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Abstract

Infiltration is the key process in the rainfall-runoff relationship. Little is known, however, about
the seasonal and spatial variability, which is important for the behaviour of the slope surface geo-
morphological processes.

The infiltration rates for contrasting slopes in southeast Spain have been measured by means of
simulated rainfall and ponding. A north- and a south-facing slope were selected to analyze effects of
aspect. The results show that aspect as well as slope position and vegetation cover determine the
steady state infiltration rates.

Moreover, seasonal changes play an important role in the soil hydrology. During summer the
infiltration rates are high, no runoff is observed on vegetation covered soils. On the bare surfaces,
runoff was only 10% of the rainfall. During the wet season, especially in autumn, the infiltration rates
are lower, and runoff coefficients equal to 0.3. For the vegetated surfaces, runoff is negligible.

Infiltration measurements by means of ponding and simulated rainfall are both suitable to study
the infiltration process. In the present study, the infiltration rates measured by cylinder infiltrometer
were 8 times greater than by rainfall simulation at 55 mm h ™.

1. Introduction

Infiltration is the process of water entry into the soil through the soil surface. The
maximum rate at which water soaks into or is absorbed by the soil is termed infiltration
capacity (Ward and Robinson, 1990). This process is one of the most important in the
hydrological cycle as it controls the partitioning of the runoff upon a catchment area ( Dunne
and Leopold, 1978). The relationship between rainfall intensity and duration with the
infiltration capacity determines the amount of surface runoff, subsurface runoff, ground-
water recharge and soil moisture (Gregory and Walling, 1973).
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The first studies related to the infiltration capacity of soil were done by Horton (1933).
Since these were performed in semi-arid areas, the rainfall intensity was often greater than
the infiltration rate, which results in severe ponding and overland flow. Nevertheless, this
model proved not to be useful for temperate climates, where overland flow is uncommon
(Hewlett, 1961; Betson, 1964; Dunne, 1978). Although, recent works have proved that
Hortonian overland flow exists at patch scale in semi-arid environments, at slope and basin
scale other models must be used to explain the runoff discharge ( Yair and Lavee, 1985;
Cerda, 1995). To understand the rainfall-runoff relationship. measurements of the spatial
distribution and temporal changes of the infiltration rates measurements are necessary.

The infiltration rate decreases rapidly over time as a result of pore saturation by water or
clogging by sediments, crust formation, and swelling of the clays (Romkens et al., 1990).
Within the wide range of factors that control infiltration, the most important are located at
soil surface such as vegetation (Dunne et al., 1991), crust (Bradford et al., 1987), and
stone cover ( Poesen and Ingelmo-Sanchez, 1992), although the soil profile characteristics
also affect the process ( Blackburn, 1975). Under saturated conditions, the soil can reach
steady-state infiltration rate, which is related to the soil texture and structure. and is equiv-
alent to the saturated hydraulic conductivity (Dunin, 1976). Most of the improvements in
the knowledge of the infiltration process came from soil physics researchers ( Green and
Ampt, 1911; Philip, 1957, 1991; Fok, 1988; Van der Berg and Ullersma, 1995).

In climates with contrasting seasons the infiltration rate will vary in time due to the
influence of the antecedent soil moisture on infiltration, although there is still little knowl-
edge about this topic (Thornes, 1994). The Mediterranean environments are subject to
seasonal climatic fluctuations, which modify the soil conditions and as a consequence
hydrological processes, such as runoff volume, runoff sources and water redistribution
within a year.

Knowledge of the spatial and seasonal variability of infiltration, which is the objective
of this paper, will supply information about all the above mentioned topics, and will improve
knowledge on soil, slope, and basin hydrology.

2. Material and methods
2.1. Location

In Mediterranean latitudes, the basins located on soft material present different landscapes
due to the influence of aspect, topography and/or land-use. To investigate the seasonal
changes of infiltration rates on north- and south-facing slopes, a small E-W oriented water-
shed (7500 m?) was selected in the Province of Valencia, southeast Spain (Figs. | and 2).
The climate is Mediterranean, characterized by a dry-hot summer and wet-warm spring,
autumn, and winter. The annual average precipitation is 577 mm, which falls mainly in
October—November and in spring, although winter is also wet. The medium monthly tem-
perature is 23.9°C for the hottest month (August) and 7.5°C for the coldest month
(February). Frost events are unusual.

Depending on aspect, large differences exist between the north- and the south-facing
slopes, for vegetation as well as for slope morphology. On the medium and foot slopes of
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Fig. 1. Location map.

