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a b s t r a c t
Restoring roadside slopes in semiarid regions of the Mediterranean Basin is often constrained by the
difﬁculties arising when developing restoration projects (absence of nearby natural ecosystems serving
as reference sites and slow natural colonization) and by the contradictions found between short-term
(reduce soil erosion) and long-term (increase plant diversity) restoration goals. Restoration techniques
developed in temperate climates are commonly applied in these regions without taking into account
their speciﬁc characteristics; as a consequence, they often fail. We evaluated the effectiveness of three
treatments widely used by practitioners (hydroseeding, fertilization and irrigation) to foster community
composition changes that control soil erosion and increase species diversity (restoration goals) during
the restoration of motorway embankments. The study was carried out during an 18-month period in
ﬁve embankments from semiarid central Spain. The most outstanding result was that responses of the
plant community to the treatments evaluated were site-speciﬁc. Several fast-growing dominant species,
some hydroseeded and some already present in the study sites, were responsible for this idiosyncratic
variation between sites. On embankments, where plant cover can easily reach values high enough to
prevent erosion, the use of non-native herbs that can potentially dominate the community should be
avoided. These fast-growing species, although effective as starters the ﬁrst years following motorway
building, can constrain vegetation dynamics in the long term. Our results indicate that these species
should be controlled in the ﬁeld, and their presence avoided in the commercial seed mixtures when the
target is to enhance biodiversity and ecosystem stability and resilience.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Roads are one of the human constructions causing a major environmental impact (Briggs and Giordano, 1992). The adjacent slopes
created or transformed after road building are abundant habitats
worldwide (Valladares et al., 2008). Despite the abundance and
environmental impacts that these constructions promote, there is
a lack of basic information on the ecology of the degraded lands
resulting from motorway construction (Bradshaw and Huttl, 2001),
as well as on the best strategies to restore them (Matesanz et al.,
2006). However, designing projects to restore roadside slopes in
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semiarid areas of the Mediterranean Basin is not an easy task. First
of all, these environments have been intensively transformed by
humans for centuries (Naveh and Dan, 1973), making it difﬁcult to
select a nearby natural ecosystem as a reference site (Hobbs et al.,
2006). Secondly, the slow colonization of these slopes by natural
vegetation is seriously conditioned by water availability (GarcíaFayos et al., 2000), the lack of propagules (Tormo et al., 2007) and
the adverse climatic and soil conditions (Bochet and García-Fayos,
2004) characterizing these environments. In addition, there are
apparent contradictions between the achievement of short-term
(e.g., controlling soil erosion, Andrés et al., 1996) and long-term
(e.g., increasing plant diversity to enhance ecosystem resilience to
future environmental conditions and disturbances, Hooper et al.,
2005) restoration goals.
The existence of widespread landscape transformations like
extensive agriculture, introduction of non-native species (Blondel
and Aronson, 1995) or wildﬁre incidence (Pausas, 2004) can complicate the selection of the reference site that could serve as
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a model for planning a restoration project (SER, 2004). Moreover, ongoing environmental changes and the increasing prevalent
anthropogenic disturbance may result in novel ecosystems whose
composition and/or function differ from any historical system
(Jackson and Hobbs, 2009). Thus, little is known about the factors
controlling ecosystem functioning in this potentially new successional context, as well as about the suitability of widely used
restoration treatments for the recovery of vegetation in these novel
ecosystems (Matesanz et al., 2006). In these cases, key questions
to be answered are which restoration goals must be set and what
is the baseline for comparisons and reference. Recovering ecosystem services and promoting ecosystem functioning could be an
appropriate restoration objective (Hobbs et al., 2006) and a critical
aspect in disturbed Mediterranean environments (Méndez et al.,
2008). There is consensus that diversity is essential for maintaining ecosystem functioning and the stability of ecosystem processes
in human-dominated and fast-changing environments (Loreau et
al., 2001). Therefore, promoting shifts in community composition
that increase species diversity at short-time scales seems a reasonable strategy to restore degraded ecosystems when reference sites
are not available.
The colonization of semiarid motorway slopes by natural vegetation is typically very slow (Bochet and García-Fayos, 2004).
This process is restricted by low water availability levels (GarcíaFayos et al., 2000), lack of propagules due to the prevalence of
inefﬁcient dispersal based on mixospermy and even atelechory
(Tormo et al., 2007), and by the adverse climatic and soil conditions
found for most commercial seed mixtures in many restoration sites
(Bochet and García-Fayos, 2004). The stabilization of slopes and
the control of soil erosion through the establishment of a dense
herbaceous cover is a priority in the restoration of recently built
roadside slopes (Andrés et al., 1996). Hydroseeding is widely used
for this purpose in temperate climates (Sheldon and Bradshaw,
