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Abstract

The effects of disturbance by recreational activities (trampling) on changes in soil organic matter (SOM) and on
mycorrhizal roots of seedlings and mature trees were studied in four stands of a beech (Fagus sylvatica L.) forest
near Basel, Switzerland. At each site, comparable disturbed and undisturbed plots were selected. Disturbance
reduced ground cover vegetation and leaf litter. Beech seedlings had lower biomass after disturbance. Ergosterol
concentration in seedling roots, an indicator of mycorrhizal fungi, was lower in two of the four disturbed plots
compared to undisturbed plots; these two disturbed sites had especially low litter levels. Based on ergosterol
measurements, mycorrhizas of mature trees did not appear to be negatively affected by trampling. Total fine roots
and SOM were higher in the disturbed than in the undisturbed plots at three sites. At the fourth site, fine roots and
SOM in the disturbed areas were lower than in the undisturbed areas most probably due to nutrient input following
picnic activities. Principal component analysis revealed a close correlation between SOM and fine roots of mature
trees as well as litter and seedling biomass. Trampling due to recreational activities caused considerable damage
to the vegetation layer and in particular to the beech seedlings and their mycorrhizal fine roots, whereas, roots of
mature trees were apparently resilient to trampling.

Introduction damage to the vegetation occurs from the entry points

into forests to the more distant areas (Rusterholz et al.,

Forests are of great ecological, aesthetic, and 2000).

economic importance to Switzerland (Brassel and
Brandli, 1999). Visitation of forests near cities is
steadily increasing and the various recreational in-
terests such as playing with children, hiking, jogging,
picnicking, dog walking, horse riding are causing
trampling in areas aside paths and recreation areas.
The extent of damage to the understorey increases
with number of forest visitors; both the percentage of
ground cover and the number of plant species decrease
(Cole, 1987; Rusterholz et al., 2000). A gradient of
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Forest ecosystems, including the indigenous wild-
life from large animals and trees to soil microorgan-
isms, have a limited tolerance of disturbances (Baur
et al., 1999; Kuss and Morgan, 1984; Larsen, 1995).
The level of disturbance that can be tolerated without
exceeding capacity of the physical and biotic system
to regenerate needs to be quantified in each case (Cole,
1995a,b; Marshall, 2000; Norton, 1996). Management
policies can then be implemented to avoid severe,
long-lasting and perhaps irreparable damage such as
erosion and loss of valuable species in an area.

Forest trees of the temperate and boreal climate
zone live in symbiosis with ectomycorrhizal fungi
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(Smith and Read, 1997). In this mutualistic symbi-
osis, photosynthetically fixed carbon from the plants
is exchanged for minerals taken up from the soil by
the hyphae of the ectomycorrhizal fungi. The ectomy-
corrhizal fungi function in the acquisition of mineral
nutrients during the productive phase of ecosystems
but their main role is played during the protective
phase of ecosystems in the final stage of the succession
when most resources are incorporated into biomass
(Pankow et al., 1991). In this stage, ectomycorrhizas
short-circuit nutrient cycles by direct re-acquisition of
nutrients in organic form from plant litter, preventing
loss of resources from the entire ecosystems. Such a
short-circuited nutrient cycling was demonstrated in
a model system with Betula pendula seedlings which
acquired nitrogen and phosphate from beech-, birch-,
and pine litter directly through their mycorrhizal fungi
(Perez-Moreno and Rea, 2000). This model also re-
vealed the importance of the litter layer for seedling
establishment.

Little is known about trampling and ectomy-
corrhizas, but the effects of soil compaction on
woody plants have received considerable attention
(Koszlowski, 1999; Ungar and Kaspar, 1994). In gen-
eral, heavy machinery, pedestrian traffic and trampling
by animals lead to soil compaction, and the ensuing
alterations in soil structure and hydrology negatively
affect plant root growth.

With regard to mycorrhizas, studies on soil com-
paction have focussed mainly on arbuscular mycor-
rhizas in agricultural systems (Kozlowski, 1999). As
recently reviewed (Augé, 2001a), the arbuscular my-
corrhizal symbiosis typically affects soil structure
(Miller et al., 1995; Tisdall et al., 1997), which in
turn affects water retention properties in a beneficial
way for plants (Augé et al., 2001b). The mycorrhizal
fungus, Glomus mosseae, was able to absorb phos-
phate at high bulk density even under conditions of
reduced root growth in a model system with Trifo-
lium pratense (Li et al., 1997). Mycorrhizal growth
response occurred at bulk densities from 1.2 to 1.6
g ecm™> for Trifolium subterraneum colonized by
Glomus species but not at higher soil densities (Na-
dian et al.,, 1998). The symbiosis was also heavily
affected by soil compaction as both the total length
of the colonized root and root biomass decreased
above a critical value of pressure both in Liriodendron
tulipifera and Liquidambar styraciflua seedlings, and
Zea mays and Trifolium incarnatum (Simmons and
Pope, 1988; Entry et al., 1996).

Undisturbed forest soils typically have high poros-
ity and low bulk densities. Soil compaction, due to
site preparation and stump removal, reduced the num-
ber and morphological types of ectomycorrhizas on
Douglas-fir seedlings (Amaranthus et al., 1996; Har-
vey et al., 1996; Page-Dumroese et al., 1998). In con-
trast, ectomycorrhizas of western white pine seedlings
were not affected by soil compaction (Page-Dumroese
et al., 1998).

