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a b s t r a c t

Human activities on floodplains have severely disrupted the regeneration of foundation riparian shrub
and tree species of the Salicaceae family (Populus and Salix spp.) throughout the Northern Hemisphere.
Restoration ecologists initially tackled this problem from a terrestrial perspective that emphasized
planting. More recently, floodplain restoration activities have embraced an aquatic perspective, inspired
by the expanding practice of managing river flows to improve river health (environmental flows).
However, riparian Salicaceae species occupy floodplain and riparian areas, which lie at the interface of
both terrestrial and aquatic ecosystems along watercourses. Thus, their regeneration depends on a
complex interaction of hydrologic and geomorphic processes that have shaped key life-cycle re-
quirements for seedling establishment. Ultimately, restoration needs to integrate these concepts to
succeed. However, while regeneration of Salicaceae is now reasonably well-understood, the literature
reporting restoration actions on Salicaceae regeneration is sparse, and a specific theoretical framework is
still missing. Here, we have reviewed 105 peer-reviewed published experiences in restoration of Sali-
caceae forests, including 91 projects in 10 world regions, to construct a decision tree to inform restoration
planning through explicit links between the well-studied biophysical requirements of Salicaceae
regeneration and 17 specific restoration actions, the most popular being planting (in 55% of the projects),
land contouring (30%), removal of competing vegetation (30%), site selection (26%), and irrigation (24%).
We also identified research gaps related to Salicaceae forest restoration and discuss alternative, inno-
vative and feasible approaches that incorporate the human component.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

In the Northern Hemisphere, most riparian forests have been
historically dominated by foundation species in two genera of the
Salicaceae family: Populus (cottonwoods/poplars) and Salix (wil-
lows). Salicaceae-dominated riparian forests (“Salicaceae forests”
hereafter) provide important ecosystem services such as habitat for
diverse wildlife, organic matter and shade for aquatic life, and an
environment for human recreation and aesthetic enjoyment
(Naiman et al., 2005). Riparian Salicaceae are pioneer species that
depend on the hydrologic regime of rivers and associated
geomorphic adjustments to complete their life cycle (Karrenberg
et al., 2002). Recruitment of new individuals or stands (“regener-
ation” hereafter) in particular may result from various fluvial pro-
cesses (Scott et al., 1996, 1997; Gom and Rood, 1999; Cooper et al.,
2003), but the conditions for seedling establishment are naturally
so restrictive that decades may pass without effective large-scale
regeneration (Mahoney and Rood, 1998; Stromberg, 1998). As a
result, Salicaceae forests are commonly composed of mosaics of
relatively even-aged cohorts that established in different years
(Johnson et al., 1976). In some regions Salicaceae species are highly
dominant (e.g., Southwestern U.S.: Stromberg, 1993; Mediterra-
nean and Central Europe: Gonz�alez et al., 2010; Klimo and Hager,
2001), whereas in others they may be a component of a more
diverse mix of woody and herbaceous taxa (e.g., Scandinavia,
Nilsson et al., 2015; Southern U.S., Simmons et al., 2012; north-
western U.S., Naiman et al., 1998).

Salicaceae forests globally are impacted in various ways by hu-
man activities (e.g., Rood and Mahoney, 1990; Rood et al., 1995;
Johnson, 1992, 1994; 1998; Shafroth et al., 2002; Dufour et al.,
2007; Stromberg et al., 2007a; Gonz�alez et al., 2010; Dixon et al.,
2012; Scott et al., 2013; Gar�ofano-G�omez et al., 2013, Gonz�alez
del T�anago et al., 2016; and many others). The most common
dysfunction of Salicaceae forests is the severe decrease of fluvial
disturbance-dependent regeneration. In virtually all human-
impacted rivers, hydrogeomorphic processes are simplified and
homogenized, causing regeneration to be limited to a less diverse
set of smaller size geomorphically-active landforms, such as
abandoned channels, channel margins, alluvial bars and instream
areas, compared to unregulated, free-flowing rivers. The problem of
reduced regeneration may be overlooked in some rivers because
recruitment may continue for years after geomorphic dynamism
has ceased, as vegetation colonizes bare areas (e.g., former chan-
nels) that experienced a reduction in flooding disturbance
(Johnson, 1994, 1998; Shafroth et al., 2002; Stromberg et al., 2010;
Stella et al., 2011; Coble and Kolb, 2013). Meanwhile, however,
remnant Salicaceae forests in the disconnected floodplain experi-
ence a sharp decline in regeneration, while established populations
age and are replaced by later successional vegetation. The latter
includes shade-tolerant trees in wet regions and grasslands and
shrublands of drought-tolerant taxa in dry regions, frequently
including exotic species (Friedman et al., 1995; Glaeser and Wulf,
2009; Gonz�alez et al., 2010; Merritt and Cooper, 2000; Dixon
et al., 2012; Gar�ofano-G�omez et al., 2013; Martínez-Fern�andez
et al., 2017a).

There are hundreds of field- (e.g., Mahoney and Rood, 1998;
Johnson, 2000), mesocosm- (e.g., Stella et al., 2010; Guilloy et al.,
2011) and modeling-based (e.g., Dixon and Turner, 2006; Harper
et al., 2011; Benjankar et al., 2014) studies on the biophysical re-
quirements of riparian Salicaceae regeneration, particularly for
Populus spp.; extensive work on how regeneration has been
impacted by human activities (e.g., Cooper et al., 1999; Shafroth
et al., 2002); and recommendations for minimizing those impacts
(e.g., Hughes and Rood, 2003; Gonz�alez et al., 2010). However, the
scientific literature reporting results of management actions to
promote Salicaceae regeneration is less abundant and particularly
scattered: traditionally, restoration of Salicaceae regeneration has
focused on plantings, influenced by a terrestrial approach from
forestry, with uncertain results (Briggs et al., 1994; Stromberg,
2001). Inspired by key advances in river ecology (River Contin-
uum, Vannote et al., 1980; Flood Pulse, Junk et al., 1989; Natural Flow
Regime; Poff et al., 1997), controlled releases from dams were
applied during the 1990s and provided optimism for effectively
restoring Salicaceae regeneration, extensively and at a low cost
(Shafroth et al., 1998; Hill and Platts, 1998; Rood et al., 2003, 2005).
Although legitimate and effective, very few projects reported using
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this restoration technique alone (e.g., Shafroth et al., 2010; Hall
et al., 2011; Foster and Rood, 2017), mainly due to technical and
socio-political constraints (Glenn et al., 2017). Other approaches
have been attempted with mixed success within a gradient of
interventionism: from the abandonment of human activities in the
floodplain followed by different degrees of assisted regeneration
(Roelle and Gladwin, 1999; Bunting et al., 2011; Gonz�alez et al.,
2017a), to land contouring and removal of competing vegetation
(Friedman et al., 1995; Taylor et al., 1999; Sher et al., 2002; Cooper
and Andersen, 2012; Shafroth et al., 2017), or local controlled
flooding using irrigation structures (Sprenger et al., 2002;
Bhattacharjee et al., 2008). These have proven to be effective al-
ternatives in some cases to implement alone or in combination
with revegetation and dam operations to promote the regeneration
of Salicaceae forests.

Despite the great variety of restoration approaches, few works
have explicitly summarized and/or compared Salicaceae forest
regeneration attempts across different rivers or river segments
(e.g., Briggs et al., 1994; Briggs and Cornelius, 1998; Rood et al.,
2005; Bay and Sher, 2008; Gonz�alez et al., 2017a; Glenn et al.,
2017). More importantly, even fewer articles have discussed the
rationale behind the selection of specific strategies for restoration
(Stromberg, 2001). A notable exception is Shafroth et al. (2017),
who developed a decision tree to inform restoration actions related
to Salicaceae establishment in a specific restoration project in the
Colorado River delta, including water releases from a reservoir and
land contouring. However, that decision tree did not include other
widely-used restoration actions, such as planting (Simmons et al.,
2012; Caplan et al., 2013; Gonz�alez et al., 2017a), and levee
manipulation (Florsheim and Mount, 2002; Rohde et al., 2005;
Gonz�alez et al., 2017a; Martínez-Fern�andez et al., 2017b). Another
related decision tree included such actions, but it was created to
address restoration in the context of biological control of Tamarix
spp. and did not provide a comprehensive review of the literature,
nor did it focus exclusively on regeneration of Salicaceae
(Bloodworth et al., 2016).