1997) and has also become very popular in semiarid Mediterranean
areas to restore roadside slopes (Andrés et al., 1996; Albaladejo
et al., 2000; Matesanz et al., 2006; Tormo et al., 2007). The commercial hydroseeding mixtures are mainly composed by highly
competitive forage grass and legume species non-native to these
areas (Martínez-Ruiz et al., 2007; Tormo et al., 2007). However, in
many cases, this technique renders poor results in terms of species
richness and aboveground biomass (Matesanz et al., 2006), and
therefore leads to poor protection from soil erosion (Andrés et al.,
1996; Tormo et al., 2007).
Numerous studies have investigated the effects of resource
availability over entire plant communities (Fransen, 1998; Cahill,
1999), but few of these studies have been conducted on motorway slopes (Holmes, 2001; Paschke et al., 2000). Furthermore, it
has been shown that interactions between the availability of water
and nutrients can largely determine the response of herbaceous
assemblages (Maestre and Reynolds, 2007). Although fertilization
and irrigation often increase herbaceous productivity in the short
term (Hooper et al., 2005), they can also prevent long-term vegetation development because of competition with spontaneous
colonizers (Holl, 2002). Atmospheric fertilization is more marked
in novel ecosystems such as roadside slopes, where N deposition
from vehicle emissions represents an important N input to the
system (Cape et al., 2004). However, the contribution of hydroseeding, and its joint effects with the increase in soil resources (water
and nutrients), to the trade-off between the ﬁrst step of establishing a dense herbaceous cover that controls soil erosion (Petersen
et al., 2004) and the second step of facilitating the establishment
of late-successional species is still controversial (Martínez-Ruiz et
al., 2007). Therefore, it is necessary to evaluate the potential of
these costly techniques and their interactions for restoring semiarid motorway slopes.
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In this article, we experimentally evaluated the effects of both
hydroseeding and simultaneous changes in the availability of water
(irrigation) and nutrients (fertilization) on the restoration of vegetation in degraded motorway slopes. We did this in different
motorway embankments located in Central Spain. We considered
plant cover and soil erosion as surrogates of slope stability (Norris
et al., 2008) and plant diversity and community composition as
surrogates of ecological restoration success (Pywell et al., 2002;
Smith et al., 2003). As responses are likely to be context dependent in roadside slopes such as studied (Matesanz et al., 2006),
we have selected several similar sites sharing a similar climate
and construction characteristics. This multi-site approach allows
the evaluation of the beneﬁts and generality of the experimental
treatments applied, adding further value to this study.
2. Methods
2.1. Study area
The study area is located in the R4 and AP36 motorways,
between Pinto (Madrid; 40◦ 14 N, 3◦ 43 W) and Corral de Almaguer
(Toledo; 39◦ 45 N, 3◦ 03 W), in the centre of the Iberian Peninsula
(altitude c. 700 m a.s.l.). The climate is semiarid, with cold winters
and a severe summer drought. The mean temperature and precipitation is 15 ◦ C and 450 mm, respectively (Getafe Air Base climatic
station 40◦ 18 N, 3◦ 44 W, 710 m.a.s.l., 1971–2000). A meteorological station (Onset, Pocasset, MA, USA) was located in the AP36
motorway to get a more detailed description of the local climatic
conditions during the study.
In order to homogenize the slope selection, and to minimize
main sources of variation when restoring semiarid roadside slopes
(Matesanz et al., 2006), we selected ﬁve sites of similar slope
type (embankments) and size (greater than 15 m long from top to
bottom of the slope and 30 m wide), slope aspect (south) and inclination (between 20 and 30◦ ). Three and two of these sites were
located in the R4 (sites 1–3) and AP36 (sites 4 and 5) motorways,
respectively. The ﬁve sites have poor and alkaline soils with low
water holding capacity, but differ in their soil type and construction
age (Table 1). The artiﬁcial soils of these embankments are constructed using local parent material, gravels and components from
external sources that are stored for a while before motorway building (Forman et al., 2003; conﬁrmed by information provided by the
motorway builder). In fact, substrate differences between sites are
not linked with soil type, but probably caused by the heterogeneity
of materials used for embankment construction. Therefore, potential differences in restoration treatment effectiveness between the
two motorways studied are not expected to be related with their
soil types.
2.2. Experimental design
Three restoration treatments (hydroseeding [HS], fertilization
[Fe] and irrigation [Ir]) were evaluated in this study. The full experiment included ﬁve different factors (HS, Fe, Ir, block and site). Six
blocks containing 12 1 m × 1 m plots per block, with at least 1 m
buffer between plots, were randomly established at each of the ﬁve
sites (Fig. 1). Each block contained a full factorial design with the
three treatments employed (HS, Fe and I), which were randomly
assigned to the plots within each block and site.
We added three HS levels (control, seeding and seeding + mulch)
during December 2006. The control and seeding addition levels
consisted of no seeding addition and the application of a commercial seed mixture (Zulueta Corp., La Rioja, Spain; dose of 30 g/m2 ;
Table 2), respectively. The seed mixture and seed application rate
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Table 1
Main characteristics and soil properties of the ﬁve sites studied. Numerical values are means ± SE (n = 10).

