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Abstract
Natural dynamics and processes of forest ecosystems are currently in focus in forest research. This
is a result of the development within forestry towards sustainable management, which should
minimise impacts on forest ecosystems and protect their resilience and biodiversity in order to
ensure a continuous timber production. In this context, mimicking of natural dynamics and
processes of forest ecosystems is gaining increasing interest in active forest management. The
transformation of homogeneous even aged forest stands to stands with structural heterogeneity more
similar to natural systems is an important subject for discussion. Regeneration by formation for
forest gaps is suggested as one possible management practice, which could contribute positively to
the aspects mentioned above. To achieve this, the effect of gap formation on microclimate, the
physical environment and not at least the nutrient cycle must be better understood.

The aim of these studies was to investigate the effect of gap formation on selected parameters
dealing with microclimate, soil moisture, and the nitrogen cycle. Results should contribute to a
better knowledge of natural processes in forest ecosystems. The study was carried out in and around
gaps of different sizes in beech (Fagus sylvatica L.) forests of different management intensities and
forest structures in Denmark. A semi-natural forest, an unmanaged forest stand (for 30 years), a
forest managed according to nature-based management principles, and two conventionally managed
forest stands. Measurement plots were located along transects running north-south through each
gap. In some of the gaps, another east-west transect was established. The effect of forest phases,
management intensities and forest structures, gap size, and small-scale spatial variation in the
investigated parameters was tested. The main parameters discussed are (i) soil temperature, (ii) soil
moisture at 0-90 cm depth, (iii) soil solution collected below the rooting zone (90 cm) (analysed for
cations, anions, and pH), (iv) NH4-N and NO3-N concentrations and net mineralization and
nitrification rates in mineral soil, (v) decomposition of beech foliar litter. Furthermore, soil water
drainage and losses of nitrate with seepage water was estimated for three study sites by a water
balance model.

The study has shown that gap formation affected the investigated parameters moderately, which can
be considered positive for the application of gap formation to nature-near forestry. However, soil
moisture, nitrate concentrations, and nitrate leaching was clearly increased in gaps, and these effects
were still evident for some gaps five years after gap formation. The size of gaps only had little
influence with regard to relative response of the investigated parameters. Only soil temperature
responded positively to gap size while the level of nitrate concentrations and losses did not depend
on the size of gaps (20-30 m diameter). In addition to the canopy opening, other factors like
vegetation cover, soil properties, topography, regeneration and not at least the overall structure of
the forests were found to be important for the observed changes.
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Introduction

Sustainability is a topic of increasing interest within forestry. Biodiversity, nutrient cycles, and
stability of forest ecosystems have come into focus, and economical gain is no longer the only
aspect of forest management (Larsen, 1995). This means a change from conventional management
systems to nature-based forestry. The ambition is to achieve stable and self-sustaining forest
ecosystems by using management concepts based on ecological processes and natural forest
dynamics (Attiwill, 1994; Kilian and Fanta, 1995; von Lüpke, 1998). Natural forest ecosystems are
therefore considered as a model for nature-based forestry and forest restoration (Denslow, 1990;
Christensen and Emborg, 1996; Hockenjos, 1999; Hüttl et al., 2000; Führer, 2000). However, the
practical experience and scientific basis with regard to nature-based forestry remain scarce. To
improve knowledge and to establish a scientific reference, there is a need for studies of natural
forest ecosystems and the possibility of including more natural dynamics in traditionally managed
forests.

Nature-based forestry aims to combine reasonable economic targets with few lasting impacts on
forest ecosystems by imitating structures and dynamics of natural forests (Emborg et al., 2000). It
has been suggested that establishment of gaps by patch cutting may help to initiate the conversion
of traditional even aged stands to uneven aged system with more structural dynamics (Kelty et al.,
2003). A central part of nature-based forestry is therefore the creation of gaps by group felling,
which gives space for a new generation of trees (Matthews, 1994). However, if and how well
natural regeneration is established within a gap depends on many ecological factors, above all soil
and microclimate conditions and the biogeochemical processes related to them. Temperature, light,
water and nutrient supply might be changed within a gap. They interact with each other, and
microsite differences can be observed in gaps of appropriate sizes.

Soil moisture levels were found to remain high within the canopy opening (Bauhus and Bartsch,
1995). The affected area corresponded more or less to the canopy dripline, the direct projection of
the canopy of edge trees onto the forest floor (Gysel, 1951). Heinemann et al. (2000) showed
microsite differences in soil moisture and its dependence on seasons. Similarly, microsite
differences in soil temperature were reported, with temperatures increasing from the southern to the
northern part of gaps in the Northern Hemisphere (Bauhus and Bartsch, 1995; Gray et al., 2002).
Light intensity was found to increase from the gap edge to the gap center (Emborg, 1998). All these
factors – humidity, temperature, light – are important for other processes, e.g. decomposition and
mineralization of organic material by microorganisms (Christ et al., 1997), which affect the amount
of plant available nutrients in forest soil. Microorganisms release organically bound N by
mineralization processes (e.g. Marumoto, 1984), but also cause immobilization of N when the C/N
ratio of dead organic material is high (Recous and Mary, 1990). Numerous studies have reported
that microbial activity is stimulated by increased moisture levels and soil temperatures (e.g.
Cassman and Munns, 1980; McDonald et al., 1995; Gilliam et al., 2001). In a forest management
practise like nature-based forestry, where any kind of artificial fertilization is avoided, natural
regeneration must rely on indigenous N supplies of the mineral soil in additon to N supplied by
atmospheric deposition. Therefore, it is interesting to know if gap formation avoids losses of N, but
still enables a sufficient N supply for the seedlings and saplings which have an increased N demand
in the first years of growth (Johnson, 1992).
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The objectives of the Danish studies within WP4 were to investigate microclimatic conditions and
biogeochemical processes in gaps of different sizes in natural forest ecosystems as well as managed
forest stands where nature-based forestry was applied. Changes and interactions were examined,
with focus on differences between processes within the open gap and under the closed canopy. In
this report, soil water, temperature regimes, and nutrient cycling of gaps in different Danish beech
forests are discussed. Results should help obtain a better understanding of natural forest ecosystems
and to provide a reference for nature-based forestry.

Materials and methods

Sites
Seven gaps in four Danish forests with different management practices were included in the Danish
studies on biogeochemical processes in and around gaps (Table 1). Three forests were located on
Zealand in the eastern part of Denmark, and one in the very southern part of Jutland (Fig.1). The
soil was nutrient rich and mainly consisting of loamy sandy glacial till (see appendix A for soil
properties and soil taxonomy). All forest stands were dominated by beech (Fagus sylvatica L.). The
climate can be described as cool-temperate with an annual mean temperature of 8 ºC and an annual
mean precipitation of 600-700 mm.

The soils at all sites are developed from Weichselian till deposits. At Suserup the parent material is
calcareous while lime was not detected in the parent material at the other three sites. Soil pH is
therefore higher at Suserup, and soil nutrient status (e.g. exchangeable cations) is also higher at
Suserup than at Ravnsholte and Rude Forest (see Appendix A).

The two oldest gaps of the study were established at the sites Rude Forest and Als Nørreskov by
patch cutting (2-3 trees) in 1996. The forest Als Nørreskov is located on the island Als (55°01’N,
9°93’E). Management practices in Als Nørreskov may be described as close to nature-based, since
natural regeneration is integrated as it comes up. A gap of 15 m in diameter was created in a ca. 90-
year old beech stand. Rude Forest is situated about 25 km north of Copenhagen (55°85’N,
12°46’E). The experimental gap (15 m in diameter) was formed by felling two old beech trees in a
ca. 240-year-old stand, where active management stopped about 30 years ago. The third study site
was the managed forest Ravnsholte, a typical even-aged beech forest which is situated on central
Zealand (55°31‘ N, 11°54‘ E). A 75-year-old beech stand (site A) with advanced regeneration of
sycamore maple (Acer pseudoplatanus L.) in places, and a 80-year-old beech stand (site B) were
chosen for the study. In each of the stands, two gaps of different diameters were established by
felling 12 and 3-4 trees, respectively, in January 2000. Gaps were about 27 m and 19 m in diameter
at site A and about 33 m and 20 m in diameter at site B. The fourth study site was the semi-natural
forest Suserup (55°22‘ N, 11°34‘ E), about 30 km south-west of Ravnsholte Forest. Suserup Forest
is dominated by beech (Fagus sylvatica L.) and ash (Fraxinus excelsior L.), but also a small number
of oak (Quercus robur L.) and elm (Ulmus glabra Huds.) trees are present (Emborg et al., 1996).
According to small-scale pollen analysis, the site has been covered with forest since invasion of the
first tree species after the last glaciation. Suserup Forest has the status of a strict non-invention
forest and shows the typical structures of a natural forest ecosystem. The irregularly shaped gap
(about 18 m diameter) in Suserup Forest was established naturally during a storm event in
December 1999, where a large beech tree lost almost all of its branches and smaller beech trees
were uprooted as a consequence of this. Felled trees were only removed from the gaps in
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Ravnsholte Forest and Als Nørreskov. All gaps besides that in Rude Forest were fenced against
browsing to allow studies of regeneration success.

