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Abstract. Soil compaction by animal trampling and
by vchicular traffic influences many soil paramcters.
Howecver, the knowledge on the suitability of particular
parameters to estimate trampling cffects on sloping soils is
limited. This study was aimed to determinc scnsitivity of
some strength, hydraulic, acration and chemical propertics
of loamy soil in hillslopc-woodland subjected to compac-
tion. Three compactness levels were obtained with a
pncumatic compactor. Water infiltration and penctration
resistance measured in the field and pore size distribution
and saturated hydraulic conductivity determined in the
laboratory were most sensitive to compaction. Most com-
paction cffects were limited to the surface and intermediate
(down to 20 cm depth) soil layers. Repeated compaction
adversely affected the growth of the two sodsceded grasscs
(Lolium perenne and Phleum pratense), but to different
cxtents. The response was morc sensitive within two
months after sowing than during later growth.

Kcywords:sloping woodland, soil trampling, com-
paction measurcments, hydrological propertics

INTRODUCTION

Decidous coppices occupy a large part of
the agricultural land of the Italian hills, but since
they are mainly located on plots difficult to
mechanise, they tend to be abandoned.

Their use in a sylvopastoral system inte-
grating pastures with adjacent woodlands has
been proposed. This management involves
repeated human and animal intervention, which
may produce heavy impact on the local eco-
system [16]. Several studies to evaluate the ef-
fects of trampling have been performed by
adopting artificial compaction simulating the

hooves of cattle [1], which is spotwise in
contrast to stripwise under a vehicle tyre [9].
The traffic of agricultural machinery on
sloping land (over 10°), repeated on oblique
stretches of land, has a more destructive effect
on the soil structure than on flat land. The
biggest effect of animal trampling on pasture is
soil compaction: a cow imparts a dynamic pres-
sure of 0.5-0.7 MPa [2]. This effect is largely
influenced by soil water conditions [5,6,10]. A
ten-year experiment on the integrated utilisa-
tion of pasture and coppice plots by cattle, on
the hilly areas of Piedmont (N.W. Italy), has
indicated that the rotating animals grazing in
woods do not seriously damage soil structure
provided attention is paid to soil moisture
content and its bearing capacity [4].
Measurement of the changes in the physical
properties of the soil in time and space under
rotational grazing is complex: it is difficult to
describe the level of soil compaction using only
one parameter, which would have to be suffi-
cient to describe both soil conditions and the in-
fluence of compaction on the plant growth
[12,14]. Numerous criteria have been used for
quantifying soil reaction to trampling. Resi-
stance to penetration has been found to be corre-
lated positively to the increased animal tramp-
ling on pasture [8] and thereby trampling in-
creased the resistance of root penetration [1 1].
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Other researchers have reported that water
infiltration is very sensitive to changes in the
soil compaction, but difficult to measure; bulk
density and total porosity have been found to
have lower resolution capability than air per-
meability and cone penetrability [17].

On the sloping soils infiltration is of par-
ticular importance because it affects water in-
take and the amount of water lost by runoff.
Pereira, quoted by Kayombo and Lal [7], found
that slight rainfall infiltration into trampled soil
resulted in 40% loss of rain water by runoff.
However, the measurements of water infil-
tration on the sloping and trampled soil are more
difficult and need to be adapted. The lack of
suitable methods limits research aiming at
quantifying soil compaction effects in the slop-
ing woodlands [3].

In this context, a plot experiment has been
conducted over four years to determine the criti-
cal level of soil compaction caused by animal
trampling and vehicular traffic. Moreover, we
aimed to determine more suitable methods and
devices to measure the effects of trampling on
the physical properties of soil and to define their
resolution capabilities in sloping woodlands.

MATERIALS AND METHOD

The experiment was carried out on four
plots of woodland soil, with uneven slope in the
range 7 to 22° in a hill-side coppice with
hardwood flora components that belong to the
original Quercus-Fagus association, mixed
with other broad-leaved trees in various ways.

The topsoil was loamy, (some characteristics
are given in table 1) overlying a gravel sandy
clay loam bed. The plots were set up on cleared
ground and left for one year exposed to weather
conditions.

The year after, three plots were submitted to
mechanical compaction by means of pneumatic
compactor of 76 kg mass, delivering the energy
of about 27 kJ/m?. The control plot (C) was left
undisturbed, the others were given one (C;) two
(C,) and three (C;) compaction treatments
simulating cattle trampling. The treatment was
repeated each year with the soil water content of
approximately 15% by weight.

