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Restoration and preservation of coastal dunes is urgently needed because of the increasingly rapid loss and deg-
radation of these ecosystems because of many human activities. These activities alter natural processes and
coastal dynamics, eliminate topographic variability, fragment, degrade or eliminate habitats, reduce diversity
and threaten endemic species. The actions of coastal dune restoration that are already taking place span contrast-
ing activities that range from revegetating and stabilizing the mobile substrate, to removing plant cover and in-
creasing substrate mobility. Our goal was to review how the relative progress of the actions of coastal dune
restoration has been assessed, according to the ecosystem attributes outlined by the Society of Ecological Resto-
ration: namely, integrity, health and sustainability and that are derived from the ecological theory of succession.
We reviewed the peer reviewed literature published since 1988 that is listed in the ISIWeb of Science journals as
well as additional references, such as key books. We exclusively focused on large coastal dune systems (such as
transgressive and parabolic dunefields) located on natural or seminatural coasts. We found 150 articles that in-
cluded “coastal dune”, “restoration” and “revegetation” in areas such as title, keywords and abstract. From these,
67 dealt specifically with coastal dune restoration. Most of the studies were performed in the USA, The Nether-
lands and South Africa, during the last two decades. Restoration success has been assessed directly and indirectly
bymeasuring one or a few ecosystemvariables. Some ecosystem attributes have beenmonitoredmore frequent-
ly (ecosystem integrity) than others (ecosystem health and sustainability). Finally, it is important to consider
that ecological succession is a desirable approach in restoration actions. Natural dynamics and disturbances
should be considered as part of the restored system, to improve ecosystem integrity, health and sustainability.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

1.1. The need to restore

Formillennia, the coastal environment has been one of the preferred
settings for urban, industrial and maritime development, and more re-
cently, for mining, tourism and recreation (Nordstrom, 2008). Nearly
40% of the world human population lives within 60 km from the coast
(Martínez et al., 2007), and it is expected that human encroachment
on the coast will increase to 60% by 2020 (UNCED, 1992). Such a contin-
uously growing population will result in an increasing human impact
with the degradation or loss of coastal ecosystems. Of these, sandy
beaches and coastal dunes are among the most damaged by human ac-
tivities. Indeed, these unique ecosystems are increasingly becoming
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trapped between the expanding human populations and the effects of
global climate change, such as sea level rise (Defeo and De Alava,
1995; Cencini, 1998; Nordstrom, 2000; Schlacher et al., 2007). These
pressures act across multiple dimensions in time and space, and result
in ecological impacts that occur at many temporal and spatial scales
so that today the vast majority of beaches and coastal dunes are threat-
ened by human activities (Nordstrom, 2008; Defeo et al., 2009).

Coastal dunes are degraded and lost because of a wide array of
human actions and activities (Ketchum, 1972; Nordstrom, 2008),
which can be aggregated into six groups: 1) housing and recreation;
2) industrial and commercial use; 3) waste disposal; 4) agriculture;
5) mining and 6) military activities. Typically, they alter coastal dy-
namics and natural processes, eliminate topographic variability, frag-
ment, degrade or eliminate habitats, reduce biodiversity and threaten
endemic species (Nordstrom, 2000, 2008; Ayyad, 2003; Martínez et
al., 2006, 2013a,b; De Luca et al., 2011; Faggi and Dadon, 2011).

1.2. Conceptual scheme

The increasingly rapid loss and degradation of coastal dunes clearly
shows the urgent need to preserve these ecosystems, and, as much as
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possible, restore those that have beendegraded. Different actions are al-
ready taking place to restore coastal dunes, and they span contrasting
activities that range from revegetating and stabilizing the mobile sub-
strate, in one extreme, to removing plant cover and increasing substrate
mobility in the other (Martínez et al., 2013a,b). With such a wide array
of restoration possibilities, it is necessary to evaluate the progress and
success of restoration with clearly established criteria. To address this
problem for coastal dunes (and any other ecosystem that is being re-
stored), the Society for Ecological Restoration (SER, 2004) produced a
list of attributes that are associated with ecosystem integrity, health
and sustainability and that can be used to measure restoration success
(Table 1).

The elements on this list (Table 1) cover different stages of ecosys-
tem development and can be associated with the ecological theory of
natural succession: “the natural recovery of ecosystems after the im-
pact of disturbances” (Connell and Slatyer, 1977; del Moral et al.,
2007). According to the ecological theory, restoration and ecological
succession are similar in the sense that they share several elements:
site colonization (natural or after human intervention); vegetation
establishment (natural or assisted); structuring of ecosystem cycles,
species assembly and biotic interactions. Finally, in the last succes-
sional stages (or after long-term restoration), the ecosystem is struc-
turally complex and relatively resilient (Fig. 1).

The ecosystem (naturally recovering or restored) develops
through similar processes that affect the ecosystem integrity, health
(functionality) and resilience. In early successional stages (or early
restoration actions), colonization occurs after natural dispersal, from
seed banks or because of human intervention (plantations). These
early colonizers ameliorate the environment and facilitate the coloni-
zation of late colonizers, which become established and modify the
physical environment even further. After establishment, different
species assemblages are integrated, biotic interactions intensify and
soils develop (Fig. 1). The ecosystem develops gradually through
these events.

Some of the more measurable attributes that are frequently used
to monitor the progress of restoration and hence, ecosystem develop-
ment and recovery, include (SER, 2004): a) community structure and
composition (integrity); b) a handful set of ecological processes, such
as nutrient cycling and species turnover during plant succession
(health); and c) the ability to recover after the impact of additional
disturbances by means of natural regeneration of the restored ecosys-
tem (sustainability). The success of restoration based on these attri-
butes has been monitored before, but not in the context of coastal
dunes. For example, Ruiz-Jaen and Aide (2005) analyzed how restora-
tion success was being measured in restoration projects that had been
published in the peer-reviewed journal: “Restoration Ecology” from
1993 to 2003. In general, they found that different elements were
used to measure restoration success, but they were not always related
Table 1
Ecosystem attributes and variables that can be measured to assess a successful restora-
tion, according to SER (http://www.ser.org/resources/resources-detail-view/ecological-
restoration-a-means-of-conserving-biodiversity-and-sustaining-livelihoods) (Gann and
Lamb, 2006).

Ecosystem attributes Ecosystem variables

Integrity (species composition and
community structure)

• Diversity
• Richness
• Presence of indigenous species
• Functional groups

Health (functional processes) • Physical environment that
sustains viable populations
• Interactions
• Nutrient cycle

Sustainability (resistance to
disturbance and resilience)

• Integration with the landscape
• Elimination of potential threats
• Resilience to natural disturbances
• Self-sustainability
to the three ecosystem attributes. They only registered two studies on
coastal dune restoration that referred to restoration actions after min-
ing in South Africa (van Aarde et al., 1996, 1998).

Because of the relevance of restoring coastal dunes and assessing the
success of these restoration actions, our goal was to review how the rel-
ative progress of ecological restoration actions has been assessed for
coastal dunes, according to the ecosystem attributes outlined by SER:
namely, integrity, health and sustainability and that are derived from
the ecological theory of natural succession (Gann and Lamb, 2006). Rec-
ommendations on new paths that are needed to improve the activities
for coastal dune restoration were derived from this analysis.
2. Methods

Peer reviewed articles published between 1988 and 2012 were in-
cluded in the assessment. Articles were extracted from four digital
databases (ISI Web of Science, EBSCO, SCOPUS, and JSTOR). Articles
from two journals that publish papers in restoration ecology (Ecolog-
ical Restoration and Journal of Coastal Conservation) but are not ab-
stracted in the databases were included in the assessment. Articles
were extracted by searching the terms ‘coastal dune’, ‘restoration’
and ‘revegetation’ within the title, abstract, and keywords of papers.
Key monographs and edited volumes on coastal dune restoration
also were included in the assessment, including those authored by
Ley Vega de Seoane et al. (2007), Nordstrom (2008), Perrow and
Davy (2008) and Martínez et al., 2013a.

We only considered articles (and a few book chapters) whose
main objective was to restore a site, monitor restoration efforts or
evaluate restoration success of coastal dunes (like transgressive
dune fields and parabolics) located in non-urbanized areas and with
a Wilderness or Arcadian approach. The Wilderness Approach con-
siders biological and physical processes as key features that direct
the flows of energy and matter. In this case, natural systems are con-
sidered as self-regulating with little or no human influence. The Arca-
dian Approach refers to semi-natural systems with some human
influence that enhances biodiversity, instead of self-regulation
(Swart et al., 2001). We omitted studies that referred to restoration
actions on urban coasts (mostly beaches and foredunes) because
these have already been analyzed by Nordstrom (2008), Nordstrom
and Jackson (2013), Psuty and Silveira (2013) and Vestergaard
(2013).

A general description of the state of the art of coastal dune resto-
ration began by describing the geographic region (country), habitat
type (fixed dune, semi-mobile dune, mobile dune or dune slack),
source of perturbation (natural or human), driver of perturbation (in-
vasion by exotic species, extreme expansion of native species with an
impact similar to that of invasion by exotic species, mining, tram-
pling, fragmentation, stabilization, drinking water extraction and
other), restoration technique (revegetation, control of invasive spe-
cies, landscaping, destabilization, stabilization and other), number of
reference sites, monitoring time and self-sustainability.

