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Abstract. Thepossiblecausesfor thelack of vegetationinfive
badland sitesfrom southeast Spainwere experimental ly tested.
The main factors affecting seed germination and seedling
survival considered were seed availability, regolith water dy-
namics in relation to rain events, regolith salinity, seedling
predation by herbivores and seedling removal by erosion.

Four issues are addressed: 1. Both rainfall and the tempo-
ral and spatial dynamics of regolith water during the seedling
emergence period were monitored in five different zones at
one site (Petrer, Alicante). 2. Effects of salinity and water
potential on the rate and speed of germination of local seeds
were determined. 3. Seed reserve and seedling emergence and
mortality were followed throughout one season. 4. Regolith
characteristics of all five sites were compared and the conse-
quences for plant colonization discussed.

The main factor limiting plant colonization in these sites
was the very short duration of available water in the soil, due
to the physical and chemical characteristics of theregolith. In
addition, high regolith salinity and its effectson seed germina-
tion, the aspect of the site and the pattern of rain events, played
a very important role reducing germination and survival.
Herbivory and erosion were seldom responsible for seedling
mortality. However, there were no highly erosive rain events
during the study period, although several have been measured
during the past few years.

Keywor ds: Badland; Germination; Plant colonization; Seed-
ling dynamics; Soil salinity; Soil water dynamics.

Introduction

A badland isadistinctive land form that developsin
areas of accelerated slope erosion in soft-rock terrain.
Badlands are particularly important landscapesin semi-
arid regions, but they are aso present under other cli-
matic regimes (Bryan & Yair 1982; Campbell 1989;
Calvo & Harvey 1996).

Seed availability, microsite limitations and predation
by herbivores are the main factors potentially limiting
recruitment in plant popul ations (Crawley 1990; Eriksson
& Ehrlén 1992). Although badlands are characterized by
very high rates of erosion, previous studies have shown
that erosion does not affect the seed reserve as much as

expected. Seeds do accumulatein the badland surfacesin
sufficient quantities to ensure plant recruitment (Garcia-
Fayos et al. 1995; Cerda & Garcia-Fayos 1997; Garcia-
Fayos& Cerda1997). Thus, if thelack of seedsisnot the
main cause for the lack of vegetation, then microsite
factors and herbivore predation should be considered.

The regolith is the weathered surface layer of the
badlands. It has very distinctive physical and chemical
propertiesthat may make it unsuitable for plant growth.
First, the regolith usually has very high electrical con-
ductivity, mostly because of the high concentration of
sodium chloride and gypsum (Harvey 1982; Geritset a.
1987; Imeson & Verstraten 1988). In addition, itsphysi-
cal structureissuch that water may only be availablefor
ashort time after arain event, regardless of the amount
of rainfall (Cerda 1997). Thus, we hypothesize that
salinity and reduced water availability, through their
effectson seed germination and seedling survival, could
be the main factors accounting for the lack of vegetation
on the badland slopes in southeast Spain.

The objective of this study is to test two possible
causes for the lack of vegetation in badlands: the high
salinity and reduced water availability of the regolith,
and the predation of seedlings by herbivores. Specifi-
cally, we present evidence for: (1) the tempora and
spatial dynamics of regolith water in relation to rainfall
events during the seedling emergence period; (2) the
effectsof both salinity and water potential of thebadland
regolith on therate and speed of germination of themain
speciesof thelocal flora; (3) themain agentsof seedling
mortality; and (4) thetrends of soil salinity and moisture
dynamicsintheregolithsof five representative badlands
in southeastern Spain.