Coordinates
Motorway
Construction age (years)
Soil type
Angle (◦ )
Initial plant cover (%)
Water holding capacity (ml water g soil−1 )
Total N (mg N g soil−1 )
Total P (mg P g soil−1 )
pH

Site 1

Site 2

Site 3

Site 4

Site 5

40◦ 16 08  N
3◦ 43 14  W
R4
3
Gypsum
20
37
0.63 ± 0.01
0.25 ± 0.01
0.58 ± 0.04
8.21 ± 0.14

40◦ 14 11  N
3◦ 44 12  W
R4
3
Gypsum
20
58
0.43 ± 0.03
0.34 ± 0.04
0.35 ± 0.01
8.06 ± 0.15

40◦ 13 39  N
3◦ 44 34  W
R4
3
Gypsum
21
35
0.54 ± 0.03
0.37 ± 0.02
0.44 ± 0.04
7.88 ± 0.14

40◦ 53 39  N
3◦ 28 22  W
AP36
0
Calcareous
30
12
0.36 ± 0.03
0.14 ± 0.01
0.16 ± 0.01
8.35 ± 0.14

40◦ 47 46  N
3◦ 12 34  W
AP36
0
Calcareous
26
52
0.49 ± 0.03
0.22 ± 0.03
0.15 ± 0.02
8.37 ± 0.15

Table 2
Species composition of the commercial seed mixture used in the hydroseeding
treatment at a dose of 30 g/m2 (Zulueta Corporation, La Rioja, Spain).
% of seeds
Agropyrum cristatum
Agropyrum desertorum
Colutea arborescens
Genista scorpius
Lavandula latifolia
Lolium multoﬂorum var. westertwoldicum
Medicago sativa
Melilotus ofﬁcinalis
Moricandia arvensis
Piptatherum milliaceum
Retama sphaerocarpa
Vicia sativa

10
15
1
1
1.5
30
15
10
1.5
2.5
2.5
10

were copied from the protocols commonly used by restoration
practitioners in the study area (Matesanz et al., 2006). Most of the
species hydroseeded are non-native to Spain, which is the norm
in restoration projects in the Mediterranean Basin (Méndez et al.,
2008). The ingredients of the seeding + mulch level were stabilizer
(Stable, dose of 10 g/m2 ; Projar, Valencia, Spain), wood ﬁber mulch
(Hortiﬁbre, dose of 100 g/m2 , Projar, Valencia, Spain), water (dose
of 3 l/m2 ) and the seed mixture. To isolate the effects of mulch and
stabilizer from that of the seed mixture, we included the seeding
level. Fertilization was applied twice (December 2006 and January
2008) at two levels (control and fertilized). Fertilized plots received

a 20 g/m2 dose of a slow release N:P:K (16:11:11) inorganic fertilizer (Scott Corp.), while control plots were not fertilized. Irrigation
was conducted from March to June in both 2007 and 2008, coinciding with the peak growing season of annual plant communities
characterizing our study sites. This treatment was applied at two
levels (0 and 50% of the monthly total precipitation median from
the 1971 to 2000 period). The amounts of water added kept this
50% increase in relation with the current year values recorded in
the on site meteorological station in 2008 (Table A.1).
2.3. Plant community responses
In May 2007 and 2008, the optimal phenological moment to
measure the herbaceous communities studied, we visually determined the absolute cover of each plant species on the whole
1 m × 1 m plots. To avoid different bias in visual estimations among
researchers, all the plots were surveyed by the same person. From
these values, we estimated for each plot total plant cover, which
can exceed 100% because of overlapping vegetation strata, species
diversity (Shannon’s Index; Shannon and Weaver, 1963) and community composition.
2.4. Soil measurements
We placed 16 ECH2 O humidity sensors (Decagon Devices Inc.,
Pullman, USA) in the soil at a depth of 5 cm at sites 2 and 4 to