We then categorized themeasures used to assess restoration success
according to the following ecosystem attributes and variables: integrity
(species composition and ecosystem structure), health (ecological pro-
cesses such as nutrient cycling and biotic interactions) and sustainabil-
ity (occurrence of natural regeneration and resilience after the impact
of additional disturbances). Specifically, measures of species composi-
tion included diversity of fungi, plants, invertebrates, and vertebrates,
whereas ecosystem structure was assessed through data on vegetation
cover and species biomass. Ecological processes included nutrient cy-
cling, nutrient availability, soil organic matter, and biological interac-
tions (e.g., species turnover during successional sequence, herbivory,
mycorrhizae, pollination, predation, and parasitism). Sustainability
was assessed by evidence of the occurrence of natural regeneration
and the ability to recover from new disturbances.

http://www.ser.org/resources/resources-detail-view/ecological-restoration-a-means-of-conserving-biodiversity-and-sustaining-livelihoods
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Fig. 1. Simplified mechanisms of ecosystem change during restoration actions and during natural succession, showing the three attributes (integrity, health and resilience) set by
the Society of Ecological Restoration (SER) to assess progress of ecological restoration. Notice how, unlike ecological restoration, ecological succession can “go back” to early suc-
cessional stages, after the impact of natural disturbances.
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Fig. 2. Number of articles on coastal dune restoration per country during different time
periods.
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3. Results

3.1. General trends

Since 1988, we found a total of 150 articles. From these, only 67
evaluated restoration efforts or monitored restoration cases in
non-urbanized landscapes (wilderness approach) and assessed the
progress of restoration. The rest only mentioned “restoration” but
these studies did not exactly focus on restoration but considered
that the studies “might be useful” for restoration activities. Thus,
these studies were omitted from our analyses. In general, the number
of published articles on coastal dune restoration was reduced in com-
parison with the vast literature that has been produced on other res-
toration efforts (more than 500 studies). This certainly does not relate
to the intensive and urgent need of restoration actions that are neces-
sary for the increasingly degraded coasts. The last twelve years, how-
ever, witnessed a larger number of studies (53) than in the previous
twenty-two (14).

We found studies on coastal dune restoration from every conti-
nent, except for Antarctica (Fig. 2). Most of them have taken place
in Europe, followed by the North America (we found no studies
from South America), Africa, Asia and Oceania. The oldest studies on
coastal dune restoration that we found were performed in the
Americas (USA) and Europe (The Netherlands), but in the Nether-
lands, the USA and South Africa nearly the same amount of studies
(17, 13 and 12, respectively) has been published since 1988. We
found a reduced number of published studies on coastal dune restora-
tion for UK (3), France (3) and Spain (4) (Fig. 2).

Fixed dunes have been the habitat most frequently restored (54%),
followed by semi-mobile dunes (30%), mobile dunes (27%) and dune
slacks (16%) (Fig. 3a).The major driver of perturbation was plant in-
vasion (33%) (Fig. 3b), followed by mining (24%) and fragmentation
(15%). The most frequently used restoration mechanism was revege-
tation (42%), followed by controlling invasive species (30%) and land-
scaping (28%) (Fig. 3c), but several studies used more than one
technique (Table 2). Twenty-nine studies (43%) did not provide infor-
mation on the reference sites, twenty four (36%) had one and thirteen
(19%) had more than one. In all cases, percentages add up to more
than 100% because many articles evaluated more than one type of
habitat, more than one disturbance driver and more than one restora-
tion technique.

3.2. Restoration success

Some restoration success has been assessed directly and indirectly
by measuring one or a few ecosystem variables. Five studies (7%)
measured only one ecosystem attribute, forty two studies (62%) mea-
sured two, and twenty two studies (32%) measured three.

It became obvious from our exploratory analysis that some ecosys-
tem attributes have been monitored more frequently than others
(Fig. 4). For instance, ecosystem integrity (composition and structure)
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Fig. 3. a) Type of habitats where restoration actions in coastal dunes have been
performed. b) Disturbance drivers. c) Restoration techniques. All the variables can
add up to more than 100% because many articles evaluated more than one habitat
type, more than one disturbance driver and more than one restoration technique.
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was monitored in the majority of the studies. Ecosystem health (nutri-
ent cycle and biotic interactions) was explored occasionally and ecosys-
tem sustainability (resistance to disturbance and resilience) was largely
missing from assessments of restoration success. Biotic interactions
mostly referred to plant succession. These results show the unbalance
of ecosystem attributes that are analyzed when restoration success is
monitored andhighlights the need to consider ecosystemsustainability.

3.3. Integrity (species composition and ecosystem structure)

The integrity of ecosystems can be assessed through species com-
position and ecosystem structure. Diversity and richness were the
variables most commonly used to measure ecosystem recovery,
adding a total of 59 studies (88%). From the total number of studies
that we reviewed, 59 (88%) focused on plants, two (3%) focused on
animals and 12 on plants and animals (18%) (Table 2). After plants,
the taxa most commonly evaluated were arthropods (37%) (van
Aarde et al., 1996; Davis et al., 2003; Wassenaar et al., 2005; Emery
and Rudgers, 2010; Kutiel, 2013;) followed by birds (16%) (van
Aarde et al., 1996; Wassenaar et al., 2005; Russell et al., 2009;
Grainger et al., 2011) and mammals (16%) (Kutiel et al., 2000;
Wassenaar et al., 2005; Russell et al., 2009). A handful of studies
(21%) evaluated several taxa (Jungerius et al., 1995; van Aarde et al.,
1996; Wassenaar et al., 2005; Russell et al., 2009) but most of them
(78%) measured diversity in only one group. The interaction between
different taxonomic groups in restoration progress is obvious, but has
not been observed frequently. Russell et al. (2009) measured the ef-
fects of ongoing restoration efforts on wildlife abundance and diversi-
ty of plants, birds and ground-dwelling vertebrates in a dune system
in San Francisco, California. They found that the diversity and abun-
dance of wildlife species, as well as the richness and cover of native
plants species were greater in the restored areas in comparison
with sites where the only restoration action was a restricted visitor
access. In contrast, Davis et al. (2003) assessed the pattern of vegeta-
tive and microclimatic changes and the impact on dung beetle assem-
blages. These authors used a 23-year vegetational chronosequence on
rehabilitated mined dunes and observed that lasting convergence in
the abundance of dung beetles between a restored site and a refer-
ence natural forest can only be attained when the regenerating forest
resembles a secondary natural forest.

Ecosystem structure can be evaluated through several methods
but vegetation cover and biomass were the most commonly used.
Ecosystem structure (cover and biomass) was evaluated in 58 studies.
From the total number of studies that we found, 78% measured vege-
tation cover (Table 3) whereas 9% measured biomass and only 5%
assessed both variables (see for example Ernst et al., 1996; Emery
and Rudgers, 2010). Usually, it is expected that diversity and plant
cover change in the same direction. This is, however, not always the
case. Andreu et al. (2010) evaluated the ecological success of the
manual removal of the invasive Carpobrotus by comparing plots that
had been treated by hand pulling, non-invaded, and invaded. They
observed that treated plots had a significant increase in species rich-
ness, but all had the same native plant cover and diversity.

3.4. Health (ecological processes)

The health of an ecosystem can be assessed through ecological
processes, such as nutrient cycles and species interactions. Nutrient
cycles were analyzed in 17 studies. These studies showed that the re-
covery of ecosystem health may take a long time. Marchante et al.
(2008) studied the changes in soil C and N pools induced by Acacia
longifolia, a N2-fixing invasive tree, and found that it takes several
years (more than five) before soil nutrients and processes return to
pre-invasion levels, after removal of the invasive shrub A. longifolia.

Plant succession was basically the only ecological process explored
in terms of biotic interactions. Plant succession is the result of the com-
bination of many biotic interactions (facilitation and competition)
(Miller and terHorst, 2012), so, in the absence of better defined studies
on biotic interactions, it can be considered as a good proxy that summa-
rizes biotic interactions as a whole. Natural plant and animal succession
has been explored through chronosequences that analyzed soil proper-
ties (Ernst et al., 1996; Graham and Haynes, 2004); vegetation recovery
(Lubke et al., 1996; Grainger et al., 2011; Zaloumis and Bond, 2011);
ecosystem functioning (Emery and Rudgers, 2010); invasive species
control (Marchante et al., 2008); soil seed banks (Plassmann et al.,
2009) and invertebrates (Weiermans and van Aarde, 2003; Redi et al.,
2005; Wassenaar et al., 2005). Long-term monitoring has also been
followed for invertebrates (van Aarde et al., 1998; Davis et al., 2003;
Grainger and van Aarde, 2012); vertebrates (Denton et al., 1997);



Table 2
General information.

