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Abstract. The long-term effects of gap creation and liming on tree regen-
eration and understory competition were examined in a mature European 
beech (Fagus sylvatica) stand on a nutrient-poor site. In 1989, trees were 
felled to create four 30 m wide circular gaps, and 3 t ha-1 fine dolomite was 
applied to two of these gaps and the surrounding area, whereas the remain-
ing two gaps and most parts of the stand remained untreated. In 2010, the 
stand density was 153 trees x ha-1 and the basal area was 29.51 m2 x ha-1. Test-
ing a factorial combination of two levels of canopy cover (gap and stand) 
and two levels of lime application (limed and unlimed), the results of the 
case study partly support our initial hypothesis that the combined or sin-
gle effects of liming and canopy removal on understory plant communities 
last for more than 20 years. Some effects disappeared slowly over time, 
while others did not. Understory vegetation of the unlimed gaps and the 
limed and unlimed stands was rapidly dominated by beech regeneration, 
whereas limed gaps were dominated by fireweed (Epilobium angustifolium), 
bramble (Rubus fruticosus agg.) and raspberry (Rubus ideaus) for around 
14 years. There, the density of the beech regeneration was reduced by com-
petitive ground vegetation species. Plant species richness (n/100 m²) was 
still significantly different after 23 years, with an average 10 species per 
100 m² in the limed stand area, 5 species in the unlimed stand area, 25 
species in the limed gaps, and only 5 species in the unlimed gaps. Only 
the combination of liming and canopy removal enhanced the species rich-
ness in the long run. On our study site, this combination of liming and 
canopy opening had a long lasting influence on the ground vegetation in 
terms of retarding the beech regeneration and enhancing species’ richness.  
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Introduction

European beech (Fagus sylvatica L.) is the 
dominant tree species in central Europe, in 
part due to a variety of biological characteris-
tics, such as its broad site tolerance, high shade 
tolerance, prolonged period of height growth 
increment and the capacity of dominant and 
predominant trees to expand their crown, and 
lower palatability to ungulates in the seedling 
and sapling phase compared to other broad-
leaved tree species (Leuschner et al. 2004, 
Bartsch & Röhrig 2009, Schmidt 2009). How-
ever, along with industrial development, soil 
degradation processes were accelerated by 
high deposition of acids, nutrients, and heavy 
metals. High inputs of nitrogen (N) and sulfur 
(S) caused losses of base cations from soils, 
especially under nutrient poor site conditions, 
such as the Solling area in northwestern Ger-
many (Ulrich 1994). A number of studies have 
been undertaken in the last few decades to 
analyse nutrient cycling of forest ecosystems 
(Guckland et al. 2007, Geßler et al. 2007), for-
est structure (Bengtsson et al. 2000) and func-
tioning (Garcia-Gonzalo et al. 2009, Lindner 
et al. 2010) under the infl uence of increasing 
loads of atmospheric deposition and climate 
change. Few of these studies have investigated 
the role of understory plant layers for nutri-
ent budgets following forest disturbances in a 
long-term perspective (Beckage et al. 2000). 
 In general, the understory layer and espe-
cially tree regeneration is one of the essential 
components in a forest ecosystem (Gilliam & 
Roberts 2003), playing a critical role in the 
dynamics and functioning of forest ecosys-
tems by infl uencing long-term successional 
patterns (Phillips & Murdy 1985, Abrams & 
Downs 1990, Nyland et al. 2006, Royo & Car-
son 2006) and contributing to forest nutrient 
cycling (Chapin 1983, Zak et al. 1990, Ander-
son & Eickmeier 2000, Chastain et al. 2006, 
D’Amato et al. 2009). However, short term ef-
fects like the herbaceous biomass acting as a 
temporary nutrient sink after major disturbance 