Given that most of the world's regulated rivers are highly un-
likely to recover the level of hydrogeomorphic dynamism necessary
for historical rates of Salicaceae regeneration, understanding the
rationale for implementing and in some cases combining restora-
tion approaches is important to guide land managers in efforts to
regenerate Salicaceae forests. Here, we have reviewed experiences
in restoration of Salicaceae forests published in the scientific liter-
ature to construct a new decision tree to inform restoration plan-
ning in any river in the world where regeneration of Salicaceae is
impaired. The decision tree explicitly links the well-studied bio-
physical requirements of Salicaceae regeneration to specific resto-
ration actions. Our review also serves to identify research gaps in
the restoration of Salicaceae forests and suggests how it can be
improved in the future with alternative, more innovative and
feasible approaches which take into account the human compo-
nent to manage this ecosystem type.
2. Materials and methods

2.1. Organization of the decision tree

As the ultimate goal of this work is to provide resource man-
agers with a tool to help them plan the regeneration of Salicaceae
forests, we have organized the text of the article following the
branches of the decision tree presented in Fig. 1. The tree follows
the establishment requirements of seedlings and planted in-
dividuals ordered chronologically by the plant life-cycle. If a
requirement is not met, specific restoration actions that could
provide the missing requirement are suggested. The actions, how-
ever, are not mutually exclusive and may be combined according to
specific project needs. Each restoration action (e.g., vegetation
removal) could be implemented through a family of restoration
techniques (e.g., using bulldozers, or herbicides, or root rakes, etc.).
Our primary aim in this article is to provide guidance for deter-
mining which actions to take under different sets of conditions
during different steps of establishment; further details regarding
techniques and implementation can be found in the
Supplementary Data. For each establishment requirement, we first
describe how it relates to the life-cycle processes and then illustrate
the restoration actions with examples of restoration projects and
pilot field-based studies published in the peer-reviewed literature.
In the Supplementary Data, we also refer to approaches for
assessing whether establishment requirements are met.

We define establishment as the recruitment of new Salicaceae
individuals (and stands, consequently), either by seeds arriving
from local populations, artificially sown, or planted poles or rooted
saplings. Establishment can be seen as the final step in a seedling
life-cycle, after the key processes of seed production, release,
dispersal, germination, seedling colonisation, survival and growth.
Most authors consider seedlings to have established if they survive
the first year (Roelle et al., 2001; Shafroth et al., 2017). However,
other authors have considered a longer time-frame: e.g., two (Rood
et al., 1998), three (Cooper et al., 1999; Rood et al., 2007), four (Rood
et al., 2016) or five (Rood and Mahoney, 2000) growing seasons, as
the mechanical and physiological resistance of recruits increases
non-linearly and differently among species and site conditions
influencing growth rates during the first few years (Corenblit et al.,
2016).

Perhaps a more important consideration of establishment is
how it manifests at larger spatial and longer temporal scales; that
is, whether or not forest stands are created. Arguably, an important
measure of success is whether or not the rate of creation of new
forest stands is sufficient to compensate for losses by mortality at a
minimum spatial scale that reflects the shifting steady state mosaic
nature of riparian ecosystems (Johnson et al., 1976; Bormann and
Likens, 2012). Determining this requires evaluation over a multi-
decadal time scale, as natural recruitment is episodic (Mahoney
and Rood, 1998; Stromberg, 1998). This evaluation is possible
with historical analyses of vegetation dynamics in the study area
(e.g., vegetation mapping, dendrochronology) and long-term
monitoring of the restoration works, but it is out of the scope of
this study. Being able to recreate a new shifting steady state mosaic
in degraded rivers, not only promoting regeneration, is a major
challenge for long-term success of Salicaceae forest restoration.

2.2. Selection of articles

The articles we used to illustrate the restoration actions devel-
oped in the decision tree were found systematically based on a
literature search done in ISI Web of Science on August 24th, 2017
using the following chain of keywords: “(riparian or floodplain or
river or stream) and (resto* or rehabilit* or recover* or remov* or
reforest* or planting) and (Populus or cottonwood* or poplar* or
Salix or willow*)”. This search yielded 1392 articles, which we
evaluated for the following criteria for inclusion in this review. To
be used, the project covered in the article had to: i) include the
promotion of regeneration of at least one Salicaceae species, ii) be
an actual completed or ongoing restoration project or, alternatively,
a field experiment specifically designed to improve knowledge of
restoration actions and techniques, iii) have occurred on freshwater
courses, and iv) have been written in English and published in SCI
indexed journals or in Ecological Restoration, a non-SCI indexed
journal of the Society for Ecological Restoration. We limited our



Fig. 1. A stepwise dichotomous decision tree for restoring the regeneration capacity of Salicaceae forests. Boxes in the tree represent establishment requirements of seedlings and
planted individuals. They are formulated as Yes/No questions, and are presented sequentially, following a chronological order related to the life-cycle of the plants associated with
characteristics of vegetation, landforms, water and other factors. If a requirement is met (“Yes”), then the key life-cycle processes (in italics) occur and the next requirement is
examined (downward facing arrows). “No” answers in the tree lead to white boxes that list restoration actions that would help meet the given requirement (actions appear
underlined in the main text). If a chain of requirements is not met (“No”), then no establishment is likely (dead-end indicated by a cross). Dam and weir removal can address many
of the requirements for Salicaceae recruitment and are increasingly being considered as a river restoration action (O'Connor et al., 2015). However, we did not find any article that
reported Salicaceae recruitment following dam removal and therefore it was not included in the restoration actions of the decision tree.
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search to the scientific literature because screening unindexed
technical reports from around the world was not feasible. We
acknowledge, however, that many restoration projects have likely
been reported only in the grey literature.

We excluded numerous papers that claimed to restore Salica-
ceae forests but only focused on the conservation ormaintenance of
mature, existing populations without promoting regeneration,
even though we acknowledge their importance and value as al-
ternatives for management when promoting Salicaceae regenera-
tion is not possible (dead-ends represented by crosses in Fig. 1).
Many of these excluded articles included restoration actions listed
in the decision tree, such as water releases from reservoirs and
diversion channels to manage base flows. Water releases may help
to replenish aquifers, increase groundwater levels and promote
growth and survival of existing Salicaceae forests but not to pro-
mote establishment if, for example, they are not timed with seed
dispersal nor create new recruitment sites through channel
migration, as was the case for the Tarim and Ejina water convey-
ance projects in China (Zhu et al., 2016; but see Aishan et al., 2013,
2015). Some of the retained papers, however, included both actions
to promote the regeneration and conservation or maintenance of
mature populations, as many restoration actions are multi-purpose
(e.g., Shafroth et al., 1998, 2010; Hall et al., 2011; Foster and Rood,
2017).
We also excluded articles reporting projects with actions that
unintentionally promoted Salicaceae regeneration while reducing
flood risk. This group of articles included flood releases from dams
to evacuate excess water (Zamora-Arroyo et al., 2001; Nagler et al.,
2005), operations to improve water conveyance in river channels,
such as vegetation removal and mechanical alteration of floodplain
and river channels (Geerling et al., 2008), and flood pulses from
dams to restore in-channel habitats and scour vegetation on gravel
and sandbars (e.g., Kearsley and Ayers, 1999; Stevens et al., 2001).

Fifty-nine articles met all these criteria and were retained.
Twenty-two more articles that were not found by the automatic
search but were cited in at least one of the 59 articles were added to
the selected literature because they fit the aforementioned criteria.
Twenty-four additional articles were also added based on our
professional judgment of their fit with the goals of this study. Thus,
a total of 105 articles were ultimately included in the review
(Appendix S1).