Author Country1 Habitat type2 Source of perturbation3 Driver of perturbation4 Aims of Restoration5 Rest Technique6

Acosta et al., 2013 IT FxD H Fr RB Rv
Andreu et al., 2010 ES SMD H PI Cv CIS
Arens and Geelen, 2006 NL DS H DWE RB Dstb, Lcp
Arens et al., 2004 NL MD H Stb RB Dstb
Arens et al., 2005 NL SMD, DS H Stb RB Dstb, Oth
Arens et al., 2013 NL MD H Stb RB Dstb
Bakker et al., 2005 NL DS H DWE RB Dstb, Oth
Bossuyt et al., 2007 FR DS H PI, Oth RB CIS
Cater et al., 2007 USA FxD H Oth RB, ES Rv
Christensen and Johnsen, 2001 NL FxD H Fr, Dstb, Oth RB Rv
Conser and Connor, 2009 USA FxD H PI RB CIS
Davis et al., 2003 ZA FxD H Mn RB Lcp, Stb, Rv
De Lillis et al., 2004 IT MD, SMD H Oth RB Lcp, Rv
Deblinger and Jenkins, 1991 USA FxD N PI Cv, RB CIS, Rv
Denton et al., 1997 UK FxD H Oth Cv CIS, Oth
DeSimone, 2011 USA FxD N PI RB PR, CIS, Rv
Emery and Rudgers, 2010 USA FxD H, N PI, Mn, Oth RB, ES Rv
Ernst et al., 1996 NL DS N DWE, Oth RB CIS
French et al., 2011 AU FxD N PI RB CIS
Gallego-Fernández et al., 2011 ES MD, FxD H Fr RB Rv, Lcp
Gómez-Piña et al., 2002 ES MD, SMD H Mn, Oth Cv, RB Lcp, Rv
Graham and Haynes, 2004 BE FxD H Mn RB Rv, Lcp
Grainger and van Aarde, 2012 ZA FxD H Mn RB PR, Rv, Lcp
Grainger et al., 2011 ZA FxD H Mn RB Lcp, Rv, PR
Grootjans et al., 2013 NL MD, DS H Pl, Oth RB Dstb
Hesp and Hilton, 2013 NZ MD H Pl, Stb RB, CIS
Jansen et al., 2004 NL FxD H DWE, Oth RB CIS
Jones et al., 2010 UK SMD N Oth RB Oth
Jungerius et al., 1995 NL DS H Oth RB PR
Ketner-Oostra and Sýkora, 2000 NL FxD H, N Oth RB CIS
Ketner-Oostra et al., 2006 NL SMD N PI Cv PR
Kollmann et al., 2011 DK SMD H PI Cv CIS
Kutiel, 2013 IL MD H, N Stb RB Dstb
Kutiel et al., 2000 IL SMD, FxD, DS N PI, Oth Cv CIS
Lemauviel et al., 2003 FR SMD, FxD, DS H Oth Cv Oth
Lubke, 2013 MA, NA FxD H Mn RB Lcp & Rv
Lubke et al., 1996 ZA FxD H Mn RB Lcp & Rv
Marchante et al., 2008 PT FxD N PI, Oth RB CIS
Marchante et al., 2011 PT FxD N PI, Oth RB CIS
Mason et al., 2007 AU SMD, FxD N PI, Oth RB, ES CIS
Moreno-Casasola et al., 2008 MX SMD H Oth ES Rv & Stb
Moreno-Casasola et al., 2013 MX FxD H Pl RB PR
Mpanza et al., 2009 ZA FxD H Mn, Oth Cv, RB Rv
Muñoz-Reinoso et al., 2013 ES MD H Pl RB Dstb
Pickart, 2013 USA MD H Pl RB Dstb
Pickart et al., 1998a USA MD, SMD H PI RB CIS, Rv
Pickart et al., 1998b USA FxD H PI RB CIS
Plassmann et al., 2009 UK DS H Stb, Oth RB Dstb
Redi et al., 2005 ZA MD, SMD, FxD H Mn Cv, RB PR
Rhind et al., 2013 UK MD H Stb RB Dstb
Rosati and Stone, 2009 USA SMD, FxD N Fr, Oth Cv Rv, Stb, Lcp
Rozé and Lemauviel, 2004 FR MD, SMD H Oth Cv, RB Lcp, Rv
Russell et al., 2009 USA MD, SMD, FxD H PI, Oth Cv, RB PR, CIS, Rv, Stb, Lcp
Schreck Reis et al., 2008 PT MD H Fr, Oth Cv, RB Rv, Lcp
Schwendiman, 1977 USA FxD H Fr ES Rv, Oth
Seliskar, 1995 USA MD N Oth Cv Oth
Sharp and Hawk, 1977 USA SMD H, N Oth RB Oth
Soulsby et al., 1997 UK MD, SMD, FxD, DS H, N Fr, Oth RB, ES Stb, Lcp
Sturgess and Atkinson, 1993 UK MD H Stb, Oth Cv, RB Oth
Thomas et al., 2006 AU MD, SMD H, N Mn, Oth RB CIS, Oth
van Aarde et al., 1996 ZA FxD H Mn Cv, RB Lcp, Rv, PR
van Aarde et al., 1998 ZA FxD H Mn RB Lcp, Rv, PR
van Boxel et al., 1997 NL SMD H Oth RB Dstb
van der Hagen et al., 2008 NL DS H DWE RB Dstb
Vandenbohede et al., 2010 BE DS H PI, Oth RB CIS, Dstb
WallisDeVries and Raemakers, 2001 NL MD, SMD N Oth RB Dstb
Wassenaar et al., 2005 ZA FxD H Mn RB Lcp, Rv, PR
Weiermans and van Aarde, 2003 ZA FxD H Fr, Mn RB Lcp, Rv, PR
Zaloumis and Bond, 2011 ZA FxD H Stb, Oth RB Dstb, Oth

1 Australia (AU), Belgium (BE), Denmark (DK), France (Fr), Israel (IL), Italy (IT), Madagascar (MA), Mexico (MX), Namibia (NA), New Zealand (NZ), Spain (ES), Portugal (PT), South
Africa (ZA), The Netherlands (NL), United Kingdom (UK), United States of America (USA).
2 Mobile dune (MD), semi-mobile dune (SMD), fixed dune (FxD), dune slack (DS).
3 Natural (N), human (H).
4 Mining (Mn), fragmentation(Fr), plant invasion (PI), stabilization (Stb), destabilization (Dstb), drinking water extraction (DWE), other (Oth).
5 Ecosystem services (ES), conservation (Cv), restore biodiversity (RB).
6 Destabilization (Dstb), landscaping (Lcp), revegetation (Rv), control of invasive species (CIS), passive restoration (PR), other (Oth).
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vegetation (Jungerius et al., 1995; Rozé and Lemauviel, 2004;
Ketner-Oostra et al., 2006) and hydrogeology (Soulsby et al., 1997). Of-
tentimes, succession was the natural mechanism for passive restora-
tion, once the disturbance drivers were removed from the system
(Russell et al., 2009; Acosta et al., 2013). Most of the studies that we
found (94%) followed plant succession during different periods of
time (Table 3) and only a few monitored animal succession. Redi et al.
(2005) surveyed and compared millipede assemblages in two
chronosequences. One of them had been actively restored through the
reshaping of the dunes and the addition of topsoil containing seeds of
pioneer species, and the second chronosequence was regenerating
spontaneously. They found that the similarity of millipede assemblages
between reference sites and restored plots increased with regeneration
age, but this recovery of community composition occurred faster on the
rehabilitated chronosequences than on the chronosequence that
regenerated spontaneously (Redi et al., 2005).

3.5. Sustainability (self-sustainable and resilience)

A basic principle of restoration is that restored ecosystems should
be self-sustainable and resilient to disturbances. Assessing resilience
needs long-term monitoring in a time scale that is adequate for the
focal ecosystem, as well as a clear definition of the variables that
will reveal whether the ecosystem is self-sustainable or not. This is
certainly difficult and expensive to assess as is demonstrated by the
lack of studies in this area. Only a reduced number of studies explored
whether restored ecosystems were self-sustainable and resilient to
disturbances. Self-sustainability, although not explicitly approached,
was assessed in terms of the ability of the ecosystem to regenerate
naturally, as occurred in projects of passive restoration (18 studies;
27%). In turn, resilience to disturbance was mentioned explicitly in a
few studies only (9; 13%). Usually, it was mentioned whether the re-
stored ecosystem was able to thrive after it had been hit by additional
natural disturbances, such as hurricanes or winter storms (Miller et
al., 2001; Khalil and Lee, 2004; Gallego-Fernández et al., 2011). In
northern Spain, Gallego-Fernández et al. (2011) monitored natural
colonization of plant species in a restored dune over a period of
seven years. They found that the vegetation dynamics followed a pro-
cess of primary succession, with a progressive increasing species rich-
ness, plant cover and heterogeneity. These dunes and the vegetation
were lost because of the winter storms of 2008, seven years after
the restoration actions. The system did not recover spontaneously
after these major disturbances, although in a landscape scale, species
pool was sustained. In this sense, these authors suggest that, because
of the regional dynamics of coastal dunes, resilience should encom-
pass the landscape of coastal dunes instead of a single coastal dune
system.

4. Discussion

4.1. Coastal dune restoration: different aims and different methods

Coastal dune ecosystems are dynamic and diverse, and the geo-
morphic and ecological characteristics vary around the world. The
flora and fauna that inhabit the many habitats found here is equally
diverse and dynamic, as well as the disturbance drivers affecting
these ecosystems. In consequence, the restoration of coastal dunes
is neither simple nor straightforward: it involves a wide array of ac-
tivities, because no single “best” way exists to restore a dune. Many
scenarios of recovery and many different restoration actions exist, be-
cause restoring, maintaining, and/or changing the integrity, health
and/or sustainability of coastal dunes can refer to many situations. It
is indeed difficult to predict the endpoints of ecological coastal dune
restoration (Temperton and Hobbs, 2004). An extreme case occurs
when restoration is directed towards ecosystems that coexist with
the new conditions set by human activities (Clewell and Aronson,
2008).

It is imperative to acknowledge that an important difference be-
tween most restoration actions and natural succession is that restora-
tion is often driven by the paramount need to increase vegetation
cover in a reduced period of time, and the resulting community
needs to be as resilient as possible (meaning un-changeable). Instead,
natural communities are always exposed to natural disturbances,
resulting in a shifting mosaic of different types of vegetation that dis-
play an array of communities with different conditions of fertility, dis-
turbance, composition and structure (Del Moral et al., 2007). That is,
disturbance is a natural attribute of communities that “re-sets” the
succession sequence and leads to heterogeneity and diversity, which
is not accomplished by single trajectories towards a single goal, as is
the case of many restoration projects (Fig. 1). According to this,
Choi (2004) recommends that, instead of setting a single goal of res-
toration, it is necessary to have alternative, multiple goals, as well as
multiple trajectories for unpredictable endpoints.