Table 1. Description of the four study sites.

Study site Forest
management

Year of gap
creation

Gap diameter No. of
transects

Ravnsholte
   Forest

Managed, even-
aged stands

Jan. 2001 Site A: 19 m & 27 m
Site B: 20 m & 33 m

A: 2
B: 1

Suserup Forest Semi-natural Dec. 1999 18 m 2
Rude Forest Unmanaged Jan. 1997 20 m 1
Als Nørreskov Nature-based Jan. 1997 20 m 1

Suserup Forest

•

•

Denmark

•

Rude
Forest

Als
Nørreskov

Ravnsholte
Forest•

Figure 1. Map of Denmark showing the five study sites

Experimental design
Measurement plots were located every 3 to 5 meters along a transect running north-south through
each gap. In the semi-natural forest Suserup and site A in Ravnsholte Forest, another east-west
transect was established. This provided a gradient from the closed forest to the open gap, since the
study focused on processes in gaps and differences between the forest understory and the gap.
Measurements included soil and air temperature, soil moisture, nutrients in soil solution and
throughfall, soil N mineralization rates, and decomposition of forest floor litter material. All these
measurements were carried out in Suserup Forest and at site A in Ravnsholte Forest, except
throughfall, which was not collected at the small gap in Ravnsholte Forest. At the study sites Als
Nørreskov, Rude Forest, and site B in Ravnsholte Forest, only soil solution and soil moisture were
studied (Table 2).
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Table 2.Measurements carried out at the different study sites.

Study site Soil
tempera-
ture

Air
Tempera-
ture

Throughfall Soil
solution

Soil water
content

N-
mineraliza-
tion rates

Litter
decay

5 cm
depth

15 cm and
2 m above

ground

90 cm
depth

0-90 cm
depth

0-10 cm
depth

Suserup X X X X X X X
Ravnsholte X (site A) X (large gapA) X X X X
Rude X X
Als X X

Figure 2. Photos of four of the studied gaps: the large gap at Ravnsholte Forest, site A (upper left),
the large gap at Ravnsholte Forest, site B (upper right), the gap in the semi-natural forest Suserup
(lower left), and the gap at Rude Skov (lower right).
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All plots located within the projection of the canopy opening were classified as plots within the gap.
However, the area which is affected by the presence of the canopy opening might differ from this
definition. This was taken into consideration when analysing mainly soil temperatures and soil
moisture levels at the gap edges.

Field measurements

Temperature
At Suserup Forest, temperature in the mineral soils was measured at 5 cm depth along both
transects, and air temperature was measured at selected plots 15 cm and 2 m above the forest floor.
At Ravnsholte Forest, soil temperature at 5 cm depth was taken along the north-west transects at
both gaps at site A. Temperatures were measured every 10 minutes in Ravnsholte Forest, and the
average of two hours was recorded using the DL2e data logger system (Delta-T Devices Ltd.,
Cambridge, UK. In Suserup Forest, a stationary computer was used for data logging (QUATECH,
Hudson, OH, USA). Temperatures were measured every 3 minutes and the three hour averages of
were logged automatically. Temperatures were measured every 10 minutes, and the average of two
hours was reported.  Data analysis was carried out using the maximum and minimum average
temperature of each completely reported day (24 hours).

Throughfall
Throughfall was collected using plastic funnels of 14 cm diameter placed 1 m above the ground.
The water was led from the funnels through tubes into plastic bottles placed in plastic tubes inserted
about 30 cm into the soil. This kept the throughfall samples cool also during the summer period.
The samples were collected monthly. At Suserup Forest, throughfall was collected monthly from
October 2001 to November 2002, at Ravnsholte (large gap, site A) from October 2001 until April
2003.

Rates of N mineralization
Nitrogen mineralization rates were estimated using the soil core method as described in De Boer et
al. (1993). At each plot, sets of three tubes (length 20 cm, internal diameter 6.9 cm) were driven
into the A-horizon to collect the upper 10 cm mineral soil. Tubes were covered to avoid leaching
during incubation in the field. After field incubation for four to five weeks, samples were collected
together with a set of control samples, and another incubation series was started. Soil samples were
analysed for NH4-N and NO3-N by extraction with 1 M KCl. Soil water content of the samples was
determined gravimetrically. Mineralization rates for each incubation period were computed from
the difference between N concentrations in the incubated samples and N concentrations of the
control samples taken 4-5 weeks earlier.

Decomposition and N release from foliar litter
Mass loss and nitrogen release from foliar beech litter were investigated by the litterbag technique
(Wieder and Lang, 1982). A set of nine litterbags of 2 mm mesh size was laid out at each plot –
close to the subplots used for estimation of rates of mineralization. Each litterbag was filled with 2 g
dried (60 ºC) freshly fallen foliar beech litter of the respective study site. At Suserup Forest, litter
was sampled and laid out in November 2000, and litterbags were collected again in November 2001
and November 2002, respectively. At Ravnsholte Forest, litter was sampled and laid out in
November 2001 and collected again one year later. All litter samples were analysed for nitrogen and
carbon content.
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Soil moisture
The volumetric soil water content along a 90 cm depth profile was measured monthly by Time
Domain Reflectometry (TDR) (Topp et al., 1980; Ledieu et al., 1986). The model is described in
Topp et al. (1980). Measurements were carried out by using a portable TDR cable tester (Tetronix
1502C).

Soil solution
Soil solution was collected below approximate rooting depth (90 cm) using the PRENART soil
water samplers (PRENART Equipment A/S, Copenhagen, Denmark). The system consisted of
porous PTFE (teflon) suction cup lysimeters connected to a pump system maintaining constant
suction of about 500-600 HPa. Soil water was led from the cups through tubing to glass bottles
stored in thermoboxes dug into the soil or in plastic tubes inserted about 30 cm into the soil. This
ensured that the water samples were kept cool. Water Samples were collected once a month and
analysed for cations, anions, electric conductivity, and pH.

Flux of soil water
Water drainage was estimated by the one-dimensional water-balance model WATBAL (Starr, 1999)
which estimates the water flux out of the rooting zone of forested ecosystems on a monthly basis.
WATBAL is based on the simple water balance equation where precipitation equals the sum of
evapotranspiration, soil water flux, and changes in soil water storage. The model is driven by a suite
of climatic data and soil data that are obtained from field measurements or databases. The
assumption of the model is that all water coming into the system (as precipitation or snowmelt) is
first used to satisfy the water demand of the plants (potential evapotranspiration) (PET), before the
storage capacity of the soil is filled up. Further surplus water leaves the system as drainage, which
is estimated by the model. In this assumption, the capillary water rise in not taken into account.

WATBAL estimates water drainage for the period of time in which parameters can be calibrated
against reference values. In our study, calibration was carried out on global radiation and PET
obtained from the Danish Meteorological Institute (DMI) and field measurements of soil moisture
(SM) at the study sites. Further model parameters necessary for the calibration were:
(i) an infiltration coefficient  that determines the amount of snow and precipitation actually

infiltrating the soil after snowmelt. It was set to allow all water infiltrating the soil after
snowmelt.

(ii) a value defining the fraction of SM lost due to matrix potential movement. It is used in the
calculation of SM to reduce the SM by matrix potential losses of soil water.

(iii)  an alpha value, which is a coefficient used to correct the amount of global radiation (Ep)
(cal cm-2 d-1) that is available for evaporation with the aim to adjust the model PET values to
the known or expected PET values. The reference PET values are often calculated for short
crops, like alfa-alfa, and have to be adjusted to the PET expected in forest ecosystems.

(iv) the critical SM/water holding capacity ratio at which soil moisture depletion becomes a
function of SM content and is no longer governed by evapotranspiration alone.

(v) a mulitiplier for the SM/AWC ratio when this ratio decreases below the ratio of the critical
SM/water holding capacity

(vi) Canopy cover describing the degree of canopy closure (= 0.1 for gaps).

