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Abstract. The dynamics of seed population on slope surfaces with physiography, soil properties and erosion rates
were studied to test the hypothesis that the lack of vegetation (Brown 1971; Butler et al. 1986; Korzhenevskiy &
on badlands is caused by seed removal by erosion. The initial Klyukin 1989; Alexander & Calvo 1990; Guardia &
soil seed bank and two years of seed rain and seed removal byNinot 1992). However, none of these studies looked at

erosion were estimated in two small catchments, and a seed . . .
" o . . why there is almost no vegetation in badland slopes,
balance was constructed. In addition, six rainfall simulation

experiments were performed to test the susceptibility of seeds aIthpugh they implied that erosion proce'sses are the
to be removed by overland flow. A variety of soil surface Main reason. In a general model on erosion and plant
conditions, rainfall characteristics and plot sizes were used in COmpetition, the removal of sediments and litter has
these experiments. been proposed as the mechanism through which erosion
Soil seed bank densities are low, but enough for the influences vegetation development, because it affects

development of plant cover. Seed losses due to erosion after plant establishment, growth and survival (Thornes 1985,
natural rains were low (¥3%), and in agreement with seed 1990).

losses from simulated rainfall experiments. After two years, We hypothesized that the removal by erosion of
seed inputs in the seed rain were greater than seed outputs

: . . ; seeds arriving at the soil surface is the main factor
through seed removal, which resulted in a continuous increase - . .
in the numbers of seeds in the soil bank. These results point out explaining the scarcity or the absenceiof vegetatlohlon
that seed removal by erosion is not the key factor explaining Padland slopes. To test this hypothesis, we quantified
the lack of vegetation on badlands. It is suggested that other the balance between seed inputs and outputs at the
factors, such as those related to seed germination and seedlingcatchment scale in a badland area, and experimentally
survival, may play an important role. tested the susceptibility of the seeds to be removed by

soil erosion at the plot scale.
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Study site
Nomenclature: Tutin et al. (1964-1980).
This study was performed near Petrer, in the prov-
ince of Alicante, Spain (380'N, 0°45'W.) The region
Introduction has a semi-arid Mediterranean climate, characterized by
dry summers lasting 4-5 months. Average annual rain-
Badlands is a term of current use in earth sciences, fall is 370 mm, and average annual temperature is ca.
especially in geomorphology. The term indicates a dis- 16 °C. The badlands occur on both sides of a small
tinctive land form that develops in semi-arid regions, valley cut into Cretaceous (Senonian) marls (Anon.
characterized by a highly dissected topography, very 1978). The general orientation of the valley is E-W, and
high drainage rates, rapid erosion rates and a sparse orbadland development and extension differ on north- and
even non-existant plant cover (Bryan & Yair 1982). south-facing slopes. On the south-facing slopes, badlands
Important data are available on the geomorphological extend from the valley floor to the divide. However, on
implications of the erosion processes involved in badland the north-facing slopes badland extension is limited,
development (Bryan & Yair 1982; Calvo & Harvey covering only the lower section of the slopes (Calvo &
1989; Lépez-Bermudez & Romero-Diaz 1989; Harvey Harvey 1989). The slopes are very steep, ranging from
& Calvo 1991), but little is known about the implica-  25° to 5, and the regolith surface is characterized by a
tions for vegetation, especially plant colonization. The crack morphology. The dominant erosion processes are
main topics in badland-vegetation studies have been the rill and interrill overland flow together with local piping
distribution of species and communities and its relations and mass movements. Erosion rates recorded in these
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badlands are around 200h¢Zhr1, among the highest
reported for southeast Spain (Calvo & Harvey 1989;
Calvo et al. 1992).

Natural vegetation in this region has been highly
influenced by human activity for centuries. The current
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the total number of seeds of each species determined.
Damaged and empty seeds were rejected. The seeds of
bird-dispersed species were discarded, because their
presence was considered a consequence of the attrac-
tiveness of the trap for the birds. Seed predation by

vegetation is the result of the degradation of a dense and animals was not observed at any trap for the duration of

tall shrubland of the associatid®hamno-Quercetum
cocciferae It consists of isolated individuals of
Moricandia arvensisindLygeum spartupeaving most

of the soil completely bare. Vegetation of the colluvial

the study. Total seed rain in each catchment was calcu-
lated by extrapolating the sampled densities, and com-
pared yearly using a Mann-Whitney test.