It is also relevant to consider that human activities and interests
are incorporated in restoration actions because priorities and project
implementations are ultimately dependent on human systems. Eco-
logical restoration is ultimately linked to human interests (Choi,
2007) and humans use their own judgment to set the goals of resto-
ration. Hence, the goals of restoration lie within an inevitable eco-
nomic and social framework (Hobbs and Norton, 1996; Choi, 2004;
Davis and Slobodkin, 2004; Choi, 2007) from which coastal dune res-
toration cannot depart (Lithgow et al., 2013; Pérez-Maqueo et al.,
2013). The more ecosystem services of coastal dunes become consid-
ered as relevant to society, the more efforts will take place to protect
and restore these ecosystems. Already it has been demonstrated that
the public and private owners are willing to pay to protect and restore
coastal dunes (Feagin, 2013; Lehrer et al., 2013).

4.2. Measuring the success of coastal dune restoration

According to SER, “a degraded ecosystem can be considered to
have been restored when it regains sufficient biotic and abiotic re-
sources to sustain its structure, ecological processes and functions
with minimal external assistance or subsidy. It will then demonstrate
resilience to normal ranges of environmental stress and disturbance”.
Certainly, it is very difficult to achieve this state. The progress of res-
toration actions is assessed through several ecosystem attributes:
some of them are measured relatively easily (such as ecosystem



Table 3
Ecosystem attributes and variables that have been measured to assess a successful coastal dune restoration (after SER).

Integrity Health Sustainability

Composition Structure Nutrients Biologial
interactions1

Author Diversity or
richness

Plants Animals2 Cover Biomass Natural
regeneration

Resilience Monitoring time3 Refernce
site4

Acosta et al., 2013 X X X Sc X X 4 years HR
Andreu et al., 2010 X X X Sc 1 years 1
Arens and Geelen, 2006 X X X Sc 8 years HR
Arens et al., 2004 X X 5 years HR
Arens et al., 2005 X X Sc 5 years HR
Arens et al., 2013 X X X 1-12 years HR
Bakker et al., 2005 X X X Sc 3 years HR
Bossuyt et al., 2007 X X Sc NA HR
Cater et al., 2007 X X Sc 3 years 1
Christensen and
Johnsen, 2001

X X Sc NA NA

Conser and Connor, 2009 X X X Sc NA 1
Davis et al., 2003 X X Arth X Sc 21 years (Csq) 1
De Lillis et al., 2004 X X X Sc 5 years HR
Deblinger and
Jenkins, 1991

X X X Sc NA NA

Denton et al., 1997 X X Am X X Sc 25 years NA
DeSimone, 2011 X X X Sc X 2 years NA
Emery and Rudgers, 2010 X X Arth X X X Sc 25 years (Csq) 1
Ernst et al., 1996 X X X X Sc 30 years (Csq) 1
French et al., 2011 X X X Sc 1 yr NA
Gallego-Fernández
et al., 2011

X X X Sc X 7 years 1

Gómez-Piña et al., 2002 Sc NA NA
Graham and Haynes, 2004 X X Mic X Sc 25 years (Csq) 1
Grainger and van
Aarde, 2012

X X X Sc X 10 years HR

Grainger et al., 2011 X X Bd X Sc X 50 years (Csq) NA
Grootjans et al., 2013 X X X X Sc 15 years 1
Hesp and Hilton, 2013 X X X 5-10 years HR
Jansen et al., 2004 X X X X Sc 5 years 1
Jones et al., 2010 X X X Sc 1.5 years HR
Jungerius et al., 1995 X Arth, Nm X Sc X 13 years 1
Ketner-Oostra and
Sýkora, 2000

X X X Sc 4 years HR

Ketner-Oostra et al., 2006 X X Sc X 11 years HR
Kollmann et al., 2011 X X X X Sc 2 years NA
Kutiel, 2013 X X Arth X Sc X 3 years HR
Kutiel et al., 2000 X X Mm X Sc 3 years 1
Lemauviel et al., 2003 X X Sc 4 years 1
Lubke, 2013 X X X Sc 1 yr 1
Lubke et al., 1996 X X X X Sc 1 year, (8 Years Csq) NA
Marchante et al., 2008 X X X X Sc 5 years, (20 years Csq) 1
Marchante et al., 2011 X X X Sc X 6 years 1
Mason et al., 2007 X X X Sc NA
Moreno-Casasola
et al., 2008

X X X Sc 5 years NA

Moreno-Casasola
et al., 2013

X X X X Sc X X 40 years Cq

Mpanza et al., 2009 X X X X X Sc 5 months NA
Muñoz-Reinoso et al., 2013 X X X Sc X X 3 years HR
Pickart, 2013 X X X Sc X X 20 years HR
Pickart et al., 1998a X Sc 4 years NA
Pickart et al., 1998b X X X Sc 1.5 years 1
Plassmann et al., 2009 X X X Sc 16 years (Csq) 1
Redi et al., 2005 X Arth Sc X 2 years 1
Rhind et al., 2013 X X X 2 years HR
Rosati and Stone, 2009 X X Sc X NA NA
Rozé and Lemauviel, 2004 X X X Sc 10 years HR
Russell et al., 2009 X X Mm Bd, Am, Rp X Sc X 2 years 1
Schreck Reis et al., 2008 X X X Sc 2 years NA
Schwendiman, 1977 X X Sc NA NA
Seliskar, 1995 Nm X X Sc 2 years 1
Sharp and Hawk, 1977 X X X X Sc 5 years NA
Soulsby et al., 1997 X X X X 12 years 1
Sturgess and Atkinson, 1993 X X X X X Sc 2 years 1
Thomas et al., 2006 X X X Sc X 4 years 1
van Aarde et al., 1996 X X Arth, Bd X Sc X NA 1
van Aarde et al., 1998 X X X Sc X 16 years 1
van Boxel et al., 1997 X X X Sc 3 years NA
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Table 3 (continued)

Integrity Health Sustainability

Composition Structure Nutrients Biologial
interactions1

Author Diversity or
richness

Plants Animals2 Cover Biomass Natural
regeneration

Resilience Monitoring time3 Refernce
site4

van der Hagen et al., 2008 X Sc 5 years 1
Vandenbohede et al., 2010 X 3 years NA
WallisDeVries and
Raemakers, 2001

X X Arth X Sc X 4 years 1

Wassenaar et al., 2005 X X Mm, Bd, Arth X Sc X 25 years (Csq) 1
Weiermans and van
Aarde, 2003

X Sc 18 years (Csq) 1

Zaloumis and Bond, 2011 X X X Sc 17 years (Csq) 1
Total 59 62 14 52 6 17 63 18 9
% from total number
of articles

0.88 0.93 0.21 0.78 0.09 0.25 0.94 0.27 0.13

1 Succession (Sc).
2 Arthropods (Ath), nematodes (Nm), mammals (Mm), birds (Bd), amphibian (Am), reptiles (Rp); microbial (Mic).
3 Chronosequence (Csq).
4 Historical reference (HR), chronosequence (Cq); None, none available or not clear (NA).
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integrity and health) whereas others (sustainability and resilience to
disturbance) surpass time frames and budgets of restoration projects
and are either not assessed or assessed indirectly. Because of these
difficulties, oftentimes, to determine a successful restoration action
it is considered sufficient to observe an “appropriate trajectory to-
wards the intended reference condition” (SER, 2004). This sounds
like a logical and good idea, but it should be stressed that long-term
monitoring is needed to fully evaluate the progress and success of
any restoration action (Jungerius et al., 1995; Rozé and Lemauviel,
2004; Ketner-Oostra et al., 2006).

Our review indicates that ecosystem integrity (species composi-
tion) and health (nutrients and biotic interactions) are frequently
assessed to monitor the progress of restoration and that long-term
monitoring is a field that needs to be studied. How is the progress
of ecological restoration of coastal dunes being assessed? We will
next discuss this issue in the light of the three ecosystem attributes:
integrity, health and sustainability.

4.3. Integrity

One of the primary goals of restoration is to enhance the ecological
integrity (DellaSala et al., 2003) of an ecosystem. In most of the stud-
ies, at least two of the variables suggested by the SER were monitored
to assess the progress of restoration (Table 1). Plant diversity and
richness were the most commonly used variables and only a few
studies included data on fauna. Ecosystem structure was almost ex-
clusively evaluated through vegetation cover and just a few studies
included biomass measures.

Plants are always included because of practical and maybe concep-
tual issues. Plants are much more practical to survey and monitor
than animals: the richness and diversity do not fluctuate according to
day to day weather-mediated effects as in the case of animals like in-
sects (Majer, 1989; Davis et al., 2003). That implies less time and effort
invested. Also, a faster survey process reduces costs and money is al-
ways a major concern in restoration efforts. Some conceptual issues
are also related with the dominance of plants surveys. Restoration is
still perceived as botanically biased (Morrison, 1998; Young, 2000;
Davis et al., 2003) and it is assumed that mobility allows animals to col-
onize the restoration sites (Clewell and Rieger, 1997). This assumption
has some problems in case of lack of connectivity between undisturbed
patches and restoration sites, because the colonization could be difficult
and metapopulation persistence could be very improbable (Swart and
Lawes, 1996; Metzger, 1997; Dewenter and Tscharnke, 1999; Davis et
al., 2003). Furthermore, when animals are set aside, important services
which are helpful for the recovery process (pollination, seed dispersal)
can be diminished (Clewell and Rieger, 1997). In brief, ecosystem integ-
rity needs to be assessed through monitoring of flora and fauna.