Because of the central role of fine roots and ec-
tomycorrhizas for the nutrition of trees and thus for
the functioning of a forest ecosystem, a field trial in
the forest of Allschwil near Basel, Switzerland, was
established in areas with increasing disturbance due
to recreational activities. The question was whether
trampling causes physical and biological changes in
soil that affect the ectomycorrhizal fine roots of beech
seedlings and mature trees in this forest ecosystem.

Materials and methods

Study sites and experimental design

Four study sites (50 m x 100 m) were chosen in
the forest of Allschwil situated at the southwestern
edge of the city of Basel, Switzerland. Baur et al.
(1999) recently described the tree community in the
forest of Allschwil in detail. Beech (Fagus sylvatica
L.) would be the dominant, naturally occurring tree
species, but in many places it has been replaced by
other trees, mainly Quercus petraea, Quercus robur,
Fraxinus excelsior and Carpinus betulus. Consider-
ing the entire area, beech trees cover 11% of the
forest of Allschwil. However, in the areas considered
in the present study, beech is the dominant tree spe-
cies. This forest is exposed to recreational activities.
The study sites were selected to represent a rather flat
area which is homogeneous with respect to manage-
ment, forest tree (F. sylvatica), understorey and soil
type (alkaline calcareous loamy sandy Flurisol). In
four sites, two areas with contrasting levels of disturb-
ance due to recreational activities were designated as
a weakly disturbed ‘control’ plot and a strongly dis-
turbed ‘trampled’ plot, each measuring 10 x 10 m.
Thus, the present study is based on eight plots (four
disturbed and control plots) in four sites. Hereafter,
sites are referred to by their local names, i.e. Doren-
bach, Bannplatz, Wasserturm and Miihlirain. Each
plot was chosen such that an adult 60 to 80-year-old
beech marked its centre. In each plot, samples of beech



145

Table 1. Species composition and cover of ground layer and shrub layer (%) in disturbed and control areas at four sites®

Dorenbach Bannplatz Wasserturm Miihlirain
Disturbed  Control  Disturbed  Control  Disturbed  Control — Disturbed  Control

Herb layer:
Grasses and sedges:
Carex sylvatica 1 1-5 + 1-5
Juncus svlvatica 1
Poa annua 1-5
Herbs and tree seedlings:
Acer platanoides +—1 1-5 + 1 1-5 1-5
Ajuga reptans +
Anemone nemorosa +—1 1-5 1 1-5 1-5 1-5 1-5 5-10
Asperula odoratum 1-5
Carpinus betulus +—1 1-5 1-5 1-5
Circaea lutetiana + + + +
Fagus sylvatica 1-5 1-5 + 5-10 1-5
Fraxinus excelsior 1-5 + 1-5 1-5
Galium cruciatum
Geum urbanum + ++ ++
Hedera helix +—1 1-5 1-5 1-5 5-10 1-5
Impatiens parviflorum 1-5
Lamiastrum galeobdolon 1-5
Maianthemum bifolium +
Oxalis acetosella 1-5
Phyteuma spicatum 1
Polygonatum multiflorum 1-5 1
Ranunculus auricomus 1-5 1
Ranunculus ficaria 1 10-20 1-5 10-20 1-5 1-5 1-5 1-5
Rubus sp. 5-10 + +
Rumex sp. +
Sorbus torminalis 1-5
Veronica sp. +
Viola reichenbachiana + 1 +
Shrub layer:
Acer platanoides 10 + 1 1-5 1-5
Carpinus betulus 1-5 1-5 1-5
Fagus sylvatica 1-5 + 5-10 1-5
Fraxinus excelsior + 1-5 + 1-5 1-5
Crataegus laevigata + +

24 indicates 1 individual, ++ 2 or 3 individuals.

seedlings, litter, and soil were taken in the year 2000.
Soil coring was performed at 45 m distance from the
focal beech stem.

Vegetation mapping

In each plot, the composition and abundance of
plants of the herb layer were assessed in six sub-

plots (measuring 1 m x 1 m) in April 2000 using the
Domin-Krijina method (Miiller-Dombois and Ellen-
berg, 1974). The composition and cover of the shrub
layer was recorded for the entire plot. Species compos-
ition and cover of the herb and shrub layer in disturbed
and control plots for the four study sites are listed in
Table 1.
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Sampling of seedlings and fine roots of adult trees

Seedlings of F. sylvatica were counted in six perman-
ently marked subplots (1 m x 1 m) on each plot in
spring and autumn. On each plot, six randomly se-
lected seedlings were excavated in May 2000. They
were washed and freeze dried for 48 h. Dry weights of
the roots and shoots were determined. Afterwards, the
roots were milled (Ball-mill, Retsch, MM2224, Haan,
Germany) and the fine powder was stored at —20 °C.