events may also retard the establishment of 
tree seedlings in the long run. It is still unclear 
how the nutrient sink effect of understory com-
munities (herbs, shrubs, and tree seedlings and 
saplings) can be optimized by different forms 
of forest management, especially in nutrient 
poor forest ecosystems with long-term high 
deposition loads of atmospheric pollu-tants 
(Ulrich 1994, Bartsch 2000). Given the eco-
logical signifi cance in maintaining the struc-
ture and functions of forests, we investigate 
tree regeneration and competing plant species 
in the understory of a mature European beech 
forest 23 years after gap creating and liming. 
In the 1980s, lime application and canopy 
opening were suggested to aid the establish-
ment of natural beech regeneration under very 
acidic site conditions. Only a few studies have 
explained the interactive effects of liming and 
gap opening on seedling establishment in dif-
ferent forest types: Yang et al. (2012) investi-
gated the interactive effects of gap and liming 
on seedling growth, and found that in the gaps 
with lime both yellow birch and sugar maple 
had higher leaf biomass than in other plots. 
Gasser et al. (2010) reported that only liming 
did not increase the density, growth or survival 
of sugar maple and yellow birch. 
 We focused on monoculture forest to exam-
ine how liming and gap creation infl uence un-
derstorey development in a mature European 
beech forest over 23 years. Since 1989, some 
studies have been published from this forest, 
focusing on nutrient cycling (forest fl oor de-
composition, C and N dynamics: Bauhus et al. 
1995, 2004), element release (Bartsch 2000, 
Vor & Brumme 2002), decay of coarse and fi ne 
woody debris (Müller-Using et al. 2009), soil 
solution (Bartsch 2000), and fi ne root growth 
(Bauhus et al. 1996). In this paper we address 
the following questions: (1) Do gap opening 
and liming promote natural tree regeneration 
in the long run? (2) What impacts on plant di-
versity do the treatments have? (3) Which fac-
tor is more important (gap creation vs. liming) 
for the dynamics of tree regeneration?
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Material and methods

Study site 

The study site is located in the Solling moun-
tains in northwestern Germany (51˚46’E, 9˚34’ 
E) at an elevation of 500 m above sea level. 
The soil type is a dystric Cambisol and the 
forest fl oor type is a typical moder (Bauhus et 
al. 2004). The climate is humid, with an an-
nual mean temperature of 7 ˚C, and a mean 
annual precipitation of 1,100 mm (Bartsch et 
al. 2002). The forest community belongs to 
the Luzulo-Fagetum group (Bartsch & Röhrig 
2009). Characteristics of the European beech 
(Fagus sylvatica L.) stand were a mean diame-
ter (dbh) of 45.6 cm and a mean height of 29.7 
m at a basal area of 32.5 m² and an average 
stem density of 199 ha-1 in 1988 (Akça & Ath-
ari 1992). In 2010 the mean dbh was 48.6 cm, 
the stand density  153 trees ·ha-1 and the basal 

area 29.5 m2·ha-1. In 2013 the forest was about 
170 years old. Regular silvicultural manage-
ment (thinning and harvesting) of this 8.17 ha 
forest stand had ceased in 1967. However, in 
1989 groups of trees were felled to create four 
circular 30 m wide gaps. After gap creation and 
removing stems and branches from the gaps 3 
t ha-1 of fi ne dolomite (10.6 kmolc CaCO3 kg-

1, 11 kmolc MgCO3 kg-1) was scattered in two 
gaps and their surrounding areas (approx. one 
tree length, Bauhus & Bartsch 1995) (Fig. 1). 
According to the recommended practices at 
that time, the lime was slightly mixed with the 
organic horizons by superfi cial scarifi cation.
 
Experimental design and data collection

In order to investigate the effects of lime ap-
plication and gap creation on tree regeneration 
and understory vegetation a 2 × 2-factorial 
(two lime levels × two canopy levels) design 

The location of the experimental plots in the study site: Gaps number 1 and 3 were not limed, gaps 
number 2 and 4 including a surrounding belt were limed

Figure 1 



236

Ann. For. Res. 57(2): 233-246, 2014                                                                                                                      Research article 

with two replicates per treatment was applied. 
Eight plots of 10 m × 10 m were established 
and permanently marked after the gap creation 
in 1989: two unlimed stand parts, two limed 
stand parts, two unlimed gap centers and two 
limed gap centers. With the low number of 
replications, no randomization was possible. 
However, the size of the plots (100 m²) can 
compensate for the lack of replication, particu-
larly because the four sites of the gaps were 
reasonably uniform before the experiment be-
gan (Bartsch 2000). 
 In August and September 2012 the cover-
age (in % of the plot area) of all understory 
plant species was recorded and compared with 
previous data. For the tree regeneration spe-
cies, numbers, diameter at breast height (dbh), 
ground diameter (2 cm above the soil surface) 
and height (vertical height) were measured in 
the fi eld, following the same method of veg-
etation survey as the prior years. For herba-
ceous plants, the height was only measured for 
species with cover values >2%. To estimate 
the aboveground biomass of herbaceous spe-
cies and tree seedlings and saplings with a 
height ≤5 m, we used PhytoCalc 1.4 (Bolte 
et al. 2009, Heinrichs et al. 2010).  PhytoCalc 
1.4 allows a non-destructive quantifi cation of 
the dry weight and nutrient pools of under-
storey plants in forests by using the relation-
ship between the species biomass, cover and 
mean shoot length (Heinrichs et al. 2010). The 
model has been successfully validated on in-
dependent measurements in several German 
forest ecosystems (Mölder et al. 2008, Schulze 
et al. 2009). To estimate the biomass of larger 
saplings (height >5 m), we felled 30 saplings 
at ground level, measured their height and dbh 
and separated them into stems, branches and 
leaves. The compartments were oven dried at 
105 ˚C to obtain the dry weight. The data from 
these 30 trees were used for developing a site 
specifi c allometric equation to estimate the to-
tal aboveground biomass of European beech 
seedlings. During the whole sampling period 
no other understory trees had been present on 