4.4. Health

Health-related processes have been measured less than integrity.
Only a few studies evaluated biotic interactions, such as competition
or mycorrhizae. Most of them evaluated plant succession which, in
the absence of direct studies on biotic interactions, can be considered
as a proxy, because many interactions take place during the succes-
sional replacement, especially after the initial harsh environmental
conditions have been ameliorated by the early colonizers. Succession
measures are preferred over interaction measures because monitor-
ing species composition and community structure is easier either
through chronosequences or long-term monitoring.

Specific studies focused on species interactions during restoration
would be most enlightening for restoration practices. Studies on facili-
tation would shed light on which species may act as nurse-plants and
they could then be used to promote the establishment of target species
that do not thrive well during early successional stages or that are af-
fected by herbivory (Connell and Slatyer, 1977; Valladares and
Gianoli, 2007). On the other hand, most efforts at coastal dune restora-
tion should at least include nutrient availability in monitoring because
coastal dunes are oligotrophic and the structure and composition of
plant communities are determined by low levels of N, P and K. Eutro-
phic soils lead to community changes, thus, maintaining low nutrient
availability is a condition necessary to recover native biota and avoid in-
vasions. It is important to bear in mind that the naturally occurring
community processes, such as nutrient cycle and succession, can be
modified by restoration actions when colonization, establishment and
species accumulation aremanipulated, and they can, eventually,modify
community development (del Moral et al., 2007).

4.5. Sustainability

Resilience and resistance to disturbance are rarely measured be-
cause long-term evaluation is required and most restoration projects
have a short time frame. Also, most of the studies have just one or a
few reference sites (end-point) against which it is possible to compare
the restoration sites. Endpoints are often unpredictable (Temperton
and Hobbs, 2004) and the sustainability of reconstructed ‘historic’
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ecosystems appears to be an unlikely goal in the ever-changing and
unpredictable future environment (Vitousek et al., 1997; Choi, 2004).

Assessing resilience is very important because a low resilience im-
plies a reduced ability of the system to survive and stand changes.
Therefore, an enhanced resilience may be the most pragmatic and ef-
fective way to assess the progress of restoration actions (Nicholls and
Branson, 1998).

4.6. Methodological caveats

In this reviewwe analyzed the 67 studies thatwewere able to find in
the refereed literature (principally journal articles) spanning 24 years,
from 1988 to 2012 and that referred to coastal dune restoration in nat-
ural settings, with nodirect urban impact. The total number of published
articles might be considered as relatively small, considering the large
number of restoration and rehabilitation efforts that are taking place in
urban coasts. Certainly, the occurrence of infrastructure and dense
humanpopulations is a very important driver that directs restoration ef-
forts to developed rather than natural coasts. In addition, the scarcity of
refereed literature on restoration actions of undeveloped dunes may be
explained as follows: a) most restoration actions are taking place in
urban settings because of the direct impact on human society and,
hence, the relevance of restoring these coasts. We did not address ur-
banized coasts and foredunes, because these have been already thor-
oughly reviewed in detail (Nordstrom, 2008; Nordstrom and Jackson,
2013; Psuty and Silveira, 2013; Vestergaard, 2013); b) many govern-
ment agencies and private consultants are responsible for restoration
actions of coastal dunes in non-urbanized settings and they usually do
not publish their methods or results in the refereed literature, but in
the gray literature that is difficult to find and is not always refereed.
This is the case of The Netherlands and Spain, where nearly 100 coastal
dune restoration projects have been implemented, and yet, we only
found 15 and 4 published studies, respectively; thus, very few of their
restoration projects actually get published (A.P. Grootjans; J.B.
Gallego-Fernández, pers. comm). Evidence of this is that, in most of
the studies that we found, the address of at least one of the authors
was an academic institution, where it is common or mandatory to pub-
lish the findings of scientific research. We did not find a single study
where every author belonged to non-scientific or non-academic institu-
tions; c) certainly restoration actions occur that are not successful, and
therefore, they are perhaps not considered as publishable (by the au-
thors, by the editors and referees in peer-reviewed journals). This is a
problem, because lessons can be learned from successful restoration ac-
tions, and also from failures (Ormerod, 2003). Thus, the increase in
knowledge of restoration theory and practice is reduced because of
these omissions (Bradshaw, 2002).

4.7. Challenges and opportunities

Coastal dune restoration projects have been performed in a variety
of ways: in small or large scale; via government programs, communi-
ty groups, or individuals; and with soft and with hard methods. In
most cases, the ultimate goal, in general, was to improve ecosystem
integrity, health and sustainability. Assessing whether these goals
were achieved or not has been difficult and still requires a great
deal of effort, especially in terms of assessing ecosystem health and
sustainability. The establishment of long-term monitoring assess-
ments is important, and many challenges still exist ahead for us to ad-
equately assess and measure efforts of coastal dune restoration.

Finally, it is important to acknowledge that there is no perfect res-
toration job or assessment, but we can improve them. The theory of
ecological succession provides a theoretical background for restora-
tion and emphasizes on the role of natural disturbance as a key ele-
ment of community dynamics (Grainger and van Aarde, 2012).
Thus, restoration activities, based on the theory of ecological succes-
sion, are a desirable approach, and natural disturbances and dynamics
need to be considered as part of the restored system to really improve
ecosystem integrity, health and sustainability. Impediments that af-
fect restoration activities and the assessment of their success include
the difficulty of monitoring sustainability (both theoretically and lo-
gistically), lack of funding for long-term monitoring and an emphasis
on developed coasts in general. To overcome these obstacles we need
to acknowledge the relevance of restoring natural systems as a strat-
egy for our future survival (Hobbs and Harris, 2001).

Several actions that could improve coastal dune restoration should
include: a) setting clear and achievable goals, based on the dynamic
properties of ecosystems (Sterk et al., 2013); b) defining the desired
ecosystem attributes in the future (Hobbs and Harris, 2001), which
should consider integrity, health and sustainability; c) improving
the definition of sustainable and resilient ecosystems, that could, for
example, consider plant functional traits (Demars et al., 2012; Sterk
et al., 2013); d) considering that successful restoration actions can
be increased when decisions are taken based on scientific knowledge
and social needs (Hopfensperger et al., 2007); d) integration of inter-
disciplinary criteria (Carpenter et al., 2001; Hobbs and Harris, 2001);
and e) weighting the different interdisciplinary components (Lithgow
et al., 2013). In brief, it is likely that restoration ecology will be one of
the most important fields of this century (Hobbs and Harris, 2001)
and restoration actions will have to meet the challenges of meshing
ecological science, practice and policy.

Acknowledgments

This study was financed by grant FOMIX Veracruz-CONACYT
(37009) and SEMARNAT-CONACYT (23669). DL sincerely thanks the
MexicanGovernment and CONACYT for her PhD scholarship (CONACYT
275429/224619). Martínez, Gallego-Fernández and Hesp thank their
respective institutions for support. We also thank Dr. Karl Nordstrom
and Dr. Nancy Jackson and the anonymous reviewers for their thorough
reviews of the manuscript. No dunes were harmed in the creation of
this paper.

References

Acosta, A.T.R., Jucker, T., Prisco, I., Santoro, R., 2013. Passive recovery of Mediterranean
coastal dunes following limitations to human trampling. In: Martínez, M.L.,
Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of Coastal Dunes. Springer
Verlag, Germany, pp. 187–198 (Chapter 12).

Andreu, J., Manzano-Piedras, E., Bartomeus, I., Dana, E.D., Vilà, M., 2010. Vegetation re-
sponse after removal of the invasive Carpobrotus hybrid complex in Andalucía,
Spain. Ecological Restoration 28 (4), 440–448.

Arens, S.M., Geelen, L.H.W.T., 2006. Dune landscape rejuvenation by intended
destabilisation in the Amsterdam water supply dunes. Journal of Coastal Research
225, 1094–1107.

Arens, S.M., Slings, Q., de Vries, C.N., 2004. Mobility of a remobilised parabolic dune in
Kennemerland, The Netherlands. Geomorphology 59, 175–188.

Arens, S.M., Geelen, L., Slings, R., Wondergem, H., 2005. Restoration of dune mobility in
the Netherlands. In: Herrier, J.-L., Mees, J., Salman, A., Seys, J., Van Nieuwenhuyse,
H., Dobbelaere, I. (Eds.), Proceedings ‘Dunes and Estuaries 2005’ — International
Conference on Nature Restoration Practices in European Coastal Habitats, Koksijde,
Belgium, 19–23 VLIZ Special Publication, 19, pp. 129–138 (xiv + 685 pp.).

Arens, S.M., Slings, Q.L., Geelen, L.H.W.T., van der Hagen, H.G.J.M., 2013. Restoration of dune
mobility in the Netherlands. In:Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.),
Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 107–124 (Chapter 7).

Ayyad, M.A., 2003. Case studies in the conservation of biodiversity: degradation and
threats. Journal of Arid Environment 54 (1), 165–182.

Bakker, C., de Graaf, H.F., Wilfried, E., van Bodegom, P.M., 2005. Does the seed bank
contribute to the restoration of species-rich vegetation in wet dune slacks? Ap-
plied Vegetation Science 8 (1), 39–48.

Bossuyt, B., Cosyns, E., Hoffmann, M., 2007. The role of soil seed banks in the restoration
of dry acidic dune grassland after burning of Ulex europaeus scrub. Applied Vege-
tation Science 10, 131–138.