Fig. 1. Experimental design replicated in the ﬁve sites studied. The six blocks (B1–B6) were randomly established at each site. Each block contained a full factorial design with
the three treatments employed (three hydroseeding levels × two fertilization levels × two irrigation levels = 12 plots). The treatment combinations were randomly assigned
to the plots within each block. Double and single head arrows represent buffer zones between plots and blocks and motorway slope measures, respectively.
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assess the effects of irrigation on soil moisture dynamics during the study period (2 sites × 2 irrigation levels × 4 replicates).
These measurements were recorded every 90 min. Ten soil cores
(10 cm × 4 cm × 4 cm) were randomly collected at each site at the
beginning of the experiment for laboratory analysis. Soil water
holding capacity was determined volumetrically (Parkin et al.,
1996). Total N and P were obtained on a SKALAR San++ Analyzer
(Skalar, Breda, The Netherlands) after digestion with sulphuric acid.
The pH was measured with a pH meter, in a 1:2.5 mass:volume soil
and water suspension.
To measure the volume of soil mobilized in each plot, we buried
ten 20 cm long microproﬁles 10 cm under the soil surface in August
2007 in sites 2–5. We calculated the initial length (L0 ) of the microproﬁles standing out of the soil at this date and again in February
2008 (L1 ). We used the mean differences between L1 and L0 as our
surrogate of soil erosion (Andrés and Jorba, 2000). Positive values
indicate the exportation of soil downward and negative values indicate the deposition of soil. Therefore, the ﬁnal result represents the
balance between erosion and sedimentation processes. To avoid
intrinsic slope effects of each block on the surrogate of soil erosion measured, we standardized the values in each block using the
index RII (Armas et al., 2004). In each plot, RII was calculated as
(SEt − SEc )/(SEt + SEc ), where SEt and SEc are the absolute mean differences between L1 and L0 in a given combination of treatments
and control plots, respectively. RII ranges from −1 to +1: a value
of zero indicates equal soil erosion on both plots (no treatment
effect). Increasing positive values indicate increasing soil erosion
(the volume of soil mobilized is higher in that treatment than in
the control).
2.5. Statistical analyses
A model including all the sources of variation considered would
be extremely complex and difﬁcult to interpret. For instance, it
is well known that extreme ﬂuctuations between years in the
structure and composition of the herbaceous communities characterizing the studied motorway slopes is the norm, especially
under semiarid climates (Wali, 1999). In addition, the plant community responses between the two motorways may vary because
of uncontrolled constraints regarding motorway construction or
trafﬁc intensity (Cape et al., 2004). Thus, we built independent
models for each motorway (R4 and AP36) and monitoring year
(2007 and 2008). A total of 216 1 m × 1 m plots in the R4 sites and
144 plots in the AP36 sites were measured every year. We evaluated
the treatment effects on plant diversity and cover and soil erosion
using a ﬁve-way nested ANOVA model. We used site and block as
between plot factors, and HS, Fe and Ir as within plot factors; all
the factors except block (random) were ﬁxed. Relationships among
response variables and the cover of the most dominant species
(mean cover ≥ 20%) were examined using the Spearman correlation coefﬁcient because of lack of normality in the data. The most
dominant species used in the analysis were chosen independently
of their different origins: hydroseeding, seed bank or colonization
from nearby forage crops. In sites 1 (2008), 4 (2007) and 5 (2008),
the cover of the two most dominant species was summed to reach
this 20%. Where appropriate, Tukey’s B-test was used for post hoc
comparisons.
Differences in community composition between treatments
were evaluated using the semi-parametric PERMANOVA approach
(Anderson, 2001). It allows including experimental designs in the
analysis of multivariate datasets on the basis of any distance measured using permutation methods. For these analyses, we used
Bray–Curtis distance and 9999 permutations (permutation of raw
data). The p-values used in the analyses were obtained from a
random Monte Carlo sample from the asymptotic distribution of
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the pseudo F-statistic under permutation (appropriate for limited
unique permutations because of the low number of permutable
units dictated by the denominator used to construct the F-statistic;
Anderson and Willis, 2003). Additionally, square root transformations were used to increase the inﬂuence of rare species (Lepš and
Šmilauer, 2003). To visualize patterns in multivariate data, we used
a principal coordinate analysis (hereafter PCO) with the same distance measure (see Anderson, 2003 for a detailed description of
the method). To identify which species were responsible for the
patterns found, the values on the ﬁrst two axes of each plot were
correlated with the cover of each species using the Spearman correlation coefﬁcient; species with a correlation coefﬁcient greater than
0.7 were represented by vectors. The length and direction of each
vector indicate the strength and sign, respectively, of the relationship between a given species and the PCO axes. Each vector begins
at the centre of the circle and ends at the coordinates consisting of
the correlations between that species and each of the PCO axes.
Nested ANOVAs and correlation analyses were carried out with
SPSS version 14.0 (SPSS Inc., Chicago, IL, USA). PERMANOVA and
PCO analyses were carried out with PERMANOVA+ for PRIMER
(PRIMER-E Ltd., Plymouth Marine Laboratory, UK).

3. Results
3.1. Plant cover and soil erosion
In the R4 sites in 2007, HS increased the total plant cover in 10%.
This effect was mainly due to the effect of the seeding level (Table 3;
Table A.3; post hoc results not shown), but disappeared when the
plots were also fertilized (HS × Fe; F2,30 = 3.63, p = 0.039). In 2008,
signiﬁcant site (F1,15 = 9.59, p < 0.001) and Ir effects (F1,15 = 34.67,
p < 0.001) were found on total cover. This variable was about 10%
higher in irrigated plots. In the AP36 sites, there were signiﬁcant
differences between the levels of HS in 2008 (F2,20 = 5.43, p = 0.013)
when analyzing plant cover. The seeding and seeding + mulch levels increased the plant cover by 16% respect to the control values
(Table 3; Table A.3; post hoc results not shown).
Our surrogate of soil erosion (mean L1 − L0 ) was negative in both
motorways (R4 = −3.8 and AP36 = −0.85; n = 72), indicating that no
overall erosion occurred in our study slopes. No signiﬁcant effects
or interactions among treatments were found on this variable (as
measured with the RII index) in the R4 sites (data not shown),
but a signiﬁcant site × Ir interaction was found in the AP36 sites
(F1,10 = 6.07, p = 0.033; Table A.4). The Ir treatment decreased soil
erosion at site 4 (Fig. 2A), but had no consistent effects at site 5
(Fig. 2B).

3.2. Plant diversity and community composition
In the R4 sites in 2007, HS increased the species diversity by
10%, mainly because of the effects of the seeding level (Table 4;
Table A.3; post hoc results not shown). However, Fe reduced that
positive effect by 5% (HS × Fe; F2,30 = 6.37, p = 0.005). A signiﬁcant
site effect was also found for this variable F1,15 = 17.00, p < 0.001).
The differences between sites in the Shannon’s Index (site 1 = 0.70,
site 2 = 0.57 and site 3 = 0.31) were the consequence of the dominance of Carduus tenuiﬂorus in site 3 (67% of total plant cover). In
2008, a signiﬁcant HS × Fe interaction (F2,30 = 4.11, p = 0.027) was
found on species diversity, but this effect was very weak. In the
AP36 sites, we found signiﬁcant site × HS × Ir (F2,20 = 5.63, p = 0.012)
and site × Fe (F1,10 = 21.70, p < 0.001) interactions in 2007 and 2008,
respectively. The later result was due to the 67% increase of species
diversity found under fertilization at site 4 (Table 4; Table A.3).
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Table 3
Total plant cover in the R4 (1–3) and AP36 sites (4 and 5) in both 2007 and 2008. Values are means ± 1 SE, n = 6. The control levels correspond to no treatment addition.
The seeding level consisted of the application of a commercial seed mixture (dose of 30 g/m2 ; Table 2). The seeding + mulch level consisted of stabilizer, wood ﬁber mulch,
water and the seed mixture. The fertilization and irrigation levels consisted of 20 g/m2 of a slow release N:P:K (16:11:11) inorganic fertilizer and 50% of the monthly total
precipitation median from 1971 to 2000 period (Table A.1), respectively. See Table A.3 for the statistical analysis of these data.
2007

