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a b s t r a c t

Revegetation in semiarid road embankments is not always successful because most of the

sown species disappear and only a few survive. To improve hydroseeding success, there is

a need to understand the underlying ecological processes that determine the outcome of

sown species in restoration works.

The objective of this work is to determine the relative importance of different factors in

determining the final species composition after sowing in road embankments and with this

aim, we conducted three different experiments: (1) experimental sowing in road embank-

ments to determine species performance in field conditions; (2) greenhouse sowings, with

the same species than the road embankment experiment, to study the effect of ecological

filters (water stress and plant coexistence) on the performance of the species; and (3) anal-

ysis of relations between plant traits of the sown species (specific seed mass and specific

plant biomass) and sowing success and competitive abilities in the greenhouse experiment.

Relative success of the species in the embankments was compared with the relative success

of the same species in greenhouse experiments and with the seed density sown in the road

embankments.

Plant coexistence, water stress and plant traits affected aboveground plant biomass

production per species in the greenhouse experiment. However, the effects of plant

traits on aboveground plant biomass were lower than the effect of plant coexistence but

higher than the effect of water stress. The performance of the species in the water stress

monoculture treatment at the greenhouse correlated positively with the performance of

the species in the field 2 years after they were hydroseeded, thus indicating that water

stress was the most influencing factor on species performance in road embankments. At

the same time, plant traits as specific seed mass and plant biomass indirectly affected

plant performance in the field since they affected aboveground plant biomass in the

greenhouse experiment. On the contrary, species coexistence and seed density at sowing

had influence on species performance in the road embankments neither 1 nor 2 years after

hydroseeding.
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1. Introduction

Road building produces large amounts of unvegetated soils
often forming embankments. In Mediterranean semiarid
lands, revegetation of these slopes is fundamental since they
are very vulnerable to erosion. One of the most used meth-
ods of revegetation is hydroseeding. However, in many cases,
revegetation by hydroseeding leads to species poor stands
due to the dominance of a few species over all the other
sowed or spontaneous species (Andrés and Jorba, 2000; Kleijn,
2003; Waldron et al., 2005). Although erosion control may
be reached even in low-diversity stands, high species rich-
ness is, however, the preferable outcome because a wide
range of species that respond differently to different envi-
ronmental perturbations increase the likelihood of the new
ecosystem to be resistant and/or resilient to future condi-
tions and disturbances (Hilderbrand et al., 2005; Hooper et
al., 2005). In particular, Boeken and Shachak (2006) demon-
strated that minor species (sensu Grime, 1998) facilitate the
recruitment and abundance of dominant ones during recolo-
nization after disturbance. Moreover, two other factors should
be taken into account: on the one hand, certain combinations
of species are complementary in their patterns of resource
use and can increase average rates of productivity and nutri-
ent retention. On the other hand, susceptibility to invasion
by exotic species is strongly influenced by species composi-
tion and, under similar environmental conditions, generally
decreases with increasing species richness (Hooper et al.,
2005).

Understanding the factors influencing species perfor-
mances will help to produce more diverse and functional
stands in restoration works. This knowledge will help restora-
tion managers to manipulate factors that heavily determine
the output of restoration, like selection of suitable species
and sowing date. Different ecological filters in semiarid cli-
mates were identified as influencing the relative performance
of species. Water stress is a critical factor in revegetation
in arid and semiarid environments (Sharma et al., 2000; Le
Houerou, 2000; Snyman, 2003), especially in the establishment
stage (Koop, 2004). It is also relevant for road embankment col-
onization (Bochet and Garcı́a-Fayos, 2004; Tormo et al., 2006)
and revegetation (Bochet et al., 2007; Karim and Mallik, 2008).
Coexistence among sown species can be an important factor in
determining the final composition and the relative abundance
of individual species (Bakker and Wilson, 2001; Humphrey and
Schupp, 2004). In addition, environmental factors (Brose and
Tielborger, 2005) such as water stress not only contribute to
plant community composition and structure (Shilo-Volin et
al., 2005; Weigelt et al., 2005) but, in some cases, they may also
reverse the competitive hierarchies of plant species (Fynn et
al., 2005).