Bradshaw, A.D., 2002. Introduction and philosophy. In: Perrow, M.R., Davy, A.J. (Eds.),
Handbook of Ecological Restoration. Principles of Restoration, vol. 1. Cambridge
University Press, Cambridge, United Kingdom.

Carpenter, S., Walker, B., Anderies, J.M., Abel, N., 2001. From metaphor to measurement:
resilience of what to what? Ecosystems 4, 765–781.

Cater, T., Jorgenson, M., Bishop, S., Rea, C., 2007. Erosion control and restoration of a
sand dune on the Colville River Delta, northern Alaska. Ecological Restoration 25,
238–246.

http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0505
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0505
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0505
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0505
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0005
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0005
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0005
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0010
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0010
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0010
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0015
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0015
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0510
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0510
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0510
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0510
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0510
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0515
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0515
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0515
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0025
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0025
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0030
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0030
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0030
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0035
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0035
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0035
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0520
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0520
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0520
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0040
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0040
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0045
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0045
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0045


223D. Lithgow et al. / Geomorphology 199 (2013) 214–224
Cencini, C., 1998. Physical processes and human activities in the evolution of the Po
Delta, Italy. Journal of Coastal Research 14, 774–793.

Choi, Y.D., 2004. Theories for ecological restoration in changing environment: toward
“futuristic” restoration. Ecological Research 19, 75–81.

Choi, Y.D., 2007. Restoration ecology to the future: a call for new paradigm. Rest Ecol-
ogy 15, 351–353.

Christensen, S., Johnsen, I., 2001. The lichen-rich coastal heath vegetation on the isle of
Anholt, Denmark: description, history and development. Journal of Coastal Conseil
7, 1–12.

Clewell, A.F., Aronson, J.A., 2008. Ecological Restoration: Principles, Values, and Struc-
ture of an Emerging Profession (The Science and Practice of Ecological Restoration
Series). Island Press, USA (232 pp.).

Clewell, A., Rieger, J.P., 1997. What practitioners need from restoration ecologists. Rest
Ecology 5 (4), 350–354.

Connell, J.H., Slatyer, R.O., 1977. Mechanism of succession in natural communities and their
role in community stability and organization. American Naturalist 111, 1119–1144.

Conser, C., Connor, E.F., 2009. Assessing the residual effects of Carpobrotus edulis inva-
sion, implications for restoration. Biological Invasions 11, 349–358.

Davis, M.A., Slobodkin, L.D., 2004. The science and values of restoration ecology. Rest
Ecology 12, 1–3.

Davis, A., van Aarde, R., Scholtz, C., Delport, J., 2003. Convergence between dung beetle
assemblages of a post-mining vegetational chronosequence and unmined dune
forest. Rest Ecology 11, 29–42.

De Lillis, M., Costanzo, L., Bianco, P., Tinelli, A., 2004. Sustainability of sand dune resto-
ration along the coast of the Tyrrhenian Sea. Journal of Coastal Conservative 10,
93–100.

De Luca, E., Novelli, C., Barbato, F., Menegoni, P., Iannetta, M., Nascetti, G., 2011. Coastal
dune systems and disturbance factors: monitoring and analysis in central Italy. En-
vironmental Monitoring and Assessment 183, 437–450.

Deblinger, R., Jenkins, R., 1991. Preserving coastal biodiversity: the private, nonprofit
approach. Coastal Management 19, 103–112.

Defeo, O., de Alava, A., 1995. Effects of human activities on long-term trends in sandy
beach populations: the wedge clam Donax hanleyanus in Uruguay. Marine Ecol
Progress Series 123, 73–82.

Defeo, O., McLachlan, A., Schoeman, D.S., Schlacher, T., Dugan, J., Jones, A., Lastra, M.,
Scapini, F., 2009. Threats of sandy beach ecosystems: a review. Estuarine, Coastal
and Shelf Science 81, 1–12.

del Moral, R., Walker, L.R., Bakker, J.P., 2007. Insights gained from succession for the
restoration of landscape structure and function. In: Walker, L.R., Walker, J.,
Hobbs, R.H. (Eds.), Linking restoration and ecological succession. Springer Series
on Environmental Management. Springer, pp. 19–44.

DellaSala, D.A., Martin, A., Spivak, R., Schulke, T., Bird, B., Criley, M., van Daalen, C.,
Kreilick, J., Brown, R., Aplet, G., 2003. A citizen's call for ecological forest restora-
tion: forest restoration principles and criteria. Ecological Restoration 21 (1), 14–23.

Demars, B.O.L., Kemp, J.L., Friberg, N., Usseglio-Polatera, P., Harper, D.M., 2012. Linking
biotopes to invertebrates in rivers: biological traits, taxonomic composition and di-
versity. Ecological Indicators 23, 301–311.

Denton, J.S., Hitchings, S.P., Beebee, T.J.C., Gent, A., 1997. A recovery program for the
Natterjack Toad (Bufo calamita) in Britain. Conservation Biology 11, 1329–1338.

DeSimone, S., 2011. Balancing active and passive restoration in a non-chemical,
research-based approach to coastal sage scrub restoration in Southern California.
Ecological Restoration 29, 45–51.

Dewenter, S.I., Tscharnke, T., 1999. Effects of habitat isolation on pollinator communi-
ties and seed set. Oecologia 121, 432–440.

Emery, S.M., Rudgers, J.A., 2010. Ecological assessment of dune restorations in the Great
Lakes Region. Rest Ecology 18 (SI), 1984–1994.

Ernst, W.H.O., Slings, Q.L., Nelissen, H.J.M., 1996. Pedogenesis in coastal wet dune slacks
after sod-cutting in relation to revegetation. Plant and Soil 180, 219–230.

Faggi, A., Dadon, J., 2011. Temporal and spatial changes in plant dune diversity in urban
resorts. Journal of Coastal Conservative 15, 585–594.

Feagin, R., 2013. Foredune restoration before and after hurricanes: inevitable destruction,
certain reconstruction. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.),
Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 93–103 (Chapter 6).

French, K., Mason, T.J., Sullivan, N., 2011. Recruitment limitation of native species in in-
vaded coastal dune communities. Plant Ecology 212, 601–609.

Gallego-Fernández, J.B., Sánchez, I.A., Ley, C., 2011. Restoration of isolated and small
coastal sand dunes on the rocky coast of northern Spain. Ecological Engineering
37, 1822–1832.

Gann, G.D., Lamb, D. (Eds.), 2006. Ecological Restoration: A Mean of Conserving Biodi-
versity and Sustaining Livelihoods (version 1.1). Society for Ecological Restoration
International, Tucson, Arizona (USA and IUCN, Gland, Switzerland).

Gómez-Piña, G., Muñoz-Pérez, J.J., Ramírez, J.L., Ley, C., 2002. Sand dune management
problems and techniques, Spain. Journal of Coastal Research 36, 325–332.

Graham, M.H., Haynes, R.J., 2004. Organic matter status and the size, activity and met-
abolic diversity of the soil microflora as indicators of the success of rehabilitation of
mined sand dunes. Biology and Fertility of Soils 39 (6), 429–437.

Grainger, M.J., van Aarde, R., 2012. Is succession-based management of coastal dune
forest restoration valid? Ecological Restoration 30, 200–208.

Grainger, M.J., van Aarde, R.J., Wassenaar, T.D., 2011. Landscape composition influences
the restoration of subtropical coastal dune forest. Rest Ecology 101 (19), 111–120.

Grootjans, A., Dullo, B.W., Kooijman, A., Bekker, R., Aggenbach, C., 2013. Restoration
of dune vegetation in the Netherlands. In: Martínez, M.L., Gallego-Fernández,
J.B., Hesp, P.A. (Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany,
pp. 235–253 (Chapter 15).

Hesp, P.A., Hilton, M.J., 2013. Restoration of foredunes and transgressive dunefields:
case studies from New Zealand. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp,
P.A. (Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 67–92
(Chapter 5).

Hobbs, R.J., Harris, J.A., 2001. Restoration ecology: repairing the Earth's damages eco-
systems in the new millennium. Rest Ecology 9, 239–246.

Hobbs, R.J., Norton, D.A., 1996. Toward a conceptual framework for restoration ecology.
Rest Ecology 4, 93–110.

Hopfensperger, K., Engelhardt, K., Seagle, S., 2007. Ecologial feasibility studies in resto-
ration decision making. Environmental Management 39, 843–852.

Jansen, A.A.J.M., Fresco, L.F.M., Grootjans, A.P., Jalink, J., 2004. Effects of restoration
measures on plant communities of wet heathland ecosystems. Applied Vegetation
Science 7, 243–252.

Jones, K., Pan, X., Garza, A., Lloyd-Reilley, J., 2010. Multi-level assessment of ecological
coastal restoration in South Texas. Ecological Engineering 36, 435–440.

Jungerius, P., Koehler, H., Kooijman, A.M., Mücher, H., Graefe, U., 1995. Response of veg-
etation and soil ecosystem to mowing and sod removal in the coastal dunes
“Zwanenwater”, the Netherlands. Journal of Coastal Conservative 1, 3–16.

Ketchum, B.H. (Ed.), 1972. The Water's Edge: Critical Problems of the Coastal Zone. MIT
Press, Boston.

Ketner-Oostra, R., Sýkora, K., 2000. Vegetation succession and lichen diversity on dry
coastal calcium-poor dunes and the impact of management experiments. Journal
of Coastal Conservative 6, 191–206.

Ketner-Oostra, R., Peijl, M.J., Sýkora, K.V., 2006. Restoration of lichen diversity in grass-
dominated vegetation of coastal dunes after wildfire. Journal of Vegetation Science
17, 147–156.