Control

Fertilization

Site 1

Site 2

Site 3

Site 4

Site 5

Site 1

Site 2

Site 3

Site 4

Site 5

Control

Control
Seeding
Seeding + mulch

47 ± 4.3
55 ± 4.6
49 ± 6.6

54 ± 6.7
65 ± 5.8
57 ± 8.2

60 ± 4.9
63 ± 4.5
58 ± 8.2

43 ± 12.8
49 ± 10.2
40 ± 8.4

61 ± 7.4
68 ± 3.4
66 ± 4.1

47 ± 3.8
55 ± 9.1
59 ± 6.2

62 ± 8.2
54 ± 6.7
66 ± 8.0

67 ± 1.5
65 ± 1.1
67 ± 8.0

54 ± 8.8
49 ± 12.2
34 ± 12.2

64 ± 6.0
72 ± 2.5
66 ± 8.1

Irrigation

Control
Seeding
Seeding + mulch

50 ± 2.8
61 ± 7.9
53 ± 5.0

63 ± 3.7
58 ± 6.7
63 ± 7.4

63 ± 1.5
72 ± 5.3
64 ± 7.4

35 ± 12.2
54 ± 10.7
43 ± 13.3

74 ± 6.2
89 ± 4.9
67 ± 6.4

65 ± 9.3
49 ± 4.8
60 ± 8.4

64 ± 6.8
63 ± 8.0
59 ± 10.2

68 ± 1.5
68 ± 2.8
60 ± 10.2

48 ± 16.6
43 ± 6.9
45 ± 7.7

66 ± 3.8
75 ± 6.7
67 ± 4.1

2008
Control

Control
Seeding
Seeding + mulch

52 ± 9.9
62 ± 7.5
61 ± 8.2

59 ± 8.15
55 ± 3.1
58 ± 8.7

60 ± 4.1
71 ± 3.4
63 ± 3.8

48 ± 15.2
59 ± 10.5
56 ± 7.8

42 ± 8.8
61 ± 7.5
67 ± 3.1

51 ± 2.9
49 ± 7.1
67 ± 5.3

56 ± 9.7
53 ± 4.9
64 ± 4.3

72 ± 5.9
72 ± 4.3
75 ± 4.1

59 ± 12.8
45 ± 10.5
61 ± 11.1

44 ± 2.6
66 ± 5.5
69 ± 6.9

Irrigation

Control
Seeding
Seeding + mulch

70 ± 7.5
55 ± 2.7
61 ± 6.1

67 ± 4.0
54 ± 9.1
64 ± 6.4

74 ± 3.7
72 ± 3.4
81 ± 3.1

36 ± 11.2
63 ± 11.0
41 ± 9.3

56 ± 10.3
55 ± 6.0
62 ± 5.7

64 ± 8.4
76 ± 8.3
60 ± 5.3

59 ± 3.8
60 ± 8.6
65 ± 4.3

84 ± 2.8
79 ± 5.1
73 ± 3.8

42 ± 15.9
50 ± 8.3
62 ± 6.6

42 ± 8.9
72 ± 8.6
66 ± 5.6

Table 4
Species diversity, measured with the Shannon’s Index, in the R4 (1–3) and AP36 sites (4 and 5) in both 2007 and 2008. Values are means ± 1 SE, n = 6. Rest of legend as in
Table 3.
2007