Material and Methods

Sudy sites

Fivebadland sitesthat encompassthemain lithologic,
climatic and geomorphological gradients across south-
east Spain were selected. The sites are Petrer and
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Monnegre, in the province of Alicante; Los Guillermos,
intheprovinceof Murcia; and Veraand Tabernas, inthe
province of Almeria. Theclimate of all of themisMedi-
terranean with hot, dry summersand cool winters. Mean
annual precipitation and temperatureare around 350mm
and 16°Cin Petrer; 300 mmand 18°C in Monnegre and
LosGuillermos; 200mmand 22°CinVera; and 250 mm
and 23°C in Tabernas. The substrate at Petrer and
Monnegreis Senonian (Cretaceous) marls; Plio-Quater-
nary silts at Los Guillermos; Messinian (Tertiary)
gypsiferous marls at Vera; and Tortonian (Cretaceous)
mudstones at Tabernas. Plant cover at al sitesis charac-
terized by scanty individuals of Salsola genistoides
(Chenopodiaceae), the medium size woody shrub
Cheirolophusinthybaceus (Asteraceae), Lygeumspartium
(Poaceae) and scattered populations of Sipa capensis
(Poaceae) and Moricandiaarvensisor M. moricandioides
(Brassicaceae).

The experiments and observations designed to test
the first three objectives were carried out only at the
Petrer site, where the seed reserve and the rates of seed
removal by erosion have been measured previously
(Garcia-Fayoset al. 1995; Garcia-Fayos& Cerda1997).
Measurements of the trends of regolith salinity and
moisture dynamics were taken at al five sites.

At Petrer, we sampled five different zones that en-
compass the range in lithology, slope and aspect of the
badland and adjacent terrain. The areas were defined
following a detailed vegetation survey (unpubl. data).
The first zone, called hereafter P-1, is located in the
upper part of thenorth-facing sopes, outsidethe badland
itself, and can be considered as a control zone. It is
covered by a dense shrubs growing on Quaternary silts
dominated by Rosmarinus officinalis, Cistus albidus,
Coronilla minima, Brachypodium retusum, Thymus
moroderi and Rhamnus lycioides. The second zone (P-
2) is located immediately below P-1, on north-facing
slopes, and represents a transition zone. Vegetation
cover is open shrubland, growing on a mixture of Qua-
ternary sediments and the underlying Senonian marls.
The third zone (P-3) is characterized by unvegetated
badland slopes, developed on Senonian white marls,
with a northern exposure. The fourth zone (P-4) is
similar to P3 but is south-facing. Finally, P-5 also occu-
piesthe south-facing slopes, but the clay has adifferent
mineral composition than that of the white marls (A.
Soriano pers. comm.). Sloperanges between 25° and 45°
inal fiveareas.

Regolith moisture dynamics

During the germination period of 1992 from Febru-
ary to April, we sampled theupper 5cm of regolith at the
five zonesin Petrer to determine moisture content. We

selected two sampling locations at P-1, two at P-2 , two
at P-3, three at P-4 and one at P-5. The regolith water
content was measured after every rain event and daily
until the soil dried below the wilting point. Afterwards,
theregolithwassampledirregularly, withintervalsrang-
ing from weekly to monthly. The 5 cm sampling depth
was chosen because previous studies showed that over
95% of all seedswerefound at that depth (Garcia-Fayos
et a. 1995). Soil samples were taken using a 5.5 cm
diameter core and moi sture content wasdetermined gravi-
metrically inthelaboratory. Soil moisture characteristic
curveswere determined in thelaboratory and were used
to cal culatewater potential sfrom moisture content meas-
urements(Table 1) (Mériaux 1979). In addition, five 0.5
kg sampleswere taken for chemical and physical analy-
sis, the results of which are shown in table 1. Precipita-
tion was measured using arain gauge, and recorded into
by datalogger every 10 minutes.

Effects of water potential and salinity in the rate and
speed of germination

We tested the effects of salinity and water potential
on the speed and rate of seed germination at four levels of
electrica conductivity (5, 10, 15 and 25 ms/cm) and
four levels of water potential (—0.02, —0.10, —0.34 and
—0.99 MPa). These vaues are within the wide range
commonly observed in the regolith from the study area
(Table 1). Salinity and water potential were simulated
using sodium chloride (NaCl) and polyethylene glycol
(PEG 6000) solutions, respectively. The appropriate
concentration for each level of electrical conductivity or
water potential was determined based on standard equa-
tions (Weas 1973; Michel et a. 1983) and distilled
water controls were always included.