Fig. 2. View of the study area in autumn 1990. At the beginning of the 1970s the upper slope parts was afforested
with Pinus halepensis.

the north-facing slope, the density of vegetation cover is high (70-75%), while on the
south-facing slope, it is only 15%. The dominant vegetation species are Thymus longiflorus,
Brachypodium retusum, Sedum sediforme and Anthyllis cystisoides. The upper part of both
slopes was afforested 20 years before the first set of experiments and the vegetation is
(90%) dominated by trees (Pinus halepensis).

The main stream shows an important incision due to the uplift of the area (IGME, 1980,
1981), which is the typical situation of the Keuper clay sediments in the Iberian mountainous
system. The slope morphology is determined by the incision of the thalweg, and the erosion
of the footslopes resulting in convex—straight—convex slope profile (Cerda, 1993a).

2.2. Methods

The infiltration rates were measured by means of rainfall simulation (Meyer, 1988) and
ponding (cylinder infiltrometer) (Hills, 1970) experiments. The sites for rainfall simulation
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Fig. 3. Rainfall simulator. (a) View of the apparatus and the pumps; (b) view of the apparatus with the wind
protector; and (c) detail of the nozzle and nozzle connexions.

experiments and sampling were selected at lower, middle, and upper slope positions. The
surface and soil characteristics were taken into account by selecting representative surfaces
of each slope position.

For the rainfall simulation experiments, a sprinkling rainfall simulator described by Cerda
(1995) was used (Fig. 3). The rain was produced at an intensity of 55 mm h™' over a |
m? area. Runoff was measured from a 0.25 m? plot within the target area. The duration of
the experiments was at least one hour in order to achieve the steady-state infiltration rate
(Cerda, 1993a, b). Distilled water was used in order to avoid differences between seasons
and because semi-arid soils are influenced by the chemical composition of the rain as other
authors demonstrate (Imeson and Verstraten, 1988; Shainberg et al., 1981; Agassi et al.,
1994). Runoff was measured every minute.

Several authors have studied the frequency and duration of natural rainfall events in
southeast Spain and they have demonstrated that storms similar to the one simulated (one
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Fig. 4. Cross-section of the slope. Morphology and location of the plots. Plots 1 and 7 are located on an area
affected by afforestation at the beginning of the 1960s (Pinus halepensis with cover of herbs, Brachypodium
retusum, are the main features). Plots 5 and 6 are located on the north-facing slope on a vegetated environment
(Thymnus longiflorus, Brachypodium retusum, Anthyllis cystisoides, etc). And plots 2, 3 and 4 are located on the
south-facing slopes where badland surfaces are the dominant features.

hour with 55 mm h™') has a return period of 4-5 years (Garcia Bartual, 1986). The 10
year return period rainfall event with one hour duration in the North of Betic Mountains,
southeast Spain, ranges between 80 and 110 mm (Elias and Ruiz, 1977).

Seven experimental plots were selected (Fig. 4) for the simulated rainfall experiments.
All of them were set up in the field, and measurements were done every season (4 seasons
X 7 plots = 28 experiments).

South slope:

ANT1: Upper slope position. Afforested with Pinus halepensis.

AN2: Medium slope position. Contact surface between the afforested area and the
badland surface.

AN3: Medium slope position. Badland surface. Gypsum thick crust formation

AN4: Down slope position. Badland surface. Thin crust formation

North slope:

ANS: Down slope position. Shrub cover, Thymus longiflorus
ANG6: Medium slope position. Herb cover, Brachypodium retusum
ANT: Upper slope position. Afforested with Pinus halepensis

For the rainfall simulated experiment results, the infiltration curve was drawn by sub-
tracting the runoff rate from the rainfall intensity. Real infiltration values were fitted to the
Horton infiltration equation (Horton, 1940), as for the cylinder infiltrometer as for the
simulated rainfall data(Cerda, 1993a, b, 1995):

f=fe+(f0—fc) e
F=fct—(f0—fc)/a(e ")

where f is the instantaneous infiltration rate, F is the cumulative infiltration rate, fc is the
steady state infiltration rate, f0 is the initial infiltration rate (+=0), and « is an empirical
constant (infiltration curve form).

At the same surface types where rainfall simulation experiments were done, measure-
ments of infiltration rates were carried out the same day by means of cylinder infiltrometer
ponding (4 season X 7 plots = 28 measurements). The apparatus is a 15 cm high cylinder
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with a diameter of 7 cm. Measurements of the infiltrated water were done at time steps of
1,2,5,10, 15, 20, 25, 30, 35. 40, 45, 50, 55 and 60 minutes. Steady-state infiltration rates
were always reached.

Cylinder infiltrometer and rainfall simulation measurements were done for each of the
seven surface types. Every season a new site was chosen to install the cylinder, but the
rainfall simulation plots were permanent.