Control

Fertilization

Site 1

Site 2

Site 3

Site 4

Site 5

Site 1

Site 2

Site 3

Site 4

Site 5

Control

Control
Seeding
Seeding + mulch

0.70 ± 0.04
0.73 ± 0.03
0.66 ± 0.03

0.48 ± 0.06
0.64 ± 0.05
0.57 ± 0.06

0.29 ± 0.12
0.29 ± 0.08
0.23 ± 0.12

0.39 ± 0.09
0.44 ± 0.08
0.38 ± 0.06

0.29 ± 0.02
0.37 ± 0.03
0.35 ± 0.02

0.75 ± 0.03
0.64 ± 0.05
0.75 ± 0.04

0.52 ± 0.04
0.54 ± 0.06
0.63 ± 0.06

0.31 ± 0.11
0.36 ± 0.07
0.32 ± 0.09

0.46 ± 0.02
0.43 ± 0.09
0.49 ± 0.06

0.34 ± 0.04
0.38 ± 0.02
0.32 ± 0.07

Irrigation

Control
Seeding
Seeding + mulch

0.68 ± 0.04
0.69 ± 0.02
0.61 ± 0.04

0.56 ± 0.01
0.63 ± 0.07
0.52 ± 0.06

0.31 ± 0.08
0.45 ± 0.11
0.35 ± 0.11

0.30 ± 0.11
0.46 ± 0.07
0.55 ± 0.07

0.34 ± 0.04
0.46 ± 0.05
0.35 ± 0.01

0.72 ± 0.04
0.75 ± 0.06
0.73 ± 0.04

0.51 ± 0.06
0.58 ± 0.05
0.60 ± 0.02

0.30 ± 0.11
0.25 ± 0.10
0.28 ± 0.10

0.37 ± 0.08
0.39 ± 0.07
0.50 ± 0.04

0.35 ± 0.03
0.36 ± 0.03
0.32 ± 0.03

Control

Control
Seeding
Seeding + mulch

1.60 ± 0.14
1.64 ± 0.09
1.44 ± 0.16

1.53 ± 0.07
1.51 ± 0.14
1.23 ± 0.15

1.43 ± 0.16
1.58 ± 0.14
1.54 ± 0.08

0.60 ± 0.22
0.49 ± 0.13
0.70 ± 0.20

0.94 ± 0.21
1.159 ± 0.18
0.74 ± 0.18

1.47 ± 0.12
1.43 ± 0.08
1.53 ± 0.13

1.38 ± 0.18
1.32 ± 0.22
1.46 ± 0.10

1.41 ± 0.17
1.50 ± 0.21
1.71 ± 0.10

1.05 ± 0.09
1.22 ± 0.23
1.03 ± 0.11

0.86 ± 0.08
1.27 ± 0.13
0.91 ± 0.22

Irrigation

Control
Seeding
Seeding + mulch

1.69 ± 0.09
1.51 ± 0.07
1.30 ± 0.18

1.41 ± 0.16
1.41 ± 0.20
1.47 ± 0.11

1.73 ± 0.04
1.54 ± 0.06
1.38 ± 0.08

0.54 ± 0.23
0.64 ± 0.09
0.77 ± 0.16

0.93 ± 0.17
1.10 ± 0.13
1.08 ± 0.15

1.50 ± 0.13
1.53 ± 0.13
1.45 ± 0.16

1.42 ± 0.17
1.52 ± 0.21
1.53 ± 0.12

1.40 ± 0.12
1.57 ± 0.21
1.51 ± 0.11

0.80 ± 0.20
1.04 ± 0.12
1.15 ± 0.14

0.79 ± 0.12
1.13 ± 0.19
1.09 ± 0.21

2008

When analyzing community composition, a signiﬁcant site
effect was found in 2007 (F2,15 = 24.93, p < 0.001) and 2008
(F2,15 = 22.56, p < 0.001) in the R4 sites, where we also found a
weak site × HS (F4,30 = 1.63, p = 0.041) interaction in 2008 (Fig. 3A
and B; Table A.5). In the AP36 sites, we found a signiﬁcant site
(F1,10 = 29.45, p < 0.001) and HS effects (F2,20 = 6.37, p < 0.001), as
well as a site × HS interaction (F2,20 = 2.40, p = 0.035), in 2007
(Fig. 4A; Table A.5). The seeding + mulch level produced a shift in
the community in sites 4 and 5 (post hoc results not shown). In
2008, several signiﬁcant effects and interactions were found (Fig. 4;
Table A.5): site (F1,10 = 7.30, p < 0.001), HS (F2,20 = 4.13, p < 0.001),
Fe (F1,10 = 11.87, p < 0.001), site × HS (F2,20 = 3.98, p < 0.001), HS × Fe
(F2,20 = 1.99, p = 0.029), site × HS × Fe (F2,20 = 2.83, p = 0.002) and
site × HS × Ir (F2,20 = 2.30, p = 0.020). Separate ANOVAs were conducted in each site to help in the interpretation of these
interactions. HS signiﬁcantly affected the community composition
of sites 4 (F2,10 = 5.56, p = 0.001) and 5 (F2,10 = 8.28, p = 0.001). The
seeding + mulch level was responsible for this variation at site 4, as
it promoted an increase in the cover of Melilotus ofﬁcinalis, Morincadia arvensis and Onobrychis viciifolia. No level was found signiﬁcant
in site 5 (post hoc results not shown). The addition of nutrients
changed the composition by increasing the community diversity,
mainly at site 4. The species more correlated with the variation

explained by the PCO axes were responsible for differences among
sites.
Relationships between the cover of the most dominant species
and species diversity showed contrasting results depending on
the motorway considered (Table 5). In the R4 sites, the dominant
Table 5
Relationships between diversity (Shannon’s Index; H) and the absolute cover of the
most dominant species (mean cover ≥ 20%) in both R4 (1–3) and AP36 (4–5) sites
in 2007 and 2008. In sites 1 (2008), 4 (2007) and 5 (2008), the sum of the two most
dominant species was used to reach the 20% of the cover. Spearman’s correlation
() coefﬁcient and p-values are shown (n = 72).
Site

Year

Dominant species

1
1
2
2
3
3
4
4
5
5

2007
2008
2007
2008
2007
2008
2007
2008
2007
2008

Bromus rubens
Bromus rubens + Medicago sativa
Anacyclus clavatus
Carduus tenuiﬂorus
Carduus tenuiﬂorus
Carduus tenuiﬂorus
Diplotaxis erucoides + Lolium multiﬂorum
Melilotus ofﬁcinalis
Hirschfeldia incana
Melilotus ofﬁcinalis + Lolium rigidum