Table 1. Properties of regolith and moisture content at differ-
ent water potentials of the different surface types 1, 2, 3/4 and
5 of the badland site Petrer, at 0- 5 cm depth (valuesare means
+ SE).

Surface type P-1 p-2 P-3/4 P-5

No. of samples 2 2 4 4

Sand (%) 46.30+0.11 26.15+5.69 13.95+2.27 564 +0.19
Silt (%) 32.87+£0.76 42,64 +4.28 49.23+1.81 60.58 +£2.33
Clay (%) 20.83+0.61 31.21+141 36.82+2.23 33.78 £ 2.46
Bulk density 1.38+0.03 1.40+0.10 1.44+0.10 1.35+0.00
EC (ms/cm) 1.86 + 0.05 590+ 1.56 26.36 £ 0.23 438 +0.41
CaCO, (%) 57.63 + 1.68 74.47 + 1.67 72.63 £ 1.05 53.60 = 2.76
Na** (g/Kg) 0.03+ 0.01 0.07 £ 0.02 3.79 £ 0.09 0.50 + 0.04
Ca™* (g/Kg) 0.04+0.01 0.06 = 0.03 0.26 = 0.08 0.17 £ 0.02
Mg* (/K g) 0.08+ 0.03 0.37+0.19 0.37 + 0.02 011+ 0.03
K*(g/Kg) 0.02 £ 0.01 0.02 = 0.01 0.08 = 0.01 0.03 +0.01
RAS 0.12 + 0.01 0.17 £ 0.01 8.34 + 0.02 1.34+0.01

Moistureat W, (cm®water/cm? soil)

—0.02 MPa 0.243+0.003 0.237+0.001 0.299+0.039 0.234+0.001
—0.10 MPa 0.189+0.008 0.214+0.003 0.243+0.030 0.201+0.011
—0.31 MPa 0.171+0.006 0.188+0.006 0.212+0.022 0.161+0.011
—1.00 MPa 0.081+0.012 0.116+0.009 0.167+0.031 0.117+0.003
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The effect of salinity and water potential was tested
for the following species:

Asteraceae: Cheirolophus inthybaceus, Helichrysum stoechas
Phagnalon saxatile;
Poaceae: Dactylisglomerata ssp. hispanica, Lygeumspartium;

Brassicaceae:  Moricandia arvensis,
Chenopodiaceae: Salsola genistoides;
Crassulaceae:  Sedum sediforme.

These species were selected because they were domi-
nant in P-1 and P-2 and were also present in the other
four badlands. Seeds were collected in the study area
during 1993, air-dried and stored at room temperature
until the autumn of 1993, when the germination experi-
ments were run. Because seeds may have speciaized
dispersal structures, which may or may not be lost
during dispersion, they were always used in the form
they keep after the dispersion event.

Each level of electrical conductivity or water poten-
tial was replicated four times for each species. A repli-
cate consisted of a Petri dish with filter paper moistened
with 5ml of the appropriate solution and 50 seeds.
However, replicates for L. spartium and S. genistoides
only had 25 seeds, because of their larger size. The Petri
disheswere covered with PV C sheetsto prevent evapo-
ration and placed in a growth chamber with a 12:12 h
photoperiod. Temperature was kept at 25 °C during
daytime and 15 °C during night-time. These photope-
riod length and temperatures correspond to conditions
found inthe field during the germination periods of 1991
and 1992. The dishes were checked daily until the first
seed germinated. A seed was considered to have germi-
nated when theradicleemerged from the seed coat. From
then on the number of seeds that had germinated was
counted 5 times per week, for atotal of 28 days. At the
end of this period the viahility of the seeds that had not
germinated was checked using the Tetrazolium test, and
only viable seeds were considered for calculations. We
calculated germination rate as the percentage of seeds
that had germinated by day 28, and germination speed as
the number of days until the first germination was de-
tected.