the study plots.
 To compare recent with former surveys we 
used archived data from the same subplots 
(data series from 1989 to 2012). All tree seed-
lings and saplings were additionally recorded 
in the periods from 1990-1994 and 2000-
2005; vegetation relevés after Braun-Blanquet 
(1964) were also done in 1991, 1998 and 2005. 
However, because the tree regeneration was re-
corded separately no shrub layer (plant height 
>0.5 m; ≤5m) cover values were assessed from 
1991 to 2005. Herbaceous species and shrubs 
taller than 0.5 m were assigned to the herb lay-
er (plant height ≤0.5 m) for this period.
 The soil samples were collected using a 
soil corer with a diameter of 8 cm in October 
1989, at the locations where gaps were cre-
ated in the following winter. 96 cores were 
bulked by mineral soil depth (0–5, 5–10 cm) 
to form 16 composite samples per layer, four 
per gap. In 1991, 1996 and 1997, mineral soil 
(0–5, 5–10 cm) was sampled in the unlimed 
stand, unlimed gaps, limed gaps, and in limed 
stand parts with four (1991) or three replicates 
(1996, 1997) per treatment. In October 2011, 
four replicates were taken for each treatment 
and soil depth in the stand parts and each gap. 
These samples were collected along two tran-
sects in the gaps and along four transects in 
the stand parts. The distance between sampling 
locations was 10 m in the stand and approxi-
mately 2 m in the gaps. After removing root 
particles, mineral soil were dried at 40 ˚C, and 
sieved (<2 mm) afterwards. Soil pH was deter-
mined with a glass electrode (pH  meter, single  
rod  assembly)  (Meiwes et al. 1986).

Data analysis

Homoscedasticity was tested using Fligner-
Killeen test, and normal distribution was tested 
using the Shapiro-Wilk test. To test for differ-
ences in the understory aboveground biomass 
between treatments, an ANOVA was used for 
the data that were collected in 1993, 1998 
and 2012. To ascertain differences within the 
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shrub, herb and moss layers’ species richness, 
respectively, Tukey-Kramer’s HSD test was 
applied. Differences between factor levels of 
the regeneration were determined by pairwise 
Wilcoxon test (P < 0.05).  All statistical tests 
were performed with R, version 3.0.1 (R De-
velopment Core Team 2013).

Results

Top soil acidity dynamics 

In the 0-5 cm soil layer, the soil pH values 
were signifi cantly higher than in 1989 in the 
limed gaps in 1991, 1996, 1997, and 2011 
(Table 1). The single effect of canopy open-
ing or liming on top soil layer’s pH was not 
observed in 2011. At the 5-10 cm soil, only the 
canopy opening with liming affected the soil 
acidity statistical signifi cantly in 1991, 1996, 
and 1997. In 2011, the pH values at the 5-10 
cm soil were signifi cantly higher in the limed 
gap and limed stand than in the unlimed plots. 

Tree regeneration dynamics 

The density, heights and base diameters of Eu-

ropean beech seedlings were determined from 
1990-1994, from 2000-2005 and in 2012 (Fig. 
2). Peaks of beech seedling numbers were al-
ways found after mast years, but mortality was 
high due to intra- and interspecifi c competi-
tion. High interspecifi c competition must have 
caused a tremendous decline in the seedling 
numbers in the limed gaps from 1991 to 2005. 
In 2012 the beech seedlings seem to establish 
there again (Fig.2). 
 In 2012, the density of beech seedlings 
(Table 2) was much higher in limed stand 
than in untreated closed stand parts (695 seed-
lings/100 m² vs. 324 s./100 m²), but much 
higher in unlimed gaps (721 s./100 m²) than 
in limed gaps (117 s./100 m²). The difference 
of Norway spruce (Picea abies) seedlings be-
tween unlimed plots and limed plots was also 
remarkable (Table 2). In the plots (100 m²) of 
the unlimed stand and unlimed gap the num-
bers of Norway spruce seedlings both were 23, 
only 2 Norway spruce seedlings were found in 
the limed stand and 1 in the limed gap. Goat 
willow (Salix caprea) only grew in limed gaps, 
mountain ash (Sorbus aucuparia) only in un-
limed gaps. 
 The effect of the treatments on the beech 
seedlings and saplings height and diameter 