H


p

−0.186
−0.252
0.163
−0.258
−0.858
−0.174
0.548
0.06
−0.574
0.307

0.116
0.033
0.172
0.029
< 0.001
0.144
< 0.001
0.616
< 0.001
0.009
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Fig. 2. Volume of soil mobilized, our surrogate of soil erosion, as measured with the
RII index in the AP36 sites (A, site 4; B, site 5). Values are means ± SE (n = 6). Irrigation
levels (0 and 50%) correspond to the control and 50% of the monthly precipitation
median, respectively, and fertilization levels (0 and 20 g/m2 ) to the control and the
dose applied, respectively. The control and seeding levels correspond to no seeding
addition and the application of a commercial seed mixture (dose of 30 g/m2 ; Table 2).
The seeding + mulch level consisted of stabilizer, wood ﬁber mulch, water and the
seed mixture.

species were negatively correlated with plant diversity in ﬁve of the
six situations evaluated (3 sites × 2 years). However, in the AP36
sites we found the opposite pattern, with positive correlations in
three of the four situations studied (2 sites × 2 years). The identity of the dominant species changed between sites. The sign of
the relationship between the cover of the dominant species and
species diversity was independent from the mean cover of the
former, because all of them represented at least 20% of total site
cover.
4. Discussion

Fig. 3. Principal coordinate analysis of the species characterizing the sampling plots
in the R4 sites, showing the effects of hydroseeding and site on community composition in 2007 (A) and 2008 (B). The effects of fertilization and irrigation were
not signiﬁcant, and we pooled these treatments to simplify the visualization of the
results. The control and seeding levels correspond to no seeding addition and the
application of a commercial seed mixture (dose of 30 g/m2 ; Table 2). The seeding + mulch level consisted of stabilizer, wood ﬁber mulch, water and the seed
mixture. Vectors represent those species with Spearman correlations coefﬁcients
greater than 0.7. Ac = Anacyclus clavatus, Br = Bromus rubens, Ct = Carduus tenuiﬂorus, Lm = Lolium multiﬂorum, Lt = Leontodon taraxacoides, Ms = Medicago sativa,
Os = Ononis spinosa L. and Pr = Papaver rhoeas. Percentage of variance explained by
each axis is shown in brackets. See Table A.4 for the statistical analysis of these data.

Plant community responses to the treatments evaluated were
site-speciﬁc. We found several signiﬁcant site effects on plant
cover, diversity and community composition. Our results indicate
that the development of plant communities after the construction
of motorways depends more on biotic variables, such as the identity of neighbors in early life stages (Luzuriaga and Escudero, 2008),
than on the resources added by restoration treatments. Several fastgrowing dominant species, some hydroseeded and some already
present in the study sites, were responsible for this idiosyncratic
plant community variation between sites (Figs. 3 and 4). The species
that modulated community composition shifts were also dominant
in each site in terms of total cover (Table A.2). Treatments promoting an increase in resource availability (nutrients and water) had
little effects when any fast-growing species already present in the
ﬁeld can potentially dominate the community (Baer et al., 2004).
The short-term restoration goal of increasing total plant cover,
and hence reducing soil erosion, was achieved in the studied motor-

way slopes, although the restoration treatments employed did not
contribute to this result. Hydroseeding was able to increase total
plant cover by 10 and 16% in the R4 and AP36 sites, respectively, but
did not affect our surrogates of soil erosion (Andrés et al., 1996). The
mean plant cover during the period when erosion was measured
was higher than 50% in all the sites, which has been established by
Andrés and Jorba (2000) as a minimum to prevent erosion. Therefore, no treatments are needed to effectively control soil erosion
when plant cover is higher than 50% in semiarid Mediterranean
embankments. Although no overall erosion was found in our study
slopes, irrigation contributed to reduce it in one of the AP36 sites
(Fig. 2A). Since no signiﬁcant effect was found on plant cover in
this site, irrigation could be promoting soil erosion control through
an indirect effect on soil structure. Previous studies demonstrated
that an increase in water availability enhance aggregate stability (Lavee et al., 1996) and promote root biomass (Maestre and
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Fig. 4. Principal coordinate analysis of the species characterizing the sampling plots
in the AP36 sites, showing the effects of hydroseeding and site on community composition in 2007 (A) and 2008 (B). The effects of fertilization and irrigation, both
signiﬁcant, were pooled to simplify the visualization of the results. The control and
seeding levels correspond to no seeding addition and the application of a commercial seed mixture (dose of 30 g/m2 ; Table 2). The seeding + mulch level consisted
of stabilizer, wood ﬁber mulch, water and the seed mixture. Vectors represent the
species with Spearman correlations coefﬁcients greater than 0.7. De = Diplotaxis erucoides, Hi = Hirschfeldia incana, Ma = Moricandia arvensis, Moff = Melilotus ofﬁcinalis
and Ov = Onobrychis viciifolia. Percentage of variance explained by each axis is shown
in brackets. See Table A.4 for the statistical analysis of these data.