Human can also influence specific vegetal cover by deciding
the amounts of the different species in seed mixtures. The rel-
ative amount of seeds sown is an important factor (Stevenson
et al., 1995). It is expected that species with the highest sowing
proportion in a mixture of seeds will produce the highest veg-
etal cover or biomass. However, this is not always the case.
Snyman (2003) found that other factors influencing germi-
nation rate or plant growth might be more important than

sowing proportions in determining the relative vegetal cover
of the sown species.

Plant traits, such as specific plant biomass, can also influ-
ence relative cover of a species in restoration works (Navas and
Moreau-Richard, 2005). In relation to seed size, large seeded
species have better establishment rates than small seeded
ones in natural ecosystems (Fynn et al., 2005; Moles and
Westoby, 2006). Nevertheless, Montalvo et al. (2002) obtained
opposed results for species establishment in embankments,
since the largest seeds showed the lowest establishment per-
formance.

The fate of sown species is not determined by only one
of the factors mentioned, but by a hierarchy of factors. To
improve hydroseeding success, there is a need to understand
the underlying ecological processes that determine the out-
come of sown species in restoration works.

We propose that species success after embankment
hydroseeding in Mediterranean semiarid conditions may be
affected by three possible groups of factors or a combination
of them:

• The first group of factors depends on the amount of sown
seeds per species used in the hydroseeding (seed density).
We hypothesize that species sown at higher densities will
contribute more to the final vegetal cover than those sown
at lower densities.

• The second group of factors, derived from environmental
stress and species coexistence, may also influence the rel-
ative performance of the species. We hypothesize that the
competitive hierarchy of the species will determine the rel-
ative contribution of the species to the total vegetal cover
but this hierarchy will be altered by water stress.

• The third group of factors depends on plant traits. We
hypothesize that specific plant biomass and seed mass will
also influence the outcome of relative vegetal cover of sown
species.

The objective of this work is to determine the importance of
the three groups of factors on the outcome of the hydroseeded
species in road embankments under semiarid Mediterranean
conditions. We applied rank correlation to the results of rela-
tive species performance obtained from field and greenhouse
experiments to ascertain the hierarchy of factors influencing
the final outcome of the sown species in road embankments.

2. Material and methods

2.1. Studied species

The species used in the experiments were Avena barbata
Pott. Ex Link, Dactylis glomerata L., Bromus rubens L. (Poaceae),
Diplotaxis erucoides (L.) DC (Brassicaceae), Anacyclus clavatus
(Desf.) Pers. (Asteraceae), Plantago albicans L. (Plantaginaceae),
Medicago sativa L. and Medicago minima (L.) L. (Fabaceae). All
species are ruderal species that grow naturally in the road
embankments of the study area. D. glomerata is a perennial
herbaceous grass, P. albicans is a rhyzomatous perennial herb
and M. sativa is a perennial herbaceous legume with nitrogen
fixing ability that has been widely used in revegetation of road
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embankments. A. barbata and B. rubens are annual grasses. M.
minima is an annual nitrogen fixing legume and all the other
are annual herbs. Species selection was carried out following
the selection criteria proposed in Tormo et al. (2007).

Seeds of these species were collected from local plant pop-
ulations or provided by a local seed supplier (Intersemillas
S.A.). In all cases seeds were collected in summer 2003, at the
end of the growing season and just prior to dispersion. Seeds
were stored in paper bags under dark conditions at room tem-
perature (20–23 ◦C) from collection until the time of sowing
(November 2003).

At the time of sowing, each species had final germina-
tion percentages under laboratory conditions higher than
80%, except D. erucoides (>60%). Germination percentages were
determined by incubating the seeds in a growth chamber
along 4 weeks with a photo-period of 12 h light–12 h dark and
at temperatures between 5 and 15 ◦C. Those conditions mimic
those of the germination period in the study area.

2.2. Field experiment

The field study was carried out on road embankments along
the N-330 road in Utiel (Eastern Spain, 39◦29′N, 1◦06′W). These
road embankments are built with calcareous marls and clays
of tertiary origin, which are the main geologic materials of the
area. Climate conditions in the study area are Mediterranean,
with mean annual temperature and precipitation around 12 ◦C
and 399 mm, respectively (Pérez, 1994). Rainfall distribution is
highly variable among and within years, showing two peaks
in May and October. Farming (vineyards and almond-trees) is
the main land-use in the area. Native vegetation remnants are
typical Mediterranean shrublands with a sparse pine (Pinus
halepensis) layer.

