures to induce senescence and micro-habitat 
formation (e.g. rot holes) in vital trees close to old-growth 
patches could be suitable to maintain habitat availability 
for epiphytic and saproxylic species. 
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