In the beginning and end of the experiment,
samples were taken from the three depth-in-
tervals for textural, chemical and density deter-
minations: 0 to 100 mm, 101 to 200 mm, 201 to
300 mm. Some chemical properties: pH (H,0),
organic matter content (Walkely & Black), total
carbonate, total nitrogen (Kjeldahl), available
phosphorus (Olsen), were determined by the
SISS (Italian Society of Soil Science) methods
[15]. Dry bulk density was measured by the core
method taking up samples with a 73 mm dia-
meter standard probe.

Resistance to penetration was monitored
over the whole growing season at different soil
water contents using a recording penetrometer,
with 30° cone, and crank advance [18]; con-
current with cone resistance measurements, soil
samples were taken from up to 300 mm depth,
for the purpose of calculating the regression
line, for each depth interval and plot, between
penetration force and soil moisture.

T able 1.Basic physical and chemical propertics at three depths in the woodland soil under cxperiment

Soil characteristics Depth (mm)

0-100 101-200 201-300
Texture (%, w/w)
Coarse sand (2000-200 pm) 8.4 7.3 6.3
Fine sand (200-50 pm) 339 34.4 36.7
Silt (50-2 pm) 37.6 36.1 33.2
Clay (<2 pm) 20.1 22.3 23.8
Particle density (g cm™) 2.61 2.62 2.64
pH (H20) 6.7 6.9 6.8
Total carbonatc (%, w/w) ! 2.6 8.1
Organic matter (%, w/w) 4.2 3.7 3.3
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Further gravimetric controls of the mois-
ture content, M (% w/w), were performed
periodically after significant rainfall or wetting,
and during the drying period under various
weather conditions.

Undisturbed samples of 100 cm® from the
all three depths were also taken, to determine
water content (% v/v) at saturation point (SP)
and at field water capacity (FWC), at matric
potential -33 kPa, and total porosity with a
method proposed by Luppi [13].

The second and third year of the trial, on
bare soil, cumulative water infiltration and infil-
tration rate were measured in triplicate on each
plot, by means of double cylinder infiltrome-
ters, developed for the use on hill sites [3], with
the inner-ring diameter of 250 mm, the outer one
of 500 mm, and constant water head of 20 mm.

In the summer of the third year, eight
undisturbed samples (100 cm’ in volume) were
taken from the upper two layers of each plot and
the measurements of the water content at
different matric potentials (pF), of saturated
hydraulic conductivity (SHC), concurrent with
the determinations of soil dry bulk density and
pore-size distribution were performed. More-
over, air permeability at different pF values in
the soil cores with various water content were
measured. Air permeability measurements
were taken in the 100 cm® core samples with an
air-flow meter (Instrument Co., Wadowice,
Poland).

At the end of the field tests, on one part of
each plot, a growth test was carried out by
sodseeding two forage crops, Lolium perenne
and Phleum pratense, with different rates of
establishment and different susceptibility to
trampling and soil compaction. Growth para-
meters were determined by observing the
number of emerged and live plants 10 days after
seeding; after 30 and 60 days, on 24 plants of
each species, randomly selected per plot,
height, number of stems and leaves and leafarea
were determined. After 80 days from sowing,
12 plants of each type from each of the four plots
were sampled, with a core of 120 mm in dia-
meter, to determine dry matter production of
shoots, and roots per unit volume in the top 250

mm of the soil. The roots were separated from
the soil by washing.

The data were examined by variance
analysis and by comparing the means with Dun-
can’s multiple-range test.

RESULTS AND DISCUSSION

Soil properties

The organic matter content was notably
lower in the top 100 mm of soil of plot C4
compared to the control plot (Table 2). The
organic carbon-total nitrogen ratio (C/N) show-
ed a tendency to increase with increased in-
tensity of compaction.

Dry bulk densities, reported as mean values
of three determinations repeated at different
times with soil water contents ranging from 27
to 29% w/w, were significantly higher in the
more compacted plots (C,,C;) and in the top
two layers (0-200 mm). Bulk density was also
higher in the top two layers of plot (C,) than in
the control, though the difference was less
marked.

The free moisture content (% v/v) at sa-
turation point (SP), was very much reduced in
the upper layers of plots C, and Cs; less pro-
nounced differences were found in the deeper
soil, and between the control plot and plot C.

The water content at field water capacity
(FWC), did not differ, significantly though it
tended to decrease with the increase of com-
pactive trampling.