2.3. Other considerations

We acknowledge that promoting the establishment of Salicaceae
forests is not always desirable from either an ecological, or socio-
political (e.g., Salicaceae establishment can increase flood risk),
standpoint. Although cultural and aesthetic preferences, as well as
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indicators used for monitoring ecosystem health, usually favor
Salicaceae forests over other vegetation types, riverine, non-woody
wetlands also can be disfavored by river regulation and human
impacts (Stromberg, 2001; Weisberg et al., 2013). In some cases,
Salicaceae forests may be expanding beyond their historical “nat-
ural” limits, displacing other vegetation communities, as a result of
human impacts (Johnson, 1994). Before applying our decision tree,
it is necessary to determine if the restoration of Salicaceae forests is
ecologically justified, which is beyond the scope of this study.

It is also important to note that although our focus here is on
active planting and sexual regeneration, asexual reproduction is an
effective alternative for the spread of Salicaceae. In fact, clonal
growth can be a much more efficient way of regeneration of Sali-
caceae forests in some species (e.g., P. trichocarpa, S. exigua), despite
being largely overlooked in riparian studies (but see Gom and Rood,
1999; Barsoum, 2002; Barsoum et al., 2004; Douhovnikoff et al.,
2005; Moggridge and Gurnell, 2009). Nevertheless, vegetative
reproduction alone would not allow for the necessary genetic ex-
change to adapt to environmental change and sustain Salicaceae
populations in the long run (Rood et al., 2007; Tiedemann and
Rood, 2015). Therefore, the decision tree presented here is
focused on establishment by seed and planted materials, and for
best practices assumes that production in nurseries considers the
genetic local variability (Landis et al., 2006; Zalesny et al., 2014).
This does not exclude the possibility that some of the restoration
actions proposed in the decision tree can also serve to promote
clonal propagation (e.g., fencing clonal sprouts to prevent grazing
and clearing competing vegetation).

We have treated Salicaceae as a group and only given pre-
scriptions at the genus or species level when considered especially
relevant. However, the requirements and strategies for regenera-
tion may greatly vary between the two genera and across species.
Within Populus, there are also important differences among sec-
tions (Aigeiros, Populus, Tacamahaca), particularly in the degree of
vegetative reproduction (Gom and Rood, 1999; Rood et al., 2007). It
follows that some restoration actions may be more efficient for one
of the two genera or for certain species than for others. Artificial
irrigation in abandoned farmlands along the Colorado River
floodplain, for example, resulted in establishment of P. fremontii but
not S. gooddingii and S. exigua (Bunting et al., 2011; Grabau et al.,
2011). The requirements for seedling establishment and restora-
tion actions must be calibrated by species and river conditions,
including soil characteristics, but this is also beyond the scope of
this article. Actions to restore other taxa were not included in this
review but may also be useful for Salicaceae recruitment. For
example, flow prescriptions for fish populations also promoted
Salicaceae recruitment in the Owens River of California, USA (Hill
and Platts, 1998), in the Truckee River of Nevada, USA (Rood et al.,
2003) and in the Bridge River of British Columbia, Canada (Hall
et al., 2011).

3. A stepwise dichotomous decision tree for restoring
Salicaceae forests (Fig. 1)

3.1. Seed availability (Fig. 1A)

Seed production, release and dispersal determine seed avail-
ability, which is the first requirement for the regeneration of ri-
parian Salicaceae (Fig. 1A). Riparian Salicaceae have an r-selected
reproductive strategy: female cottonwoods and willows (these
genera are dioecious) annually produce thousands to millions of
tiny, short-lived seeds (Bessey, 1904; Karrenberg and Suter, 2003)
that are released during spring and early summer, coinciding with
the period of higher flood occurrence (Karrenberg et al., 2002).

Although seed availability varies across species, populations,
space and time, both over the dispersal season and across years
(Cooper et al., 1999; Guilloy-Froget et al., 2002; Gage and Cooper,
2005; Gonz�alez et al., 2016), seeds are rarely limiting in natural
conditions (Lytle and Merritt, 2004; Harper et al., 2011; Morrison
and Stone, 2015). However, a lack of seed source may be possible
due to premature mortality and consequent scarcity of parental
trees (articles 25, 78, 81 and 85 Appendix S1). Regulation may also
alter sex ratios, disfavoring females, which are more flood tolerant
but more sensitive to water scarcity (Hughes et al., 2010; Nielsen
et al., 2010; Rood et al., 2013). Females are sometimes removed to
reduce production of pappus (cotton) that has been claimed to
harm livestock and pets (although we have not found any scientific
evidence supporting this) and produce human allergies (Storms,
1984). Different techniques have been used to assess whether the
seed availability requirement is met (see Appendix S2).

3.1.1. Restoring seed availability (Fig. 1A')

Seed augmentation (techniques in Appendix S1) is recom-
mended when seed availability has been identified as limiting (e.g.,
article 85 Appendix S1) or to ensure an adequate number of ger-
minants in restoration plots (e.g., articles 13 and 95 Appendix S1)
(Fig. 1A’). Seed augmentation has substantially improved estab-
lishment in some cases (article 81 Appendix S1), but more for
Populus than Salix (article 41 Appendix S1), as seed quality (i.e.,
longevity, germinability, vigor, early survival) is usually higher in
Populus (Van Splunder et al., 1995; Gonz�alez et al., 2016). In other
cases, no increase in seedling establishment has been reported
following seed augmentation (articles 35 and 85 Appendix S1).

3.2. Moist, bare surface (Fig. 1B)

Once released and dispersed in the air, seeds can be deposited
on water or land and be further dispersed by flowing river water.
Seeds germinate within 24 h in high proportions (>90%) following
contact with flowing water, rain or soil moisture, but they need to
do so soon after release as they lose viability in a fewweeks or even
days in field conditions (Karrenberg et al., 2002). For successful
germination and colonisation, seeds also need bare, competition-
free (understory or overstory) surfaces (“safe-sites” hereafter).
Different fluvial processes such as channel abandonment and nar-
rowing, channel meandering, and flood deposition may also create
safe-sites, which include gravel-, sand-bars and other flood de-
posits (Scott et al., 1996; Cooper et al., 2003; Stella et al., 2011).

In regulated rivers with typically reduced and truncated flood
peaks and stabilized low flows, pulses of establishment occur
during the river adjustment to the new fluvial regime, as safe-sites
are left behindwith the reduction of flooding disturbance (Johnson,
1994, 1998; Shafroth et al., 2002; Stromberg et al., 2010; Coble and
Kolb, 2013). Once these safe-sites are colonized, new safe-sites may
still be regularly created, but usually as narrow fringes of the main
channel or in-channel areas (Cordes et al., 1997; Gonz�alez et al.,
2010; Dixon et al., 2012). The key to detect if the requirement is
met therefore relies upon analyzing whether the fluvial processes
responsible for the creation of safe-sites will be active at spatial and
temporal scales sufficient to maintain the shifting steady state
mosaic, or, on the contrary, will be reduced or suppressed (see
Appendix S2 for details).