Khalil, S.M., Lee, D.M., 2004. Restoration of Isles Dernieres, Louisiana: some reflections
onmorphodynamic approaches in the northern Gulf of Mexico to conserve coastal/
marine systems. Journal of Coastal Research SI (39), 65–71.

Kollmann, J., Brink-Jensen, K., Frandsen, S.I., Hansen, M.K., 2011. Uprooting and burial
of invasive alien plants: a new tool in coastal restoration? Rest Ecology 19 (3),
317–378.

Kutiel, P.B., 2013. Restoration of coastal sand dunes for conservation of biodiversity:
THE Israeli experience. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A.
(Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 173–185
(Chapter 11).

Kutiel, P., Peled, Y., Geffen, E., 2000. The effect of removing shrub cover on annual
plants and small mammals in a coastal sand dune ecosystem. Biological Conserva-
tion 94, 235–242.

Lehrer, D., Becker, N., Kutiel, P.B., 2013. The value of coastal sand dunes as a measure to
plan an optimal policy for invasive plant species: the case of the Acacia saligna at
the Nizzanim LTER Coastal Sand Dune Nature Reserve, Israel. In: Martínez, M.L.,
Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of Coastal Dunes. Springer
Verlag, Germany, pp. 273–288 (Chapter 17).

Lemauviel, S., Gallet, S., Rozé, F., 2003. Sustainable management of fixed dunes: exam-
ple of a pilot site in Brittany (France). Comptes Rendus Biologies 326, S183–S191.

Ley Vega de Seoane, C., Gallego-Fernández, J.B., Vidal-Pascual, C., 2007. Manual de
restauración de dunas costeras. In: Dirección General de Costas. Ministerio del
Medio Ambiente, Dirección General de Costas, Spain, p. 251.

Lithgow, D., Martínez, M.L., Gallego-Fernández, J.B., 2013. Multicriteria analysis to im-
plement actions leading to coastal dune restoration. In: Martínez, M.L., Gallego-
Fernández, J.B., Hesp, P.A. (Eds.), Coastal Dune Restoration. Springer Verlag, pp.
307–321. chapter 19.

Lubke, R.A., 2013. Restoration of dune ecosystems following mining in madagascar and
namibia: contrasting restoration approaches adopted in regions of high and low
human population density. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A.
(Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 199–215 (Chap-
ter 13).

Lubke, R.A., Avis, A.M., Moll, J.B., 1996. Post-mining rehabilitation of coastal sand dunes
in Zululand South Africa. Landscape Urban Planning 34 (3–4), 335–345.

Majer, J.D., 1989. Animals in Primary Succession: the Role of Fauna in Reclaimed Land.
Cambridge University Press, Cambridge.

Marchante, E., KjØller, A., Struwe, S., Freitas, H., 2008. Short- and long-term impacts of
Acacia longifolia invasion on the belowground processes of Mediterranean coastal
dune ecosystem. Applied Soil Ecology 40, 210–217.

Marchante, H., Freitas, H., Hoffmann, J.H., 2011. Post-clearing recovery of coastal dunes in-
vaded by Acacia longifolia: is duration of invasion relevant for management success?
Journal of Applied Ecology 48, 1295–1304.

Martínez, M.L., Gallego-Fernández, J.B., García-Franco, J.G., Moctezuma, C., Jiménez, C.D.,
2006. Assessment of coastal dune vulnerability to natural and athropogenic distur-
bances along the Gulf of México. Environmental Conservation 33 (2), 109–117.

Martínez, M.L., Intralawan, A., Vázquez, G., Pérez-Maqueo, O., Sutton, P., Landgrave, R.,
2007. The coasts of our world: ecological, economic and social importance. Ecolog-
ical Economics 63, 254–272.

Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), 2013a. Restoration of Coastal
Dunes. Springer Verlag, Germany (347 pp.).

Martínez, M.L., Hesp, P.A., Gallego-Fernández, J.B., 2013b. Coastal dunes: human impact
and need for restoration. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A.
(Eds.), Coastal Dune Restoration. Springer Verlag, Germany, pp. 1–14 (Chapter 1).

Mason, T., French, K., Russell, K., 2007. Moderate impacts of plant invasion and manage-
ment regimes in coastal hind dune seed banks. Biological Conservation 134,
428–439.

Metzger, K.W., 1997. Relationships between landscape structure and tree species
diversity in tropical forests of south-east Brazil. Landscape Urban Planning 37,
29–35.

Miller, T.E., terHorst, C.P., 2012. Testing successional hypotheses of stability, heteroge-
neity, and diversity in pitcher-plant inquiline communities. Community Ecology
170, 243–251.

http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0050
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0050
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0055
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0055
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0060
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0060
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0065
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0065
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0065
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0070
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0070
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0070
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0075
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0075
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0080
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0080
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0085
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0085
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0090
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0090
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0095
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0095
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0095
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0100
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0100
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0100
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0105
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0105
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0105
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0110
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0110
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0115
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0115
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0115
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0120
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0120
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0525
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0525
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0525
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0525
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0125
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0125
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0135
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0135
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0135
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0140
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0140
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0145
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0145
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0145
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0150
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0150
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0530
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0530
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0155
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0155
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0160
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0160
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0535
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0535
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0535
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0165
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0165
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0170
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0170
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0170
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0540
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0540
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0540
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0180
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0180
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0185
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0185
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0185
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0190
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0190
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0195
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0195
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0545
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0545
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0545
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0545
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0550
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0550
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0550
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0550
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0200
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0200
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0205
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0205
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0555
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0555
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0210
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0210
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0210
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0215
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0215
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0220
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0220
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0220
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0560
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0560
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0240
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0240
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0240
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0235
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0235
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0235
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0565
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0565
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0565
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0245
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0245
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0245
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0570
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0570
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0570
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0570
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0250
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0250
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0250
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0575
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0575
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0575
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0575
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0575
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0255
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0255
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0695
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0695
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0695
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0585
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0585
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0585
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0585
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0590
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0590
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0590
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0590
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0590
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0265
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0265
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0270
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0270
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0275
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0275
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0275
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0280
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0280
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0280
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0290
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0290
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0300
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0300
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0595
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0595
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0600
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0600
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0600
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0305
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0305
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0305
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0310
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0310
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0310
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0320
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0320
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0320


224 D. Lithgow et al. / Geomorphology 199 (2013) 214–224
Miller, D.L., Thetford, M., Yager, L., 2001. Evaluating sand fence and vegetation for dune
building following overwash by Hurricane Opal on Santa Rosa Island, Florida. Jour-
nal of Coastal Research 17, 936–948.

Moreno-Casasola, P., Martínez, M.L., Castillo-Campos, G., 2008. Designing ecosystems
in degraded tropical coastal dunes. Ecoscience 15 (1), 44–52.

Moreno-Casasola, P., Martínez, M.L., Castillo-Campos, G., Campos, A., 2013. The impacts
on natural vegetation 3 following the establishment of exotic Casuarina planta-
tions. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of
Coastal Dunes. Springer Verlag, Germany, pp. 217–233 (Chapter 14).

Morrison, M.L., 1998. Letter to the editor. Restoration Ecology 6, 133.
Mpanza, T.D.E., Scogings, P.F., Kunene, N.W., Zobolo, A.M., 2009. Impacts of cattle on

ecological restoration of coastal forests in KwaZulu-Natal, South Africa. African
Journal of Range and Forage Science 26 (1), 1–7.

Muñoz-Reinoso, J.C., Saavedra-Azqueta, C., Redondo-Morales, I., 2013. Restoration of An-
dalusian coastal juniper woodlands. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp,
P.A. (Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 145–158
(Chapter 9).

Nicholls, R.J., Branson, J., 1998. Coastal resilence and planning for an uncertain future:
an introduction. The Geographical Journal 164 (3), 255–258.

Nordstrom, K.F., 2000. Beaches and Dunes on Developed Coasts. Cambridge University
Press, UK (338 pp.).

Nordstrom, K.F., 2008. Beach and Dune Restoration. Cambridge University Press,
Cambridge.

Nordstrom, K.F., Jackson, N.L., 2013. Foredune restoration in urban settings. In:
Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of Coastal
Dunes. Springer Verlag, Germany, pp. 17–31 (Chapter 2).

Ormerod, S.J., 2003. Restoration in applied ecology: editor's introduction. Journal of Ap-
plied Ecology 40, 44–50.

Pérez-Maqueo, O., Martínez, M.L., Lithgow, D., Mendoza-González, G., 2013. The coasts
and their costs. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Coastal
Dune Restoration. Springer Verlag, Germany, pp. 289–304 (Chapter 18).

Perrow, M.R., Davy, A.J., 2008. Handbook of Ecological Restoration, vol. 2. Cambridge
University Press (624 pp.).

Pickart, A.J., 2013. Dune restoration over two decades at the Lanphere and Ma-le'l dunes
in Northern California. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.),
Restoration of Coastal Dunes. Springer Verlag, Germany, pp. 159–171 (Chapter 10).

Pickart, A.J., Miller, L.M., Duebendorfer, T.E., 1998a. Yellow bush lupine invasion in
northern California coastal dunes — I. Ecological impacts and manual restoration
techniques. Rest Ecology 6 (1), 59–68.

Pickart, A.J., Theiss, K.C., Stauffer, H.B., Olsen, G.T., 1998b. Yellow bush lupine invasion
in northern California coastal dunes — II. Mechanical Restoration Techniques.
Rest Ecology 6 (1), 69–74.