Mineral soil pH-values (KCl) at 0-5 cm and 5-10 cm depth in 1989-1991, 1996-1997 and 2011. Ar-
chived data from 1989-1997. Different letters indicate signifi cant differences between treatments 
within one layer (p <0.05, Tukey’s HSD test for multiple comparison)

Table 1 

  limed  unlimed  
  year gap stand gap stand
0-5 cm 1989*    2.88

1991** 3.07b 2.94ab 2.89a

1996*** 3.31c 3.01bc 2.82ab 2.77a

1997*** 3.02b 2.85b 2.92b 2.57a

 2011**** 3.15b 3.01a 2.98a 2.97a

5-10 cm 1989* 3.15
1991** 3.30b 3.17ab 3.15a

1996*** 3.20b 3.01ab 2.96ab 2.90a

1997*** 3.06a 2.89a 3.20a 2.75a

 2011**** 3.24b 3.24b 3.16a 3.09a

Note. Abbreviation:  *n = 16, samples taken before gap creating,  **n = 4, Tukey’s HSD Test, no samples taken from 
limed stand parts, ***n = 3, Tukey’s HSD Test,  ****n = 4 (stand data), n = 8 (gap data), Tukey’s HSD Test.
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in 2012 is presented in Figure 3. On aver-
age, regeneration height differed signifi cantly 
between treatments (p <0.05). In the unlimed 
stand parts the highest mean height and diam-
eter values were found (2.7 m and 3.5 cm). The 
beech seedlings in the limed gaps were signifi -
cantly smaller than in other plots (Fig. 3). 

Plant species diversity and cover

More than 20 years after lime application and 
canopy removal, there were still some differ-
ences of the plant species’ diversity, density and 
cover values between unlimed stands, limed 
stands, unlimed gaps and limed gaps. In 2012, 
a total of 32 plant species in the herb, shrub 
and moss layers were identifi ed at the study 
sites. The highest plant diversity was found 

in the limed gaps (Fig. 4). Especially the herb 
layer’s diversity was favored by the conditions 
in the limed gaps. Both of the single (liming: 
p = 0.002, canopy gap: p = 0.012) effects, and 
the combined effect (p = 0.009) on the under-
story plant species’ diversity were signifi cant 
(Table 3). We found 25 plant species in the un-
derstory of the limed gaps in 2012, but only 5 
species in the unlimed gaps. After 23 years, the 
species richness is still signifi cantly higher in 
the limed gap centers than in other plots.
 The understory plant cover reached 97.5% 
in 2012 in the shrub layer of the unlimed stand 
parts, 85% in the limed stand parts, 82.5% in 
the unlimed gaps and only 37.5% in the limed 
gaps (Table 4). In limed gaps, however, the 
herbaceous layer’s coverage reached 20 % 
compared to  almost no herb layer cover in 

Density of European beech seedlings and saplings in years between 1990 and 2012 in unlimed and 
limed stand parts and in unlimed and limed gaps. Mean values of all understory beech trees result 
from two plots each

Figure 2 

Mean tree seedling abundance per 100 m² of the shrub layer (height >0.5 m; ≤5 m) (±SE) in 2012 
in unlimed and limed stand parts and in unlimed and limed gaps. The mean values are based on 2 
replicates per treatment

Table 2 

treatment Density (n/100 m²)
European beech Norway spruce Goat willow Silver birch Mountain ash

stand 324 ± 11 23 ± 11   0 ± 0 3 ± 1 0 ± 0
gap 721 ± 89 23 ± 11   0 ± 0 3 ± 0 4 ± 0
limed stand 695 ± 97   2 ± 0   0 ± 0 0 ± 0 0 ± 0
limed gap 117 ±   2   1 ± 0 16 ± 6 0 ± 0 0 ± 0
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other plots. Mosses covered the plots only 
up to 1.5%. This different dynamics is very 
interesting, because we found the totally op-
posite trend in the fi rst years after setting up 
the experiment, with higher cover values in the 
limed plots (Table 4). 
 Looking at individual species dynamics, a 
vigorous growth of herbs, dominated by fi re-
weed (Epilobium angustifolium) was observed 