Soil samples to determine the moisture content were taken before the experiments at the
surface (0-2 cm) and at 4-6 cm depth. The soil water content was measured gravimetrically.
The organic matter content (Walkley—Black method), particle-size distribution (USDA
classification), and calcium carbonate content (Bernard calcimetry) for all plots were
measured during the summer of 1990. A representative sample was taken at each plot. Only
surface samples (0-6 cm) were taken because under semi-arid conditions the first soil layer
determines the infiltration process ( Berndtsson et al., 1985; Rémkens et al., 1990; Dunne
et al., 1991; Cerda, 1995). Profile and surface descriptions were done during four years
(1989-1993) in order to know the seasonal changes of the cracks, crusts, litter, plants, etc,
(Cerda, 1993a).

3. Results
3.1. Soil characteristics

The soil surfaces have different characteristics depending on aspect and slope position
(Tables 1 and 2). On the upper slopes (plots AN1 and AN2), the soils are covered by pine
needles, grass (Brachypodium retusum), and litter. The rock fragment cover is small and
soil depth is greater than at other slope positions. On the medium and bottom of the north-
facing slope, vegetation cover is high (plots ANS5 and AN6). On the medium and lower
parts of the south-facing slope (plots AN2, AN3 and AN4), the soils are eroded by surface
wash. Rock fragment cover and crust development are greater than in other locations.

Table 1
Soil surface characteristics

Plot As sl Li Mo PI Tv Vh Le Sd Rf
(deg)  (deg) (%) (%) (%) (%) (em) (%) (em) (%)

South-facing slope

ANI 164 7 0 0 35 35 10 100 15 5
AN2 185 20 0 0 15 15 S 30 9 15
AN3 180 30 0 0 10 10 3 0 6 20
AN4 178 24 0 0 7 7 1 0 2 8
North-facing slope

ANS 350 22 0 90 75 165 15 5 15 0
AN6 340 20 0 10 100 110 19 10 25 10
AN7 320 25 0 0 80 80 15 100 23 0

As: aspect, SI: plot angle slope, Li: lichens, Mo: mosses, Pl: plant cover, Tv: total vegetation cover, Vh: vegetation
height, Lc: litter cover, Sd: soil depth, and Rf: rock fragment cover.
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Table 2
Organic matter (OM), particle size distribution (sand, silt and clay), calcium carbonate and Bulk density (Bd)
at surface (0-2 cm) and below the surface (4-6 cm)

Plot oM Sand Silt Clay CaCO, Bd
(%) (%) (%) (%) (%) (gem™)

Depth (0-2 cm)

AN1 23 10.1 36.6 534 9.0 0.99
AN2 0.6 7.7 28.5 63.7 75 1.11
AN3 0.6 6.9 40.4 527 32 1.15
AN4 0.3 8.4 322 58.2 33 1.18
ANS5 32 9.5 30.3 59.3 33 0.99
AN6 43 20.9 28.5 50.7 9.8 0.90
AN7 3.7 16.0 31.2 50.9 5.6 0.97
Depth (4-6 cm)

ANI 2.0 20.3 37.1 42.6 9.7 0.97
AN2 0.2 14.2 237 62.6 79 1.05
AN3 0.5 4.7 36.9 384 5.9 1.11
AN4 0.1 14.7 23.0 62.3 18 1.13
ANS 1.9 15.4 16.9 67.7 41.6 1.00
AN6 2.1 5.1 303 61.6 2.6 0.94
AN7 1.4 16.4 29.2 56.4 2.1 0.99

Vegetation and litter cover are low, and the shallow and short plants on a cracked crust
surface are dominant features.

Other soil characteristics dominated by the physiographic location are organic matter and
bulk density. Organic matter in the first two centimetres of the soil profile has the highest
values in the north-facing slope (3.2—4.3%), intermediate values on the upper part of the
south-facing slope (2.3%), and the lowest values in the medium and lower parts of the
south-facing slope (0.6-0.3%). At the 4-6 cm depth, organic matter also shows differences
between plots, but the values are lower than at the surface (see Table 2).

Directly related to the organic matter, the bulk density shows similar trends. On the north-
facing and on the upper part of the south-facing slope, the bulk density is <1 gcm ™. On
the south-facing slope, at the surface as well as at 4-6 cm depth, values of bulk density are
>1gem~? andeven >1.1 gem 2,

At the medium and lower parts of the south slope, bulk density at the surface (0-2 cm)
is greater than at 4-6 cm depth, which reflects the crust development as a consequence of
the direct drop impact. In contrast, the north-facing slope and the upper part of both slopes,
the soil density increases with depth, showing positive effects of vegetation in the reduction
of bulk density.

The calcium carbonate content is always below 10%, and the spatial distribution appears
random, which probably depend on the genesis of the clays. Also the soil texture does not
show any clear difference between slope locations or vegetation content.