These results were partially confirmed by
the soil water retention curves (pF), showing the
relations between matric potential and soil
moisture content (%,v/v) (Fig. 1). There was a
marked reduction of water content at saturation
in the more heavily trampled soils (Cy, Cy),
indicating a severe reduction of total pore space.
The differences were greatest at pressure heads
close to zero, while the moisture content at
pressure head -10 kPa (close to FWC) did not
differ markedly between treatments and depths.

As can be seen from the water retention
curve (Fig. 1), porosity for pores of equivalent
diameter greater than 30 pm, (at pressure head
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Table 2. Effects of threc compaction treatments’ on some chemical and hydrological2 characteristics at three depths in the

woodland soil under cxperiment

Organic Bulk
Plot 1();‘::; matter C/N density (‘VSP/ ) ;W?) ( K )
(% wiw) (g cm™) 0,V/V (%, viv mm
c 0-100 45° 10.28 1.21° 50.8° 39.2° 50.2°
101-200 3.8 10.23 1.26° 49.3 38.8 33.1¢
201-300 3.6 10.12 1.32 47.1 383 -
o) 0-100 4.7° 10.71 1.34° 48.3* 38.4° 28.4°
101-200 3.6 11.32 1.38¢ 48.1 382 12.1°
201-300 33 10.30 1.36 46.9 38.0 -
G 0-100 4.2% 10.12 1.44* 44.9° 37.8* 5.9°
101-200 3.6 9.88 1.40° 447 37.9 2.9°
201-300 34 10.51 1.37 453 38.1 -
¢ 0-100 3.9 10.38 1.46* 43.6° 37.3° 3.6°
101-200 35 9.76 1.41¢ 43.9 37.1 1.8
201-300 3.2 10.52 1.39 448 37.8 -

'Control - C, compaction treatments performed once - Cy, twice - Cy, three times - Cs; 2SP - saturation point, FWC - ficld
water capacity, K- saturated hydraulic conductivity. ® ® Mcans rclating to the same depth, with different letter differ at the

0.05 level.
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Fig. 1. Water retention curves of woodland soil under different compaction treatments: C - control, C, - compacted once, C,

- twice, Cy - three times.

greater than -100 hPa) decreased with incre-
asing soil compaction. In C; compared to C
treatment it was reduced by up to 80%. This
implies greater probability of oxygen defi-
ciency to occur in the compacted soil during wet
growing seasons.

Measurement of the air permeability, as

determined in the range of matric potential -1 to
-50 kPa, confirmed these data: there was an evi-
dent reduction in the compacted plots (Fig. 2).

A further indicator of the changes in the soil
structure between control and trampled plots
are marked differences in saturated hydraulic
conductivity (SHC) determined in the core
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Fig. 2. Air permeability versus pressure head in core samples from woodland soil under different compaction trcatments.

Explanations as in Fig. 1.

samples (Table 2). It was significantly reduced
in the upper two layers of plots C, and C3;290%
decrease was detected in C; compared with the
topsoil of the control plot.

This difference was confirmed by the data
relating to the cumulative water infiltration,
measured in situ with a double ring infiltrometer
(Fig. 3), in three replicates on each plot. The
total amount of infiltrated water, after 4 h was
markedly reduced, even by moderate trampling.
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Fig. 3. Cumulative water infiltration in control (C), and in
plots under different compaction treatments (C,, C,, Cy).
Explanations as in Fig. 1.

In the first 60 min, the control plot and C,
behaved similarly, but later, the C plot gave
greater continuity of infiltration.

Moreover, the less trampled plot, Cy,
showed a slightly higher initial water intake that
rapidly decreased. This behaviour can be ex-
plained by a lower content on the plot surface of
organic debris more sticking to the soil par-
ticles, than on the control, and with the pre-
sence of few microcraks in the very superficial
soil. After 300 min, the total cumulative in-
filtrated water was higher in the untrampled
soil, by 18, 65 and 80% respectively, compared
with plots C;, C, and C.

The gravimetric water content, monitored
by frequent sampling at intervals of between 3
to 5 days, after artificial wetting, were used to
determine in situ water release trends from the
soil in subplots of each type of treatment under
study. The determinations lasted for a period of
about 15 to 24 days according the different
weather conditions.

After heavy wetting and resulting topsoil
saturation, the highest soil water content was in
the control plot, lower water content and
smaller differences were recorded between the
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most trampled plots C, and C;. At the depth
below 100 mm the sensitivity to wetting was
much lower than in the topsoil.