For a more detailed description of the model and the parameters see Starr (1999).
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Laboratory analyses

Soil solution and throughfall chemistry
Soil solution samples were kept refrigerated until analysis in the lab. NO3-N in soil solution and
throughfall was determined by ion chromatography and NH4-N in throughfall was measured by
Flow Injection Analysis (FIA). Concentrations of major cations (Ca2+, Mg2+, K+, Na+, Aln+) and
PO4-P in soil solution were determined using ICP-AES.

Inorganic N in mineral soil
Mineral soil samples were analysed for NH4-N and NO3-N by extraction with 1 M KCl solution.
This method releases exchangeable ammonium ions (NH4

+) and nitrate (NO3
-) from the mineral

soil. Their sum equals the total concentration of inorganic nitrogen (Nmin). Fresh samples were
stored at 5 °C for no longer than 48 hours or frozen until chemical analysis to avoid further
mineralization due to disturbance and increased temperatures. For analysis, 20 ml KCl-solution was
added to 10 g fresh soil. The mixture was shaken for 1 hour, centrifuged and filtered (0.45 µm).
Determination of NH4-N and NO3-N in the extract was carried out using a Flow Injection Analyzer.
Analysis instruments guaranteed an accuracy of 0.1 mg N per litre soil extract for both forms of
mineral N. To determine the gravimetric soil water content, 10 g fresh soil were dried at 60 °C.

C and N content of litter material
For chemical analyses, sub samples of the three litter samples of each plot were mixed and ground
finely. Total C and N concentrations in litter material were determined by using the DUMAS
method. Hereby, the organic material was burned in a stream of oxygen (LECO CNS-2000 auto-
sampler), and C and N compounds were transformed into carbon dioxide (CO2), N2, and nitrogen
oxides (NOx), respectively. Carbon dioxide was then determined by infra-red (IR) spectroscopy.
Nitrogen oxides were reduced to N2, which was subsequently determined in a thermal conductivity
cell. The determination limit was 0.05 mg C and 0.025 mg N.

Statistical analyses
All statistical tests were conducted using SAS statistical software (Version 8.2, SAS® Institute Inc.,
Cary, NC, USA) or SigmaStat (version 2.03 SPSS®, Chicago). Main focus was on testing
differences between the open gap and the closed canopy. All plots in the area directly under the
open air were considered as located in the gap, and all plots in the surrounding stand as located
under closed canopy. Classification was based on the definition of the gap area as described above,
but might be modified to test if the gap-affected area differs from the vertical projection of the
canopy opening. The accepted level of significance was p < 0.05.

Suserup Forest
To test for plots with similar temperature regimes, one-way ANOVA with repeated measurements
followed by Tukey pairwise multiple comparisons (SigmaStat, Version 2.03, SPSS®, Chicago,
Illinois) were applied to the following data: (i) daily TS,max, TS,mean, TA,max and TA,mean by month, and
(ii) daily differences between TS,max and TS,min by month. Day of the month was used as the repeated
measurement. When equal variances or normal distribution could not be achieved by
transformation, a Friedman Repeated Measures ANOVA on ranked data was conducted.

The effect of season on differences between daily TS,max and TS,min and the correlation between TS

and TA were analysed using the GLM procedure of the SAS statistical software (Version 8.2, SAS®
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Institute Inc., Cary, NC, USA). The factor season had three levels (i) when trees were without
leaves (November to February), (ii) when leaves were developing (March to May), and (iii) when
canopy trees were in full leaf (June to October).

C:N ratio in litter in Suserup Forest was tested by two-way ANOVA with year of sampling (2001
and 2002) and phase (gap and closed canopy) as factor. The assignment of plots located in the
young gap and under closed canopy was based on an investigation of nematode abundance in the
study site described in Ritter and Bjørnlund (subm.). Mass loss of litter and N release from litter
were tested by the Student’s t-test.

Monthly soil N concentrations (NH4-N and NO3-N), net nitrification rates and net mineralization
rates were tested for an effect of the gap by two-way ANOVA with phase (gap or closed canopy)
and season as factor. The factor season had three levels based the degree of development of tree
leaves: (i) months of the growing season 2001 (trees in full leaf), (ii) months before and (iii) months
after the growing season 2001. Monthly variation in net nitrification and net mineralization rates
were tested by one-way ANOVA with month as the factor.

Ravnsholte Forest
Data on daily maximum and daily mean soil temperatures (2-hour averages) were analysed by one-
way repeated measures ANOVA followed by Tukey pairwise multiple comparisons (SigmaStat,
Vers. 2.03, SPSS ®, Chicago, Illinois) in order to test for plots with similar temperature regimes in
every month. The factor of the ANOVA was plot, and Julian day was the repeated measure. When
equal variances or normal distribution could not be achieved by transformation, the Friedman
Repeated Measures ANOVA on ranked data was conducted.

To detect a possible influence of gap size, data on litter and soil N parameters as well as soil
moisture were first tested by the Student’s t-test between the two gaps (SAS statistical software,
Vers. 8.02 SAS® Institute Inc., Cary, NC, USA). Data on soil moisture and soil N concentrations
were analysed on seasonal averages of the different plots, and nitrification and mineralization on
plot-wise accumulated rates of each season. Subsequently, data were tested for an effect of forest
phase (gap and closed canopy). If no effect of gap size was confirmed, the two gaps and their
surrounding forest were considered as replicates.

Data on soil C:N ratios, litter C:N ratios, and mass loss of litter after one year of decomposition
were analysed for an effect of forest phase by the Student’s t-test. The factor forest phase had two
levels: (i) plots affected by the gap and (ii) plots affected by the closed canopy. In addition, a
second assignment was used in which the group of gap-affected plots consisted only of the plots
that had significantly higher soil temperatures in certain periods:

To test for a possible gap effect on initial NO3-N and NH4-N concentrations, nitrification, and
mineralization, data of each incubation period were analysed by one-way ANOVA using the GLM
procedure in SAS statistical software (Version 8.2, SAS® Institute Inc., Cary, NC, USA) with the
factor forest phase as defined for the t-test. All soil N data were log transformed to achieve equal
variances.
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Results and discussion
Temperature
Mean soil temperatures (Ts) reported throughout the study period ranged from about 18 ºC in
summer (August) to –1 ºC in winter (January) measured at plots under the closed canopy.
Differences between daily maximum and minimum temperatures were about 2 ºC and peaked with
up to 6-8 ºC at most of the plots in spring and early summer.

 Suserup Forest
Monthly averages of TS,max and TS,mean at the centre of the gap were up to 3ºC higher than the
average of all plots significantly different from the centre plot, except in April 2002 (Tukey: p <
0.05). The group of plots with TS,max and TS,mean not significantly different from those measured at
the centre were found within the central southern half of the gap: between the western and eastern
edge and up to 5 m south of the gap centre. In most months the area enclosing the plots with the
highest TS,max and TS,mean tended to skew to the eastern part of the gap. An eastward orientation up to
15 m into the adjacent forest was found for TS,max from May to August 2001 and for TS,mean from
May to July 2001.

The monthly average of TS,max in the northern part of the gap was generally up to 3ºC lower than at
the gap centre (Tukey: p < 0.05). This difference disappeared in April 2002, when TS,max  along the
northern transect increased to and even above the level of the centre plot and the overall gap effect
became less distinct. For TS,mean, a gap effect was seen during all months of the measurement period
until April 2002 and then diminished in the same way as for TS,max towards the end of the study
period. Thus, a gap effect was more pronounced in 2001 than in 2002 and almost disappeared by
the end of the study period (October 2002).

Suserup Forest
Mean maxiumum soil temperatures (5 cm depth)
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Suserup Forest
Mean minimum soil temperatures (5 cm depth)
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Figure 3: Monthly means of minimum and maximum soil temperature at 5 cm depth at Suserup
Forest.

Maximum air temperatures (TA) were higher, but strongly correlated to maximum soil temperatures
(R2 = 0.9). The correlation between air temperatures 2 m above ground and 15 cm above ground
was even better under the closed canopy (R2 = 0.99) than in the centre of the gap (R2 = 0.94).
Throughout the measurement period, daily TA15,mean was up to 5ºC higher and daily TA15,max up to
10ºC higher in the centre of the gap than in the six other plots where air temperature was measured.
Air temperatures at 15 cm above ground were on average 1-9ºC higher than soil temperatures, but
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as much as 12ºC higher in early spring and 10ºC lower in winter. Increases in both TA15,mean and
TS,mean occurred earlier and decreases later in plots within the gap than under the closed canopy.

Suserup Forest
Daily minimum air temperatures (15 cm above ground)
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Suserup Forest
Daily maximum air temperatures (15 cm above ground)
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Figure 4: Daily minimum and maximum air temperature at 15 cm above ground at Suserup Forest.