The soils have been classified as Regosols (FAO-UNESCO, 1988), but the variability
at the slope and basin scale is very large. On the south slope it is possible to distinguish
between different levels of regolith development. The soil profiles are different at each slope
location (Fig. 5).
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Fig. 5. Soil profiles. (Left) Medium and lower part of the south-facing slope, with low vegetation and litter cover
and with surficial crust and cracks. (Middle) Upper parts of both slopes, vegetated by Pinus halepensis and
Brachypodium retusum, with a high cover of pine needles. (Right) Medium and lower north-facing slope (veg-
etated mainly by herbs, Brachypodium retusum, and shrubs, Thymus longiflorus).

The seasonal profile and surface description shows that large seasonal variability exists
in bare areas on the cracks formation. On the one hand, the surface cracks are shallow (2—
4 cm) and wide (4-5 mm) in summer, on the other hand, cracks are smaller and shallower,
and the polygon network is less developed in the wet periods. On the upper part of both
slopes and the lower and medium part of the north-facing slope, cracks appear only in
summer, being deeper (20 cm) and wider (1-2 cm) than in the bare soils. During the wet
periods of winter, spring and autumn the soil moisture was constant, and no cracks were
observed.

3.2. Soil moisture seasonal changes

Fig. 6 shows the soil moisture contents at each soil plot and on average depending on
season at 0~6 cm depth. Soil moisture content is low in summer and high in other seasons,
especially in autumn. Only on the south-facing slope gravimetric soil moisture content was
low during the wet season, especially at plot AN3, where the hard crust produces less clear
seasonal changes. For average values, the soil surface moisture content is 25% of the summer
season of that of the wet periods. For the 4-6 cm layer soil moisture is slightly more than
twice for the wet periods.

—~ 30 ] A

X R ’ ‘ = ANt

g 20 ! ! s | o— ANZ
@ Pooemo AN
]

E 10 [ N o AN4 L
?) P ANS |
0 ) B | ——— AN6

0 100 200 300 ‘ A

—— Average l

Julian Days

Fig. 6. Gravimetric soil moisture content at 0—6 cm depth. On average and for each plot.
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Table 3
Steady-state infiltration rates measured by means of cylinder infiltrometer at different season for the seven plots
studied and in average

Plot Winter Spring Summer Autumn
mmh~! mmh™' mmh™! mmh™'
South-facing slope
ANI 488 494 371 150
AN2 187 73 65 155
AN3 385 50 123 155
AN4 429 219 188 274
North-facing slope
ANS 634 515 617 155
AN6 571 638 749 770
AN7 583 303 406 135
Average 468 328 360 256

In the vegetated soils, water content is high during all the seasons, except for the summer.
In the bare soils the drying process is very fast after rain due to the direct radiation. At the
surface (0-2 cm), soil moisture contents below 5% are common, even in the wet season.

Among the seasons, autumn is the wettest. This is related to important thunderstorms in
October, the wettest month at the study area. The greater amount of water is specially
important below the surface (4—6 cm layer) where in the north-facing slope reach the
maximum values (30%).

3.3. Direct measurements of the infiltration rates by ponding

Infiltration measured by ponding give us information about the soil maximum or potential
infiltration rate. Values of steady-state infiltration rate are very high on average: 353 mm
h™*, Nevertheless, the values range from 50 mm h ™" in a bare surface to 770 mmh " 'ina
vegetated surface (Table 3). The distribution of the infiltration rates show a clear pattern
along both slopes. The north-facing slope displays high infiltration rates (581 mm h~' in
average), while the south-facing slope has low infiltration rates in average: 172 mm h~’.
The afforested upper slope parts show quite high values, 365 mm h~'. Although, the
seasonal changes and the intrinsic spatial distribution at each slope also favour a large
variability, a clear spatial distribution in the slopes can be observed (Fig. 7).

The temporal changes of the infiltration rates show a large variability. No significant
trends can be observed (Fig. 8). A slight decrease from winter to autumn 1990, however,
can be noted. The steady-state infiltration rate in summer is 360 mm h™ ", compared to the
annual average rate of 353 mm h ™. This difference is smaller than the differences between
winter (468 mm h~') and autumn (256 mm h™!). In fact, the small differences between
seasons are not significant. The reduced surface measured with the cylinder infiltrometer
results in high spatial variability which is as important as the seasonal fluctuations ( Table
3, Fig. 8).
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Fig. 7. Spatial distribution of the steady state infiltration rate (mmh ') measured by ponding (ifc) during different
seasons at each plot (see Fig. 5). South-facing slope (plots 2. 3 and 4) have the lower ifc values. The vegetated
soil located at the north-facing slope (plots 5 and 6) have the highest values. and the upper slope parts affected
by afforestation (plots 1 and 7) the intermediate ones.
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Fig. 8. Seasonal changes of the steady state infiltration rates (mmh ~') on average and for each plot. Measurements
performed by means of simulated rainfall (fc).