Sampling of fine roots of adult trees and soil was
carried out on three occasions: in spring (2—11 May),
summer (17-22 July) and autumn (11-16 September).
During each sampling period and in each plot, 10
randomly chosen soil cores of 30 mm diameter were
obtained using a soil corer after removal of the litter
layer (Humax, Luzern, Switzerland). The soil cores
were immediately wrapped into plastic cases and pro-
cessed according to Wiemken et al. (2001a). Cores
were taken to a depth of 200 mm, but data are shown
only for the uppermost soil layer of 100 mm depth.
Fine root biomass in the lower layer of the core (100-
200 mm depth) did not differ significantly between
control and disturbed plots. On the average, in the
lower layer fine root biomass was around 30% less
than in the upper layer.

Ergosterol determination

Ergosterol, a fungus-specific sterol, was measured in
roots to assess fungal biomass associated with fine
roots. The measurement of ergosterol concentration
in natural substrates is the most efficient method for
estimating fungal biomass in temperate soils (Ruzicka
et al., 2000), even more so in fine roots of trees
with a high enrichment of living ectomycorrhizal fungi
(Ekblad et al., 1998; Plassard et al., 2000; Wiemken
et al., 2001b). Aliquots of 30 mg milled fine roots
were extracted with 500 ul of 100% methanol in a
sonication bath at 50 °C for 30 min. After centrifu-
gation (10 min, 13,000 rpm), 50 pul of supernatant
was analysed for ergosterol with a reversed-phase
high-pressure liquid chromatography column (solid
phase, Nova-Pak C 18, Waters Milford, MA, USA;
liquid phase, gradient of 90-100% aqueous methanol)
(Martin et al., 1990; Wiemken et al. 2001b).

Soil analysis

For the analysis of soil properties, four randomly
chosen samples of 180-200 cm?® of the topsoil layer

(depth 0-100 mm, excluding the litter layer) were col-
lected from each plot at the end of May. The four
samples from each plot were pooled, mixed and sieved
(mesh 4 mm). Five g of soil (dry weight) were shaken
in 50 ml extraction medium for 2 h and then filtered.
Extraction media were: sodium acetate (0.1 M for
phosphate and potassium), D-lactic acid (0.02 M Ca-
lactate in 0.02 M hydrochloric acid) for Mg, and hy-
drochloric acid and sulfuric acid (0.05 N/0.025N) for
Fe, Mn and Zn (Anonymous, 1997) (Table 2). Cations
were determined by atomic absorption spectrophoto-
metry, and phosphate was determined colorimetrically
(molybdate-phosphate complex) (Anonymous, 1997).
The amount of litter was estimated in five randomly
chosen subplots (300 mm x 300 mm) in each plot
in June 2000. After oven drying at 80 °C for 48 h,
the material was separated into woody parts, branches,
twigs were removed and leaf litter was weighed. Soil
organic matter was determined as loss on ignition of
oven-dried soil at 550 °C for 24 h. Ambient soil wa-
ter content (%) was determined from fresh weight/dry
weight ratios of 30 g fresh soil. Soil bulk density was
calculated using the dry weight/volume ratios of the
top layer (100 mm depth).

Statistical analysis

The following experimental design was chosen: two
treatments (trampled, control) with four repetitions
(sites), ten samples and nine variables (ergosterol con-
centration extracted from tree fine roots and from
seedling roots, fine root-, seedling-, litter-biomass,
seedling number, SOM, vegetation cover). Exceptions
are mentioned in figures and in the specific section.
Data are presented as means + SE. Pair-wise differ-
ences were analysed by a r-test. One-way analysis and
repeated measure analysis of variance (ANOVA) were
used to assess the effects of recreational activities (dis-
turbed/control plots). Principal component analysis
(scatter plot) was used to examine whether disturbed
and control plots at the four sites differ on the basis
of the nine variables. A correlation matrix PCA (cor-
relation circle) was also calculated to reveal relations
between the nine variables. Software packages JMP
from SAS Institute Inc. (Cary, NC, USA) and ADE-4
(PCA; Thioulouse et al., 1997) were used to perform
the analyses.
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Table 2. Plant available minerals (mg 100 g*1 dry soil) in control and disturbed areas at the four study sites in the forest
of Allschwil. Samples from the topsoil layer (0-100 mm) were taken in May 2000

Parameter Site

Dorenbach Bannplatz Wasserturm Miihlirain

Control ~ Disturbed  Control — Disturbed  Control  Disturbed  Control  Disturbed

pH (H,0) 6.7 7.5 5.1 6.5 6.6 7.6 7.2
Phosphorus (P) 1.3 3.7 3.7 3.7 4.8 2.8 3.5
Potassium (K) 4.2 33 33 6.6 11.6 4.6 5.0
Magnesium (Mg) 11 7 6 31 22 22 20
Copper (Cu) 0.19 0.02 0.18 0.25 0.60 0.02 0.05
Tron (Fe) 10.2 0.2 25.3 9.4 16.5 0.2 1.5
Manganese (Mn) 9.6 3.2 9.1 22.7 25.8 4.8 18.1
Zinc (Zn) 0.6 0.2 0.5 1.2 0.8 0.1 1.0
Calcium (Ca) 155 1183 220 340 333 1198 1087

Results

Effects of trampling on the herb layer and the shrub
layer vegetation

Disturbed plots contained fewer plant species in the
herb layer than undisturbed plots in early April 2000.
Furthermore, disturbed plots showed a significantly
reduced plant cover (Table 3). The species and their
percentage of cover are listed in the Table 1. In the
control plots, 15-35% of the area was covered by
shrubs. In contrast, the shrub layer was completely
destroyed in the disturbed plots at three of the four
sites. Thus, the ground was almost free of vegetation
in disturbed plots (Figure 1).