As shown in Fig. 4, the control plot gave
evidence of greater numbers of macropores in
the top 100 mm, since its drying to intermediate
soil water content (32-30%, w/w) was faster
than it was for the least compacted plot C,.
Light compaction appeared to have delayed
drying in the upper 100 mm, confirming pre-
vious data from a trial of trampling of sandy
-loam soil [3].

Differences and changes in resistance to
penetration, with depth and treatment, were
significant when measurement was done with
the moisture content at FWC or slightly below
(80%). The data revealed a much lower re-
sistance to penetration in the control plot, over
the full depth examined, while it was markedly
higher in the more compacted plots (Fig. 5). All
the trampling treatments produced similar
results, characterised by a sharp increase in
resistance at a depth of 40-50 mm for plot C,,
and at 70 mm in plots C, and Cj, then a modest
drop at a depth of 140 mm and the tendency to
increase below a depth of 250 mm, when the
action of soil overburding prevails. This trend
can be explained by the unequal moisture
content along the profile and by the different
relationship between the penetration resistance
and soil water content in different plots.

Plant growth test

The trampling treatments had a significant
effect on plant population and growth, but to
different extents for the two grasses tested. For
Lolium perenne, the emergence and number of
living plants, determined respectively 10 and
40 days after sowing, were only reduced mar-
kedly, compared to the control, by the most
compactive treatment (C;) (Table 3). Shoot and
root production per plant, and plant height, gave
similar indications.

Trampling influenced Phleum pratense,
the other grass tested, in a different way. Emer-
gence and living plants were significantly lower
in plots C, and Cj, than in plots C; and C. Root
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Fig. 4. Changes in water content with time and depth, on the
four plots under different compaction treamtents. Expla-
nations as in Fig. 1.
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Fig. 5. Mcan soil penetration resistance in control (C), and
compacted plots (Cy, Cy, C3), measured in the second ycar
with moisturc content near ficld capacity. Explanations as in
Fig. 1.

and shoot yields were similar in the control and
in the less compacted soil, C;.

Spatial distribution of roots was markedly
affected by the repeated compaction; for both
crops there was a marked concentration of roots
in the top 50-70 mm.

The leaf area of the two grasses, measured
at three harvest dates, was significantly smaller
in the trampled plots than in the control plot. At
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the third harvest, the differences in the leaf area
of Lolium from C and C; plots had narrowed
noticeably, while the increase in the leaf area of
the plants from C; plots continued to be much
lower (Table 4).

stages were most responsive to soil trampling.
Growth tests, which resulted from trampling
effects, were effective only with grass species
sensitive to moderate compaction and within 60
days from sowing, after a longer period there

Table 3. Main cffects of compaction treatments' on growth of two forage plants, sod-seeded in experimental plots under

different compactive regimes

Lolium perenne

Phleum pratense

Growth Control Compacted plots Control Compacted plots
properties C C, C, C, C C, C, C,
Emergence (%) 96.8 94.3 93.2 91.5 92.8° 86.3% 82.1°  802b
DM yield per plant (mg)

Roots 249° 230° 218° 201° 186¢ 1914 168° 151°
Shoots 1732° 1675°  1598*®  1371° 915¢ 878¢ 679°  581°
*Plant height (mm) 2752 268" 259 248° 2984 2924 276°  271°

'Compaction trcatments performed once Cy, twice C,, three times Cy, + 10 days from seeding, *50 days from sceding.

%®Mcans in the same row, relating to the same plant, with different letter differ at the 0.05 level.

Table 4. Main cffects of compaction treatments! on growth of two forage plants, sod-seeded in experimental plots under

different compactive regimes

Lolium perenne

Phleum pratense

Day fi
cniirgr:xzzc Control Compacted plots Control Compacted plots

C & C, C, C C C, C,
32 days 7522 614° 552° 494° 882° 753 709°  684°
46 days 1393*  1252% 1106°  1018° 1283* 11312 994*  912°
60 days 1971 1753° 1545°  1494° 1632 1523% 1454 131)°

*Mean of 20 replicates. ICompaction treatments performed once C), twice C,, three times Cs. 3% Means in the same row,
relating to the same plant, with different letter differ at the 0.05 level.