3.4. Seasonal changes of the infiltration rates under simulated rainfall

Higher infiltration rates were found in summer, while in winter, spring, and especially in
autumn the infiltration rates were lower (Fig. 9). Average values of infiltration rates were
high. No or negligible runoff was observed on the vegetated soils. The bare soils produced
medium runoff rates (30 mmh™"').

The seasonal variability of infiltration is small within the vegetated plots, where 90—
100% of the simulated rainfall infiltrated. On the contrary, the bare soils of the south-facing
slope had runoff coefficients ranging from 0.45 to (.85 and always generated surface runoff.

The slope position influences the vegetation cover and erosion processes and as a con-
sequence the infiltration process. On the bare south-facing slope infiltration rates are 15-20
mm h ™' smaller than in the forested upper slope parts and in the north-facing slope, where
the soil infiltration capacity is very large. The seasonal trend for vegetated soils is charac-
terized by an increase in infiltration rate from 46 mm h™' in autumn to 55 mm h™' in
summer. In spring (55 mm h™") and in winter (52 mm h ") the infiltration rates are also



A. Cerda / Geoderma 69 (1996) 217-232 227

60 ; -
}ékl/’,’:—& N —=— Average
R I s
- = |
g ‘ — Afforested
o 201 — Aforestes
0 .
0 100 200 300
Julian days

Fig. 9. Seasonal changes of the steady-state infiltration rates (mm h~') measured by means of simulated rainfall
(fc) for the three soil types: vegetated in the north-facing slope. badland in the south-facing slope and afforested

in the upper part of both slopes, and on average.

very high. A similar seasonal trend and magnitudes have been found in the upper part of
both slopes, where afforestation took place 20 years prior to the experiments.

On the south-facing slope, where badland surfaces have been developed, the infiltration
is small than on the north-facing slope, but the seasonal trend is similar: lower infiltration
rates in winter, spring, and especially autumn (33, 32, and 28 mm h ™', respectively) and
higher infiltration rates in summer (41 mmh™"' ).

The relationship between measured steady-state infiltration rate in summer and in other
seasons are positive (Fig. 10), which explains the large spatial dependence of the seasonal
changes. The winter and spring values show a similar trend, but autumn has lower infiltration
rates, which is related to higher soil moisture content.

60
Three cases = ¢ -
4
fc I |
-1
(mmh ) *
40+
Wet |
Seasons
20+
| + Spring, y=-20.86 + 1.52 (x), r2=0.91 ———---
® Autumn, y = -10.47 + 0.96 (x), r 2= 0.54
0 B Winter, y = -22.03 + 1.35 (x), r2 = 0.97
T T T T

T T
0 20 40 60
fc  (mmh') Dry Season (Summer)

Fig. 10. Relationship between the steady-state infiltration rate (mm h™') in summer and the wet season ( winter,
spring and autumn). Measurements done by means of simulated rainfall (fc).
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Fig. 11. Relationship between the steady-state infiltration rate (mm h~') measured by means of ponding (ifc)
and simulated rainfall rate (fc). Group a consists of the bare soils and group b consists of the vegetated soils.

3.5. Relationship between measurements by ponding (ifc) and simulated rainfall (fc)

The relationship between the steady-state infiltration rates measured by means of ponding
and simulated rain is positive, although the variability is large (Fig. 11). Generally, two
groups of samples can be distinguished. Group a consists of samples taken at the south-
facing slope with no or little vegetation. They show infiltration rates lower than the second
group (b), both for ponding as well as for simulated rain. Group b consists of samples taken
at the vegetated soils, where fc and ifc are very high. In group b, 90% of the cases have ifc
values lower than 200 mm h ' and the fc values are always lower than 50 mm h ™',

On average, ifc is 8 times higher than fc. The ratio (ifc/fc) is different for each soil type:
5.7 times for the bare soils and 9.3 times for the vegetated ones.

4. Discussion

The steady-state infiltration rates measured at the Keuper clay soils are high for both
ponding and simulated rainfall. From the point of view of runoff generation, the water
discharge is small. Infiltration rate is always more than 60% of the rainfall rate. Runoff does
not occur on the north-facing slope during the dry season, and is negligible during the wet
seasons. Also, the upper part of both slopes, afforested by Pinus halepensis, has negligible
runoff. Direct surface runoff (Hortonian overland flow) is not important for thunderstorms
with a return period of up to 10 years, except for the bare surfaces located on the south
slope.

On the south-facing slope, the medium and lower parts are affected by accelerated erosion,
and badland morphologies have developed. Infiltration is smaller than in the vegetated soils,
but in comparison to measurements by other researchers in similar landscapes the rates of
infiltration are greater (Bryan and Yair, 1982; Campbell, 1987; Paya and Cerda, 1992;
Cerda, 1995).
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Fig. 12. Seasonal changes through the year of the steady state infiltration rate distinguishing between bare and
vegetated soils.