The effects of water potential and sdlinity on the
germination rate for each species were determined using
analysisof variance. Tukey testswere applied to compare
germination rates among treatment levels. The datawere
arcsintransformed tofit the assumptionsof normality and
homogeneity of variances. The effects of water potential
and salinity on germination speed were analysed using
the Kruska-Wallis test, because data cannot be normal-
ized. Also‘aposteriori’ testswere performed to compare
germination speed among treatment levels (Zar 1996).

Seedling emergence and survival

A totd of 780.5m x 0.5 m plotswere established in
the five zones at Petrer prior to the 1993-1994 germina-
tion period. The location of the plots was determined
following a stratified sampling procedure. Three plots
were established in P-1, 15in P-2, 18 in P-3, 31 in P-4,
and 11inP-5. Seedling emergence, survival and reproduc-
tion were monitored in each plot at least every 15 days
from 30/09/93 to 01/07/94, and then monthly until 11/10/
94. When a seedling wasfirst detected, it wasidentified
with atoothpick, so that each individual could befound
in successive visits. Mortality was classified into four
possible causes: drought, erosion, herbivory and unde-
termined. If a seedling was found desiccated, its death
was attributed to drought. If the seedling could not be
found and signs of regolith erosion were identified, its
death was attributed to erosion. If a dead seedling had
cotyledons or leaves partialy or totally defoliated, its
death was attributed to herbivory. If a seedling had
disappeared, but we were not able to assign its death to
any of the preceding causes, the cause of death was
considered as undetermined. In addition, precipitation
was registered daily during the same period using rain
gauges connected to adata-logger.

In order to assess the effects of the soil seed bank on
seedling emergence, we estimated the density of
germinable seeds. In October 1991, before the period of
seedling emergence, five 20 cm x 20 cm plots were
randomly located in each of the P-1, P-2 and P-3 zones,
and the top 6 cm of regolith collected. Each sample was
desegregated and homogeneously distributed on trays.
The soil samplewas arranged in a1 cmthick layer over
a5 cm bed of vermiculite. The trays were covered with
a plastic mesh to prevent seed and seedling predation
and placed outside. They were sprinkled with water
threetimes per week. During thefollowing four months,
seedlings emergence was counted weekly, and the seed-
lings were removed after the species was identified.

Other badlands in southeast Spain

We measured electrical conductivity and obtained
soil moisture characteristic curves of the regolith in the
five badlands during February 1994. Only the most repre-
sentative substrate from each site was sampled. In Petrer,
it was the substrate from P-3 and P-4. Five 5 cm deep
subsamples were taken from five different south facing
points at each badland site. After homogenizing the
subsamples, they were air-dried, sieved through a2 mm
sieveand electrical conductivity and soil moisturecharac-
teristic curve determined.

To estimate the period of time during which soil
water remained available after arain event three 0.5 |
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freely draining pots were filled with regolith from the
upper 5¢cm layer from each badland site. We added
water to each pot until the soil reached saturation and
then placed the potsinto agrowth chamber with the same
temperature and photoperiod asthose of thegermination
tests. The pots were weighed daily until their moisture
content decreased to that of thewilting point. The meas-
ured daily loss of water and the soil-moisture character-
istic curvesfor each regolith allowed usto determinethe
course of soil water potential for each badland site
during the desiccation cycle. We compared the number
of days that pots from each badland site remained be-
tween field capacity (—0.02 MPa) and the wilting point
(—=1.00 MPa).

Results

Regolith moisture dynamics

Only three rain events noticeably moistened the
regolith during the germination period of 1992. How-
ever, the number of dayswhenwater remained available
in the soil after a rain event varied widely between
zones. At P-4, the moisture content of the regolith stayed
above the wilting point for only 1 to 4 days after therain
ceased; at P-3 and P-5, for 4 to 7 days; and at P-1 and P-
2, for more than one month (Fig. 1).