in the limed gaps in the year following liming. 
Liming caused high nitrifi cation rates (Vor & 
Brumme 2002), in combination with higher ra-
diation other nitrophilous species like Taraxa-
cum offi cinale, Urtica dioica, Epilobium mon-
tanum and Gynmocarpium dryopteris occurred 
in the limed gaps. In 1998, there was a marked 
decrease of Epilobium angustifolium and Epi-
lobium montanum cover values in the limed 
gaps, and the woody species Salix caprea, Sor-
bus aucuparia, Populus tremula, Betula pen-
dula, Rubus idaeus and the herbaceous species 
Urtica dioica took over. Rubus idaeus showed 
up right after lime application. Its coverage 
increased from 1991 to 2005, and decreased 
again after 2005. In 2005, Rubus fruticosus ap-
peared mainly in the limed plots, and covered 
large parts of the limed gap centers. Howev-
er, in 2012, it had almost disappeared again. 
Many species were only temporarily found in 
the limed and unlimed gaps, and were no lon-
ger present in 2012. Some character-species 
like Luzula luzuloides were always present in 
all plots.
 The number of herbaceous species decreased 
from 1991 to 2012 in all but the limed gap 
plots, while the number of mosses increased 
slightly in the same period (Table 4). Untreated 

Mean diameter (2 cm above the soil surface) and seedling height (vertical height) of beech seed-
lings and saplings in 2012 in unlimed and limed stand parts and in unlimed and limed gaps. Sig-
nifi cant effects among different treatments are indicated by different letters (p <0.05, Pairwise 
Wilcoxon test)

Figure 3 
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plots (unlimed stands) had the lowest diversity 
of herbaceous species. 

Aboveground biomass dynamics

The tree regeneration biomass (Table 5) in 
the treatments were highest in 2012 (unlimed 
stand: 1095 g m-2, unlimed gap center: 702 
g m-2, limed stand: 371 g m-2, and limed gap 
center: 253 g m-2), and the biomasses of other 
plant species were highest in 1993 (unlimed 
gap center: 315 g·m-2, limed stand: 546 g·m-2, 
and limed gap center: 1155 g·m-2) except for 

at unlimed stand.  In the limed gap center, the 
tree regeneration biomass in 1993 was none, 
and it increased gradually, from 0 to 8.7 g·m-2 

in 1996 to 252.8 g·m-2 in 2012, and the other 
plant species biomass in limed gap center dy-
namics in the otherwise way, it decreased. 
 We compared the understory above ground 
biomasses from 1993, 1996 and 2012, using a 
factorial analysis model. The different infl u-
ences of canopy removal and lime application 
were obvious in 1993 and in 2012 (Table 6). 
In 1993, 4 years after soil liming and canopy 
removal, the canopy effect (p = 0.010) and 

Treatment effect on the understory species diversity in 2012. Results from ANOVATable 3 

Note. Abbreviations: MS - mean square, df - degrees of freedom, F - variance ratio, P - level of signifi cance, * signifi cance 
codes: ** p ≤0.01, * p ≤0. 05.

  Stand Gap Stand+Lime Gap+Lime

 layer Species
 (n/100 m2)

Total 
cover
 (%)

species 
(n/100 m2)

Total 
cover 
(%)

Species
 (n/100 m2)

Total 
cover
 (%)

species 
(n/100 m2)

Total 
cover (%)

1991
Shrub - - - - - - - -
Herb 6±1 3.5±3.1 8±2 5.6±1.2 12±1 42.3±18.9 12±0 52.3±2.2
Moss 1±0 0.6±0.4 1±0 5.3±3.3 1±1 0.1±0.1 1±0 0.2±0

1993 Shrub - - - - - - - -
Herb 1±0 10.0±5.4 7±2 30.4±1.3 13±0 88.2±5 10±0 95.9±0

 Moss 5±1 1.0±2.5 3±3 0.2±0.1 1±0 0.2±0 1±1 0.1±0.1

1998
Shrub - - - - - - - -
Herb 5±1 14.3±0.5 17±1 11.2±5.1 14±1 68±20 14±2 86±15.0
Moss 1±1 0.2±0 1±0 11.5±7.5 1±0 3.2±0.5 1±0 2.9±0.4

2005
Shrub - - - - - - - -
Herb 4±1 19.5±5.4 13±2 99.1±10.7 12±5 138.6±21.9 11±2 181.8±32.4
Moss 1±0 0.9±0.2 1±0 4.2±0.6 2±0 3±0.4 1±0 2.2±1.8