3.2.1. Restoring moist, bare surfaces (Fig. 1B')

Releasing large pulse flows from dams andwater reservoirs may
be a cost-effective solution to reactivate the creation of safe-sites
(Fig. 1B’). However, we are unaware of any river whose impaired
capacity to create safe-sites was fully restored by prescribed floods.
This is because floods able to do geomorphic work are usually of
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high magnitude, and controlling large floods to avoid damage to
human settlements and infrastructures is a common purpose of
dams. The amount of water devoted to environmental flows (sensu
Arthington, 2012) is usually what is remaining once human needs
are satisfied (articles 87, 88 and 105 Appendix S1; Acreman, 2016).
Especially in arid and semi-arid regions, water is a precious
resource and ecological restoration is still not seen as a top priority
for management in most rivers (e.g., Colorado River, Glenn et al.,
2013). Also, dams are typically built with limited capacity for
flood releases. Consequently, prescribed large floods are usually
much smaller than pre-regulation floods and rarely have the ca-
pacity to do significant geomorphic work (articles 25 and 38
Appendix S1). A water release from Glen Canyon Dam in the Col-
orado River, for example, buried ground-covering herbaceous
vegetation but resulted in minimal scouring of woody invasive
Tamarix spp. and was only able to slightly re-configure channel
margins and sand-bars (Stevens et al., 2001). Water releases from
reservoirs and diversion channels implemented in the Chinese
rivers Tarim and Ejina (Zhu et al., 2016) and in the North American
Lower Colorado River (articles 85 and 88 Appendix S1) have
contributed to replenish aquifers, increased groundwater levels
and reinvigorated Salicaceae forests, but large-scale creation of
safe-sites has not been reported (Zhu et al., 2016; Mueller et al.,
2017). Moreover, even if enough water could be dedicated to
environmental flows, recent studies have shown that in rivers that
have suffered from the effects of regulation for several decades,
floods of magnitude similar to the ones occurring during pre-dam
conditions can be ineffective in creating safe-sites for seedling
establishment due to bank hardening effects of vegetation
encroachment (Green River, Colorado, U.S.; article 25 Appendix S1;
Rio Grande, Texas, U.S.; Dean and Schmidt, 2011), or if they are
created, they are limited to the active channel only: a 500-yr return
period flood in the Missouri River, South Dakota, U.S., scoured in-
stream landforms but did not produce significant channel migra-
tion (Dixon et al., 2015; Johnson et al., 2015).

The limitations of large pulse flows to reactivate geomorphic
dynamism are not only due to the effects of insufficient flood
magnitude but also due to alterations to sediment load and type,
which may have dramatically changed (article 80 Appendix S1;
Scott et al., 1997; Johnson, 1998; Cooper et al., 1999). Reservoirs
tend to trap and accumulate sediments, inducing downstream
sediment deficits that may ultimately affect the potential of pre-
scribed floods to induce geomorphic dynamism (article 46
Appendix S1; Wohl et al., 2015). It follows that rivers with more
non-cohesive sediments available would be more responsive to
environmental flows. In the Bill Williams River in Arizona (USA), for
example, geomorphic work of sufficient magnitude to promote
Salicaceae recruitment resulted only from environmental flows
(articles 87, 88 and 105 Appendix S1), although the scale of new
floodplain creation is still relatively small (Kui et al., 2017). As part
of flood prescriptions, sediment bypass structures may be added to
dams (Stromberg, 2001) and sediment releases in addition towater
releases should be part of environmental flows (Wohl et al., 2015).
For instance, sediment releases from a Japanese reservoir, timed
with seed release, promoted recruitment of S. gilgiana (article 3
Appendix S1). More details on techniques to implement large pulse
flows are available in Appendix S3.

Although controlled pulse flows may not always create signifi-
cant areas of bare ground, theymay serve to disperse seeds (Fig. 1A)
and to moisten bare surfaces that were previously created by
another process such as other fluvial events (articles 78 and 79
Appendix S1); as a product of human impacts, such as water
abstraction and river regulation (articles 43 and 46 Appendix S1),
or by other restoration actions (e.g., vegetation removal and land
contouring: articles 85, 90, 98 and 100 Appendix S1; see later in this
section). In fact, some authors have suggested and showed that
managed pulse flows, despite being of lower magnitude, may lead
to positive restoration outcomes in the form of downsized, nar-
rower, but still functional Salicaceae forests (articles 38 and 43
Appendix S1).

Moistening bare surfaces can also be achieved through irriga-

tion (see techniques in Appendix S3). However, there are a few
common problems associated with irrigation: first, it can be
expensive to operate and maintain; second, it can be impractical to
implement in remote areas; third, it may be needed until plants
develop the root structure to acquire water resources by them-
selves; and fourth, continuous irrigation may lead to relatively
shallow root systems that do not reach the alluvial aquifer (the
requirement of moisture in the rooting zone will be discussed in
more depth below in section D) (articles 18, 22, 30 and 44 Appendix
S1). In agricultural settings, irrigation is often associated with the
accumulation of salts in the soil, depending on thewater source and
drainage, but to our knowledge, increased salinity from irrigation
has not been documented in a restoration context. It is recom-
mended that irrigation only be applied when other more ambitious
restoration actions such as environmental flows have proven
ineffective or infeasible and the only alternative is to concentrate
efforts locally (article 38 Appendix S1, for example combined with
planting, see below section 3.3.1).

Very often, the main impediment for creating new safe-sites for
Salicaceae recruitment is the existence of artificial levees, dikes and
rip-rap that limit channel migration (Van Looy et al., 2003;

Bombino et al., 2007; Dufour et al., 2007). Levee manipulation
(techniques in Appendix S3) can be a cost-effective approach to
promote channel widening in constrained rivers, creating safe-
sites, and ultimately inducing recruitment of riparian Salicaceae.
However, most reports of this restoration action have noted that
the extent of channel widening has been too limited to restore the
mosaic of habitats typical of pre-regulation Salicaceae forests, as
channel migration is still limited and succession is recurrently reset
in the safe-sites that are created (articles 40, 59 and 76 Appendix
S1).

If safe-sites are not available or cannot be created by restored
fluvial processes via large pulse flows or levee manipulation, active
site preparation is likely to be needed. In some cases, the direct
occupation of the floodplain by human economic activities such as
agriculture and mining is the primary cause of lack of safe-sites and

the simple abandonment of human activities may be themost cost-
effective form of site preparation (see techniques in Appendix S3).

Once lands are available for restoration, site preparation is

frequently achieved by vegetation (and litter) removal (see tech-
niques in Appendix S3). This has been a very common restoration
action to restore Salicaceae forests (the second most frequent,
Figs. 2 and 3), particularly within the context of invasive species
control (e.g., in Southwestern U.S. rivers where non-native Tamarix
spp. have invaded many watersheds and replaced native cotton-
woods and willows; Friedman et al., 2005; Merritt and Poff, 2010;
Sher, 2013). Restoration at the Bosque del Apache Wildlife Refuge
on the Rio Grande in New Mexico, for example, was accomplished
by creating space for seedling establishment by mechanically
clearing exotic Tamarix. This replaced the role of large magnitude
floods, which no longer occur, for scouring vegetation and opening
sites for recruitment (Dello Russo, 2013). Releases from the Cochiti
Dam (“large pulse flows” action) were then timed to correspond
with seed dispersal of Salicaceae, helping to disperse seeds and
moisten the created surfaces. Although Tamarix establishment was
also promoted, the native cottonwoods and willows were able to
outcompete them and becomewell-established (articles 90, 98 and



Fig. 2. Frequency of occurrence (%) of each restoration action in the 91 projects included in the 105 reviewed articles (Appendix S1). *Can be part of environmental flows (15% of the
projects).

Fig. 3. Images of actions to restore the regeneration of Salicaceae forests. Ordered by frequency of implementation (see Fig. 2), from upper left to bottom right: 1: Plantation of
cottonwoods in an excavated floodplain in the Ebro River, NE Spain, photo by E Gonz�alez; 2: Riverbank reconfiguration in the Genil River, S Spain, V Gar�ofano-G�omez; 3: Pre-
colonisation vegetation removal in the Green River at Dinosaur National Monument, Utah, Southwestern U.S., B S�anchez; 4: Irrigation of planted cuttings in the French Alps, A
Matringe; 5: Abandonment of hybrid poplar plantation in the Garonne River, SW France, E Gonz�alez; 6: Individual protections from herbivory in planted cottonwoods in the Jarama
River, Central Spain, V Gar�ofano-G�omez; 7: Deep planting in a tributary of the Arkansas River, Colorado, Great Plains of the U.S., A Sher; 8: Environmental flows from Alamo Dam in
the Bill Williams River, Arizona, Southwestern U.S., J Evelyn, *includes actions of large pulse flow, managed recession, managed base flows, flow sequencing and overbank flooding;
9: Set-back of a longitudinal defense in the �Orbigo River, NW Spain, D García de Jal�on; 10: Sediment quality amendment in Moyie Lake, southeastern British Columbia, Canada, P
Raymond, Terra Erosion Control Ltd; 11: Post-colonisation vegetation removal of invasive tamarisks in a tributary of the Arkansas River, Great Plains of the U.S., A Sher; 12:
Experimental Populus and Salix seed augmentation with hydroseeding, Cibola National Wildlife Refuge, Arizona-California border, Southwestern U.S., M Grabau. Note that there is
no image for site selection.
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100 Appendix S1).
Vegetation removal may facilitate seedling establishment by

producing soil disturbance (article 95 Appendix S1). However, bare
surfaces that vegetation removal leaves behind may be not suitable
for Salicaceae recruitment, for example, if surfaces are too elevated
from the water level and cannot be artificially flooded. In these

situations, land contouring (see techniques in Appendix S3) may be
necessary. Land contouring is probably the most costly restoration
action, but it can be highly effective, and it has also been very
frequently applied (Figs. 2 and 3). Land contouring necessarily
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involves removal of competing vegetation (e.g., articles 74 and 85
Appendix S1).
3.3. Local plant stocks available or can be produced (Fig. 1C)