Effects of trampling on seedlings of F. sylvatica and
its ectomycorrhizas

The number of tree seedlings was reduced in three dis-
turbed plots, compared to control plots, by the first
sampling in spring (Table 4). A repeated survey of
the same plots revealed that 100% of the seedlings
had died in the disturbed plots of the Dorenbach and
Bannplatz sites, whereas, the corresponding control
plots showed seedling mortalities of 78 and 33%. At
the other two sites the seedlings had a similar mortal-
ity in disturbed and in undisturbed plots (Wasserturm:
undisturbed 40%, disturbed: 33%; Miihlirain: undis-
turbed 90%, disturbed: 100%). The mean biomass of
a seedling was significantly lower on disturbed plots
than on undisturbed plots (Tables 4 and 7). Both shoots
and roots were affected in the same way, i.e. the
shoot/root ratio was not altered.

Ergosterol (ug ergosterol/g DW root) was used
to estimate ectomycorrhiza infection of F sylvat-
ica seedlings (Table 4). Disturbed plots had a re-
duced ergosterol concentration at two sites (Doren-
bach: decrease 66% p=0.002, Bannplatz: decrease
38%, p=0.175). At the other two sites the ergosterol
concentration did not differ significantly between dis-
turbed and control plots. Ergosterol concentration var-
ied significantly among study sites and was affected
differently at sites as indicated by the significant inter-
action term between treatment and study sites (Tables
4 and 7).

Effects of trampling on fine root biomass of F.
sylvatica and its ectomycorrhizas

When evaluated by repeated measure ANOVA, the
fine root biomass was higher in disturbed plots than
in undisturbed plots (Table 7). Pair-wise comparisons
(Table 5) showed this effect to occur in five out of six
data pairs for the Dorenbach and Bannplatz sites. In
contrast, at the Wasserturm site, fine root biomass was
lower in disturbed plots than in undisturbed plots in
each of the three seasons. No significant difference
was observed at the Miihlirain site.

Ergosterol as a marker for ectomycorrhiza form-
ation tended to be higher in summer at all sites. In-
terestingly, the study sites differed significantly in er-
gosterol concentration (‘fungal biomass’) while there
was no effect of trampling (Table 7). The Doren-
bach site had especially high ergosterol levels in un-
disturbed plots in autumn and the Miihlirain site in
disturbed plots in the same season.
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bottom: disturbed plot with almost bare soil.

Figure 1. The Bannplatz site. Top: control plot with densely growing understorey,
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Table 3. Plant species richness and percentage cover of herb layer and shrub layer?

Parameter Site
Dorenbach Bannplatz Wasserturm Miihlirain
Control Disturbed  Control Disturbed  Control Disturbed  Control — Disturbed
Herb layer: Number of species 5.5+£0.2 2.5+04 9.5+£0.7 2.7£0.3 9.2+£0.6 4.5£1.0 10+£0.6  5.8+0.6
Cover (%) 26+2.6  4.2+1.2 44+£8.1 3.0£1.5 41+£6.0 11£3.5 34+6.5 4.6+0.8
Shrub layer: Number of species 4 0 4 0 5 3 7 0
Cover (%) 35 0 15 0 25 5 25 0

4Data for the herb layer are means per m? + SE, n=6, data for the shrub layer represent single measurements for the whole plots.

Table 4. Beech seedlings collected at the four study sites in spring 20002

Parameter Site
Dorenbach Bannplatz Wasserturm Miihlirain
Control Disturbed  Control Disturbed  Control Disturbed  Control Disturbed

Number of seedlings 70£16 4+1 13+6 2+1 45+14  0.3+0.3 126423 75+27
Seedling biomass 312427  212+15 31942 2341424 293412 227418 284426  174*16
Root biomass 65+4 36+4 63£11 5347 5247 41+6 59+6 3243
Shoot biomass 247424 176+14 255+17 181421 24147 18614 225422 142414
Ergosterol 145124 50+4 88+18 55+14 68+10 72+17 4946 47+11

Number of seedlings per m?, biomass of seedlings, roots, shoots (all in mg dry weight per seedling) and ergosterol concentra-
tion (g per g DW root) as fungal marker. Data are means +SE, n=6. Bold numbers indicate data that are significantly different
from the corresponding control according to a t-test. See Table 7 for further statistical analysis.

Effects of trampling on soil characteristics

Bulk density was significantly higher in disturbed
plots than in undisturbed ones (Table 7). Out of twelve
pair-wise comparisons, only three showed signific-
antly higher soil densities at disturbed sites, and one
showed a significantly lower soil density at the dis-
turbed site (Table 6). In contrast to the differences in
amount of litter and soil organic matter, the differ-
ences in soil density were small, ranging from 0 to
20% (Table 6). The highest value measured was 1.54
g cm ™ (disturbed plot at Bannplatz site).