Ravnsholte Forest
At the large gap of site A, the gap effect – if present – extended as much as 7 m into the closed
forest north of the gap. Mean maximum soil temperatures were only significantly higher within this
gap affected area in September and December 2001, as well as June and November 2002. In March,
maximum soil temperatures were actually lower within the gap. Mean minimum temperatures were
significantly higher (p < 0.04) within the gap during the whole measurement period, except for
February and April 2002 (p > 0.2). Differences between daily maximum and minimum
temperatures were greatest under the closed canopy with peaks about 4 ºC in spring. Within the gap
and close to the gap edges, differences remained almost constant throughout the year and never
exceeded 2 ºC.

At the small gap site, mean maximum soil temperatures were higher within the gap in September
2001 (p = 0.02) and from June to November 2002 (p < 0.001). The gap-affected area was stretched
into the forest north of the gap in September 2001 and from July to October 2002. Mean soil
minimum temperatures were significantly higher within the gap than under the closed canopy in the
period June to November 2002 (p < 0.002). In the growth period (June-October), the area with
higher minimum temperatures expanded into the forest north of the gap. Daily variations between
maximum and minimum temperatures peaked in spring and were highest (up to 4 ºC) at some plots
within the gap and south of the gap, but there was no clear gap effect.

Throughfall
Generally, more NO3-N than NH4-N was received by throughfall. Amounts of both compounds
ranged between 0.1 and 2 kg ha-1, but might have been much higher in months with heavy rainfall
where the actual volume of throughfall could not be exactly recorded. There was no clear difference
between the two study sites Suserup Forest and Ravnsholte Forest (Fig. 5). Within the same period
of time (October 2001 to July 2002) 4 kg NH4-N ha-1 were collected in the gaps of both study sites,
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and 6 kg and 7 kg NO3-N ha-1 at Ravnsholte Forest and Suserup Forest, respectively. Throughfall,
collected under the forest canopy, added 6 kg NH4-N ha-1and 10 kg NO3-N ha-1 to the forest at
Ravnsholte, and 1 kg more (7 kg NH4-N ha-1 and 11 kg NO3-N) at Suserup Forest. In Ravnsholte
Forest, neither input of NO3-N nor input of NH4-N by throughfall differed significantly among gap,
forest, and the four gap edges (ANOVA: p = 0.2 and 0.8, respectively).
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Figure 5: Nitrate- and ammonium nitrogen in throughfall at the study site Suserup Forest (a) and
Ravnsholte Forest (b). Monthly averages of plots within the gap, under the closed canopy, and at
the four different gap edges.

Decomposition and N release from beech litter

Suserup Forest
After the first year of decomposition, litter material had lost 35 % of the original mass and after the
second year another 10 % of the mass was lost. The mass loss of litter did not reveal a gap effect in
either of the two years. However, the difference between mean mass remaining after the first and
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second year of decomposition was significantly greater within the gap than under the forest canopy
(p = 0.01) if one forest plot with different soil properties (high pH value) and very high mass loss
was not included in the analysis.

The C/N ratio of 51 in beech litter decreased distinctly with time (ANOVA: p = 0.002). After the
first year the average C/N ratio was 30 (SEM = 0.6) and there was no gap effect and only little
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Figure 6: C/N ratio of beech foliar litter in Suserup Forest in plots under closed canopy and in the
gap after one (November 2001) and two (November 2002) years of decomposition.

variation between plots (Fig. 6). After the second year of decomposition, C/N ratios of the beech
litter had further decreased to 25 within the gap, but to only 28 under the forest canopy. This
difference was statistically significant (Tukey: p = 0.01).

There was little net release of N from leaf litter over the two years of incubation. Net N release was
not significantly different (t-test: p ≥ 0.5) between gap plots and forest plots after 1 or 2 years of
incubation. The overall N release in both years was 0.3 mg N g–1 leaf litter (Fig. 7). One plot at the
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Figure 7: Nitrogen release form beech foliar litter in Suserup Forest in plots under closed canopy
and in the gap after one (November 2001) and two (November 2002) years of decomposition.
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northern edge of the gap showed much higher N release in the first year of decomposition (3.6 mg
N g –1 litter) than all other plots, and this caused the large variability in the gap. When this plot was
excluded from the analysis, the t-test revealed a significantly lower N release (in fact net
immobilization of N) within the gap in the first year (p = 0.01), but not in the second year of
decomposition (p = 0.3).

Ravnsholte Forest
Litterbags were only incubated in and around the two gaps of different sizes at site A. At the small
gap site litter mass loss was close to being significantly larger within the gap (p = 0.06) than under
the closed canopy after one year of decomposition. Mass loss was about 39 % within the gap and 33
% under the closed canopy. This was not the case around the large gap, where there mass loss did
not differ significantly (p > 0.1) and had a mean value of 33 %.

The C/N ratio of the beech litter material decreased from 58 to in average 28 for both gap sizes.
There was no significant gap effect on the C/N ratio. However, the decrease in C/N ratio was more
distinct in this managed forest as compared to the semi-natural forest Suserup.

There was no net release of N from litter after incubation for one year in either of the two gaps at
site A. Instead N was immobilized as also indicated by the change in C/N ratio (Fig. 8). Net N
immobilization was similar in and around the two gaps of different sizes (p ≥ 0.2). The average
amount of N immobilized in litter was 2.5 to 3.0 mg N g-1 litter in the small and the large gap,
respectively.
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Figure 8: Nitrogen release in beech litter (negative values indicate immobilization) within the gap
and under the closed canopy in Ravnsholte Forest (site A) after one year of decomposition.

Rates of N mineralization in mineral soil
Spatial and temporal variations in nitrification and net mineralization rates were high at both study
sites. It was not unusual that in the same month immobilization along with release was measured in
different sample plots at one site.
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Suserup Forest
Nitrification and net mineralization rates in the semi-natural forest Suserup were not clearly
affected by the gap. Variations between plots within the gap or under the canopy were often larger
than variation between plots in the gap and under the canopy (Fig. 9).

Microclimatic factors presumably played a minor role in determining the rate of nitrification and net
mineralization. Soil properties, organic horizon, and vegetation cover differed from plot to plot
independent of the location in the forest. Apparently, the formation of a small gap in Suserup Forest
and the resulting changes in microclimatic conditions did not affect rates of N mineralization much
compared to other site-specific factors.

Figure 9: Nitrified N and total mineralized N in Suserup Forest within the period February 2001 to
January 2002.

Ravnsholte Forest
As in Suserup, monthly nitrification and mineralization rates varied much among measurement
plots. In several incubation periods both net release and immobilization were estimated. However,
when mineralized N was accumulated over growing and dormant periods, the influence of the gaps
was more distinct (Fig. 10). There was no significant effect of gap size on nitrification and
mineralization in growing and dormant seasons (t-test: p ≥ 0.09).

Nitrified N constituted the main part of mineralized N. Accumulated nitrified N also tended to be
higher in the gap than under closed canopy during the growing season. In average 28 kg N ha-1 was
nitrified in the gaps and 18 kg ha-1 was nitrified under closed canopy during the growing season
(Fig 10a, the period July-August missing). In the dormant season an average of 14 kg NO3-N ha-1

and 15 kg NO3-N ha-1 was accumulated in the gap and under closed canopy, respectively. However,
due to large spatial variation within forest phases in the growing season, there was no significant
effect of forest phase.

Total mineralized N (NO3-N + NH4-N) accumulated during the dormant season was in average 22
kg ha-1 in the gaps and 24 kg ha-1 in plots under closed canopy. During the growing season the
difference was larger with 40 kg ha-1in the gaps and 20 kg ha-1 in plots under closed canopy (Fig.
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10b), but in spite of signs of more mineralized N in the growing season, forest phases did not quite
differ significantly (ANOVA: p ≥ 0.14).

Figure 10: Accumulated nitrified N (a) and mineralized N (b) in the growing season and the
dormant season under closed canopy (n  = 8) (black bars) and in the gap (n  = 6) (grey bars) in
Ravnsholte Forest. Error bars represent 1 SE. Differences were not significant.