If the requirements of “seed availability” (Fig. 1A) and “moist,
bare surfaces” (Fig. 1B) are not met and cannot be restored through
the proposed restoration actions, planting may be considered if
plant material from local sources is available or can be produced
(articles 37, 64 and 97 Appendix S1; Landis et al., 2006; Zalesny
et al., 2014) (Fig. 1C).
3.3.1. Planting as a strategy to bypass the requirements of seed
availability and moist, bare surfaces (Fig. 1C')

Planting poles or whole root seedlings or saplings (see tech-
niques in Appendix S3) was the most popular restoration action
found in the literature review, as was found in 55% of the 91 pro-
jects reported by the 105 articles (Fig. 2). We believe that even this
high proportion underestimates the actual number of planting-
centered restoration projects because mortality in plantations is
generally high (Stromberg, 2001, article 18 Appendix S1) and there
is a bias to publishing positive results in scientific literature in
general and restoration literature in particular (Gonz�alez et al.,
2015). Plantings have been most successful where moisture is
available in the rooting zone (article 21 Appendix S1, see section
3.4), and, conversely, have been most likely to fail where there is
insufficient soil moisture to sustain the plantings (article 18
Appendix S1). Even where successful, planting poles and saplings
will likely result in lower tree densities and cover compared to
natural forest patches because it is not possible to plant at the high
densities achieved by natural recruitment, and inevitable mortality
of some planted individuals will lead to gaps (Gonz�alez, field ob-
servations). However where conditions allow, prolific natural
recruitment can fill these in to make plantings indistinguishable
(articles 18 and 19 Appendix S1).

Primary rationales for planting include improving ecosystem
properties such as providing shelter and habitat for wildlife (article
18, 28 and 91 Appendix S1), accelerating the successional process
for the establishment of herbaceous and late successional woody
species, increasing plant biodiversity (articles 47, 53, 56, 60, 91, 92
and 96 Appendix S1), stabilizing river banks to avoid soil erosion
and channel incision (articles 8, 18, 30, 44, 53, 56, 63, 64, 65, 84, 91
and 104 Appendix S1 e many of these refer to bioengineering,
Evette et al., 2009), improving in-channel aquatic habitats by
shading streams and increasing input of organic matter (articles 44
and 91 Appendix S1), controlling exotic species (articles 33, 50, 55
and 101 Appendix S1), and occasionally simply for intrinsic
ecological and aesthetic values of Salicaceae forests (article 40
Appendix S1). Plantings can be also implemented as environmental
compensation measures for floodplain development projects.
However, contracting requirements often specify the number of
plants or hectares to be planted, but do not require assessing sur-
vival. Managers may be also attracted to quick results of planting.
Paradoxically, deficient plant establishment by seed and lack of
safe-sites have rarely been reported as the only motivation for
planting. As planting Salicaceaewas seen as a means to reach other
goals rather than restoring Salicaceae regeneration per se, projects
may have overlooked the underlying causes of seedling establish-
ment failure and applied planting much more often than it would
have been desirable.

Another characteristic of planting projects is that they have
typically been implemented at a small spatial extent compared to
other restoration actions, such as those derived from dam opera-
tions, and were very frequently applied on small streams (e.g.,
articles 53, 56, 63, 64, 65 and 91 Appendix S1) and not on large
floodplains (but see article 40 Appendix S1 for the Ebro River, NW
Spain; articles 18 and 19 Appendix S1 for the Lower Colorado, SW
U.S.; Alpert et al., 1999 for the Sacramento River, California, U.S.).
One reason that planting occurs at small scales is the low cost-
effectiveness of this restoration method. The cost of restoring Sal-
icaceae populations by means of planting at the necessary large
spatial scales to have a mosaic of shifting habitats typical of healthy
floodplains would be prohibitive (article 79 Appendix S1). For
example, Dixon et al. (2012) suggested that in the Missouri River
(Great Plains in northern U.S.), where flow and sediment manage-
ment is insufficient to promote cottonwood recruitment, 435 ha of
new plantings per year would be necessary to compensate for area
lost due to mortality and successional change along 1127 river ki-
lometers. Considering that the cost of pole planting has been esti-
mated to be ca. $1700 in 1998 per ha (article 97 Appendix S1) e
equivalent to $2500 in 2017 -, more than $1 million would be
necessary annually to restore the Salicaceae forests in the Missouri
River (and these estimates do not take into account the purchase or
easements of private lands). Even though planting is not very cost-
effective, some authors still recommend planting (combined with
irrigation) over other actions such as environmental flows, when
the application of the latter is not effective or feasible and the
restoration efforts must be concentrated locally (e.g., article 38
Appendix S1). This may temporarily contribute to maintain some
ecosystem functions locally (e.g., improve bird habitat, Paxton et al.,
2011) but rarely will the mosaic of patches and their dynamics be
restored following this logic.

3.4. Moisture availability in the rooting zone (Fig. 1D)

Once seedlings and planted fragments have become initially
established, to survive and grow, their roots must obtain water
from moist sediment, typically provided by the water table and
associated capillary fringe, both gradually receding after flood
waters decline (article 86 Appendix S1; Johnson, 2000; Harper
et al., 2011). Precipitation and the water holding capacity of sedi-
ments along the sediment column can also provide the necessary
moisture in the rooting zone (articles 13 and 95 Appendix S1;
Cooper et al., 1999; Rood et al., 2011) but, in general, seedlings that
establish at high topographic positions will die from desiccation
(article 77 Appendix S1). Techniques available to assess whether
the requirement of moisture availability in the rooting zone is met
are detailed in Appendix S2.

3.4.1. Restoring moisture availability in the rooting zone (Fig. 1D')

Large pulse flows and irrigation may not only moisten safe-sites
for germination and colonisation (Section 3.2.1), but can also
recharge the sediment profile with water and provide necessary
moisture to the rooting zone for continued survival and growth.
Special attention needs to be paid to the rate of groundwater
recession after natural or induced large pulse flows and after irri-
gation by controlled flooding, thus roots of recently established
seedlings and planted fragments can keep pace with receding

water levels. Managed recessions have been included as a funda-
mental part of prescriptions for environmental flows (e.g., articles
25, 34, 38, 43, 46, 95, 98 and 105 Appendix S1; see techniques in

Appendix S3). Once floodwaters have receded, managed base flows
(e.g., articles 34, 38, 43, 78, 85, 86, 87, 88 and 105 Appendix S1; see
techniques in Appendix S3) are also important because these
usually determine the water table level at the time of higher

drought stress during the summer. Site selection also helps deter-
mine the locations that will have the appropriate elevation, sedi-
ment texture and stratigraphy to provide plants withmoisture (e.g.,
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articles 35, 74, 85 and 98 Appendix S1; Appendix S3 for more de-
tails). In cases whenmoisture in the rooting zone is insufficient and

cannot be provided artificially, deep planting (see techniques in
Appendix S3) to reach the groundwater may be the only restoration
alternative (e.g., articles 18, 30, 44, 45 and 97 Appendix S1).