The litter biomass was significantly lower in the
disturbed plots compared to control plots (Tables 6 and
7). In two of the four sites (Dorenbach, Bannplatz) the
litter biomass in disturbed plots was more than 70%
lower than the control. At the other two sites (Miih-
lirain, Wasserturm), it was reduced by 50 and 22%,
respectively. Comparing the undisturbed plots, the
lowest litter biomass was found in the Miihlirain site.
Considering disturbed plots exclusively, the highest

Figure 2. Correlation circle of the PCA with the nine variables.
Clockwise (1) fine root biomass, (2) soil organic matter, (3) seed-

litter biomass was also recorded in the Miihlirain site.
This suggests that the extent of disturbance by recre-
ational activities is lower at the Miihlirain site than at
the other three sites.

ling number, (4) ergosterol concentration extracted from tree fine
roots, (5) litter biomass, (6) percentage of vegetation cover, (7)
seedling biomass, (8) ergosterol concentration of seedling roots, (9)
soil density.
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Table 5. Fine root biomass (DW per 100 ml soil) at four sites determined on three seasons and fungal biomass (g ergosterol/g fine root DW)?

Parameter Site

Season Dorenbach Bannplatz Wasserturm Miihlirain
Control  Disturbed Control  Disturbed Control  Disturbed Control  Disturbed

Fine root biomass

Spring 386+32 555+45 211£35 28067 487+43 223446 318+£36 357476

Summer 294433 447467 143134 447+67 363+45  230+27 308+41 348+40

Autumn 324458  479+60 1264+24 32672 432448 186144 288+41 381+49

Fungal biomass (ergosterol concentration)

Spring 123+14 5247 77£15 69+9 68+8 74+12 667 122430

Summer 159437  145+70 93+£20 124423 93+15 169+47 69+10 138436

Autumn 2731432 67112 115429 71+10 7419 85+15 127425 147422

4Samples were taken by soil coring and analysis of the top layer (100 mm). Data represent means +SE (n=10). Bold numbers indicate data that
are significantly different from the corresponding control according to a #-test. See Table 7 for further statistical analysis.

Soil organic matter was between 20 and 39%
higher in the disturbed than in the control plots at three
sites, while at the Wasserturm site, it tended to be
lower in the disturbed than in the control plots (Tables
6 and 7). Soil organic matter showed little variation
over the three seasons at each individual plot. Ambient
soil water content did not differ between disturbed and
control plots at the four sites (Table 7). Pair-wise com-
parisons revealed three exceptions (Table 6). Thus, in
general, water relations did not appear to contribute
to the differences between control and disturbed plots.
Correlation matrix PCA with vectors representing the
nine variables studied showed a close relationship
between soil organic matter and fine root biomass,
as both vectors point in the same direction and are
of similar length (Figure 2). Another close relation-
ship exists between seedling ergosterol and seedling
biomass and a weaker relationship with litter biomass
and percentage of vegetation cover. In contrast, soil
bulk density was not related to any of the measured
parameters (Fig. 2). Univariate statistics: soil bulk
density/ergosterol: 2=0.16, p=n.s; soil bulk density /
SOM: 2=0.60, p<0.024; soil bulk density / fine root
biomass: rZ:O.OS,pzn.s.

Comparison of the plots by principal component
analysis

In order to compare the plots, PCA was performed
on all parameters examined (Figure 3). The analysis
separated disturbed and control plots on the PC axis 1
(inertia 42%), indicating a major effect of trampling.
In addition, three control and three disturbed plots
were separated on PC axis 2 (inertia 38%). The dis-
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Figure 3. Scatter plot of the PCA with the four study sites and
disturbed and undisturbed plots. PC axis 1 and PC axis 2 explain to-
gether 73% of the inertia. 1 = control, 2 = disturbed; B = Bannplatz,
D = Dorenbach, M = Miihlirain, W = Wasserturm.

turbed plot at the Miihlirain (M2) site and the control
plot at the site Bannplatz (B1) were separated from the
other three disturbed and control plots, respectively.

Discussion

In the urban regions of central Europe, forests are
very frequently subjected to trampling by recreation
activities, particularly during the warm seasons. These
activities reduce the cover of the herb and shrub layer,



Table 6. Biomass of soil litter, soil organic matter (SOM), ambient soil water content and soil density of the top layer at the four
investigation sites, as measured during spring, summer and autumn season®

Parameter Site

Season Dorenbach Bannplatz Wasserturm Miihlirain
Control Disturbed  Control Disturbed  Control Disturbed  Control Disturbed

Soil density (g cm*3)

Spring 1.23£.07  1.25+.06 1.35£.03  1.38+.06 1.35£.06  1.44+.06 1.32£.07 1.12+.05

Summer 1.20+£.03  1.28+.04 1.24+£.05 1.40+.05 1.13£.03  1.30+.05 1.01£.04  1.04+.03

Autumn 1.25+£.04  1.25+.04 1.33£.07  1.54+.06 1.24+.04  1.344.05 1.09£.06  1.09£.05

Litter (g m_z)

Spring 794+103  225+13 913£125  202+23 896+100 451+44 679455 481483

Spring 6.3+0.3 8.6+0.2 4.940.2 6.3£0.5 9.0+0.5 7.8+0.3 8.01+0.5 12.6+1.1

Summer 6.41+0.4 8.4+0.2 4.940.2 6.3+0.5 9.5+0.4 7.4+0.4 11£0.5 14+0.9

Autumn 6.51+0.3 8.9+0.3 5.240.6 54404 9.0+0.2 7.9+0.5 10+0.5 14+0.7

‘Water content (%)

Spring 23+1 23+1 22+1 23+1 24+1 23+1 24+1 2742

Summer 17+£1 18+1 19+1 13+1 22+1 19+1 23+1 2342

Autumn 11+£1 14+1 18+£1 10+0.4 16£1 16£1 18+1 19+1

3For soil litter and SOM the difference between disturbed and control plots are given additionally in percent. Data are means +SE,
n=10. Bold numbers indicate data that are significantly different from the corresponding control according to a z-test. See Table 7 for
further statistical analysis.