Seed outputs were measured in sediment traps in-

soils on the south slopes and terraces adjacent to thestalled at the outlets of both catchments. The traps
badlands is a sparse and low scrubland dominated by consisted of a metal frame holding a 0.25-mm mesh size
Lygeum spartum, Salsola genistoides, Moricandia bag that intercepted the sediments carried out by the

arvensis, Cheirolophus intybaceus, Helichrysum
stoechas, Fumana ericoides, Sedum sediforzne,
Phagnalon saxatileVegetation of the adjacent north

run-off water. After each rainfall which led to run-off,
the bags were replaced, their contents weighed and
sieved, the sediments examined in the microscope, and

facing slopes is denser, especially on the upper parts the number of seeds of each species determined. Dam-

where the colluvial soils are deeper. It is dominated by
Coronilla minima, Brachypodium retusum, Cistus

albidus, Bupleurum fruticescens, Erica multiflora,

Helictotrichon filifoliumandFumana ericoides

Methods

Seed population dynamics

A two-year complete seed balance was calculated in
two adjacent small catchments. After estimating the
initial soil seed bank, seed inputs and outputs were
measured monthly and summarized for the study pe-
riod. Measurements started in March 1991 and finished
in April 1993. The areas of the catchments, to be called
C-1 and C-2, were 245 and 33% raspectively.

The initial soil seed bank in the catchments was

sampled in March 1991, after seed dispersal and germi-

nation. At each catchment, 30 soil cores (5.5 cm diam-
eter, 6 cm depth) were extracted, following an even
design from the top to the bottom of the slopes. The

aged and empty seeds were disregarded. The amount
and intensity of the rainfall were measured in two rain-
fall gauges located at the higher and lower part of the
study area.

Simulated rainfall experiments

A total of six rainfall simulation experiments on
dyed seeds were performed, covering a variety of site
and rainfall conditions, described in Table 3. Experi-
ments SL-01 to SL-03 were carried out in February and
March 1992, using a sprinkler rainfall simulator (Calvo
et al. 1988). Plot size was 0.24,rand rainfall intensity
55mmhr. The plot size used in these experiments was
small, so new experiments using a larger sprinkler rain-
fall simulator were carried out in October and Novem-
ber 1992 (SL-04 to SL-06). In these experiments plot
size was 3 rhand rainfall intensity 45 mm/hr. Rainfall
intensities are similar to those of the heavier rainstorms
registered in the area.

Seeds ofCheirolophus inthybaceus, Cistus albidus,
Helichrysum stoechaand Moricandia arvensisvere

samples were sieved through a 0.25-mm mesh and ex- collected from populations living in the study area, air-
amined using aX/- 40x microscope to determine the  dried in the laboratory and dyed with blue aniline. These
presence and amount of seeds of each species. Damagedpecies were chosen because of their dominance in the
and empty seeds were disregarded. The seed densitiesseed bank and adjacent vegetation. 24 seeds of each
obtained were extrapolated to the catchment area, in species were used in experiments SL-01 to SL-03 and
order to estimate total seed numbers. The initial seed 60 in the experiments SL-04 to SL-06. The seeds were
pools of the catchments were compared using a non- placed on the soil surface, in the centre of each plot.
parametric Mann-Whitney test. During the rain simulation, samples of the overland