Effects of water potential and salinity on the rate and
speed of germination

Not a single seed of any species germinated when
water potential was at the wilting point (—0.99 MPa)
(Fig. 2). However, the effect of decreasing water poten-
tial between —0.02 M Paand —0.34 MPaon seed germi-
nation differed among species. The germination rate of
Lygeum spartium remained close to 100 % at a water
potential as low as —0.34 MPa. Most species, such as
Cheirolophus intybaceus, Dactylis glomerata, Heli-
chrysum stoechas, Salsola genistoides and S. sediforme
had a decreased germination rate when water potential
decreased to —0.34 MPa. Even then, the germination rate
for most species remained close to 80%. Findly, the
germination rate of Moricandia arvensis and Phagnalon
saxatile decreased steadily as water potential decreased
and reached levels as low as 20% at the lowest water
potential. Interestingly, the effect of water potential on
germination speed among the different specieswasdiffer-
ent to its effect on germination rate. The seeds of S
genistoides germinated quickly, in less than three days,
and the speed was not affected by awater potential aslow
as —0.34 MPa. D. glomerata, H. stoechas, L. spartium
and S sediforme germinated relatively quickly, but ger-
mination speed decreassed at —0.34 MPa. Findly, the
germination speed of C. intybaceus, M. arvensis and P.
saxatile decreased steadily aswater potential decreased.

Although most specieswere ableto germinate at the
highest level of electrical conductivity (25 ms/cm), the

50

PRECIPITATION (mm)

0.40 -
® PETRER-1
= =  PETRER-2
3 0.35 - 4  PETRER-3
o v PETRER4
. ER-5
E 0.30 4 PETR
=
& 0.25
© . -
s
«
g
£ 0.20 ]
w
14
2 0.15 4
-
(2]
(o]
S 0.0 ]
=
(]
»  0.05
0.00 -
2
R

DAYS

Fig. 1. Daily precipitation and regolith moisture content of the five zonesin the Petrer site during the 1991-1992 seedling emergence
period. Bars indicate daily precipitation; dotted, horizontal lines indicate soil moisture content at the wilting point. Error bars
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effects of salinity on germination were more dramatic
than the effects of reduced water potential (Fig. 3). With
the exception of L. spartium, the germination rate or
speed of al specieswas affected at an el ectrical conduc-
tivity greater than 5 ms/cm. At an electrical conductivity
of 15 ms/cm or above only L. spartium, S. genistoides
and D. glomerata maintained reasonably high germina-
tion rates and speeds.

Seedling emergence and survival

Germinable seed densitiesin P-2 and P-3 were simi-
lar, but they were much lower than the seed density in P-
1, the control area outside the badland (Table 2). Four
cohorts of seedlings were detected from September

Cheirolophus intybaceus

1993 to June 1994, following four rainy periods. A total
of 643 seedlings emerged. The cohort of November was
the most numerous, with 67% of the seedlings. Al-
though P-4 had the most intensive sampling (31 plots,
covering atotal of 7.75m?), not a single seedling was
detected during the 9 months of study (Table 2). In
general, the number of seedlings and species decreased
from the northern to the southern dlopes, and from
vegetated to unvegetated areaswithinthe northern sl opes.
Thus, 273 seedlings/m? emerged in P-1; 55/m2 in P-2;
0.8/m2in P-3; and nonein P-4. Only seedlingsfrom P-1
and P-2 had reproduced or survived by the end of the
study (see App. 1). In P-5 10 seedlings/m2 emerged, all
M. arvensis, but none reproduced or survived. The
number of species that emerged followed the same
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Table 2. Germinable seed densities in the regolith in October 1991; seedling emergence, survival and causes of mortality for the
recruitment period of 1993-1994 in the Petrer site. Values are means + SE.