Table 7. Summary of p-values (based on least-square means) in the ANOVAs that examine the effects of
trampling (T) and study site (S) on plant parameters (see Table 4) and fine roots and fungal biomass of F.
sylvatica (see Table 5) and soil parameters (see Table 6)

Response variable ANOVA type Source of variation (p-values)

Trampling (T)  Study site (S)  Interaction (T xS)
Seedlings (Table 4)
Number two-factor 0.0001 0.0001 0.019
Biomass two-factor 0.0001 0.15 0.74
Root biomass two-factor 0.0001 0.19 0.30
Shoot biomass two-factor 0.0001 0.19 0.88
Ergosterol two-factor 0.0015 0.011 0.042
Trees (Table 5)
Fine root biomass repeated measure  0.034 0.0001 0.0001
Fungal biomass repeated measure  0.085 0.024 0.0001
Soil parameters (Table 6)
Litter repeated measure  0.0001 0.0004 0.0001
SOM repeated measure  0.0001 0.0001 0.0001
Bulk density repeated measure  0.0076 0.0001 0.0071
Soil water repeated measure ~ 0.078 0.0001 0.0001

151
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exposing bare ground to erosion and degradation that
concerns forest practitioners and conservation biolo-
gists alike (Cole, 1987, 1995a,b; Rusterholz et al.,
2000). These signs of damage to the physical and bio-
logical integrity of the ecosystem may indicate that
the vitality and even the survival of the adult trees
and even more so the seedling is threatened. At our
study sites in the forest of Allschwil, the first signs
of damage were apparent after only a few years of
recreational use. Damage to understorey by trampling
reduced the litter layer and the establishment of tree
seedlings including their ectomycorrhizas. Thus, loss
of litter is of great concern regarding seedling estab-
lishment, but ultimately also regarding the health of
the mature trees which depend on ectomycorrhizas for
nutrient acquisition from the litter layer.

In previous studies, the understorey recovered at
formerly frequently visited sites within 4 years when
the visitors were excluded by a fence, but plant species
diversity was still low (Rusterholz, unpublished data).
Pinus edulis seedlings were reduced by 73% in heav-
ily tramped areas compared to lightly trampled areas
in the Garden of the Gods, Colorado springs, Color-
ado (Tonnesen and Ebersole, 1997). Seedlings were
less affected near woody plants due to a more even
microclimate in summer as well as in winter and pro-
tection from direct injury of trampling. Demarcation
of trek routes and their rotational use helped revital-
ise the colonisation of understory vegetation in a city
forest in central Japan (Bhuju and Ohasawa, 1998).
In one study, the mortality reached almost 100% for
many species of the understorey vegetation in forests
with only 100 to 300 trample incidents (Kuss and Hall,
1991). However, protection of the sensitive plants
from trampling allowed almost immediate recovery.

After trampling, soil organic matter (5-14%) re-
mained within the normal range for forest soils. The
soil organic matter was significantly higher in the top-
100-mm soil layer in the trampled plots at three of
the four study sites. This could be due to a reduced
turnover or to a higher input of organic matter due to
trampling.

At the Wasserturm site the SOM was reduced at the
trampled plot as compared to the control plot, prob-
ably because of a more rapid turnover of the organic
matter. This site also had a lower fine root biomass
in the trampled plots. These changes were likely due
to a high input of mineral fertilizer at this site heavily
used as a picnic area. The changes observed between
trampled and undisturbed sites were apparently not
related to soil compaction. The maximal bulk dens-

ity of a soil sample monitored was 1.54 g cm™, i.e.

below the value of 1.6 g cm™> considered critical in
soil compaction studies not only for roots but even for
fungal hyphae (Nadian et al., 1998; Schachtschabel et
al., 1992). Trampling did not affect the water content
of the soil.

The number of beech seedlings was strongly re-
duced on the trampled plots as compared to the control
plots at three of the four study sites, and seedlings
persisting on the trampled plots had a reduced shoot
biomass at all four sites, indicative of damage due to
trampling. Most likely, such damage was the cause of
the high mortality and lower biomass rather than soil
compaction. At two of the sites (Dorenbach and Bann-
platz), ectomycorrhiza formation of the seedlings, as
estimated by the ergosterol content, was lower in the
trampled plots than in the control plots, while at the
two other sites (Wasserturm and Miihlirain) mycor-
rhiza formation in the seedlings was not affected. At
the latter sites, trampling caused much less reduction
of the leaf litter than at the former ones, indicating that
a well-developed litter layer may be important for my-
corrhizal colonization of the seedlings and ultimately
for a well-developed community of ectomycorrhizal
fungi.