Seed inputs were measured monthly in three 0.34- flow were collected every minute. Run-off water, sedi-
m? seed rain traps installed on the upper, medium and ment content and seed losses were determined at each
lower parts of each catchment. Each trap consisted of sample. The results from this experiment were not sta-
four 33-cm diameter funnels kept 50 cm above the tistically analyzed because its objective was to ex-
ground using a metal frame. Each funnel had a 0.25-mm perimentally verify the rates of seed losses obtained in
mesh size bag attached to the end. The bag was replacedhe seed traps and thus there was no replication.
monthly, its content examined in the microscope, and
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10 120 Table 1. Initial number of seeds in the soil bank and total
g 8 100 number of seeds in two years of seed rain and seed removal by
= : g erosion, with indication of their dispersal agent (W=wind,
§ 2 8 = X=others). The data are refered to the total study area (580
S Y mZ)_
8 o 60 o
c :’.:, 21 ‘_‘: .
£ 4 2 Dispersal  Seed Seed Seed
o 8 8 Species agent bank rain removal
[ 2 o
T
3 1: Catchment - 1] | Sedum sediforme W 48739 6957 4392
MAMJJASONDJFMAMJJASONDJFMA Erica multiflora w 38835 4282 3043
Phagnalon saxatile W 31582 5651 2578
Helichrysum stoechas w 4692 6192 1891
10 120 Crepis vesicaria w 4692 2348 505
£ 8 Pallenis spinosa X 4692 0 162
> 6 } 100 s Lygeum spartum w 4692 0 0
3 4 ” 8_ Sonchus oleraceus w 3431 2411 683
@ 2 x Moricandia(2 spp.) X 3431 326 1046
8 ol 60 2 Salsola genistoides w 3431 979 477
c X 2 3 Dittrichia viscosa w 0 9369 1102
2 4 o 2 Phragmites australis w 0 5675 126
g ] Dactylis glomerata X 0 2762 916
3 - 20 @ Stipa parviflora w 0 1218 0
3 R Catchment - 2 Ulmus minor W 0 955 0
-10 ASONDIFMA ° Bupleurum fruticescens X 0 803 0
MAMJJASONDJFMAMJ Senecio linifolius w 0 326 0
1991 1992 1993 Piptatherum miliaceum X 0 326 0
i . L Stipa tenacissima W 0 239 0
Fig. 1. Seed population dynamics in catchments C-1 and C-2. (ijstus albidus X 0 0 126
The initial value corresponds to the soil seed bank. (vertical Thymus(2 spp.) X 0 0 71
bars=seed rain and seed removal by erosion; solid line=seed Globularia alypum w 0 0 66
balance). Brachypodium retusum X 0 0 63
Foeniculum vulgare X 0 0 63
Cheirolophus intybaceus X 0 0 63
Teucrium pseudochamaepitX 0 0 3
Asteracead?7 spp.) W 8123 4044 385
Results Inderminated (6 spp.) X 3431 2436 474
Seed population dynamics
Initial soil seed bank density was 2804 and 26& during summer and winter. The most abundant species

85 seeds/fin catchments C-1 and C-2, respectively in the seed rain, accounting for more tha¥66f the

(see Garcia-Fayos & Recatala 1992 for additional infor- total, were Dittrichia viscosa Sedum sediforme
mation). These values are equivalent, as shown by the Helichrysum stoechaBhragmites australihagnalon
Mann-Whitney test (&:4.00,p =1.000, d.=1). Three saxatileandErica multiflora(Table 1).

speciesSedum sediformé&rica multifiora, andPhag- Seed outputs for the two-year period accounted only
nalon saxatileaccount for 756 of the total seed bank  for 12.5% and 5.84 of the total seed bank in catchments
(Table 1), a dominance that may be explained by the C-1 and C-2 respectively, including the two-year seed
seed production of these species, the larger of all speciesrain. For the duration of the study, there were only three
in the study area. In additioBrica multifloradisperses rainfall events that produced seed losses, on 25 October
its seeds in February and March, when sampling was 1991, 18 23 February 1992 and-8 February 1993.

conducted. HoweveGedum sediformandPhagnalon Again, Sedum sediformé&rica multiflora, Phagnalon

saxatiledisperse in October and May, respectively. saxatile Helichrysum stoechaand Dittrichia viscosa
Seed inputs in catchments C-1 and C-2 werelfP were the main species in the seed output, accounting for

and 3 7seedsn2yr-1in the first year, and 5311 and over 65% of total losses (Table 2).

54+ 13 seeds12yr1in the second year, respectively. After two years, in both catchments, seed inputs in

These differences between catchments were not statisti- the seed rain were greater than seed outputs through seed
cally significant in either year (Mann-Whitney test=U removal, which resulted in a positive balance (Ejg.
7.00,p=0.2752, d.f=1 for the first year, and 54.00,

p=0.8273, d.f= 1 for the second year). Seed inputs

were continuous over the year, although some variabil-

ity existed. In general, seed rain tended to be lower



694 Garcia-Fay

os, P., etal.