Topsoil used in the embankments came from the agricul-
tural fields present before the road was build. It was spread
over the embankment immediately after road building, being
stockpiled for less than 3 months. Thickness of topsoil layer
was higher than 10 cm but lower than 20 cm. Topsoil charac-
teristics of the embankments are shown in Table 1.

The relative performance of the species in the field was
assessed experimentally. We selected 6 plots (4 m × 4 m each)
on road embankments, all of them along a 1 km section of the
N-330 road to ensure the same lithologic and climatic con-
ditions. All embankments were homogeneous in slope length
(from 12 to 15 m), slope angle (28◦) and age (2 months after road
building). They were all hydroseeded in November 2003. The

Table 1 – Soil data of the topsoil of the studied
embankments (data from Bochet and Garcia-Fayos 2004)

Soil property Value

Sand (%) 38.12
Lime (%) 27.48
Clay (%) 33.51
Stable aggregates (%) 31.02
Organic mater (%) 1.33
Ntotal(mg g−1) 0.07
Pavailable(mg P 100 g−1 soil) 2.50
Electrical conductivity (1:5) (�S cm−1) 133.80

Table 2 – Seed densities in the hydroseeding mixture
and in the greenhouse experiment

Seeds·m−2

Field Greenhouse

Anacyclus clavatus Asteraceae 4615 738
Diplotaxis erucoides Brassicaceae 31531 5045
Medicago minima Fabaceae 260 42
Medicago sativa Fabaceae 1240 198
Plantago albicans Plantaginaceae 885 142
Avena barbata Poaceae 1458 233
Bromus rubens Poaceae 2313 370
Dactylis glomerata Poaceae 5542 887

Total 47844 7655

Proportion of seeds are the same in hydroseeding and in greenhouse
experiment.

hydroseeding mixture consisted of 25 g m−2 of seeds, 15 g m−2

of short fiber wood mulch, 15 cm−3 m−2 of humic acid and
50 g m−2 of organic fertilizer. Seed proportions among species
and seed densities (Table 2) are those usually used for road
restoration in East Spain (Jorge Fort, PROJAR S.A., personal
communication).

Vegetal cover of each species in the field plots was mea-
sured 1 and 2 years after hydroseeding (13/06/2004 and
29/05/2005). In order to avoid edge effects, vegetal cover per
species was recorded only in the central 2 m × 2 m area of the
plots. Vegetal cover was estimated by two observers. The max-
imum acceptable difference between both observers was 10%,
otherwise the estimate was repeated.

2.3. Specific seed and plant biomass

To determine the specific seed mass, 25 seeds of each species
were weighed using a 0.01 mg precision scale (Mettler Toledo
AX205). Seeds were stored at room temperature from collec-
tion to sowing time.

To determine the specific plant biomass, the aboveground
biomass of five individuals per species was harvested at the
end of the growing season (5 months) after drying at 80 ◦C
until the weight was constant. The plants were grown in
5 cm × 5 cm × 20 cm pots in the greenhouse, one per pot. The
growing media consisted of 40% peat, 40% coconut fiber and
20% perlite. The moisture content of the growth media was
maintained at field capacity along the experiment.

2.4. Greenhouse experiment

In order to know how the species are affected by the joint effect
of water stress and coexistence, we fully crossed both factors
in a greenhouse experiment.

The plant coexistence treatment was performed by sowing
seeds of each species in monoculture (six trays per species,
monospecific treatment) and in coexistence with all of the
other species (10 trays, multispecific treatment).

The water stress treatment was performed by maintaining
the moisture of the substratum of half of the trays in each level
of the coexistence treatment at field capacity (without stress
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treatment) and the other half at 60–75% of field capacity (with
stress treatment). The difference between these two water lev-
els proved to be high enough to give rise to differences among
plants in previous experiments.