Mature trees had a significantly increased fine root
biomass at disturbed sites, while the fungal biomass
did not change significantly. This may indicate that
the trampling positively affected root but not fungal
growth (Table 6). In other studies of ectomycorrhizas
a concomitant increase of beech and spruce fine roots
and the fungal biomass attached to the roots was
found at elevated atmospheric CO; in calcareous soil
(Wiemken et al., 2001a,b). This was also true for
spruce seedlings and the ectomycorrhizal fungus Piso-
lithus tinctorius in a model system (Ineichen et al.,
1995).

While the roots of adult trees appear resilient to the
trampling conditions, seedlings and ectomycorrhizal
fungi of mature forest trees appear to suffer on the sites
where the litter layer is stongly reduced, potentially
affecting the whole ecosystem in the long run.

Disturbed sites of the forest of Allschwil could
be improved by simple management strategies. Any
tools preventing mechanical damage to the under-
storey would allow re-establishment of normal forest
on the disturbed plots since the soil did not appear to
be heavily compacted or damaged. This became obvi-
ous by comparing soil densities, soil ambient content,
and fine root biomass of disturbed and undisturbed
plots for the different sites. Sustainable recreational



use of the forest of Allschwil would need a manage-
ment that conserves a normal litter layer as a key
condition for high soil quality and thus good health of
trees and shrubs. Many small animals would benefit
from such a management. Visitors can be restricted
to forest roads and paths by various natural obstacles:
(1) logs can be placed along forest roads, (2) cut
branches can be piled up along paths and prevent tres-
passing, (3) harvested trees can be cut at a height of
1 m instead of soil level which allows fast growth of
bushes and young trees around the protecting trunk.
Such stumps are barriers against human trampling and
provide additional habitats for fungi, small animals,
mosses and ferns. (4) Young Picea abies and Abies
alba develop naturally as understorey in many forests
with old beech as main tree where light is limited for
deciduous bushes and trees. Instead of cutting these
unwanted species, they could be left as barriers for up
to an age of 15 years providing shelter for mammals
as deer, badger, fox, and hare. A well-developed and
esthetical path system is of course the prerequisite of
all such management practises.

Acknowledgements

We would like to thank the president of the ‘Biir-
gergemeinde Allschwil’, Thomas Herde-La Foreste,
for the permission to conduct this study in the forests
belonging to the citizens of Allschwil, and especially
the forester in charge, Markus Lack, for discussions
and the interest in our research. We also would like to
thank Dr. J.H. Graham for constructive criticism of the
manuscript. Financial support was received from the
foundation ‘“Mensch-Gesellschaft-Umwelt” at Basel
University.

References

Amaranthus M P, Page-Dumroese D, Harvey A, Cazares E and
Bednar L F 1996 Soil compaction and organic matter affect
conifer seedlings, nonmycorrhizal and ectomycorrhizal root tip
abundance and diversity. USDA Forest Service Pacific Northwest
Research Station, Research paper NR 494.

Anonymous 1997  Handbuch  der  Landwirtschaftlichen
Versuchs- und  Untersuchungsmethodik  (Methodenbuch).
VDLUFA-Verlag, Darmstadt.

Augé R M 2001a Water relations, drought and vesicular-arbuscular
mycorrhizal symbiosis. Mycorrhiza 11, 3-42.

Augé R M, Stodola A J W, Tims J E and Saxton A M 2001b Mois-
ture retention properties of a mycorrhizal soil. Plant Soil 230,
87-97.

153

Baur B, Gilgen C, Lack M, Herde T, Rusterholz H-P, Stingelin K,
Dell D, Alig P, Lesslauer C and Sutter M 1999 Der Allschwiler
Wald. Verkehrs- und Kulturverein Allschwil, pp 1-154.

Bhuju D R and Ohsawa M 1998 Effects of nature trails on ground
vegetation and understorey colonization of a patchy remnant
forest in an urban domain. Biol. Conserv. 85, 123-135.

Brassel P and Brindli U-B 1999 Schweizerisches Landesforstin-
ventar. Ergebnisse der Zweitaufnahme 1993-1995. Eidgendssi-
sche Forstanstalt fiir Wald, Schnee und Landschaft, Birmensdorf
p 1-442.

Cole D N 1987 Effects of three seasons of experimental trampling
on five montane forest communities and a grassland in Western
Montana, USA, Biol. Conserv. 40, 219-244.

Cole D N 1995a Experimental trampling of vegetation. 1. Rela-
tionship between trampling intensity and vegetation response. J.
Appl. Ecol. 32, 203-214.

Cole D N 1995b Experimental trampling of vegetation. 2. Predictors
of resistance and resilience. J. Appl. Ecol. 32, 215-224.

Entry J A, Reeves D W, Mudd E, Lee W J, Guertal E and Raper
R L 1996 Influence of compaction from wheel traffic and tillage
on arbuscular mycorrhizae infection and nutrient uptake by Zea
mays. Plant Soil 180, 139-146.

Ekblad A, Wallander H and Nasholm T 1998 Chitin and er-
gosterol combined to measure total and living fungal biomass
in ectomycorrhizas. New Phytol. 138, 143-149.

Harvey A E, Page-Dumroese D S, Jurgensen M F, Graham R T and
Tonn J R 1996 Site preparation alters biomass, root and ectomy-
corhizal development of outplanted western white pine Douglas
fir. New Forests 11, 255-270.