Table 2. Rainfall events producing seed losses from March 1991 to April 1993 at catchments C-1 and C-2.

C-1 Cc-2
Total Maximum Seed losses Seed losses
Date precipitation intensity n % n %
25th October 1991 5.6 1A 59 mm/h 0 0 3 <0.1
18-23th February 1992 97 Ifm 12 mm/h 8577 10.7 4265 4
3-8th February 1993 66 IAn 14 mm/h 2712 34 2970 2.6

Simulated rainfall experiments

Seed losses were low in all experiments, less than 1

sagebrush steppes of Utah. Soil in these areas contained
400, 269 and 92 seedg/mespectively (Kemp 1989).
3 The presence of vegetation in these ecosystems suggests

% of the total seeds present, despite the conditions of the that the lack of vegetation on the badlands cannot be
experiment (Table 3). Seed losses increased as slopeexplained only by the seed removal hypothesis.

angle and rain duration increased, and decreased as total

The spatial distribution of the seed bank was highly

transport length increased. This behaviour is similar to heterogeneous. The frequency distribution of the number

that of sediment particles (Govers 1989; Parsons et a
1993). However, increased run-off caused by high ini-

|. of seed in each sample has a skewed pattern; few sam-
ples have a large number of seeds but most have a few or

tial soil moisture did not result in an increase in seed none (Fig. 2). This pattern of highly clumped seeds is
losses, as expected with soil sediment particles (Govers frequent in desert seed banks (Nelson & Chew 1977;

1991).

Each species showed a different susceptibility to
removal (Table 4). While some species, sudblssro-
lophus inthybaceugpresented high losses in all experi-
ments, others, such Bielichrysum stoechaandMori-
candia arvensigpresented only least losses in one ex-
periment.

Discussion

Reichman 1984; Kemp 1989).

The seed rain values reported in this study are very
low, compared with values from other environments
where similar seed traps and methodology were used.
Over a period of two years, average seed rain in Petrer
ranged from 45 to 52 seaus?yr-1. Reported values in
the literature range from 4375 seedmn2yr1in the
open ground of a fynbos community in S Africa (Manders
1990), to 76779622 seedsi2yr-1in a recently burnt
out plantation ofCryptomeria japonicain Japan
(Kominami 1988), and to 3®0seedsn—2yr-1in an old-

Soil seed densities were low, but there were seeds field community in Central New York (USA) (Morris et

available for germination in the soil of the slopes in both

catchments in 1991, 1992, and 1993, as data from the

al. 1986).
Seed losses through natural rainfall over the study

seed bank and seed balance showed. This result is inperiod were lower than expected, although the results

disagreement with the hypothesis that removal by ero-

agree with those obtained in the rainfall simulation

sion of the seeds arriving to the soil surface would be the experiments. Maximum seed losses observed in the
main factor explaining the scarcity or absence of vegeta- simulation experiments were 12%& of the total after
tion on badland slopes. Seed densities reported here, 110 minutes of a 8B m/hr rainfall. The probability of a

about 27%eeds/rj are comparable to those found in

rainfall of higher intensity and duration occurring is

the Sonora and Mohave deserts and in the semi-arid very low, and therefore the probability of complete

Table 3.Site and experimental conditions of the rainfall simul

ations, and rate of seed losses.

SL-01 SL-02 SL-03 SL-04 SL-05 SL-06
Transport length (cm) 25 25 25 120 120 120
Slope (degrees) 25 40 40 40 45 45
Rain intensity (mm/h) 55 55 55 45 45 45
Rain duration (minutes) 40 40 110 40 40 40
Previous soil moisture dry dry dry dry dry wet
Run-off average (mm/h) 36.7 47.4 50.3 17.5 24.2 40.6
Erosion (gril-n? 1893.6 2505.5 3422.9 3212.0 3855.9 7099.4
Seed losses (%) 2.27 8.33 12.50 1.14 0.68 0.69
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T_able 4 Percentage of seed losses per species after rainfall this fact, seed inputs were greater than outputs over the
simulations. study period, and the seed balance showed a continuous
increase in the number of seeds in both catchments. The