Sowing was performed in 58 trays (54 cm × 39 cm × 8 cm) in
total with growing media composed of 40% peat, 40% coconut
fiber and 20% perlite. Seed density in all trays and treatments
was 4 g of seed m−2 (Table 2), lower than that used in the field
experiment since we expected that the germination and sur-
vival rates in the greenhouse would be higher than in the
field. Seed proportions among species in the mixtures used
in greenhouse experiments were the same as in the field
(Table 2). Sowing was carried out using sieves to allow a ran-
dom but homogeneous seed distribution in the trays. All trays
were placed randomly in a greenhouse. Each week during the
experiment the trays were randomly re-located to a different
position in the greenhouse in order to homogenize growing
conditions.

The greenhouse temperature and light levels were very
similar to the outside environment: no extra shade was
applied and the greenhouse was open to the outside air cir-
culation.

All trays remained at field capacity until seeds of the
species in all trays germinated.

At the end of the growing period (May 2004), the above-
ground plant biomass was harvested, dried to constant weight
at 80 ◦C and weighed.

2.5. Data analyses

Vegetal cover of each species in the field plots 1 and 2 years
after hydroseeding was used as a measure of the relative per-
formance of the species in the road embankments. So, we
sorted the species by the average relative cover in the field.

The effect of water stress and species coexistence and
plant traits on aboveground plant biomass in the greenhouse
experiment was analyzed with covariance analysis, using
coexistence and water stress as fixed factors and specific plant
biomass and seed mass as covariables. After this, we sorted
the species in accordance to the values of plant biomass for
every of the four treatment combinations obtained from the
greenhouse experiment. So, we obtained sorted lists of species
from the monospecific without water stress, the monospecific
with water stress, the multispecific without water stress and
the multispecific with water stress treatments. The rankings
obtained in each of the four combinations were considered
to represent the result of the relative species performance in
each case. Likewise, we obtained another sorted list of species
from data of seed densities per species used in the sowing
experiments.

We used correlation tests to compare the rankings of
vegetal cover per species 1 and 2 years after hydroseeding
(field experiment) with (1) the ranking of species obtained
from seed density of each species in the mixtures, and (2)
the rankings obtained using plant biomass from the water
stress and plant coexistence combinations (greenhouse exper-
iment). Seed density in the mixtures was only compared with
the results of vegetal cover in the field after 1 year, since pre-
dictions about the effect of this factor are expected to affect
only at the establishment phase.

Table 3 – Mean vegetal cover (%) with its standard error
of the hydroseeded species in the field in Spring 2004
and Spring 2005

Vegetal cover (%)

Spring 2004 Spring 2005

Avena barbata 13.2 ± 4.6 13.8 ± 4.8
Anacyclus clavatus 14.1 ± 4.1 13.3 ± 4.0
Bromus rubens 12.0 ± 1.0 11.0 ± 0.7
Diplotaxis erucoides 4.9 ± 0.6 4.1 ± 0.8
Dactylis glomerata 2.1 ± 0.6 2.2 ± 0.6
Medicago minima 2.1 ± 0.5 2.2 ± 0.5
Medicago sativa 1.6 ± 0.5 1.8 ± 0.5

Total cover 61.1 ± 5.3 68.8 ± 4.3

Kendall’s rank correlation method was used as it is rec-
ommended for ordinal and rank data as well as for small
samples (Siegel, 1998). Probability values below the 0.1 level
were considered significant because the relatively low num-
ber of species used in the experiments (n = 8) which were the
true replicates in the ranking comparisons.

Statistical analyses were carried out using R (R
Development Core Team, 2005) and SPSS v.12.

3. Results

Mean vegetal cover in the study plots was 61% in Spring 2004
and 68% in Spring 2005. Sowed species produced 83% and 72%
of this cover in Spring 2004 and Spring 2005, respectively. The
rest of the vegetal cover was produced by spontaneous species
from topsoil seed bank or from seed rain.

Vegetal cover of A. barbata, A. clavatus and B. rubens was
higher than 10% in all cases (Table 3). All the other species
reached less than one half of the values of vegetal cover
obtained by these dominant species.

Data on specific seed mass and specific plant biomass are
shown in Table 4. There were one order magnitude differences
among species in seed mass but these differences were two
orders of magnitude for plant biomass. There was not absolute
matching between species rank by seed and plant biomass
that is, neither bigger species produce bigger seeds nor smaller
species produce smaller seeds.