Reynolds, 2007), therefore improving soil structure via biotic and
abiotic mechanisms.
The effectiveness of the treatments evaluated to promote community composition shifts differed between the two motorways
studied. In the R4 sites, hydroseeding did not produce any compositional change (as also found by Tormo et al., 2007), but
was able to promote a shift in the AP36 sites in both 2007 and
2008, but not towards a more diverse plant community (Table 4;
Martínez-Ruiz et al., 2007). This effect seems to be driven by
an increase in the cover of hydroseeded species, most of them
exotics, such as Lolium multiﬂorum in 2007 and M. ofﬁcinalis and M.
arvensis in 2008 (F2,20 = 18.70, p = 0.001; F2,20 = 18.40, p = 0.001 and
F2,20 = 7.75, p = 0.019, respectively). On the other hand, fertilization
also affected diversity, but to a lesser extent. This treatment directly

increased the community diversity (Elmarsdottir et al., 2003) at one
of the AP36 sites (site 4), but partially decreased this variable in all
the R4 sites (Rajaniemi, 2002). The unexpected absence of any irrigation effect (excepting 10% increase in plant cover in the R4 sites
found in 2008) could be due to the high rainfall found during the
irrigation period (200 mm from March to June 2008). Such rainfall
maintained soil moisture content at levels high enough for plant
requirements in both irrigated and non-irrigated plots (Fig. A.1).
The patterns found when evaluating the relationships between
the most dominant species and community diversity were the
opposite for the R4 and AP36 sites (Table 5), highlighting the existence of local effects that determine vegetation dynamics between
the two motorways (Moreno-de las Heras et al., 2008). Because
of the nature of the studied slopes (Table 1), we cannot statistically separate construction age from soil type effects. However, we
believe that the different ages of each motorway may sustain in a
large extent these differences in the relations between the most
dominant species and community diversity, and the former in the
vegetation responses to the treatments evaluated. Several features
of the studied slopes suggest that ecosystem function and structure may not be as different as the differences in their parental soil
type may indicate. First of all, as commented before in the text,
the embankment soils are artiﬁcially constructed using substrates
from multiple sources. Therefore, the stressful physical and chemical properties that gypsum materials impose for plants (Palacio
et al., 2007) may not be so relevant in our study sites. As recently
shown (Romao and Escudero, 2005), soil physical surface hardness
is the most relevant constraint of these soils under semiarid conditions, and its importance on steep slopes on our embankments is
irrelevant (Escudero, pers. comm.). Moreover, N, P and water holding capacity (indicators of soil organic matter; Hudson, 1994) are
higher in the gypsum sites (Table 1). Both substrates held a plant
community dominated by annual herbs with similar plant cover
before the addition of treatments. In addition, gypsum and calcareous sites shared 65% of the species along the 2 years of the study
(Table A.2). The positive effect of dominant species on community
diversity found in the recently built AP36 slopes is likely due to
higher niche availability at these sites, which may prevent competition between species (Tilman, 2004). In this situation, if dominant
species, as Melilotus ofﬁcinalis (included in the hydroseeding), perform as starters, they could enhance the retention of resources like
water, nutrients or seeds through an increase in plant cover, preparing the way for successive groups of species (Wali, 1999). This effect
should be more pronounced in poor soils like those found in motorway slopes. Here, fast-growing species could provide high quality
litter (i.e., low C:N) that stimulates bacterial-dominated food webs
linked with fast nutrient cycling (Bardgett, 2005), promoting community diversity. However, in the 3-year-old R4 slopes, plant cover
increases and the effect of the dominant species over diversity
becomes negative, with a likely intense competition occurring for
resources like space and light (Martínez-Alonso and Valladares,
2002). In this case, the pre-existing species Anacyclus clavatus, Bromus rubens and Carduus tenuiﬂorus are responsible of this negative
relationship with diversity.
The negative effect of dominant species, hydroseeded or not,
over community diversity may be enhanced during the course of
succession because some species become an important part of the
seed bank (González-Alday et al., 2009), which may cause longterm problems. This situation gets worse when distance to natural
communities prevents from colonization (Ash et al., 1994), as is
the case of the motorway slopes studied (García-Palacios, pers.
observ.). Nevertheless, further studies are needed to assess the
long-term dynamics of fast-growing herbaceous species and native
recruited species and their effects on the ecosystem functioning
and resilience of the restored roadside slopes.
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5. Conclusions
Grasslands dominated by annuals are a common stage in
human-disturbed environments in which a few species perform
as invasives and dominate over potentially perennial communities (Seabloom et al., 2003). These herbaceous communities,
typical of ecosystems such as motorway slopes, are extraordinarily
dynamic, with rapid structural and compositional changes taking
place from one year to another (Wali, 1999). Our results indicate
that, in semiarid Mediterranean environments, this variation is
driven by a pool of dominant species that turns plant community
responses to restoration treatments site and context dependent.
Evident differences can be found between slope ages, but also
between sites closely located with a common management history. Our results differ from those from Rentch et al. (2005) in
roadside plant communities of USA. They concluded that standard
techniques could be implemented in different sites. However, the
main management implication of our study is that site differences
mediated by dominant species can mask the effectiveness of these
restoration treatments. Hydroseeding did not have a strong impact
on vegetation cover and erosion rates and some of the species
included can even dominate the community after the restoration
works. Therefore, hydroseeding can be considered of little value to
restore semiarid roadside slopes. In order to be successful in semiarid Mediterranean environments, different approaches should be
taken into account depending on the characteristics of the target
site. On embankments, where plant cover can easily reach values
high enough to prevent erosion, the use of non-native herbs that
potentially can dominate the community should be avoided. These
fast-growing species, although effective as starters, can constrain
vegetation dynamics (Moreno-de las Heras et al., 2008). In these
situations, autochthonous seed mixtures can be an alternative to
enhance natural colonization (Prach and Pyšec, 2001).
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