Experiment  Cheirolophus  Cistus Helichrysum  Moricandia . ]

ntybaceus  albidus stoechas arvensis positive results of the two-year seed balance may be

caused by decreased seed losses due to scarce, low

SL-01 4.17 0.00 417 0.00 intensity precipitation during the study period. How-
gt'gg g?-gg g-gg 8-88 211’3 ever, this low precipitation also affected seed produc-
SL-04 3.33 333 0.00 0.00 tion, thus redgcmg_ the amount of sgeds aya|lable as
SL-05 1.67 0.00 0.00 0.00 inputs. Many individuals oErica multiflora did not
SL-06 4.35 0.00 0.00 0.00 bloom in the winter of 1992 and the mortality of mature

plants of Fumana ericoided§rom February 1991 till
February 1992 was as high as%s0n some stands.

We can conclude that seed removal is not the cause
depletion of the soil seed bank is remote. The results of the lack of vegetation in the slopes of badlands. The
from the seed rain data suggest that, even if the soil seedpresence of available seeds in the soil bank, the low
bank is completely removed, the arrival of seeds would losses caused by rainfall, and the number of seeds greater
be enough to ensure a rapid re-establishment of the seedin the inputs than in the outputs support this conclusion.
bank. These results are reinforced by the agreement between

The same set of species dominates the soil seed bankobservational and experimental data from the rain simu-
and the seed input and output, indicating that the results lators. Low seed availability alone cannot explain the
are consistent. However, there was a relative lack of lack of vegetation in the badlands, and thus other factors
effectiveness of the soil seed bank and seed rain sam-such as seed germination and seedling survival should
pling design, because seeds of some species that ap-be considered.
peared in the sediment traps were not found in the seed
bank or rain (Table 1). This can most likely be attributed
to the seed dispersal mechanisms of these species, WhiChAcknowled ementsThis research was subported by broiects
were either short distance, ballistic dispersion mecha- NAT89-10?2-C06-04 o AM893-084F£)£C06-OZ %fjthe
nisms Cistus albidu} short pedicelsleucrium pseudo-

h . h lqari | il Comision Interministerial de Ciencia y Tecnologia. We are
chamaepitys Thymus vulgarisand T. longiflorug or grateful to Mario Paya and his family and I. Tiemessen and N.

barochorous specieBrachypodium retusum, Foenicu-  gouma for their help in field work at Petrer. Thanks are due to

lum vulgareandCheirolophus inthybaceisAs a con- Vicente Monleon and two anonymous reviewers for their
sequence, total seed input was underestimated. Despitecomments and suggestions on an earlier version of the manu-
script.
60
References
50 Anon. 1978 Mapa Geoldgico de Espafia, 1:50.000: Hoja n°
@ S 871 (Elda) IGME (Instituto Geoldgico y Minero de
%_ 40 Espafia). Ministerio de Industria, Madrid. (Sheet and ac-
£ companying memoir).
,,“5 Alexander, R.W. & Calvo, A. 1990. The influence of lichens
‘s 30 in slope processes in some spanish badlands. In: Thornes,
.E J.B. (ed.Vegetation and Erosiod.Wiley & Sons, Chich-
ester.
E 20 Brown, R.W. 1971. Distribution of plant communities in
z south-eastern Montana badlandm. Midl. Nat.85:458-
10 . o o 477.
Bryan, R.B. & Yair, A. (eds.) 198Badlands. Geomorphology
and piping.Geo Books. Norwich.
0

T Butler, J., Goetz, H. & Richardson, J.L. 1986. Vegetation and
0 1 2 3 4 5 soil landscape relationships in the North Dakota badlands.
Seeds / Sample Am. Midl. Nat.116: 378-386.
Calvo, A. & Harvey, A.M. 1989. Morphology and develop-
Fig. 2. Distribution of the soil seed bank samples that con- ment of selected badlands in southeast Spain: implications
tained seeds(= 90). of climate change. In: Imeson, A. & De Groot, R.S. (eds.)