CONCLUSIONS

Field measurements of water infiltration
and penetration resistance, and laboratory mea-
surements of saturated hydraulic conductivity
and air permeability were more useful in
describing trampling effects in the hillslope
woodlands than bulk density, water content at
saturation point and at field water capacity.
Reduction of the hydraulic properties in the
most compacted soils was due to lower
macroporosity.

The field measurements indicated that wa-
ter infiltration and penetration resistance were
most sensitive to soil compaction.

The four-year effect of soil trampling re-
sulted in a considerable reduction of organic
matter content. Grass growth parameters such
as emergence and leaf area at early growth

would be the risk of changes in the soil con-
ditions induced by external factors and by the
plant themselves.

AKNOWLEDGEMENTS

We are grateful to our colleagues in the
Farming Section: S. Parena, L. Sudiro who
helped in data collection and to G. Nigrelli for
soil analysis.

REFERENCES

1. Chancelor W.J., Schmidt R.H., Soehne W.: Labo-
ratory mcasurements of soil compaction and plastic
flow. Trans.ASAE, 5, 235-239, 1962.

2. Charles A.H.: Treading as a factor in sward decterio-
ration. In: Changes in Sward. Composition and Pro-
ductivity. (Eds A.H. Charles, R.J. Haggar) British
Grassland Soc. Occasional Symposium, 10, 137-140,
1979.



16 A. FERRERO, J. LIPIEC

3. Ferrero A.F.: Effcct of compaction simulating cattlc
trampling on soil physical characteristics in woodland.
Soil Tillage Res., 19, 319-329, 1991.

4. Ferrero A.F., Lisa L.: Intcgration of becf cattle grazing
with coppice on hillands. Proc. Int. Hill Lands Symp.
Foothill for Food and Forests, Corvallis (Oregon), 375-
378, 1983.

5. Hakansson I., Voorhees W.B., Riley H.: Vchiclc and
wheel factors influencing soil compaction and crop re-
sponsc in different traffic regimes. Soil Tillage Res., 11,
239-282, 1988.

6. Hartge K.H.: Ein Konzept des Verdichtungszustandes.
Z.Pfllanzenern. Bodsenk., 149, 361-370, 1986.

7. Kayombo B., Lal R.: Responscs of tropical crops to soil
compaction. In: Soil Compaction in Crop Production
(Eds B.D. Soane, C. Van Ouwerkerk). Elscvier, Am-
stcrdam, Netherlands, 287-316, 1994.

8. Kellett A.J.: Poaching of grassland and thc rolc of
drainage. Technical report, 78/1, MAFF, UK., 1978.

9. Kuipers H., Van de Zande J.C.: Quantification of
traffic systems in crop production. In: Soil Compaction
in Crop Production (Eds B.D. Soane, C. Van Ou-
werkerk). Elscvier, Amsterdam, Netherlands, 417-
445, 1994.

10. Larson W.E., Eynard A., Hadas A., Lipiec J.: Control
and avoidancc of soil compaction in practice. In: Soil

Compaction in Crop Production (Eds B.D. Soanc, C.
Van Ouwecrkerk). Elsevier, Amsterdam, Nctherlands,
597-625, 1994.

11. Lipiec J., Hakansson I., Tarkiewicz S., Kossowski J.:
Soil physical properties and growth of spring barley as
rclated to the degree of compactness of two soils. Soil
Tillage Res., 19,307-317, 1991.

12. Lipiec J., Tarkiewicz S.: Méthodc d’¢tude de I’influen-
cc du compactage du sol sur le développement du
systeme racinaire. Zesz. Prob. Post. Nauk Roln., 312,
271-276, 1986.

13.Luppi G.: Rescarch on the determination of hydro-
logical characterisics of soils. La Ricerca scientifica”,
Quad. 79, 72-83, CNR, Roma, 1973.

14. Ronai D., Smulevich I.: Comparativc analysis of somc
soil compaction measurement techniques. Int. Agrophy-
sics, 9, 227-233, 1995.

15.Siss: Standard mecthods of soil analysis (in Italian).
Edagricole, Bologna, Italia, 1985.

16. Stinner B.R., House G.J.: The scarch for sustainablc
agroccosystems. J. Soil Water Conserv., 44, 111-115,1989.

17. Tanner C.B., Mamaril C.P.: Soil compaction by
animal traffic. Agron. J., 51, 339-331, 1959.

18. Walczak R., Orlowski R., Pukos A.: A manual spring-
penctrometer of soil with a recorder. Polish J. Soil Sci.,
6, 85-88, 1982.