Soil moisture

Suserup Forest
Average soil moisture content for 0-90 cm depth ranged rather regularly between 200 and 260 mm
for plots within the gap. The moisture content decreased to 175 mm only in the dry month of
September 2002. Under the closed canopy, soil moisture was clearly lower (91 – 190 mm) than in
the gap during drier periods, and comparable (210 – 235 mm) to soil moisture in the gap during wet
winter periods and spring time (Fig. 11). According to the t-test, differences between soil moisture
content within the open gap and under the closed canopy were significant in all months, except for
March and February 2001 (p > 0.06). During the driest months of the study period, mean soil
moisture of plots under the closed canopy was only about 48 % of the soil moisture measured
within the open gap. Differences in soil moisture tended to decrease after litterfall (October -
November) and during the wet winter, and continued to be weak until early summer (May) (p =
0.02).
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Figure 11: Monthly average soil moisture content under the closed canopy and within the gap at
Suserup Forest. Mean monthly precipitation is as reported from the nearest meteorological station.
Error bars = 1 SEM.
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Ravnsholte Forest
At site A, soil moisture levels within the large gap ranged from 220 to 270 mm. Under the closed
canopy, mean values varied between 135 to 260 mm, with values < 200 mm in dry months during
the growing season. Mineral soil was significantly wetter within the gap during the first summer
period after gap formation (August 2001: p < 0.0001), and again from June to November 2002 (p =
0.008). In the driest month of the measurement period (September 2002), soil moisture within the
gap was 40 % higher than under the closed canopy (p < 0.0001). From October 2001 to April 2002
(first winter after gap creation), there was a non-significant trend of higher soil moisture within the
gap (p > 0.07) (Fig. 12a).

In the small gap at site A, differences in soil moisture contents were less pronounced than in the
large gap. Soil moisture levels ranged from 215 to 255 mm within the gap, and from 200 to 265 mm
under the forest canopy, with only one lower value of 170 mm in September 2002. During winter
months, soil moisture was even up to 6 % lower within the gap compared to the closed forest, but
this difference was not significant. Significantly higher soil moisture content within the gap was
only found in August 2001 (p < 0.05) and September and October 2002 (p < 0.01) (Fig. 12b).

There were no months with significantly higher soil moisture content in the large gap at site B (Fig.
12c). Mean soil water content ranged between 200 and 280 mm under the forest canopy and
between 240 and 285 mm within the gap.

At the small gap at site B, significantly higher moisture content was found in the gap from the
beginning of the second growing season (June 2002) until November 2002. This is temporally
consistent with the moisture differences in the large gap at site A. Soil moisture content within the
gap ranged from 240 to 280 mm, and under the forest canopy from 160 to 250 mm.

Figure 12a-d: Monthly average soil moisture content under the closed canopy and in the gaps for
(a) the large and (b) the small gap at site A, and for (c) the large and (d) the small gap at site B.
Error bars are 1 standard error.
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Als Nørreskov
At Als Nørreskov, soil moisture content was monitored during the period May 2001 – January
2002. Soil moisture content varied from about 185 mm to 350 mm within the gap, with the highest
contents found at the plot in the centre of the gap. Therefore, standard deviations were quite high
for the average values of the gap plots. Nevertheless, there was a clear gap effect in all month of the
measurement period but May 2001. Both within the gap and under the closed canopy, soil water
content increased in autumn (October 2001), but levels under the canopy still remained somewhat
lower than within the gap (Fig. 13).
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Figure 13: Monthly average soil moisture content under the closed canopy and within the gap at
Als Nørreskov. Error bars = 1 SEM.

Rude Forest
Soil moisture content to 90 cm depth was measured from August 2001 to May 2002, which was the
5th year after gap formation in January 1997. During all months, soil moisture content was
significantly higher within the gap compared to under closed canopy. Soil moisture under the
canopy increased during the winter months, but never reached the same level as within the gap (Fig.
14). Standard deviations both under the canopy and within the gap were quite high since the soil
tended to be more moist south of the gap centre than north of it.
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Figure 14: Monthly average soil moisture content under the closed canopy and within the gap at
Rude Forest. Error bars = 1 SEM.



22

Comparison of sites
Field capacity at Suserup Forest was slightly lower (245 mm) than at Ravnsholte Forest (site A: 260
mm, site B: 280 mm), Rude Forest (275 mm), and Als Nørreskov (270mm). At all sites but the
small gap at site A (RH), it was found that soil moisture levels remained higher and varied less over
the year within the gap than under the forest canopy after gap creation. However, these differences
were not always statistically significant and did not reveal the same pattern for all gap sites. At
Ravnsholte Forest, site B, soil within the large gap was never significantly wetter than soil under the
forest canopy.

Nitrate and cation concentrations in soil solution
The assignment of plots to gap and forest classes was the same as for soil moisture measurements.
Nitrate concentrations in soil solution for gap and closed forest were generally much higher in the
semi-natural forest Suserup than found at all other study sites. Ammonium concentrations were
always close to or below detection limit for all gaps.

Suserup Forest
Overall mean NO3-N concentrations in soil solution were higher within the gap (22 mg NO3-N l-1)
than under the closed canopy and the gap edges (14 mg NO3-N l-1). However, because of high
standard deviations, differences were not statistically significant except for January and June 2001.
One extremely high value of about 100 mg NO3-N l-1 was found at the eastern gap edge in March
2001. The range of concentrations for all plots are shown in Fig. 15 (x-axis), and selected plots
along the north-south transect are shown in Fig. 17a.

At Suserup, elevated nitrate concentrations were probably for the most part balanced by Mg and Ca
ions which were the most prevalent cations due to the calcareous parent material. This is shown by
the positive relationships between nitrate concentrations and both Ca and Mg concentrations (Fig.
15). The relationships suggest that Ca and Mg are the main nutrients leached together with nitrate
from the root zone.
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Figure 15: Relationships between concentrations of Ca and nitrate and concentrations of Mg and
nitrate in soil solution at Suserup.
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Ravnsholte Forest
At site A, mean concentrations of nitrate within the large gap were about 4 mg NO3-N l-1 during the
first summer (May – July 2001) after gap creation, but increased to about 10 mg NO3-N l-1 during
the rest of the study period, with single high values of 20-22 mg NO3-N l-1. Mean concentrations in
the forest were about 2 mg NO3-N l-1 in both periods. Individual sample concentrations at most of
the forest plots remained < 5 mg NO3-N l-1, but at several plots concentrations between 10-17 mg
NO3-N l-1 were also encountered. A gap effect was significant after September 2002 (Fig. 17b)

At the small gap, site A, NO3-N concentrations were significantly higher within the gap compared
to under forest canopy throughout the whole study period. Mean concentrations within the gap were
about 9 mg NO3-N l-1, ranging from 4-16 mg. Under the canopy, mean concentrations were about 3
mg NO3-N l-1 and never exceeded 7 mg.

At site B, there was no effect on nitrate concentrations of either gap size in July and September of
the first year after gap creation (no samples collected in August). At the large gap site, average
NO3-N concentrations were under or close to the detection limit (< 0.2 mg NO3-N l-1), both in the
forest and within the gap. At the small gap, mean concentrations of the same period were 0.7 and
1.4 mg NO3-N l-1 in the forest and within the gap, respectively. For the rest of the study period,
overall mean nitrate concentrations within the large gap increased to 4.0 mg NO3-N l-1, ranging
from 1-6 mg NO3-N l-1, while they remained at a low level close to detection limit (0.2 mg NO3-N l-

1) under the closed canopy. Within the small gap, mean nitrate concentrations increased to 9 mg
NO3-N l-1 after the summer 2001, with a range of 6-12 mg NO3-N l-1. Under the closed canopy,
mean concentrations were 3 mg NO3-N l-1. Except for one single plot within the small gap, there
were no concentrations above 20 mg NO3-N l-1 measured at site B. However, in contrast to site A,
there was a clear difference between NO3-N concentrations at the large gap site and the small gap
site, with higher concentrations found at the small gap site.
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24

At Ravnsholte, elevated nitrate concentrations were for the most part balanced by the Mg and Al
concentrations. Aluminium was the most prevalent cation due to the low soil pH. This is shown by
the positive relationships between nitrate concentrations and both Al and Mg concentrations (Fig.
16). The relationships did not differ between the two sites A and B, thus supporting the assumption
of similar soil types. There was also a weak positive relationship with Ca (R2=0.10). The
relationships suggests that Al, Mg and Ca are the main nutrients leached together with nitrate from
the root zone.
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Figure 17a-d: Time series of NO3-N concentrations in soil solution at selected plots along the
north-south transect in Suserup Forest (a), the large gap at site A in Ravnsholte Forest (b), Als
Nørreskov (c), and Rude Forest (d).

Als Nørreskov

Throughout the years 1997 to 2001, annual means of nitrate concentrations remained ≤ 0.5 mg
NO3-N l-1 under the canopy and only increased to 1.1 mg NO3-N l-1 in the last year (2002) of the
measurement period in Als Nørreskov. However, in 2002 sample collection was stopped in June,
thus the average value is only of the first half of the year until May. Within the gap, nitrate
concentrations increased from below the detection limit in the first year after gap creation to 10 mg
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NO3-N l-1 yr-1 in the second year after gap creation. Concentrations remained on more or less the
same level for the following four years (range of 6 - 11 mg NO3-N l-1 yr-1). (Fig. 17c). There were
no clear relationships between nitrate and cation concentrations in soil solution that could suggest
which cations were primarily lost with nitrate.