P-1 P-2 P-3 P-4 P-5
Seed bank (seeds/m?) 2335+ 423.0 365+ 133.3 315+ 121.6 * *
Emergence (seedlings/m?) 272.8 £ 38.2 54.8 £ 9.2 08+04 00+00 94+32
Survival (seedlings/m?) 6.4+42 12+05 08+04 0.0+0.0 0.0+0.0
Causes of mortality:

Drought (%) 76.28 75.09 100.00 - 55.56
Erosion (%) 0.00 2.60 0.00 - 3.70
Predation (%) 2.10 3.72 0.00 - 0.00
Unknown (%) 21.62 18.59 0.00 - 40.74

* These regolith surfaces were not sampled for seed bank, but seed density values might be similar to thosein P-3 asinferred from Garcia-Fayoset al. (1995).
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pattern. There were 13 speciesin total in the three plots
of P-1; 11 speciesin the 15 plotsof P-2; and two species
in the 18 plots of P-3 (see App. 1). Only one species,
M. arvensis, emerged in the 11 plots of P-5. M. arvensis
was the most abundant speciesin al the zones where it
was present, due to a better germination rate and high
reproduction and surviva rates. C. inthybaceus and L.
spartiumwerethe only species ableto emergeat P-3, but
none of them survived (see App. 1).

Drought was the main cause of death (Table 2),
accounting for all seedling mortality in P-3, more than
75% in P-1 and P-2 and for more than 50% in P-5.
Erosion and herbivory wereresponsiblefor lessthan 5% of
thedeathsin al zones. Erosion asacause of mortality was
only detected in P-3 and P-5, whereas herbivory was only
detected in P-1 and in P-2.

Other badlands in southeast Spain

All of the badlands, except Los Guillermos, have
moderateto highly salineregoliths. TheVeraand Petrer
badlands have the highest values, up to 51.8 and 36.5
ms/cm, respectively (Table 3). The salinity at Los
Guillermosissimilar tothat of the Quaternary sediments
at the Petrer site (P-1) (Table 1).

The regoliths from all but one of the sites retained
water abovethewilting point for ca. 5 days after the soil
had been saturated. The only exception wasthe regolith
from the V era badlands, which retained available water
for ailmost 15 days (Table 3).

Discussion

Thedynamicsof soil water availability —determined
by physical and chemical characteristics of the regolith
such asitstexture and sodium content —and the high soil
electrical conductivity (Table 1), are the main factors
responsible for the differences in seed emergence and
seedling survival inthefive zonesin the Petrer badlands.
Only the water retained in the regolith between field
capacity (—0.02 MPa) and wilting point (—~1.00 MPa) is
usable by plants. In general, water availability in-
creases as soil texture changes from sandy to loamy,
and decreases again in clayey soils (Brady 1990). With
regard to electrical conductivity, excessive salinity may
causeiontoxicity to seedsand plants (Limaet al. 1990).
In addition, high solute concentration has an osmotic
effect, decreasing soil water potential and, therefore,
seedwater imbibition (Mayer & Poljakoff-Mayber 1989).

Neither water availability nor salinity seemed to
limit germination in P-1 or P-2, the control and transi-
tion zones, where the highest seedling densities were
detected. Regolith water potential remained close to

Table 3. Chemical and physical properties of the regolith of
the badland study areas in SE Spain.Values are means + SE.

Petrer  Monnegre Guillermos  Vera  Tabernas

EC (ms.cm) 36500 10.700 2.170 51.800 6.530
Na* (meg/100g) 0590 0645 0015 0687 0652
Cat* (meg/100g) 0332 0235 0165 0595 0.410
Mg™ (meg/100g)  0.130 0135 0074 0215 0.179

K* (meg/100g) 0.283 0178 0018 1159 0.129
RAS 1228 1500 0.042 1079 1.201
DAWP* 560 467 572 1467  6.67

+042 =+022 =027 +029 =017

*Number of days that pots remain above wilting point after artificia
wetting.

field capacity (—0.02 MPa) for several weeks, aperiod
of time much longer than the ca. 5 days needed for seed
germination (Figs. 1and 2). Likewise, electrical conduc-
tivity was too low to affect the speed or the rate of
germination of the speciesof thelocal flora(Table1and
Fig. 3). In fact, most of the species present in the area
were ableto germinatein these two zones (App. 1). The
fivefold differencein seedling density between the sites
may be caused by differences in seed availahility, the
density of germinable seeds at P-2 was almost an order
of magnitude lower than that at P-1 (Table 2).