Table 4 – Mean seed mass (mg/seed) and aboveground
biomass (mg/plant) with their standard errors of the
studied species

Seed mass (mg) Plant biomass (mg)

Avena barbata 4.74 ± 0.07 126.95 ± 11.25
Anacyclus clavatus 0.42 ± 0.01 26.48 ± 3.47
Bromus rubens 2.17 ± 0.00 31.64 ± 2.73
Diplotaxis erucoides 0.18 ± 0.01 31.74 ± 1.78
Dactylis glomerata 1.11 ± 0.02 87.50 ± 3.02
Medicago minima 5.86 ± 0.04 4.54 ± 0.57
Medicago sativa 2.49 ± 0.03 88.87 ± 22.82
Plantago albicans 1.79 ± 0.05 14.93 ± 1.70
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Table 5 – Mean aboveground plant biomass (mg) per tray and per species with its standard error according to the
different greenhouse treatments (monospecific: species growing alone; multispecific: species growing together with the
rest of the studied species; +stress: water stress treatments; −stress: without water stress treatment; *: no data)

Aboveground biomass

Monospecific Multispecific

+Stress −Stress +Stress −Stress

Avena barbata 32.37 ± 4.9 27.28 ± 0.8 4.72 ± 0.4 3.92 ± 0.4
Anacyclus clavatus 12.06 ± 2.1 7.00 ± 0.9 2.75 ± 0.5 1.48 ± 0.4
Bromus rubens 18.93 ± 1.5 18.34 ± 3.6 2.74 ± 0.4 2.27 ± 0.2
Diplotaxis erucoides 7.13 ± 0.4 4.30 ± 0.6 1.05 ± 0.2 0.52 ± 0.1
Dactylis glomerata 15.90 ± 1.3 11.59 ± 1.0 4.45 ± 0.4 2.70 ± 0.6
Medicago minima 16.18 ± 19.5 34.50 ± 6.2 13.84 ± 9.5 0.51 ± 0.4
Medicago sativa * * 3.06 ± 0.9 3.36 ± 2.0
Plantago albicans 7.08 ± 1.2 5.00 ± 1.2 1.44 ± 0.1 0.93 ± 0.2

In general, the higher the seed mass and/or the specific
plant biomass, the higher the performance of species in the
monoculture with water stress treatment at the greenhouse
(Tables 4 and 5); and then, the higher the species performance
in the road embankments after 2 years.

Plant coexistence, water stress treatments and plant traits
affected aboveground plant biomass of all species used in the
greenhouse experiment (Tables 5 and 6). In general, plants in
multispecific trays were smaller than plants in monospecific
ones (Tables 5 and 6), and this effect was produced in both
levels of water stress treatment since the interaction term
was not significant (Table 6). On the other hand, plants with
higher values of specific seed mass and plant biomass tend to
produce higher aboveground plant biomass (Tables 4 and 5).
The magnitude of the differences in aboveground biomass
between plants growing in monospecific and multispecific
trays was higher than between plants growing with and with-
out water stress. Also, covariables explained less variance than
coexistence treatment but more variance than water stress
treatment (Table 6). Nevertheless, the relative performance of
the species varied within the treatments and in relation to
plant traits.

Among the comparisons of species ranking obtained from
vegetal cover in the field with that of species ranking obtained
from seed density and of coexistence and water stress treat-

Table 6 – Main values of the covariance analyses of the
greenhouse data

Factor F d.f. Sig. Eta2

Coexistence 132.92 1 <0.01 54%
Water stress 4.32 1 0.04 4%
Interaction (coexistence × stress) 0.40 1 0.52 <1%

Covariables F d.f. Sig. Eta2

Plant biomass 9.19 1 0.03 8%
Seed biomass 13.94 1 < 0.01 11%

Showing F-statistic, degrees of freedom, signification and eta2, that
indicates the proportion of total variability for each factor and
covariable.

ments only that derived from the aboveground biomass of
plants growing in the monospecific with water-stressed treat-
ment was significant (Table 7). This correlation was moderate
and significant only for the 2005 field survey.