696 Garcia-Fayos, P., etal.

Landscape-Ecological Impact of Climatic Change on the
Mediterranean Regiqmp. 321-330. University of Utrecht
and University of Amsterdam, Amsterdam.

Calvo, A., Gisbert, J., Palau, E. & Romero, M. 1988. Un
simulador de lluvia portatil de facil construccion. In: Sala,
M. & Gallart, F. (eds.Métodos y técnicas para la medicion
en el campo de procesos geomorfoldgipps6-15. Mono-
grafia n°1, Sociedad Espafiola de Geomorfologia, Barce-
lona.

Calvo, A., Harvey, A.M., Paya, J. & Alexander, R.W. 1992.
Response of badland surfaces in southeast Spain to simu-
lated rainfall.Cuat. Geomorfol5: 3-14

Garcia-Fayos, P. & Recatala, T.M. 1992. Lareserva de semillas
en una cuenca de badlands (Petrer, Alicam&neos
140: 29-36.

Govers, G. 1989. Grain velocities in overland flow: A labora-
tory experimentEarth Surf. Procesl4: 481-489.

Govers, G. 1991. Time dependency of run-off velocity and
erosion: The effect of the initial soil moisture profile.
Earth Surf. Procesd.6: 713-729.

Guardia, R. & Ninot, J. 1992. Distribution of plant communi-
ties in the badlands of the upper Llobregat basin (South-
eastern PyreneesSjtud. Geobotl2: 83-103.

Harvey, A.M. & Calvo, A. 1991. Process interactions and rill
development on badlands and gully slogesseomorph.

N. F. Suppl.-Bd83: 175-94.

Kemp, P.R. 1989. Seed bank and vegetation processes in
deserts. In: Leck, M.A., Parker, V.T. & Simpson, R.L.
(eds.)Ecology of soil seed banksp. 257-281. Academic
Press. San Diego, CA.

Kominami, Y. 1988. Seed-fall in the early stage of succession
after a forest fireEcol. Rev21: 169-176.

Korzhenivskiy, V.V. & Klyukin, A.A. 1989. Vegetation of
Crimean badlandsSov. J. Ecol20: 338-344.

Lépez-Bermudez, F. & Romero-Diaz, M.A. 1989. Piping
erosion and badland development in SE Spain. In: Yair, A.
& Berkowicz, S. (eds.Arid and semiarid environments:
Geomorphological and pedological aspeqgtp. 59-73.
Catena supplement, 14. Catena, Cremlingen.

Manders, P.T. 1990. Soil seed banks and post-fire seed depo-
sition across a forest-fynbos ecotone in the Cape Province.
J. Veg. Scil: 491-498.

Morris, W.F., Marks, P.L., Mohler, C.L., Rappaport, N.R.,
Wesley, F.R. & Moran, M.A. 1986. Seed dispersal and
seedling emergence in an old field community in Central
New York (USA).Oecologia(Berl.). 70: 92-99.

Nelson, J.F. & Chew, R.M. 1977. Factors affecting seed
reserves in the soil of a Mojave desert ecosystem, Rock
Valley, Nye County, Nevadéam. Midl. Nat97: 300-321.

Parsons, A.J., Wainwright, J. & Abrahams, A.D. 1993. Trac-
ing sediment movement in interrill overland flow on a
semi-arid grassland hillslope using magnetic susceptibil-
ity. Earth Surf. Procesd8: 721-732.

Reichman, O.J. 1984. Spatial and temporal variation of seed
distributions in Sonora Desert SoilsBiogeogrl1: 1-11.

Thornes, J.B. 1985. The ecology of erosi@eography70:
222-235.

Thornes, J.B. 1990. The interaction of erosional and
vegetational dynamics in land degradation: Spatial out-

comes. In: Thornes, J.B. (ed/pgetation and Erosion
J.Wiley & Sons, London.

Tutin, T.G., Heywood, V.H., Burges, N.A. Valentine, D.H.
Walters, S.M. & Webb, D.A. (eds.) 1964-198tora

Europaea.Cambridge University Press, Cambridge.

Received 7 March 1994;
Revision received 9 March 1995;
Accepted 25 June 1995.