Inthe pure badland zones, P-3 and P-4, both regolith
water availability and salinity had detrimental effectson
seed germination. High clay and sodium content in the
regolith resulted in large amounts of water held below
the wilting point (ca. 0.167 cm?3 water per cm? soil) and
significantly reduced the ability of the soil to retain
availablewater. Thus, the soil dried quickly after arain
event and reached the wilting point more quickly than
the soil at other zones. After the rain had ceased, the
upper 5 cm of soil at P-3 and P-4 remained above the
wilting point for only 1 to 7 days. However, the actual
timeavailablefor seed germination waslonger, because
the regolith was also moist while it wasraining or if two
rain events occurred close enough to each other. Thus,
during the germination season of 1992, the number of
consecutivedayswhen soil water potentia remained above
the wilting point was 8 at P-4 and 22 at P-3 (Fig. 1).
Nevertheless, the laboratory experiments showed that
germination rate and speed were also affected by water
potentials above the wilting point. So, reduced water
potential during those days may result in areduction in
thegermination rateand/or anincreaseinthetimeneeded
to initiate germination (Fig. 2).

In addition to the effects of reduced water potential,
high soil conductivity also affected seed germination
rate and speed. Soil conductivity in the regolith from P-
3andP-4wasca. 25 ms/cm (Table 1), asdinity level that
completely inhibited germination of Phagnalon saxatile
and strongly depressed germination of Helichrysum
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stoechas, Moricandia arvensis and Salsola sediforme.
Even when dectrical conductivity was 15 ms/cm, the
germination of Cheirolophus inthybaceus, Dactylis
glomerata, H. stoechasand S sediforme was delayed for
eight or moredays. Thisdelay would prevent seed germi-
nation of all species except Lygeum spartum and S
genistoides at P-4, and could explain the failure to detect
any seedling emergence in this zone. However, at P-3
water remained availablefor 22 daysand, therefore, some
seeds of C. inthybaceus, D. glomerata, M. arvensis, L.
spartum and S genistoides could germinate, even at a
conductivity ashigh as 25 ms/cm.

The characterigtics of P-5 were intermediate between
thetwo typesdescribed above. Soil conductivity at thissite
wasca. 4ms/cm, relatively low and similar in magnitudeto
that of P-2 (Table 1). However, the duration of available
water in the soil was between that of P-3 and P-4. The
abundanceinthiszoneof M. arvensis, completely absentin
P-3 and P-4, would support thisexplanation. M. arvensisis
aspecies severdly limited by soil salinity but only moder-
ately affected by low water potentials.

The density of seedlings that emerged in the
unvegetated badland zones (P-3, P-4 and P-5) wasmuch
lower than the 36.8+ 4.1 seedling/m? reported for a
badland area in the Pyrenees mountain range (Guardia
et al. 1996). However, thislatter badland was located at
a higher dtitude, received a much higher precipitation
(ca. 1000 mm) and had different parent material. Never-
theless, the seedling density at the Pyreneessiteismuch
lower than that in the vegetated zones at our study site
(P-1 and P-2), and certainly much lower than the seed
bank of theregolith. Interestingly, the seed content from
the P-3 zone was similar to that reported by Garcia-
Fayoset al. (1995) for March 1991 inthe same area (280
+ 74 seeds/m?), despite methodol ogical and chronologi-
cal differences. The disparity between seed reserve and
emergence suggests agai n that seedling emergenceisnot
limited by seed availability, but by microsite conditions.