4. Discussion

Three groups of factors were proposed as influencing plant
relative performance in road embankment restoration: seed

Table 7 – Kendall’s correlations between the rankings of the species obtained from the field and (1) the greenhouse
experiments (water stress + coexistence); (2) the seed and plant biomass; and (3) the seed density in hydroseeding
mixtures

Greenhouse experiments Seed density

Monospecific Multispecific

+Stress −Stress +Stress −Stress

Spring 2004
Tau 0.429 0.143 −0.036 0.214 0.286
p-value 0.119 0.386 0.550 0.274 0.199

Spring 2005
Tau 0.524 0.238 0.036 0.286 *
p-value 0.068 0.281 0.450 0.199 *

Tau Kendall’s statistic and significance level are shown. (*) No analyses (see explanation in the text).
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density in hydroseeding mixtures, factors derived from
species coexistence and water stress and plant traits like spe-
cific seed mass and plant biomass.

The lack of correlation between species ranking by seed
density and species ranking from vegetal cover 1 year after
hydroseeding is in accord with the idea that different factors
during the establishment and growing phases hide the effects
of sowing densities (Stevenson et al., 1995; Jefferson, 2004).

In semiarid conditions it has been repeatedly found that
only a few of the sown species manage to establish (Muzzi
et al., 1997; Albaladejo et al., 2000; Brofas and Varelides,
2000). Water stress has often been proposed as the main
limiting factor affecting plant colonization in semiarid envi-
ronments (Sharma et al., 2000; Le Houerou, 2000; Snyman,
2003), and particularly in road embankments (Bochet et al.,
2007; Tormo et al., 2006). Accordingly, our results shows that
plant performance in water-stressed monocultures resem-
ble plant performance in the road embankments more than
any other treatment, thus suggesting that species perfor-
mance in the field is influenced by the same factors simulated
under the effect of monospecific and water stress treatment.
Water stress controls plant establishment and development
thus causing plant communities to have low vegetal cover
and sparse plant patterns. Under these condition current
theory on the interplay between facilitation and competi-
tion (Bertness and Callaway, 1994; Callaway and Pugnaire,
1999, but see Maestre et al., 2005) predicts that competi-
tion for resources (water, nutrients and light) may be lower
than in a more dense vegetation, then overruling the role of
plant competence in sorting species in the embankments.
Specific plant biomass was responsible only for a small
part of the biomass variation in the greenhouse experiment
contrary to evidences in the literature, where a positive
relationship between specific plant biomass and compet-
itive ability has been generally found (Fraser and Keddy,
2005). Nevertheless, the two species showing the highest spe-
cific plant biomass were also the species that obtained the
highest cover percentages in the field (A. barbata or A. clava-
tus).

Seed mass explained only a small part of the variation of
aboveground plant biomass in the greenhouse experiment.
May be, the beneficial effects of the first 2 weeks of irri-
gation on plant establishment may have hidden the effect
of seed mass which influences mainly the first stages of
plant development (Moles and Westoby, 2006). Notwithstand-
ing, the limited set of seed and plant sizes used in the
experiments prevent us about the generality of our conclu-
sions on the effect of plant traits on species performance.
The fact that plant traits (specific plant and seed biomass)
explain more variability than water stress in the greenhouse
experiment, might be due to the low differences in water
content between the trays with and without water stress
(25–40%). Notwithstanding, these relatively low differences
in water content have been large enough to produce sig-
nificant differences in aboveground plant biomass between
treatments and to match species rank from the greenhouse
with that of the field. Further experiments using wider
ranges of water stress are needed to better understand-
ing the effect of this factor on species performance. The
use, in greenhouse, of the same soil than in field experi-

ments should also be tested, since water retention capacity
of greenhouse substratum is different from that in natural
soils.

In conclusion, it seems that water stress, both directly
and through its relation with specific seed mass and plant
biomass, influences species performance in road embank-
ments. In consequence, both current climatic conditions and
species selection may be key factors on the outcome of road
embankments hydroseeding under semiarid Mediterranean
conditions.

Implications for practice

• Climatic conditions after hydroseeding and selection of
species with plant traits that confer ability to estab-
lish under water-stressed conditions should be taken into
account when planning restoration of road embankments
since both factors are principal in determining species per-
formance in sowing.

• The time of the year to perform hydroseeding on road
embankments under semiarid Mediterranean conditions
appears then as a critic factor since weather conditions after
hydroseeding significatively affected species fate.
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