3.5. Protection from future flooding, burial and scour (Fig. 1E)

Seedlings and planted fragments established at very low topo-
graphic positions will have a higher risk of dying from flooding,
burial and scour during subsequent floods and ice jams in the
northern latitudes (articles 84 and 86 Appendix S1; Auble and
Scott, 1998; Mahoney and Rood, 1998; Cooper et al., 1999,
Johnson, 2000; Rood et al., 2007; Harper et al., 2011). See
Appendix S2 for techniques to assess whether this requirement is
met.

3.5.1. Restoring protection from future flooding, burial and scour
(Fig. 1E')

Site selection can help ensure that restored sites are within the
range of topographic positions to avoid death by desiccation (upper
elevational limit, Section 3.4), or alternatively by flooding, burial or
scour (lower elevational limit), as exemplified by the Recruitment
Box Model (Mahoney and Rood, 1998; Amlin and Rood, 2002; Rood
et al., 2008; details in Appendix S3). Topographic position (local
elevation) is an important determinant of survival and growth of
seedlings (e.g., articles 35, 74, 75 and 105 Appendix S1; Auble and
Scott, 1998) or planted cuttings (e.g., article 84 Appendix S1) in
restoration projects. Negative effects of base flows and subsequent
floods that potentially flood, bury or scour established seedlings

and planted fragments can be partially averted by flow sequencing,
such as managing aspects of discharge (e.g., flood frequency,
magnitude) over several years following establishment (details in
Appendix S3).

3.6. Favorable chemical and physical properties of sediments
(Fig. 1F)

Sediment properties other than moisture and texture (see Sec-
tions 3.2 and 3.4) can influence seedling establishment. Sediment
salinity in floodplains may increase as a result of human impacts
(Jolly et al., 1993) and is known to reduce germination rates in
Salicaceae (Shafroth et al., 1995; Glenn and Nagler, 2005), and
negatively affect survival and growth (Rowland et al., 2004;
Vandersande et al., 2001) (for examples of salinity assessments,
see Appendix S2). Nutrient availability may also affect seedling
survival and growth (Marler et al., 2001; Adair and Binkley, 2002),
even though riparian Salicaceae tolerate poor nutrient levels in the
substrate. Mycorrhizal associations are also important for Salica-
ceae (Corenblit et al., 2018), and due to previous degradation may
be a limiting factor in riparian zones (Meinhardt and Gehring,
2013).

3.6.1. Restoring favorable chemical and physical properties of
sediments (Fig. 1F')

Large pulse flows from dams and diversion channels and irri-

gation can flush salts that have accumulated in floodplain soils
(articles 18 and 85 Appendix S1), especially when flooding is
repeated over multiple years (articles 13 and 22 Appendix S1;

Ohrtman et al., 2012). Sediment quality amendments have been
occasionally applied to improve these properties (see Appendix S3)
but it has never been reported that any of those practices improved
Salicaceae performance.
3.7. Low herbivory and grazing (Fig. 1G)

Most riparian Salicaceae are highly palatable for both wild un-
gulates and livestock (articles 19, 20, 25, 45, 48, 81 and 101
Appendix S1; Andersen and Cooper, 2000). Moreover, cattle tend to
occupy riparian areas due to easier access to water, lush vegetation,
gentler slopes (article 4 Appendix S1) and shade (article 77
Appendix S1). Immediately after germination and during the first
days and weeks of life, the main cause of animal-induced seedling
mortality is by trampling and uprooting (articles 77, 78 and 81
Appendix S1). Rabbits and rodents such as beavers and nutria can
also damage juvenile Salicaceae trees (articles 17, 25, 33, 63 and 88
Appendix S1). However, riparian Salicaceae tolerate and are resil-
ient to high levels of disturbance; therefore, herbivory and grazing
(particularly from beaver) do not necessarily lead to Salicaceae
mortality but can alter plant architecture, growth patterns and even
promote vegetative reproduction (articles 11, 48 and 45 Appendix
S1). The effects of grazing on survival and growth of riparian Sali-
caceae vary with the local flooding regime (articles 16, 57 and 82
Appendix S1 and De Jager et al., 2013).

3.7.1. Controlling herbivory and grazing (Fig. 1G')

Herbivory and grazing control has been possible directly by
installing fencing and other exclosures; and indirectly by intro-
ducing herbivore predators that have cascading effects in food
webs (Appendix S3). Grazing control can be highly effective (Fitch
and Adams, 1998) but is generally undertaken by individual land-
owners who are neither interested in, nor familiar with scientific
reporting; thus, it may be under-represented in our review (Fig. 2).

3.8. Low competition (Fig. 1H)

After initial colonisation of seedlings or plantings, Salicaceae
species need to compete with co-occurring vegetation for physical
space, light, nutrients and water acquisition and may be affected by
allelopathic effects (see examples in Appendix S2). Although Sali-
caceae seedlings and saplings have been found to be highly
competitive (Sher et al., 2000, articles 22 and 90 Appendix S1), this
ability is dependent on favorable growth conditions (Sher and
Marshall, 2003).

3.8.1. Restoring low competition (Fig. 1H')

Overbank flooding may be applied to restoration sites to kill
competing species, whichmay be less tolerant of anoxic conditions,
burial, or scour than co-occurring Salicaceae species (see Appendix

S3). In most other cases, (post-colonisation) vegetation removal by
mechanical or chemical means is necessary (Appendix S3).

4. Geography of restoration approaches

Restoration of Salicaceae forests has been much more often re-
ported in the U.S. (76% of the 91 projects included in the 105 arti-
cles) than in Europe (19%) (Fig. 4). The broadest array of actions has
been applied in North America. There was a notable gap of litera-
ture in Asia (only 5 projects reported), where most of the articles
reporting restoration actions on Salicaceae forests came from two
restoration projects in China (Gonz�alez et al., 2015; Glenn et al.,
2017; but only two were included in the systematic review, arti-
cles 1 and 2 Appendix S1 as most focused on conservation of
mature populations only). The frequency of application of restora-
tion actions also greatly differed across world regions. Planting and
land contouring were not only the most frequently applied actions
but they were also widespread globally. Vegetation removal was
particularly concentrated in the American West. Many of the



Fig. 4. Relative importance of restoration actions by regions of the Northern Hemisphere. Size of pie charts and of the pie “slices” is proportional to the number of projects. North
America was divided in the following ecoregions: Alaska (3 projects), Eastern Temperate Forests (including projects in the U.S. States of LA, MD, MS, NC, TN, TX and WI) (14), Great
Plains (Canadian province of AB, U.S. State of CO) (5), Mediterranean California (4), Northwestern Forested Mountains (Canadian province of BC, U.S. States of CA, CO, OR, UT andWA)
(16), and Southwestern U.S. (Mexico states of Baja California and Sonora, U.S. States of AZ, CA, ID, NM, NV, CO and UT) (27). Europe was divided in Central (E France, Switzerland) (7)
and Southern (Spain, S France and Greece) (10). Asia was divided in Central (China and Uzbekistan) (2) and Coastal (Japan and South Korea) (3). Note that different shades of the
same color were used for related restoration actions (e.g., actions related to water management are depicted in different intensities of the blue color). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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projects there dealt with control of invasive species, mainly Tam-
arix, and were not focused on directly promoting Salicaceae
recruitment. By only addressing removal of Tamarix, control pro-
jects generally overlooked the cause of river degradation (article 18
Appendix S1, Briggs et al., 1994; Stromberg, 2001; Stromberg et al.,
2007b; Gonz�alez et al., 2017b). Actions related to manipulation of
the flow regime such as large pulse flows,managed recessions, base
flows and flow sequencing were concentrated in regions with
lower population density, such as the Great Plains of North Amer-
ica, the Southwestern U.S. and Central Asia. Levee manipulation
was most popular in Europe, particularly in Central Europe, and
herbivory and grazing control in the Northwestern Forested
Mountains of North America.
5. The human component

Social, cultural, historical, legal and political circumstances and
legacies may either constrain or produce positive synergies with
restoration actions andmust be taken into account in an integrative
manner with the biophysical aspects considered in this article
(Gonz�alez et al., 2017c). A thorough evaluation of such human
factors prior to engaging in riparian restoration is recommended as
a part of the planning process (Shafroth et al., 2008). For example,
large pulse flows (Fig. 1B’, 1D’ and 1F’) are more appropriate where
human population density and land use intensity in the floodplain
are low (article 87 Appendix S1; Hughes and Rood, 2003). Planting
(Fig. 1C’, 1D’, 1F’ and 1H’), despite its relatively high cost and low
effectiveness, may have great value as an environmental education
tool and as a means to engage local communities in conservation
through volunteer programs (Gonz�alez del T�anago et al., 2012). This
can ultimately engender a favorable socio-political context for
implementing future, more cost-effective restoration actions that
may not be socially acceptable at present (Gonz�alez et al., 2017c).