Plassmann, K., Brown, N., Jones, L.M., Edwards-Jones, G., 2009. Can soil seed banks con-
tribute to the restoration of dune slacks under conservation management? Applied
Vegetation Science 12, 199–210.

Psuty, N.P., Silveira, T.M., 2013. Restoration of coastal foredunes, a geomorphological
perspective: examples from New York and from New Jersey, USA. In: Martínez,
M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of Coastal Dunes.
Springer Verlag, Germany, pp. 33–47 (Chapter 3).

Redi, B.H., van Aarde, R.J., Wassenaar, T.D., 2005. Coastal dune forest development and
the regeneration of millipede communities. Rest Ecology 13, 284–291.

Rhind, P., Jones, R., Jones, L., 2013. The impact of dune stabilization on the conserva-
tion status of sand dune systems in Wales. In: Martínez, M.L., Gallego-Fernández,
J.B., Hesp, P.A. (Eds.), Restoration of Coastal Dunes. Springer Verlag, Germany,
pp. 125–143 (Chapter 8).

Rosati, J.D., Stone, G.W., 2009. Geomorphologic evolution of barrier islands along the
northern U.S. Gulf of Mexico and implications for engineering design in barrier res-
toration. Journal of Coastal Research 251, 8–22.

Rozé, F., Lemauviel, S., 2004. Sand dune restoration in North Brittany, France: a 10-year
monitoring study. Rest Ecology 12, 29–35.

Ruiz-Jaen, M.C., Aide, T.M., 2005. Restoration success: how is it being measured? Rest
Ecology 13, 569–577.

Russell, W., Shulzitski, J., Setty, A., 2009. Evaluating wildlife response to coastal dune
habitat restoration in San Francisco, California. Ecological Restoration 17, 439–448.

Schlacher, T.A., Dugan, J., Schoeman, D.S., Lastra, M., Jones, A., Scapini, F., McLachlan, A.,
Defeo, O., 2007. Sandy beaches at the brink. Diversity Distrib. 13, 556–560.

Schreck Reis, C., Antunes do Carmo, J., Freitas, H., 2008. Learning with nature: a sand
dune system case study (Portugal). Journal of Coastal Research 24, 1506–1515.
Schwendiman, J.L., 1977. Coastal sand dune stabilization in the Pacific Northwest. In-
ternational Journal of Biometeorology 21 (3), 281–289.

Seliskar, D.M., 1995. Coastal dune restoration: a strategy for alleviating die-out of
Ammophila brevigulata. Rest Ecology 3 (1), 54–60.

Sharp, W.C., Hawk, V.B., 1977. Establishment of woody plants for secondary and tertia-
ry dune stabilization along the mid-Atlantic coast. International Journal of Biome-
teorology 21, 245–255.

Society of Ecological Restoration (SER) International, 2004. Principios de SER
Internacional sobre restauración ecológica. Available in: http//www.ser.org/
content/guidelines_ecological_restoration.asp.

Soulsby, A.C., Hannah, D., Malcolm, R., Maizels, J.K., Gard, R., 1997. Hydrogeology of a
restored coastal dune system in Northeastern Scotland. Journal of Coastal Conser-
vative 3, 143–154.

Sterk, M., Gort, G., Klimkowska, A., van Ruijven, J., van Teeffelen, A.J.A., Wamelink,
G.W.W., 2013. Assess ecosystem resilience: linking response and effect traits to en-
vironmental variability. Ecological Indicators 30, 21–27.

Sturgess, P., Atkinson, D., 1993. The clear-felling of sand-dune plantations: soil and
vegetational processes in habitat restoration. Biological Conservation 66, 171–183.

Swart, J., Lawes, M.J., 1996. The effect of habitat patch connectivity on samango monkey
(Cercopithecus mitis) metapopulation persistence. Ecological Modelling 93, 57–74.

Swart, J.A.A., van der Windt, H.J., Keulartz, J., 2001. Valuation of nature in conservation
and restoration. Rest Ecology 9, 230–238.

Temperton, V.M., Hobbs, R.J., 2004. The search for ecological assembly rule and its rel-
evance to restoration ecology. In: Temperton, V.M., Hobbs, R.J., Nuttle, T., Halle, S.
(Eds.), Assembly Rules and Restoration Ecology — Bridging the gap Between The-
ory and Practice. Island Press, Washington, D.C., pp. 34–54.

Thomas, J., Hofmeyer, D., Benwell, A.S., 2006. Bitou Bush control (after fire) in
Bundjalung National Park on the New South Wales North Coast. Ecological Man-
agement and Restoration 7, 79–92.

UNCED, 1992. Protection of oceans, all kinds of seas, including enclosed and semi-
enclosed seas, and coastal areas and the protection, rational use and development
of their living resources. Agenda 21, United Nations Conference on Environment
and Development (Chapter 17).

Valladares, F., Gianoli, E., 2007. Howmuch ecology do we need to know to restore Med-
iterranean ecosystems. Rest Ecology 15 (3), 363–368.

van Aarde, R.J., Ferreira, S.M., Kritzinger, J.J., van Dyk, P.J., Vogt, M., Wassenaar, T.D.,
1996. An evaluation of habitat rehabilitation on coastal dune forest in northern
KwaZulu-Natal, South Africa. Rest Ecology 4, 334–345.

van Aarde, R.J., Smith, A.M., Claassens, A.S., 1998. Soil characteristics of rehabilitating
and unmined coastal dunes at Richards Bay, KwaZulu-Natal, South Africa. Rest
Ecology 6, 102–110.

van Boxel, J.H., Jungerius, P.D., Kieffer, N., Hampele, N., 1997. Ecological effects of
reactivation of artificially stabilized blowouts in coastal dunes. Journal of Coastal
Conservative 3, 57–62.

van der Hagen, H.J.M.L., Geelen, L.H.W.T., de Vries, C.N., 2008. Dune slack restoration in
Dutch mainland coastal dunes. Journal of Nature Conservation 16, 1–11.

Vandenbohede, A., Lebbe, L., Adams, R., Cosyns, E., Durinck, P., Zwaenepoel, A., 2010.
Hydrogeological study for improved nature restoration in dune ecosystems —

Kleyne Vlakte case study, Belgium. Journal of Environmental Management 91,
2385–2395.

Vestergaard, P., 2013. Natural plant diversity development on a man-made dune sys-
tem. In: Martínez, M.L., Gallego-Fernández, J.B., Hesp, P.A. (Eds.), Restoration of
Coastal Dunes. Springer Verlag, Germany, pp. 49–66 (Chapter 4).

Vitousek, P.M., Mooney, H.A., Lubchenco, J., Melillo, J.M., 1997. Human domination of
Earth's ecosystems. Science 277, 494–499.

WallisDeVries, M., Raemakers, I., 2001. Does extensive grazing benefit butterflies in
coastal dunes? Rest Ecology 9, 179–188.

Wassenaar, T.D., Van aarde, R.J., Pimm, S.L., Ferreira, S.M., 2005. Community conver-
gence in disturbed subtropical dune forests. Ecology 86, 655–666.

Weiermans, J., van Aarde, R.J., 2003. Roads as ecological edges for rehabilitating coastal
dune assemblages in northern Kwazulu-Natal, South Africa. Rest Ecology 11, 43–49.

Young, T.P., 2000. Restoration ecology and conservation ecology. Biological Conserva-
tion 92, 73–83.

Zaloumis, N.P., Bond, W.J., 2011. Grassland restoration after afforestation: no direction
home? Austral Ecology 36, 357–366.

http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0315
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0315
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0315
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0325
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0325
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0605
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0605
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0605
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0605
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0330
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0610
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0610
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0610
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0615
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0615
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0615
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0615
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0340
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0340
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0620
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0620
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0345
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0345
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0625
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0625
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0625
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0350
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0350
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0630
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0630
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0630
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0635
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0635
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0640
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0640
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0640
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0645
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0645
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0645
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0650
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0650
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0650
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0365
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0365
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0365
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0655
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0655
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0655
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0655
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0370
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0370
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0660
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0660
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0660
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0660
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0375
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0375
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0375
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0380
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0380
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0385
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0385
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0390
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0390
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0395
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0665
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0665
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0400
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0400
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0405
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0405
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0410
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0410
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0410
http://http//www.ser.org/content/guidelines_ecological_restoration.asp
http://http//www.ser.org/content/guidelines_ecological_restoration.asp
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0420
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0420
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0420
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0415
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0415
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0425
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0425
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0430
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0430
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0435
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0435
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0675
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0675
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0675
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0675
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0445
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0445
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0445
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0700
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0700
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0700
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0700
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0450
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0450
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0455
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0455
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0460
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0460
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0460
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0465
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0465
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0465
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0470
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0470
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0475
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0475
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0475
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0685
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0685
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0685
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0480
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0480
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0485
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0485
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0690
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0690
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0490
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0490
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0495
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0495
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0500
http://refhub.elsevier.com/S0169-555X(13)00281-X/rf0500

	Linking restoration ecology with coastal dune restoration
	1. Introduction
	1.1. The need to restore
	1.2. Conceptual scheme

	2. Methods
	3. Results
	3.1. General trends
	3.2. Restoration success
	3.3. Integrity (species composition and ecosystem structure)
	3.4. Health (ecological processes)
	3.5. Sustainability (self-sustainable and resilience)

	4. Discussion
	4.1. Coastal dune restoration: different aims and different methods
	4.2. Measuring the success of coastal dune restoration
	4.3. Integrity
	4.4. Health
	4.5. Sustainability
	4.6. Methodological caveats
	4.7. Challenges and opportunities

	Acknowledgments
	References