Ineichen K, Wiemken V and Wiemken A 1995 Shoots, roots and
ectomycorrhiza formation of pine seedlings at elevated atmo-
spheric carbon dioxide. Plant Cell Environ. 18, 703-707.

Koszlowski T T 1999 Soil compaction and growth of woody plants.
Scand. J. Forest Res. 14, 596-619.

Kuss F R and Hall C N 1991 Ground flora trampling studies: five
years after closure. Environ. Managem. 15, 715-727.

Kuss F R and Morgan J M 1984 Using the USLE to estimate the
physical carrying capacity of natural areas for outdoor recreation
planning. J. Soil. Water Cons. 39, 383-387.

Larsen J B 1995 Ecological stability of forests and sustainable
silviculture. Forest Ecol. Manage. 73, 85-96.

Li X L, George E, Marschner H and Zhang J L 1997 Phosphorus ac-
quisition from compacted soil by hyphae of a mycorrhizal fungus
associated with red clover (Trifolium pratense). Can. J. Bot. 75,
723-729.

Marshall V. G 2000 Impacts of forest harvesting on biological
processes in northern forest soils. Forest Ecol. Manage. 133,
43-60.

Martin F, Delaruelle C and Hilbert J-H 1990 An improved ergosterol
assay to estimate fungal biomass in ectomycorrhiza. Mycol. Res.
94, 1059-1064.

Miller R M, Reinhardt D R and Jastrow J D 1995 External hyphal
production of vesicular arbuscular mycorrhizal fungi in pastures
and tallgrass prairie communities. Oecologia 103, 17-23.

Miiller-Dombois D and Ellenberg H 1974 Aims and Methods of
Vegetation Ecology. John Wiley and Sons, New York.

Nadian H, Smith S E, Alston A M, Murray R S and Siebert B D 1998
Effects of soil compaction on phosphorus uptake and growth of
Trifolium subterraneum colonized by four species of vesicular-
arbuscular mycorrhizal fungi. New Phytol. 140, 155-165.

Norton T W 1996 Conservation of biological diversity in temperate
and boreal forest ecosystems. Forest Ecol. Manage. 85, 1-7.

Page-Dumroese D S, Harvey A E, Jurgensen M F and Amaranthus
M P 1998 Impacts of soil compaction and tree stump removal on



154

soil properties and outplanted seedlings in northern Idaho, USA.
Can. J. Soil Sci. 78, 29-34.

Pankow W, Boller T and Wiemken A 1991 The significance of
mycorrhizas for protective ecosystems. Experientia 47, 391-394.

Perez-Moreno J and Read D J 2000 Mobilization and transfer of
nutrients from litter to tree seedlings via the vegetative mycelium
of ectomycorrhizal plants. New Phytol. 145, 301-309.

Plassard C, Bonafos B and Touraine B 2000 Differential effects of
mineral and organic N sources, and of ectomycorrhizal infection
by Hebeloma cylindrosporum, on growth and N utilization in
Pinus pinaster, Plant Cell Environ. 23, 1195-1205.

Rusterholz H P, Stingelin K and Baur B 2000 Freizeitnutzung
des Allschwiler Waldes: Einfluss auf Bodenvegetation, Strauch-
schicht und wirbellose Tiere. Schweiz. Z. Forstwesen 151,
117-126.

Ruzicka S, Edgerton D, Norman M and Hill T 2000 The utility of
ergosterol as a bioindicator of fungi in temperate soils. Soil Biol.
Biochem. 32, 989-1005.

Schachtschabel P, Blume H-P, Briimmer G, Hartge K and Schwert-
mann U 1992 Lehrbuch der Bodenkunde. Enke Verlag, Stuttgart.

Simmons G L and Pope P E 1988 Influence of soil water potential
and mycorrhizal colonization on root growth of yellow-poplar
and sweet gum seedlings grown in compacted soil. Can. J. Forest
Res. 18, 1392-1396.

Smith S E, and Read D J 1997 Mycorrhizal Symbiosis. 2nd edn.
Academic Press, London.

Thioulouse J, Chessel D, Dolédec S and Oliver J-M 1997 ADE-
4: a multivariate analysis and graphical display software. Statist.
Comp. 7, 75-83.

Tisdall J M, Smith S E and Rengasamy P 1997 Aggregation of soil
by fungal hyphae. J. Soil Res. 35, 55-60.

Tonnesen A S and Ebersole J J 1997 Human trampling effects on
regeneration and age structures of Pinus edulis and Juniperus
monosperma. Great Basin Nat. 57, 50-56.

Unger P W and Kaspar T C 1994 Soil compaction and root growth:
areview. Agron. J. 86, 759-766.

Wiemken V, Laczko E, Ineichen K and Boller T 2001a Effect of
elevated carbon dioxide and nitrogen fertilization on mycorrhizal
fine roots and the soil microbial community in beech—spruce
ecosystems on siliceous and calcareous soil. Microb. Ecol. 42,
126-135.

Wiemken V, Ineichen K and Boller T 2001b Development of
ectomycorrhizas in beech—spruce ecosystems on siliceous and
calcareous soil: a 4-year experiment with atmospheric CO,
enrichment and nitrogen fertilization. Plant Soil 234, 99-108.

Section editor: H. Lambers