In addition to the reduced or inhibited seed germina-
tion, seedling survival wasavery important factor limiting
therecruitment of plantsin the badlands. However, smilar
retes of mortality have been reported for other semi-arid
environments outside badlands (Fuentes et al. 1984;
Soriano & Sala 1986; Harrington 1991; Milton 1995).
Not asingleindividual survived or reproduced in any of
the badland areas (P-3, P-4 and P-5) and only 5.3% and
2.6% survived in P-1 and P-2, respectively. The main
cause of mortality was drought, as expected from the
water retention characteristics of the regolith discussed
above. Seedling removal by erosion occurredinfrequently
and was not a major factor causing seedling mortality.
Similar results have been found in other badland areas
(Guardiaet al. 1996), and are also in agreement with the
negligible effects of erosion on seed dynamics (Garcia-

Fayos et al. 1995).

The patterns of seed germination and seedling survival
areconsi stent with thecurrent distribution of adult plantsin
the badlands of Petrer (unpubl. data). The presence of adult
plants of species of which not a single seedling was de-
tected, could be explained by the occurrence of extraordi-
narily wet periodsinthe past. Climatic characteristics, such
asthenumber of rainy days and the course of precipitation
and temperatures throughout the year, influence the water
dynamicsof theregolith and, therefore, affect germination
and survival. For instance, during the germination period
of 1993-1994, there werefive days of continuousrain, but
only eight rainy periods longer than five days have been
recorded between 1950 and 1990.

The same limitations to seed germination and seed-
ling survival, caused by the interaction between the
regolith physical and chemical characteristics and the
climatic conditions, may also apply to other badland
areas from southeastern Spain. The five sites sampled
had similar regolith characteristics and are under a cli-
maticregimesimilar or evendrier thanthat at Petrer. The
time it took the regolith to reach the wilting point after
being saturated with water was equally short in al sites
except Vera. However, the el ectrical conductivity of the
regolith at Vera was amost twice that of P-3 and P-4
(Tables 1 and 3), which may explain the scarce and
scattered vegetation there. Although it is possible that
plant populations from different badlands have devel-
oped differencesin their germination patterns (Acharya
et al. 1989, 1992; Meyer & Monsen 1991), we do not
think that these differences are so large and generalized
astoinvalidate the proposed explanations. For instance,
a germination experiment with two levels of electrical
conductivity (14.54 and 11.73 ms/cm) showed no differ-
enceson either germination rate or speed between seeds
of H. stoechasfrom the Petrer and M onnegre popul ations
(data not shown).

Although salinity and water availability seem to
explain the lack of vegetation on badland areas, erosion
could also occasionally play amayor rolein plant colo-
nization. It is well-known that erosion processes in
Mediterranean climates operate in a catastrophic mode
(Wainwright 1994). Several highly erosive rain events,
with important geomorphological consequences, have
occurred in the studied areas during the last few years
(Cavoetal.1991). Theseeventscan affect the coloniza-
tion processes by compl etely removing the regolith seed
bank, killing already established plants and seedlings,
and modifying the properties of the regolith. On the
other hand, extreme events such as those reported here
are not exclusive to badlands areas. In other environ-
ments such asroad cuttings (Mineau & Puech 1987) and
degraded slopesin Mediterranean and semi-arid regions
(Francis et al. 1986; Agami 1987; Gutterman & Agami
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1987; Tong 1987, 1989; Dargie 1987; Gonzalez-Hidalgo
et a. 1990), plant colonization is aso controlled by
erosive, lithologic and topographic factors.
Inconclusion, short-lived water availability and high
salinity of theregolith seemto bethekey factorslimiting
colonization of vegetation on the badland slopes in
southeast Spain. This limitation arises from the effects
of thephysical and chemical characteristicsof theregolith
on the water retention curve, and it isincreased by other
characteristics such as salt toxicity, aspect and climate.
Although these factors may be present in other erosive
and degraded environments, it isthe degree and presence
of all of them that make the badland environments so
unique, and what resultsin the almost compl ete lack of
vegetation so characteristic of these landscapes.
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