Similar influence of vegetation, aspect and slope position has been found when the process
is measured by ponding. The cylinder method seems to be appropiate, but the amount of
measurements must be larger due to the large spatial variability of the infiltration process
(Berndtsson and Larson, 1987). This is why the results for the seasonal changes of infiltra-
tion are slightly different when measured by ponding compared to rainfall simulator.

The seasonal changes show that larger infiltration occurs in summer, for all soil types
and slope locations. The autumn displays the lowest infiltration capacity. During autumn,
winter, and spring, the infiltration process has a similar behaviour due to the large moisture
amount. On average, winter and spring infiltration is 10% lower than in summer. In autumn
it is 25% lower. Similar work done in forested soils by Johnston and Beschta (1981) using
a rainfall simulator (Meewing, 1969) and a plot of 0.3 m?, found 50% less infiltration in
autumn compared to summer. The higher rainfall intensity used by Johnston and Beschta
(1980, 1981) explains the higher differences in western Oregon compared to southeast
Spain. Climate and soils also are different.

Other authors have found similar trends: summer is the season with greater infiltration
rates both in natural semi-arid soils and in agricultural fields (Beutner et al., 1940; Borst et
al., 1945; Horner and Lloyd, 1940). Normally, the highest infiltration rates were found
during the dry and hot season or at the end of the spring (Gifford, 1972), increasing from
spring to summer and decreasing from summer to autumn (Bertoni et al., 1958), reaching
the maximum in late summer. Some authors found that land management practices ( Gifford,
1972) control the seasonal changes of infiltration rates due to the addition of organic matter
to the soil, plant growth, and the activity of soil fauna and flora.

In this study, the soil moisture regime was shown to be the most important factor.
Although plants, and especially herbs, reduce the spatial aerial biomass due to the summer
drought and the microbial biomass decrease in summer in the Mediterranean environment
(Garcia Alvarez and Ib4fiez, 1994; A. Garcia Alvarez, pers. commun., 1995). The reduction
of soil moisture allows the rain to be stored easily, and the cracks favour a deeper infiltration.

To summarize, the Mediterranean landscapes with contrasting aspects and Keuper clays
present seasonal changes of the infiltration rate throughout the year as shown in Fig. 12.
The highest infiltration rates occur during summer and the lowest during the wet seasons,
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especially in autumn. The lowest rates were found in the bare soils on the south-facing
location, which have the highest variabilities throughout the year. During the wet season,
drying cycles are more active in the bare soils, which implies that cracking of the surface
can occur, thus increasing the infiltration rates.

5. Conclusions

Except for aspect and slope position, seasonal changes play an important role for infiltra-
tion rates in the semi-arid environment. During summer, the infiltration rates are high, no
runoff could be observed for the vegetated soils, and the runoff rates were only 10% of the
rain on the bare surfaces located in the south-facing slope. During the wet season, especially
in autumn, the infiltration rates reduced, and the runoff increased to 30% of the rain on the
bare surfaces. In the vegetated surfaces, runoff was still negligible.

Measurements by means of both ponding as well as simulated rainfall are suitable to
study the infiltration process. The first one, due to the small observation area needs more
replications to measure seasonal changes. For spatial variability in a basin, however, this
method is appropriate. The second method is suitable to study seasonal changes and the
spatial variability due to the larger covered surface, and the same plot can be used during
different seasons.

From the simulated rainfall measurements a model of seasonal changes of soil infiltration
rates was established. For the vegetated soils, infiltration is constant throughout the year,
runoff does not exist in summer and it is negligible in winter, spring and autumn. For the
bare soils, located on the south slope, infiltration is high in summer, while in the wet seasons
it is slightly lower and characterized by fluctuations depending on the climate. Autumn is
the season with smaller steady state infiltration rates due to the higher soil moisture contents.
The spatial variability of the infiltration rates at basin scale are different at each season,
being greater in summer compared to spring, autumn and winter.

Acknowledgements

The author acknowledges the helpful advice and encouragement of Dr. Adolfo Calvo
Cases and Dr. Rafael Garcia Bartual for Ph.D. supervision. Work leading to this paper was
supported by a Conselleria d’Educacio i Ciencia grant, the Ministerio de Educacion y
Ciencia with a fellowship of Perfeccionamiento de Doctores y Tecndlogos en el Extranjero,
and by the Department of Geography at the University of Valéncia, Spain. Rosina Navarro,
Quique Terol, Joanma Calatayud, Vicent Altur and Roser Ibafiez provided useful help in
the field and in the laboratory. Hein Prinsen and Ronny Berndtsson revised the manuscript.