Rude Forest
Also in Rude Forest, nitrate concentrations were close to detection limit (< 0.3 mg NO3-N l-1 yr-1)
under the closed canopy in the first years after gap creation. Nitrate concentrations increased to 0.7
mg NO3-N l-1 yr-1 in 2001. Within the gap, measurable nitrate in soil solution was for the first time
determined in the second year after gap creation (1998). In the following years, the yearly mean
concentrations were quite constant between 10-12 mg NO3-N l-1 and thus significantly higher than
under the forest canopy (Fig. 17d). There were no clear relationships between nitrate and cation
concentrations in soil solution to suggest which cations were primarily lost with the nitrate.

Nitrogen leaching from the root zone
An estimate of the losses of nitrate from the rooting zone was made based on water fluxes
calculated by the WATBAL model. Field measurements of soil water content were used to calibrate
the model (Fig. 18). Soil moisture content was not corrected for any stone content in the mineral
soil. Averages of all measurement plots located under the forest canopy and within the gap,
respectively, were used for the calculation of water fluxes and thus nitrate losses. However at the
large gap at site A at Ravnsholte Forest, soil moisture measurement plots could be divided into a
group with high and another group with low soil moisture levels, both under the forest canopy and
within the gap. The following calculation was made on the average of plots with high soil moisture
levels. Lower soil moisture levels might result in smaller fluxes.

Figure 18: Comparison between soil moisture contents with low soil moisture levels measured by
TDR in the field and estimated by the WATBAL model. (a) forest around the large gap at site A and
(b) large gap at site A. Error bars are 1 standard error. The number of measurement plots is given
in parentheses.

Site A, large gap

Jul-01  Nov-01  Mar-02  Jul-02  Nov-02  Mar-03  

S
oi

l m
oi

st
ur

e 
co

nt
en

t (
m

m
)

150

200

250

300

field measurements (4)
model calculations

Site A, forest around large gap

Jul-01  Nov-01  Mar-02  Jul-02  Nov-02  Mar-03  

S
oi

l m
oi

st
ur

e 
co

nt
en

t (
m

m
)

150

200

250

300

field measurements (12)
model calculations

(a)                                                                                        (b)



26

Suserup Forest
At Suserup Forest, water fluxes were calculated for the period July 2000 to June 2002, and all edge
plots were excluded from the calculation. Within the gap, water fluxes occurred from November
2000 to April 2001 and again from August 2001 to February 2002. The total water loss within one
year (September 2000 – August 2001) was 191 mm. Under the forest canopy, water fluxes were
slightly lower. Here, only 120 mm water leached from the rooting zone in the same period of one
year. Fluxes started later after a dry period, namely from December 2001 (until April 2001) and
again in September 2001 (until February 2001). Thus, also losses of nitrate were higher within the
gap than under the forest canopy. In the first year (2001), about 63 kg NO3-N ha-1 was leached from
the gap, and about 20 kg NO3-N ha-1 was leached from plots located under the closed canopy. In
2002, the corresponding figures were 22 and 19 kg NO3-N ha-1.

Ravnsholte Forest
Water drainage in gaps was estimated to be negligible during the growing season (from April to the
end of August 2002), except for July when 7-16 mm soil water was leached from the gaps. Under
closed canopy no water drainage was estimated from April to October. Thus, water drainage started
after the growing season one month later than in gaps. There was no water drainage in winter
months in which air temperatures were below zero and PET estimations of the model was zero
(December 2001 and 2002, January and February 2003). Highest fluxes (> 95 mm) occurred in
January 2002, both in gaps and under forest. It was only in these months that the correlation
between modelled soil moisture values and field TDR measurements was poor (Fig. 18), and the
model underestimated soil moisture levels as compared to field measurements. Results of these
months have to be considered with caution.

Soil water drainage was significantly higher in small gaps than in large gaps (p = 0.04). There was
no difference between stands (site A and B at Ravnsholte, p = 0.3). For both gap sizes water
drainage was higher in gaps than under closed canopy (small: p = 0.03; large: p = 0.01). However,
water drainage in the large gap at site A was higher than in stand B. The maximum difference
between the average annual sum of soil water drainage from gaps and the surrounding forest was
27% (or 61 mm) at the large gap at site A, 31 and 25% (or 77 and 50 mm) at the two small gap
sites, and 19% (or 35 mm) at the large gap at site B. The annual sum of water drainage was in
average 226 mm and 203 mm in small and large gaps, respectively, and 159 mm under closed
canopy.

Monthly concentrations of nitrate and nitrate leaching based on estimated water drainage are shown
in Fig. 19 for small gaps, large gaps and all plots under closed canopy, respectively. There was no
indication of higher nitrate concentrations and nitrate leaching with increasing gap size. In fact, the
large gap at site B had lower nitrate losses than the other three gaps.
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Figure 19: Monthly average NO3-N concentrations in soil solution and estimated leaching fluxes in
the large and the small gaps at site A and site B in the managed forest stands. Data from under
closed canopy are represented as the average of the four study sites at Ravnsholte. Error bars are 1
standard error.

The influence of gaps on the amount of nitrate lost per ha gap is summarized for both Ravnsholte
Forest and Suserup Forest in Table 3. Within one year, 8 and 21 kg NO3-N ha-1 were leached from
the two large gaps, 19 and 21 kg NO3-N ha-1 were leached from the two small gaps and 1-6 kg NO3-
N ha-1 was leached from plots located under the closed canopy around all gaps. Thus, there was no
evidence that the large gaps led to larger N losses per ha gap than the small gaps. The low amount
of N lost from the large gap at site B was both due to lower nitrate concentrations in soil solution
and lower soil water drainage from the root zone. Suserup Forest differed markedly by the very
high losses of nitrate in the second year following gap formation, but losses in the gap were reduced
to the level below closed canopy in the third year.

Table 3: Leaching of nitrate-nitrogen from the gap and the closed forest at the study sites Suserup
Forest and Ravnsholte Forest as calculated by the WATBAL model. Nitrate leaching is expressed
per ha gap and per gap, respectively.

Study site Under
closed
canopy

Gap
Gap
area

Kg/ha/yr kg/ha/yr kg/gap/yr  m2

Suserup
2001 28 59 1.5 254
2002 19 22 0.5 254

Ravnsholte
  Large gap site A 4 21 1.5 707
  Large gap site B 1 8 0.9 1075
  Small gap site A 4 21 0.6 271
  Small gap site B 6 19 0.9 452
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Discussion

General influence of gaps
Gap formation clearly affected processes related to the N cycle. However, there were no extreme
changes in soil temperature and N availability from litter and mineral soil. The most obvious and
long-lasting changes were the continuously high soil moisture levels in the gaps as also noted in
other gap studies (Brockway and Outcalt, 1998; Wright et al., 1998). Also nitrate concentrations in
soil solution and nitrate leaching was consistently elevated in most gaps four several years. Long-
lasting (9 years) nitrate leaching was also reported by Bartsch et al. (1999) from gap studies in
Germany.

A major question of the studies was whether the observed elevated nitrate concentrations following
gap formation was due to similarly elevated rates of N mineralization in the soils. The studies at
both the natural and managed forest sites did reveal some influence of gap formation on litter
decomposition and N release and on rates of net N mineralization in top mineral soils. However, the
influence was not strong relative to the spatial variation encountered in N availability in these
forests. We therefore attribute the loss of N following gap formation mainly to reduced N uptake by
the vegetation. The same conclusion was also reached in the long-term study of N dynamics in gaps
in beech forests in Germany (Bartsch et al., 1999; Bauhus and Bartsch, 1995, 1996).