Economic aspects, however, often represent the most limiting
factor for restoration projects. The abandonment of economic ac-
tivities in the floodplain (Fig. 1B’) may be incentivized by
purchasing ownership or easements on lands that are not
economically productive, but landowners may be more open to
negotiate or to yield their lands if they share the goals of the project
and are engaged in the community (articles 19 and 42 Appendix S1;
Ollero, 2010; Gonz�alez et al., 2017c). Purchasing water rights may
also facilitate water releases for environmental purposes (Richter
et al., 2003, 2006). Restoration of Salicaceae forests could be pro-
moted by carbon sequestration credits (Matzek et al., 2015). Briggs
et al. (1994) noted that access to rivers by recreationists may be
another source of degradation, and thus limiting recreational ac-
cess, particularly with motor vehicles, to riparian zones might be a
restoration action to consider (but not in Fig. 1). Recreational op-
portunities could also be incentives or even sources of funding for
restoration.
6. Alternative, innovative solutions

To guarantee the sustainability of Salicaceae forests, there is an
urgent need for innovative, large-scale, original, and integrative
solutions (Dixon et al., 2012; Gonz�alez et al., 2017c). We suggest
that the following themes include opportunities for improving
Salicaceae restoration in the future:

Novel ecosystems: Although human activities have destroyed
and degraded many Salicaceae forests, they have also created novel
ecosystems that represent new opportunities for Salicaceae
regeneration. Examples include urban riparian zones supported by
leakage, outflows and urban effluents (article 5 Appendix S1) and
naturalized, abandoned crops and hybrid poplar plantations (arti-
cles 39, 40, 42 and 103 Appendix S1). Others such as reservoir
deltas (Johnson, 2002; Dixon et al., 2012, 2015; Volke et al., 2015)
still remain largely unexplored. New building developments can
include better integration of urban and riparian corridors through
nature-based solutions and green infrastructures (Gonz�alez et al.,
2017c). Planting, for example, is often a fundamental part of
bioengineering works, which fulfills human interests such as pro-
tection of infrastructures (roads, railways, housing) and erosion
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control while reproducing Salicaceae stands locally (Evette et al.,
2009). Recognizing the value of novel ecosystems does not
exclude the need to conserve existing Salicaceae forests or promote
their regeneration in degraded rivers and, of course, it does not
justify further degradation.

Emerging restoration approaches: Some restoration strategies
have been applied too few times or too recently to evaluate. For
example, alternative sources of water for restoration such as
wastewater have been suggested (e.g., Marler et al., 2001) but only
applied in urban rivers (article 5 Appendix S1). Also, many dams
have become obsolete in the past few years and their removal can
open opportunities for re-establishment of natural river dynamics
and Salicaceae recruitment (East et al., 2015; O'Connor et al., 2015).
The experience gained with small channel widenings by levee
manipulation (e.g., articles 40, 59 and 76 Appendix S1) may help
design more ambitious projects in the future.

Adaptive management: Monitoring and evaluation of restoration
projects has only begun to receive attention in the last few decades,
and this information is being used for adaptive management.
However, long-term monitoring (>5e6 years) is still a pending task
in most cases (Gonz�alez et al., 2015). Taylor et al. (2006) for
example found that the density of planted species 10 years later
changed dramatically from the surveys immediately following
restoration. Glenn et al. (2017) suggested that the positive effects of
environmental flows are only visible when implemented in an
adaptive management framework for more than one decade. Long-
term monitoring is especially important, given the episodic nature
of Salicaceae recruitment. Such monitoring will help inform resto-
ration actions in the future to achieve a shifting steady state mosaic
of patches of different ages.
7. Conclusions

Existing challenges for achieving sustainable Salicaceae regen-
eration in most rivers of industrialized countries will likely be
exacerbated in the future, because human impacts on rivers and
riparian zones are expected to increase due to urban and economic
development, the effects of climate change, and the spread of well-
established and emerging plant invasions (Richardson et al., 2007;
Palmer et al., 2008; Rood et al., 2008; Perry et al., 2015). Being
mainly seen as water bodies, management of rivers has historically
been approached from the perspective of aquatic sciences, and
restoration actions focused on the water component (e.g., envi-
ronmental flows) have received most recent attention as alterna-
tives to planting, the classic restoration approach from forestry.
Salicaceae forests, however, occupy riparian zones that lie at the
interface between aquatic and terrestrial systems. We have shown
here that traditional plantings and the manipulation of the flow
regime are just two among many alternatives to restore impaired
regeneration. Using the life-cycle of the seedlings as a guide, we
have proposed a set of restoration actions linked to other ecosys-
tems components besides water (i.e., fluvial landforms, competing
vegetation, herbivory, etc.) to establish a new theoretical frame-
work and a decision-making tool for the restoration of Salicaceae
regeneration. Following the current pragmatic view of restoration
of ecological processes and ecosystem functions (and services)
rather than returning to a pre-disturbance historic reference
(Dufour and Pi�egay, 2009; Rohwer and Marris, 2016), we hope our
decision tree helps achieve the emerging objective of managing
Salicaceae forests of river systems to better fit their new hydrologic
and fluvial geomorphic situation (articles 43 and 80 Appendix S1).
Author contributions

EG, AAS and PBS conceived and designed the research and
developed the decision tree; EG and VMF did the systematic review
of literature; EGwrote and edited themanuscript with help from all
others.

Acknowledgments

EG's participation in this work was partially supported by a
Marie Curie International Outgoing Fellowship within the 7th Eu-
ropean Community Framework Programme (ESFFORES project
grant number 299044). VMF was supported by a pre-doctoral
program from the Ministerio de Educaci�on, Cultura y Deporte,
Spain, FPU 2013. PBS and EG were partially supported by the U.S.
Geological Survey, Invasive Species Program. We thank M. Grabau
and three anonymous reviewers for helpful comments on earlier
drafts of the manuscript. Any use of trade, firm, or product names is
for descriptive purposes only and does not imply endorsement by
the U.S. Government.

Appendix. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jenvman.2018.04.069.

References

Acreman, M., 2016. Environmental flows e basics for novices. WIREs Water 3,
622e628.

Adair, E.C., Binkley, D., 2002. Co-limitation of first year Fremont cottonwood
seedlings by nitrogen and water. Wetlands 22, 425e429.

Aishan, T., Halik, Ü., Cyffka, B., Kuba, M., Abliz, A., Baidourela, A., 2013. Monitoring
the hydrological and ecological response to water diversion in the lower rea-
ches of the Tarim River, Northwest China. Quat. Int. 311, 155e162.

Aishan, T., Halik, U., Kurban, A., Cyffka, B., Kuba, M., Betz, F., Keyimu, M., 2015. Eco-
morphological response of floodplain forests (Populus euphratica Oliv.) to
water diversion in the lower Tarim River, northwest China. Environ. Earth Sci.
73, 533e545.

Alpert, P., Griggs, F.T., Peterson, D.R., 1999. Riparian forest restoration along large
rivers: initial results from the sacramento river project. Restor. Ecol. 7, 360e368.

Amlin, N.M., Rood, S.B., 2002. Comparative tolerances of riparian willows and cot-
tonwoods to water-table decline. Wetlands 22, 338e346.

Andersen, D.C., Cooper, D.J., 2000. Plant-herbivore-hydroperiod interactions: effects
of native mammals on floodplain tree recruitment. Ecol. Appl. 10, 1384e1399.