References

Agassi, M., Shainberg, I. and Van der Merwe, D., 1994. Effect of water salinity on inter-rill erosion and infiltration:
laboratory study. Aust. J. Soil Res., 32: 595-601.

Berndtsson, R. and Larson, M., 1987. Spatial variability of infiltration in a semiarid environment. J. Hydrol., 90:
117-133.

Berndtsson, R., Hogland, W. and Larson, M. (1985): Spatial variations of infiltration for a catchment in northern
Tunisia. In: R. Berndisson, M. Larson, P. Dahlblom, V.L. Nguyen, W. Hogland and J. Niemczynowicz



A. Cerda / Geoderma 69 (1996) 217-232 231

(Editors), Hydrological Studies in Tunisia. Dep. of Water Resources Engineering, Univ. of Lund, pp. 13-26.

Bertoni, J., Larson, W.E. and Shrader, W.D., 1958. Determination of infiltration rates on Marshall silt loam from
runoff and rainfall records. Soil Sci. Soc. Am. Proc., 22: 571-574.

Betson, R.P., 1964. What is watershed runoff?. J. Geophys. Res., 69: 1541-1551.

Beutner, E.L., Gaebe, R.R. and Horton, R.E., 1940. Sprinkled-plot runoff and infiltration experiments on Arizona
desert soils. Trans. Am. Geophys. Union, 21: 550-558.

Blackburn, W.H., 1975. Factors influencing infiltration and sediment production of semiarid rangelands in Nevada.
Water Resour. Res., 11: 929-937.

Borst, H.L., McCall, A.G. and Bell, F.G., 1945. Investigations in Erosion Control and the Reclamation of Eroded
Land at the Northwest Appalachian Conservation Experiment Station, Zanesville, Ohio. U.S. Dep. Agric.
Tech. Bull., 888: 95 pp.

Bradford, J.M., Ferris, J.E. and Remley, P.A., 1987. Interrill soil erosion processes: 1. Effect of surface sealing on
infiltration, runoff, and splash detachment. Soil Sci. Soc. Am. J., 51: 1566-1571.

Bryan, R. and Yair, A., 1982. Badland Geomorphology and Piping. University Press, Cambridge, 409 p.

Campbell, 1.A., 1987. Infiltration characteristics of badlands surface and storm runoff. In: Y.-F. Fok (Editor),
Pre-Conference Proc. Int. Conf. on Infiltration Development and Application. Water Resources Research
Center, Univ. of Hawaii at Mauoa, Honolulu, Hawai, pp. 251-261.

Cerda. A., 1993a. La Infiltracién en los Suelos del Pais Valenciano. Factores y Variaciones Espacio-Temporales.
Ph.D. Thesis, Universitat de Valéncia, 357 pp.

Cerda. A., 1993b. Metodologias para el estudio de la hidrologia y erosién de superficies degradadas (Badland) a
partir de lluvia simulada. Cuaternario y Geomorfologia, 7: 35-48.

Cerda, A., 1995. Factores y Variaciones Espacio-Temporales de la Infiltracién en los Ecosistemas Mediterrdneos.
Editorial Geoforma, Logroiio, 159 pp.

Dunin, F.X., 1976. Infiltration: its simulation for field conditions. In: J.C. Rodda (Editor), Facets of Hydrology.
Wiley, Bristol, pp. 199-227.

Dunne, T., 1978. Field studies of hillslope flow processes. In: Kirkby, M.J. (Editor), Hillslope Hydrology. Wiley,
Chichester, pp. 227-290.

Dunne, T. and Leopold, L.B., 1978. Water in Environmental Planning. W.H Freeman, San Francisco, 818 pp.

Dunne, T., Zhang, W. and Aubry, B.F., 1991. Effects of rainfall, vegetation and microtopography on Infiltration
and runoff. Water Resour. Res., 27: 2271-2285.

Elias Castillo, J. and Ruiz Beltran, L., 1977. Precipitaciones Médximas en Espafnia. Ministerio de Agricultura,
Madrid, 545 pp.

FAO-UNESCO, 1988. Soil Map of the World. 1:5,000,000. 1. Revised Legend. World Soil Resources Report.
FAO, Rome. 138 pp.

Fok, S.-Y., 1988. Infiltration Principles and Practices. Post-Conference Proc. Int. Conf. on Infiltration Development
and Application, University of Hawai at Manoa, Honolulu, 571 pp.

Garcia Alvarez, A. and Ibfiez, J.1., 1994. Seasonal fluctuactions and crop influence on microbiota and enzyme
activity in fully developed soils of Central Spain. Arid Soils Res. Rehabilitation, 8: 161-178.