2012
Shrub 3±1 97.5±2 1±0 82.5±7.5 2±0 85±10 3±1 38±7
Herb 1±1 0.5±0 2±1 1±0.5 5±2 1±0 16±7 20±2.5
Moss 1±1 1±0.5 2±1 1.5±1 3±1 1±0 6±2 1.5±0.5

Plant cover (%) (±SE) of the understory layer in 1991, 1993, 1998, 2005 and 2012. Mean values 
from two (1991-2005, 2012) replicates (100 m² plots) per treatment. Shrub layer height >0.5 m; ≤5 
m; herb layer ≤0.5 m

Table 4 

Note. From 1991-2005 the shrub layer was separately described by tree regeneration surveys. Herbs taller than 0.5 m were 
assigned to the herb layer during this period. Values >100% result from multiple sub layers.

 2012
Treatment MS df F P
Liming 312.5 1 46.3 0.002**
Gap 128 1 18.96 0.012*
Liming × Gap 144.5 1 21.41 0.009**
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the combination of canopy and soil effect (p 
= 0.038) on the above ground biomass were 
signifi cantly positive. The soil treatment alone 
had no signifi cant effect (p = 0.821). After 23 
years, only the soil effect (p = 0.004) was sig-
nifi cant, but now negatively. 

Discussion

Liming and gap effects on tree regeneration

At the beginning of treatments application, 
liming and the combination of liming and gap 
could enhance the beech regeneration estab-

lishment. This is because the availability of 
light, water and nutrients are important factors 
governing the development of the tree regener-
ation. Liming and gap opening reduced the soil 
acidity and improved the light availability. In 
this study, lime application enhanced the soil 
pH for more than 20 years (Table 1). Earlier, it 
has been demonstrated that liming and canopy 
opening accelerated the nutrient cycle at the 
same site (Bauhus et al. 2004). 
 We counted and measured European beech 
seedlings and saplings during three periods from 
1990 to 2012. After an initial establishment 
in all plots it became obvious that the beech 
seedlings developed differently according to 

Aboveground biomass partitioning (±SE) between tree regeneration and other plants in 1993, 1996, 
and 2012

Table 5 

Note. * Fagus sylvatica, Picea abies, Betula pendula, Salix caprea, Sorbus aucuparia, Acer pseudoplatanus.
        ** Agrostis tenuis, Athyrium fi lix-femina, Avenella fl exuosa, Blechnum spicant,  Calamagrostis arundinacea, Ca-
lamagrostis epigejos, Caluna vulgaris, Cardamine hirsuta, Carex canescens, Carex divulsa, Carex leporina, Carex ova-
lis, Carex pallescens, Carex pilulifera, Carex remota, Carex spec., Circaea lutetiana, Dactylis glomerata, Deschampsia 
cespitosa, Deschampsia fl exuosa, Dryopteris carthusiana, Dryopteris dilatata,  Dryopteris fi lix-mas, Epilobium angus-
tifolium, Epilobium montanum, Festuca altissima, Frangula alnus, Galium hercynicum, Galium odoratum, Geranium 
robertianum, Gymnocarpium dryopteris, Holcus mollis, Impatiens noli-tangere, Impatiens parvifl ora, Juncus effusus, 
Scrophularia nodosa, Listera ovata, Luzula luzuloides, Maianthemum bifolium, Moehringia trinervia, Molinia caerulea, 
Mycelis muralis, Oxalis acetosella, Paris quadrifolia, Poa nemoralis, Poa trivialis, Polygonatum verticillatum, Populus 
tremula, Pteridium aquilinum, Rubus fruticosus, Rubus idaeus, Rumex spp., Sambucus nigra, Sambucus racemosa, Scro-
phularia nodosa, Senecio vulgaris, Stellaria media, Taraxacum offi cinale, Trientalis europaea, Urtica dioica, Vaccinium 
myrtillus, Veronica offi cinalis.

Tree regeneration* Other plant species**
Block g/m2 % g/m2 %

1993

Unlimed stand 11.3±16.9 65.2±12.5 1.2±3.8 35.8±29.1
Unlimed gap center 23.82±24.7 0.7±0.4 315.2±62.3 93.0±6.0
Limed stand 47.1±43.1 7.9±1.1 546.4±54.4 92.1±1.4
Limed gap center 0±0 0±0 1155.0±63.0 100±2.6

1996

Unlimed stand 4.3±2.1 20.6±19.1 16.6±16.5 79.4±39.9
Unlimed gap center 11.3±1.8 27.5±6.0 29.8±4.3 72.5±6.0
Limed stand 21.9±8.2 19.9±1.4 92.0±34.0 80.1±1.4
Limed gap center 8.7±5.7 3.5±2.6 240.2±24.2 96.5±2.6