While there was a quite consistent pattern of higher N concentrations in soil solution and N leaching
in the four gaps at Ravnsholte Forest (conventionally managed beech) and the gaps at Als
Nørreskov (nature-based management) and Rude Skov (unmanaged), the pattern was less clear in
natural forest Suserup. This forest differed by very high nitrate concentrations in soil solution and
high N leaching also under closed canopy. Nitrate concentrations at Suserup were also high
compared to the concentrations known from monitoring of Danish forests (Callesen et al., 1999).
One reason for this could be higher N deposition due to the small size and more exposed position of
this forest, but throughfall measurements showed little evidence of higher N deposition as the
explanation for the high loss of N from the ecosystem. Beier et al. (2002) found N deposition to be
at a similar level in a nearby beech forest. The very high N leaching in the natural forest is therefore
attributed to the fast internal cycling of N. Rates of decomposition and rates of N mineralization
were high. In addition, most of the N mineralized was nitrified indicating high activity of nitrifiers.
The nutrient rich soil of Suserup Forest was developed from calcareous till and had pH values
which is favourable to nitrifying bacteria (De Boer et al., 1993; Priha and Smolander, 1995). As
nitrate concentrations were already high under closed canopy, gap formation only caused slightly
higher N concentrations in soil solution. But higher water fluxes in the gap resulted in much higher
N losses from the gap also at this site in the second year after gap formation. In the third year, there
was virtually no difference between N losses from gaps and under closed canopy, which can be
attributed to the vigorous regeneration of ash that almost completely covered the gap (Bauhus and
Bartsch, 1995). The large regeneration potential for Danish conditions in Suserup Forest
presumably mitigated the effect of the gap, so the N loss was back to the level under canopy in the
third year. However, the N loss is remarkably high in a phase of the forest cycle expected to exhibit
the largest demand for N.

These results allow the overall conclusion that gap formation may be an attractive alternative in
forest management if the aim is to establish a sustainable and nature-based management system.
Nevertheless, gap formation did not prevent responses, which may be considered as undesirable or
negative in forest ecosystems as well. Despite microclimatic changes were minor and N availability
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was only moderately altered, e.g. increased losses of nitrate with seepage water could not be
avoided even in small gaps. Furthermore, changes were not always as short-termed as expected.

Influence of gap size
In these studies, we explored the relative influence of gap size, i.e. the response in soil
temperatures, soil moisture, N availability and N leaching per ha gap. The largest influence of gap
size was found for soil temperatures. In the managed forest Ravnsholte significantly increased soil
temperatures occurred in the northern part of the large gap, while a gap effect was less pronounced
in the small gap in the same forest stand. The spatial distribution of light in gaps depends not only
on the size and shape of the canopy opening, but also the position of the sun (Gates 1980). At
higher latitudes the sun is never directly overhead at solar noon, and relatively small canopy
openings may only receive direct radiation at the forest floor for short periods and in small areas
(Oliver and Larson, 1996). In larger (circular) gaps in the northern hemisphere, a crescent-shaped
area at the north end - beyond the edge trees or within the gap – may receive direct sunlight
(Canham, 1988; Runkle, 1982). This was observed in all investigated gaps, but significantly
increased soil temperatures in the same area of the gap receiving most direct sunlight were only
found in the large gap in Ravnsholte forest. Hence, results support that increased light input
contributes at least partly to variations in soil temperatures, and they indicate that relatively small
canopy opening therefore do not affect soil temperatures significantly.

Nitrogen availability as determined by litter N release and mineral soil net N mineralization was in
general little influenced by gaps. In contrast, several other studies found evidence of increased N
availability, i.e. mineral N concentrations (Bauhus, 1996; Prescott, 1997; Prescott et al., 2003), but
little influence on decomposition rates (Prescott, 1997; Prescott et al., 2003).

Neither soil water drainage nor nitrate concentrations in soil solution increased consistently with
gap size. Thus, resulting N losses per ha gap were also not enhanced in large gaps. The two small
and one large gap had similar elevated nitrate losses of about 20 kg NO3

--N/yr, whereas one of the
larger gaps had lower but still somewhat elevated nitrate concentrations (see Table 3). Site specific
properties such as a soil nutrient status were probably responsible for differences in nitrate
concentrations between the two large gaps. The vegetation in the large gap with low nitrate
concentrations mostly consisted of some Deschampsia flexuosa and Carex sp. already before gap
formation. This could indicate less N rich conditions than in other gaps where herbs (e.g. Stellaria
holostea), more nutrient-demanding grasses (e.g. Milium effusum) and Rubus idaeus were
represented.

The main influence of gaps on soil processes at stand level therefore seems related to gap area per
ha forest stand rather than the size of individual gaps. The conclusions from the Nat-Man project
must be tempered according to the small range of gap sizes studied. However, a study in Canada
also found that a wider range of gap sizes ranging up to virtual clearcuts (single tree to 10 ha) did
not further increase soil nitrate concentrations in the size range of 0.1 to 10 ha (Prescott et al.,
2003). Thus, the environmental impact of gap formation must be evaluated based on the total gap
area formed relative to the area of the forest stand.
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Conclusions

Soil moisture
• Gap formation led to significant changes in soil moisture during the growing season.
• Soil moisture was usually maintained close to field capacity in gaps during the growth period,

while soil moisture under closed canopy was found to be 50-70% of field capacity in drier
periods of the summer

• There was no greater influence on soil moisture of large gaps (ca. 30 m diam) than of smaller
gaps (ca. 20 m). Even the small gaps were able to provide better soil moisture conditions for
seedlings.

• Vegetation cover modified soil moisture levels in the gap of the natural forest. Soil moisture
levels in the gap during the growth period decreased over three years concurrently with the
release of advanced regeneration.

Soil and air temperatures
• Soil temperatures were only slightly higher in gaps than under closed canopy in natural forests

with abundant advanced regeneration, and the difference between gap and surrounding forest
gradually disappeared as seedlings were released.

• Density of ground vegetation and regeneration seemed to influence soil temperature strongly
and modified the effect of incoming solar radiation

• In a large gap in a managed forest, increased soil temperatures were found in the northern part
of the gap. In contrast, the size of a small gap was presumably not large enough to result in
significant changes of soil temperatures due to increased solar radiation.

Rates of net N mineralization
• N mineralization rates tended to be higher in gaps than in the surrounding forest, but extreme

increases did not occur after gap formation
• Within the investigated range of gaps of 20-30 m diameter, gap size did not seem to affect N

mineralization rates significantly
• Generally, seasonal trends and a large spatial variation in N mineralization rates were greater

than possible changes attributed to gap formation

Nutrient concentrations in seepage water
• Concentrations of nitrate were significantly higher in gaps than in the surrounding forest and in

longer periods exceeded the threshold value for nitrate in drinking water (11.3 mg NO3-N l-1).
• Gap formation also led to nitrate concentration levels above the threshold in forests where

nitrate concentrations were below the detection limit under closed canopy.
• Nitrate concentrations were still clearly elevated in gaps five years after the gaps were formed.
• Gap size did not influence the magnitude of nitrate concentrations in seepage water.
• In spite of a heterogeneous forest structure and no management the semi-natural forest Suserup

had high nitrate concentrations in soil solution.

Leaching fluxes of N
• Due to higher nitrate concentration in soil solution and higher water fluxes, leaching of N from

gaps was higher than from under closed canopy. This effect was significant only for small gaps.
• In large gaps, estimated leaching fluxes of N varied over a wide range due to stand specific site

differences.



31

• Neither water fluxes nor leaching fluxes of N per ha gap were significantly different between
gaps of different sizes.

• Stand structure, the size of below ground root gaps, and the overall N status of the forest
ecosystem had a distinctive influence on the amount of nitrate lost with seepage water

Gap size
• Gap size appeared mainly to affect soil temperatures.
• Net rates of N mineralization and nitrate concentrations in soil solution were similar in gaps of

different size.
• Soil water fluxes and leaching fluxes of nitrate per ha gap were not affected by gap size
• The influence of gaps per ha stand can be determined from the area of the gaps irrespective of

size.
• Due to the short period of field experiments, there is no knowledge from this project to

determine whether large gaps will continue to leach N for a longer period than small gaps.

Perspectives
The results summarized above allow the overall conclusion that gap formation may be an attractive
alternative in forest management if the aim is to establish a sustainable and nature-based
management system. Nevertheless, gap formation did not prevent responses which may be
considered as undesirable or negative in forest ecosystems. Although microclimatic changes were
minor and N availability was only moderately altered in the soil, increased losses of nitrate with
seepage water occurred even in small gaps. Furthermore, effects were not always as short-term in
duration as expected. Hence, for a successful application of gap regeneration to forest management,
not only the effect of gap formation has to be understood profoundly, but also the process of gap
closure. Long-term gap studies are needed which follow the N cycle and microclimatic and
hydrological parameters from the pre-gap conditions until the complete closure of the gap. In this
way a much more detailed understanding of the processes involved in these natural or mimicked
forest dynamics can be obtained.

This leads to another aspect which was found to be of great consequence for the effect of gap
formation in a forest ecosystem. Present and developing vegetation was as important a factor
affecting soil temperature, soil moisture, and processes in the N cycle as those parameters were
important growth factors for the establishment and development of regeneration and ground
vegetation in the gaps. This mutual dependence made the interpretation of the effect of gap
formation on the investigated parameters rather complicated. It also emphasises the difficulty of
drawing a general conclusion on gap effects since gap regeneration and ground vegetation cover can
differ widely between or even within forest stands, as seen for the two unmanaged forests and the
two gaps in the managed stand at Ravnsholte Forest, site B.