Garcia Bartual, R., 1986. Estructura Estocdstica de los Hietogramas Correspondientes a Precipitaciones Extremas.
Dissertation Thesis, Universidad Politécnica de Valéncia, 252 pp.

Gifford, G.F., 1972. Infiltration rate and sediment production trends on a plowed big sagebrush site. J. Range
Manage., 25: 53-55.

Green, R.E and Ampt, G., 1911. Studies of soil physics 1. The flow of air and water through soils. J. Arid. Sci.,
4:1-24.

Gregory, K.J. and Walling, D.E., 1973. Drainage Basins Forms and Processes: A Geomorphological Approach.
Amold, London, 458 pp.

Hewlett, J.D., 1961. Some ideas about storm runoff and base flow. United States Department of Agriculture, Forest
Service. Southeast Forest and Range Experiment Station, Annual Report, pp. 62-66.

Hills, R.C., 1970. The determination of the infiltration capacity on field soils using the cylinder infiltrometer.
B.G.R.G,, Technical Bull., 3. Geobooks Ltd., Norwich, 24 pp.

Horner, W.W. and Lloyd, L.C. 1940. Infiltration capacity values as determined from a study of an eighteen month
record at Edwardsvill, Illinois. Trans. Am. Geophys. Union, 21: 522-541

Horton, R.E., 1933. The role of infiltration in the hydrologic cycle. EOS Trans A.G.U., 14: 446-460.

Horton, R.E., 1940. An approach toward a physical interpretation of infiltration capacity. Proc. Soil Sci. Soc. Am.,
5:399-417.



232 A. Cerda / Geoderma 69 (1996) 217-232

IGME, 1980. Mapa Geolégico de Espaiia (E:1/50.000). NAVARRES (Hoja 769).

IGME, 1981. Mapa Geolégico de Espafia (E:1/50.000). JATIVA (Hoja 795).

Imeson, A.C. and Verstraten, J.M., 1988. Rills on badland slopes: a physico-chemical controlled phenomenon.
Catena Suppl., 12: 139-50.

Johnston, M.G. and Beschta, R.L., 1980. Logging, infiltration capacity and surface erodibility in wester Oregon.
J. For., 78: 334-337.

Johnston, M.G. and Beschta, R.L., 1981. Seasonal variation of infiltration capacities of soils in western Oregon.
USDA Pacific Northwest Forest and Range Experimental Station 1363 Paper, 8 pp.

Meewing, R.0., 1969. Infiltration and soil erosion as influenced by vegetation and soil in northern Utah. J. Range
Manage., 23: 185-188.

Meyer. L.D., 1988. Rainfall simulators for soil conservation research. In: R. Lal (Editor), Soil Erosion Research
Methods. Soil and Water Conservation Society/ International Society of Soil Science, pp. 74-95.

Paya, J. and Cerda, A., 1992. Cambios morfoldgicos y respuesta a la Huvia simulada de tres superficies de Badland.
Petrer. Alacant. In: Lopez Bermiidez, F., Conesa Garcia, C. and Romero Diaz, M.A. (Editors), Estudios de
Geomorfologia en Espaiia. Sociedad Espanola de Geomorfologia, Murcia, pp. 161-170.

Philip, J.R., 1957. Theory of infiltration: 1. The infiltration equation and its solution. Soil Sci., 83: 345-357.

Philip, J.R., 1991. Hillslope infiltration: planar slopes. Water Resour. Res., 27(1): 109-17.

Poesen, J. and Ingelmo-Sénchez, F., 1992. Runoff and sediment yields from topsoils with different porosity as
affected by rock fragment cover and position. Catena, 19: 451-474.

Romkens, M.J.M., Prasad, S.N. and Whisler, F.D., 1990. Surface sealing and infiltration. In: M.G. Anderson and
T.P. Burt (Editors), Process Studies in Hillslope Hydrology. Wiley, Chichester, pp. 127-172.

Shainberg, I., Roades, J.D. and Prather, R.J., 1981. Effect of low electrolyte concentration on clay dispersion and
hydraulic conductivity of a sodic soil. Soil Sci. Soc. Am. J., 45: 273-277.

Thormnes, J.B., 1994. Catchment and channel hydrology. In: A.D. Abrahams and A.J. Parsons (Editors ), Geomor-
phology of Desert Environments. Chapman and Hall, London, pp. 257-287.

VanderBerg,J.A. and Ullersma, P., 1995. Ponded infiltration as a cause of the instability of continuous macropores.
J. Hydrol., 159: 169-186.

Ward, R.C. and Robinson, M., 1990. Principles of Hydrology. McGraw-Hill, London, 365 pp.

Yair, A. and Lavee, H., 1985. Runoff generation in arid and semi-arid zones. In: M.G. Anderson and T.P. Burt
(Editors), Hydrological Forecasting. Wiley, Chichester, pp. 183-220.