2012

Unlimed stand 1094.8±41.4 100.0±1.0 0.2±0 0.0±0.0
Unlimed gap center 702.2±27.4 99.7±4.9 2.1±0.6 0.3±0.0
Limed stand 371.9±69.7 99.7±0.0 1.1±0.2 0.3±0.0
Limed gap center 252.8±68.2 89.1±12.5 31.1±12.5 10.9±6.5
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microclimatic and competition effects from 
other tree species. Due to profound differences 
in growth forms and mechanisms of reproduc-
tion, tree regeneration generally responds to 
such disturbances (natural and anthropogenic 
disturbances) in distinct ways, with character-
istic traits for each species and differing from 
herbaceous plants (Gilliam 2007). We could 
confi rm such differences between woody and 
herbaceous plants. Apart from the beginning 
and the end of our study period from 1989 to 
2012 the limed gaps did not provide favorable 
conditions for beech seedlings, but for many 
herbaceous plant species (Table 6). This was 
surprising, because previous studies showed 
that large canopy gaps and liming had positive 
effects on the growth of tree seedlings (Gray & 
Spies 1997, Moore et al. 2008, 2012). Looking 
at the fi rst years of the experiment, liming and 
improved light conditions had indeed positive 
effects on the recruitment of the beech regen-
eration (Fig. 1). 
 However, from 1994 to 2000 the beech seed-
ling density declined in the limed gaps, unlike 
the other plots. The explanation for this can 
be found in the development of other, very 
competitive plant species like bramble and 
raspberry in the limed gaps. These plant spe-
cies were obviously able to outcompete beech 
regeneration under these growth conditions for 
a long time. This phenomenon has rarely been 
reported for beech forests. Mountford et al. 
(2006) reported that the center of a large gap 
was almost completely covered by bramble 

and scarcely covered by natural regeneration. 
This was supported by Kelemen et al. (2012) 
who found that a dense cover of Rubus fruti-
cosus L. and Calagrostis epigejos can hamper 
natural regeneration in large gaps. It was also 
interesting that single specimens of other tree 
species developed better under these condi-
tions (e.g. goat willow and trembling aspen), 
while others grew better without liming (e.g. 
rowan and spruce). For the spruce regenera-
tion it must be considered that the nearest seed 
sources are closer to the unlimed gaps, at least 
partly explaining the higher spruce seedling 
density there. For the other tree species this 
possible reason cannot be confi rmed. Obvi-
ously these species germinated immediately 
after gap creation and seized the opportunity to 
grow up before beech trees occupied the plot.
   
Liming and gap effects on herbaceous layer 
species diversity

23 years after the canopy removal and lime ap-
plication the cover values of the herb layer were 
signifi cantly higher in limed gaps compared to 
the other treatments. Single treatments infl u-
enced the herb layer’s species diversity in a 
different way. In our study, the number of spe-
cies in the herb layer was highest 9 years after 
starting the experiment, except for the limed 
gaps, where the highest plant diversity was 
found after 23 years. Similar to others our re-
sults have shown that the herbaceous layer can 
develop immediately after opening the canopy, 

ANOVA table for the factorial analysis of herb and shrub layers’ above ground biomass, with two 
levels of soil condition (unlimed and limed) and two levels of canopy closure (gap and stand) in 
1993, 1996 and 2012

Table 6 

Note. Abbreviations: MS - mean square, df - degrees of freedom, F - variance ratio, P - level of signifi cance,  *signifi cance 
codes: ** p ≤ 0.01, * p ≤ 0. 05.