In addition to the influence of regeneration and vegetation cover, i.e. the above ground forest
structure, the effect of living roots was assumed to play a role in some of the temporal and spatial
patterns observed in soil moisture levels, mineralization rates and NH4-N concentrations in mineral
soil. However, since the distribution of living roots was not studied in the gaps, the discussion of
these observations cannot be confirmed by data. Ideally, future gap studies on microclimate, soil
water or N availability should include a general assessment of the regeneration potential at the site
and the overall forest structure, both above and below ground, i.e. the distribution of living roots in
and around the gap.
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the two large gaps, 19 and 21 kg NO3-N ha-1 were leached from the two small gaps and 1-6 kg NO3-
N ha-1 was leached from plots located under the closed canopy around all gaps. Thus, there was no
evidence that the large gaps led to larger N losses per ha gap than the small gaps. The low amount
of N lost from the large gap at site B was both due to lower nitrate concentrations in soil solution
and lower soil water drainage from the root zone. Suserup Forest differed markedly by the very
high losses of nitrate in the second year following gap formation, but losses in the gap were reduced
to the level below closed canopy in the third year.
As shown by the high nitrate concentrations in soil solution in the semi-natural forest Suserup
compared to the other forest sites, gap formation could not account for all cases of a disrupted N
cycle. More interdisciplinary studies between biogeochemists and microbiologists would probably
help to better understand ecological processes in forest ecosystems after gap formation. Few gap
studies, if any, included investigations of pre-gap conditions or followed changes until gap closure.
Furthermore, the study of vegetation, microbiology and abiotic factors are often separated. If natural
forest dynamics are to be understood profoundly so that gap regeneration can be applied
successfully to forest management, these aspects must be considered more closely in future
research.
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Appendix A

Table A1. Soil particle distribution, pH, total C and N, extractable P, and exchangeable Ca, Mg and
K from a soil pit dug at Suserup Skov (Hapludalf)
Horizon Depth Clay Silt Sand pHCaCl2

 C N P2 Ca3 Mg K

(cm) (%) (%) (%) (mg g-1) (mg g-1) (mg kg-1) (cmol+ kg-1)
O -3-0
A 0-20 10.3 16.2 73.8 5.4 17.2 1.53 151 5.6 0.44 0.45
BE 20-33 9.0 11.7 79.3 4.8 4.9 0.50 132 3.1 0.88 0.26
Bt 33-41 21.6 9.7 68.8 6.7 4.6 0.49 260 15.0 0.29 0.67
Ckg1 41- 12.0 10.7 77.2 7.8 - 0.09 11 - 0.42 0.24
1 The content of CaCO3 were 38.6% in Ckg.
2 P was extracted in 0.1 M H2SO4.
3 Ca, Mg and K were exchanged in 1 M NH4NO3.

Table A2. Soil particle distribution, pH, total C and N, extractable P, and exchangeable Ca, Mg and
K from soil pits dug at site A and B in Ravnsholte Forest
Horizon Depth Clay Silt Sand pHCaCl2

 C N P1 Ca2 Mg K Al BSe

(cm) (%) (%) (%) (mg g-1) (mg g-1)(mg kg-1) (cmol+ kg-1) (%)
Site A (coarse-loamy, mixed, mesic, acid Ultic Hapludalf)

O -3-0
A 0-5 6.4 11.6 82.1 3.4 38.0 2.23 22 2.2 0.34 0.15 3.5 45
E 5-29 2.0 2.4 95.6 3.8 18.9 1.00 26 0.3 0.06 0.05 4.1 14
BE 29-47 10.6 16.3 73.1 4.0 2.3 0.11 150 0.3 0.10 0.06 3.1 17
Bt 47-90 16.7 17.5 65.8 4.2 1.1 0.05 198 3.1 0.95 0.13 2.4 68
2B 90-110 4.0 2.6 93.4 4.3 1.4 0.06 238 1.0 0.34 0.07 0.6 ~100
2BC 110-13016.9 19.8 63.3 4.3 0.9 0.04 243 2.5 0.91 0.13 1.2 76

Site B (coarse-loamy, mixed, mesic, acid Typic Hapludult)
O -2-0
A 0-6 <1 2.0 98.0 3.1 49.0 2.47 8 1.8 0.41 0.22 1.6 53
E 6-13 6.4 13.5 80.1 3.3 25.7 1.05 5 0.48 0.10 0.08 3.7 17
BE 13-38 8.8 12.2 79.1 4.1 16.2 0.67 37 0.10 0.03 0.03 3.3 7
2Btx 38-52 14.9 16.9 68.3 4.2 0.8 0.04 134 2.69 1.50 0.16 1.9 72
2Bt 52-120 20.9 19.3 59.8 4.0 1.1 b.d.3 116 0.28 0.11 0.06 2.3 21
1 P was extracted in 0.1 M H2SO4.
2 Ca, Mg and K were exchanged in 1 M NH4NO3.
3below detection limit
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Table A3. Soil particle distribution, pH, total C and N, extractable P, and exchangeable Ca, Mg and
K from two soil pits dug east and west of the gap at Rude Skov.
Horizon Depth Clay Silt Sand pHCaCl2

 C N P1 Ca2 Mg K Al BSe

(cm) (%) (%) (%) (mg g-1) (mg g-1)(mg kg-1) (cmol+ kg-1) (%)
West of gap (sandy over loamy, mixed, acid, mesic Typic Fragiochrept )  
O -4-0
A 0-10 8.7 14.7 76.6 3.1 49.9 2.39 13 0.85 0.31 0.15 1.4 32
Bw 10-45 11.8 14.2 74.0 3.8 10.6 0.40 59 0.10 0.06 0.07 2.6 8
B/Ab 45-62 13.7 12.5 73.8 4.0 5.4 0.32 111 0.14 0.05 0.08 2.4 10
Bx 62-74 15.7 13.4 70.9 3.8 1.2 0.12 119 0.21 0.15 0.12 2.8 14
Bxg 74-95 20.5 12.6 66.9 3.9 1.2 0.14 90 1.51 1.00 0.17 2.2 49
Bx(t) 95-110 20.7 13.4 65.9 4.0 2.0 0.18 82 2.75 1.66 0.18 1.6 69

East of gap (sandy-skeletal over loamy, mixed, acid, mesic, noncemented Entic Fragiorthod)    
O -4-0
A 0-3 6.4 13.4 79.3 3.2 55.3 2.89 7 1.32 0.47 0.17 1.3 42
E 3-10 6.5 13.8 79.7 3.5 9.2 0.31 9 0.12 0.05 0.05 1.4 11
Bhs 10-15 10.3 13.4 76.3 3.5 19.5 0.88 63 0.26 0.13 0.08 3.2 12
Bs1 15-28 9.9 14.2 76.4 3.9 12.9 0.58 65 0.14 0.07 0.06 2.6 9
Bs2 28-44 8.7 14.0 77.2 4.1 7.8 0.38 133 0.10 0.05 0.05 1.7 11
Ex 44-64 10.0 11.5 78.5 4.0 2.3 0.13 113 0.25 0.13 0.05 1.3 20
Bt(g)x 64-100 18.6 10.6 70.8 4.4 1.5 0.13 94 4.99 2.15 0.15 0.6 ~100
C 100-11017.5 11.0 71.5 4.6 1.4 0.13 192 6.36 1.95 0.15 0.3 ~100
1 P was extracted in 0.1 M H2SO4.
2 Ca, Mg and K were exchanged in 1 M NH4NO3.
3below detection limit

Table A4. Soil particle distribution, pH, total C and N, extractable P, and exchangeable Ca, Mg and
K from a soil pits dug at Als Nørreskov (Hapludalf).
Horizon Depth Clay Silt Sand pHCaCl2

 C N P1 Ca2 Mg K Al

(cm) (%) (%) (%) (mg g-1) (mg g-1) (mg kg-1) (cmol+ kg-1)
O -2-0
A 0-10 13.2 19.6 67.5 - 37.1 0.20 23 0.54 0.19 0.12 3.5
E 10-26 12.4 12.1 75.5 - 9.8 0.50 13 0.14 0.06 0.05 2.5
Bt 26-45 18.5 12.9 68.6 - 3.0 0.30 11 0.26 0.13 0.11 5.4
C 45- 16.8 8.4 74.8 - 1.5 0.20 28 1.99 1.43 0.12 0.3
1 P was extracted in 0.1 M H2SO4.
2 Ca, Mg and K were exchanged in 1 M NH4NO3.