Arthington, A.H., 2012. Environmental Flows: Saving Rivers in the Third Millen-
nium, vol. 4. University of California Press.

Auble, G.T., Scott, M.L., 1998. Fluvial disturbance patches and cottonwood recruit-
ment along the Upper Missouri River, Montana. Wetlands 18, 546e556.

Barsoum, N., 2002. Relative contributions of sexual and asexual regeneration stra-
tegies in Populus nigra and Salix alba during the first years of establishment on
a braided gravel bed river. Evol. Ecol. 15, 255e279.

Barsoum, N., Muller, E., Skot, L., 2004. Variations in levels of clonality among
Populus nigra L. stands of different ages. Evol. Ecol. 18, 601e624.

Bay, R.F., Sher, A.A., 2008. Success of active revegetation after Tamarix removal in
riparian ecosystems of the southwestern United States: a quantitative assess-
ment of past restoration projects. Restor. Ecol. 16 (1), 113e128.

Bessey, D.E., 1904. The number and weight of cottonwood seeds. Science 20,
118e119.

Benjankar, R., Burke, M., Yager, E., Tonina, D., Egger, G., Rood, S.B., Merz, N., 2014.
Development of a spatially-distributed hydroecological model to simulate
cottonwood seedling recruitment along rivers. J. Environ. Manag. 145, 277e288.

Bhattacharjee, J., Taylor Jr., J.P., Smith, L.M., Spence, L.E., 2008. The importance of soil
characteristics in determining survival of first-year cottonwood seedlings in
altered riparian habitats. Restor. Ecol. 16, 563e571.

Bloodworth, B.R., Shafroth, P.B., Sher, A.A., Manners, R.B., Bean, D.W., Johnson, M.J.,
Hinojosa-Huerta, O., 2016. Tamarisk Beetle (Diorhabda spp.) in the Colorado
River basin: Synthesis of an Expert Panel Forum (No. 1) (Scientific and Technical
Report).

Bombino, G., Gurnell, A.M., Tamburino, V., Zema, D.A., Zimbone, S.M., 2007.
A method for assessing channelization effects on riparian vegetation in a
Mediterranean environment. River Res. Appl. 23, 613e630.

Bormann, F.H., Likens, G., 2012. Pattern and Process in a Forested Ecosystem:
Disturbance, Development and the Steady State Based on the Hubbard Brook
Ecosystem Study. Springer Science & Business Media, 272 pp.

Briggs, M.K., Roundy, B.A., Shaw, W.W., 1994. Trial and error: assessing the

https://doi.org/10.1016/j.jenvman.2018.04.069
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref1
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref1
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref1
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref1
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref2
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref2
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref2
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref3
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref3
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref3
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref3
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref4
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref4
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref4
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref4
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref4
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref5
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref5
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref5
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref6
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref6
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref6
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref7
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref7
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref7
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref8
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref8
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref10
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref10
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref10
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref11
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref11
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref11
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref11
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref12
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref12
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref12
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref300
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref300
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref300
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref300
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref13
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref13
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref13
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref14
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref14
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref14
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref14
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref15
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref15
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref15
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref15
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref17
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref17
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref17
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref17
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref18
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref18
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref18
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref18
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref19
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref19
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref19
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref19
http://refhub.elsevier.com/S0301-4797(18)30451-1/sref20


E. Gonz�alez et al. / Journal of Environmental Management 218 (2018) 374e387 385
effectiveness of riparian revegetation in Arizona. Restor. Manag. Notes 12,
160e167.

Briggs, M.K., Cornelius, S., 1998. Opportunities for ecological improvement along the
lower Colorado river and delta. Wetlands 18, 513e529.

Bunting, D.P., Kurc, S.A., Grabau, M.R., 2011. Using existing agricultural infrastruc-
ture for restoration practices: factors influencing successful establishment of
Populus fremontii over Tamarix ramosissima. J. Arid Environ. 75, 851e860.

Caplan, T.R., Cothern, K., Landers, C., Hummel, O.C., 2013. Growth response of coyote
willow (Salix exigua) cuttings in relation to alluvial soil texture and water
availability. Restor. Ecol. 21, 627e638.

Coble, A.P., Kolb, T.E., 2013. Native riparian tree establishment along the regulated
Dolores River, Colorado. West. North Am. Nat. 73, 41e53.

Cooper, D.J., Merritt, D.M., Andersen, D.C., Chimner, R.A., 1999. Factors controlling
the establishment of Fremont cottonwood seedlings on the Upper Green River,
USA. Regul. Rivers Res. Manag. 15, 419e440.

Cooper, D.J., Andersen, D.C., Chimner, R.A., 2003. Multiple pathways for woody
plant establishment on floodplains at local to regional scales. J. Ecol. 91,
182e196.

Cooper, D.J., Andersen, D.C., 2012. Novel plant communities limit the effects of a
managed flood to restore riparian forests along a large regulated river. River
Res. Appl. 28, 204e215.

Cordes, L.D., Hughes, F.M.R., Getty, M., 1997. Factors affecting the regeneration and
distribution of riparian woodlands along a northern prairie river: the Red Deer
River, Alberta, Canada. J. Biogeogr. 24, 675e695.

Corenblit, D., Steiger, J., Charrier, G., Darrozes, J., Gar�ofano-G�omez, V., Garreau, A.,
Gonz�alez, E., Gurnell, A.M., Hortob�agyi, B., Julien, F., Lambs, L., Larrue, S., Otto, T.,
Roussel, E., Vautier, F., Voldoire, O., 2016. Populus nigra L. establishment and
fluvial landform construction: biogeomorphic dynamics within a channelized
river. Earth Surf. Process. Landforms 41, 1276e1292.

Corenblit, D., Gar�ofano-G�omez, V., Gonz�alez, E., Hortob�agyi, B., Julien, F., Lambs, L.,
Otto, T., Roussel, E., Steiger, J., Tabacchi, E., Till-Bottraud, I., 2018. Niche con-
struction within riparian corridors. Part II: the unexplored role of positive
intraspecific interactions in Salicaceae species. Geomorphology 305, 112e122.

Dean, D.J., Schmidt, J.C., 2011. The role of feedback mechanisms in historic channel
changes of the lower Rio Grande in the Big Bend region. Geomorphology 126,
333e349.

De Jager, N.R., Cogger, B.J., Thomsen, M.A., 2013. Interactive effects of flooding and
deer (Odocoileus virginianus) browsing on floodplain forest recruitment. For.
Ecol. Manag. 303, 11e19.

Dello Russo, G., 2013. Tamarisk management at Bosque del Apache national wildlife
Refuge. Tamarix A Case Study Ecol. Change Am. West 354.

Dixon, M.D., Turner, M.G., 2006. Simulated recruitment of riparian trees and shrubs
under natural and regulated flow regimes on the Wisconsin River, USA. River
Res. Appl. 22, 1057e1083.

Dixon, M.D., Johnson, W.C., Scott, M.L., Bowen, D.E., Rabbe, L.A., 2012. Dynamics of
plains cottonwood (Populus deltoides) forests and historical landscape change
along unchannelized segments of the Missouri River, USA. Environ. Manag. 49,
990e1008.

Dixon, M.D., Boever, C.J., Danzeisen, V.L., Merkord, C.L., Munes, E.C., Scott, M.L.,
Johnson, W.C., Cowman, T.C., 2015. Effects of a “natural” flood event on the
riparian ecosystem of a regulated large-river system: the 2011 flood on the
Missouri River, USA. Ecohydrology 8, 812e824.

Douhovnikoff, V., McBride, J., Dodd, R.S., 2005. Salix exigua clonal growth and
population dynamics in relation to disturbance regime variation. Ecology 86,
446e452.

Dufour, S., Barsoum, N., Muller, E., Pi�egay, H., 2007. Effects of channel confinement
on pioneer woody vegetation structure, composition and diversity along the
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