1993 1996 2012

Treatment MS df F P MS df F P MS df F P

Soil 73 1 0.06 0.821 640049 1 0.92 0.339 652653 1 33.65 0.004**

Canopy 26080 1 20.69 0.010* 1288381 1 1.85 0.176 115104 1 5.93 0.072

Soil × Canopy 11763 1 9.33 0.038* 698363 1 1.00 0.318 45481 1 2.36 0.200
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responding to changing light and microhabitat 
conditions (Bratton 1976, Whigham 2004). In 
our study, the shade-intolerant raspberry was 
an important component of the shrub layer. It 
emerged after lime application and canopy re-
moval in 1991, and in limed stands and gaps its 
coverage increased with time. Several studies 
from temperate forests reported consistently to 
our results a positive relationship between the 
herbaceous plant diversity and the light avail-
ability in the understory, suggesting that there 
are fewer shade-tolerant than light-demand-
ing species (Ewald 2003). Canopy gaps are 
characterized by the temporary increase in the 
availability of light, water and nutrient supply 
(Yang et al. 2012). Beatty (2003) also pointed 
out that one of the factors that contribute to the 
maintenance of species diversity in forests is 
the spatial heterogeneity of the forest environ-
ment, which is also enhanced by small-scale 
canopy gaps. Depending on the type of distur-
bance the species composition and diversity 
of the herb layer can either return rapidly after 
a disturbance, or remain impoverished for a 
long period (Gilliam 2003, 2007). The forest 
ground vegetation is mainly infl uenced by tree 
competition for light and water. Therefore can-
opy gaps are essential for many plant species 
to be able to establish in the forest understory. 
According to Ewald (2003), species richness 
is, apart from light conditions, closely linked 
to soil pH, because only a limited number of 
plant species are adapted to very acid soil con-
ditions.
 
Liming and gap effects on the aboveground 
biomass of natural tree regeneration and 
herbaceous plants

23 years after the treatments we found that the 
seedlings and ground vegetation at the limed 
sites developed in this way: (1) in the centre 
of the limed gaps, bramble covered most of 
the beech seedlings and outcompeted them 
for a long time, but some of the few present 
were among the tallest, most upright and fast-

est growing; (2) towards the edges of the gaps 
bramble cover was slightly less; beech seed-
lings were moderately abundant but patchy, 
generally smaller, and growing more plagio-
tropic compared to the unlimed gap centre; 
(3) in the limed stand parts bramble was much 
less abundant; opposite to beech seedlings. 
However, beech seedlings were much smaller 
in the stand parts than in the gaps due to the 
worse light conditions. In the unlimed gaps, 
there were only beech seedlings without other 
ground vegetation. Liming obviously promot-
ed the establishment of herbaceous vegetation. 
Although liming increased the resilience of the 
system with regard to the disruption of nitrogen 
cycling because it promoted the establishment 
of herbaceous vegetation, it was not benefi cial 
for the recruitment of beech seedlings in the 
long run. Gasser et al. (2010) also mentioned 
that vegetation control might have a benefi -
cial effect for sugar maple regeneration in the 
gaps. The positive response of the understory 
aboveground biomass to liming and canopy 
opening would have been expected given the 
observed signifi cant effects on the light and 
chemical soil conditions such as increased soil 
pH, cation exchange capacity, and the element 
concentrations in the soil solution (Bartsch 
2000, Bauhus 1994). Some other studies con-
fi rmed that improving the light conditions in 
forest stands lead to a higher understory bio-
mass (Sabo et al. 2009, Ares et al. 2010, Jonard 
et al. 2010). However, in our study, canopy ef-
fects on the understory aboveground biomass 
were only signifi cant in 1993 (Table 6). We ar-
gue that the main understory plants in a beech 
forest are young beech seedlings or saplings, 
because European beech is one of the most 
shade tolerant climax species that is able to re-
generate successfully even in small gaps (Röh-
rig 1991). This would explain that light effects 
on the understory aboveground biomass were 
not signifi cant in our case. The liming treat-
ment alone had no signifi cant effect either four 
or nine years after lime application, respective-
ly (P = 0.821 and 0.339). However, after 23 
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years the soil effect (P = 0.004) on the under-
story aboveground biomass was signifi cantly 
negative. As described above we assume that 
the positive effect of liming on the growth of 
highly competitive herb and shrub species re-
tarded the growth of the tree regeneration, and 
therewith the accumulation of biomass. The 
competitive effect of herbaceous plants on tree 
regeneration is most likely caused by reduced 
soil water availability (Knoop & Walker 1985, 
Gordon et al. 1989, Davis et al. 1999). 

Conclusions

Although we are aware that this is only a case 
study at one site we try to draw the follow-
ing conclusions: Liming in combination with 
canopy opening affected the understory plant 
growth in different ways over more than two 
decades. (1) at the beginning liming and cano-
py opening promoted the tree regeneration es-
tablishment, however, along with the develop-
ment of other plant species in the limed gaps, 
the beech regeneration was outcompeted; (2) 
the plant cover and the understory biomass 
was also negatively affected in the long term 
by the lime treatment after an intitial positive 
signal; (3) the liming and gap opening  led to a 
decrease of the soil acidity over two decades; 
(4) in the long run, the gap opening alone was 
benefi cial for the development of  natural Eu-
ropean beech regeneration; (5) The positive ef-
fect of the combination of liming and canopy 
opening on species diversity was lasting more 
than 20 years. 
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