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Global habitat deterioration of marine ecosystems has led to a need for active
interventions to halt or reverse the loss of ecological function. Restoration has historically
been a key tool to reverse habitat loss and restore functions, but the extent to which
this will be sufficient under future climates is uncertain. Emerging genetic technologies
now provide the ability for restoration to proactively match adaptability of target species
to predicted future environmental conditions, which opens up the possibility of boosting
resistance to future stress in degraded and threatened habitats. As such, the choice of
whether to restore to historical baselines or anticipate the future remains a key decision
that will influence restoration success in the face of environmental and climate change.
Here, we present an overview of the different motives for restoration — to recover or
revive lost or degraded habitats to extant or historical states, or to reinforce or redefine
for future conditions. We focus on the genetic and adaptive choices that underpin each
option and subsequent consequences for restoration success. These options span a
range of possible trajectories, technological advances and societal acceptability, and
represent a framework for progressing restoration of marine habitat forming species into
the future.

Keywords: assisted adaptation, provenance, kelp, climate change, evolution, synthetic biology

INTRODUCTION

Habitat deterioration and destruction threaten global ecological functions and result in significant
loss of social and economic values (Hoffmann et al., 2010; Venter et al., 2016; Powers and Jetz,
2019). Recognizing this threat, the UN has declared 2021-2030 the “decade of restoration” (FAO,
2019) with the aim to restore 350 million hectares of degraded ecosystems, and massively scale
up restoration efforts to promote resilience to climate and anthropogenic change and reverse
biodiversity loss. In particular, there is an urgent need for marine restoration initiatives to combat
and reverse existing habitat loss (e.g., Krumhansl et al., 2016; Filbee-Dexter and Wernberg, 2018),
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and even pre-empt future habitat loss (Gattuso et al., 2015;
Hughes et al., 2017). As such, both preventive (passive) and
adaptive (active) restoration measures are globally supported as
viable options under future climates (IPCC, 2019).

Successful, large scale restoration efforts will require robust,
science-based practices that consider the fundamental question:
“to what time point should we restore?” Historically, restoration
has sought to replicate what was lost and to recover properties
of populations or communities (species, structure, ecosystem
services) to historic states that are putatively adapted to
extant environmental conditions. However, ongoing habitat
deterioration and climate change is outpacing the ability of many
species to adapt, challenging the assumption that restoration
to historic states will be sufficient to ensure persistence into
the future (Hobbs et al., 2009; van Oppen et al., 2015; Perring
et al, 2015; Breed et al., 2018, 2019; Gurgel et al., 2020).
Instead, improving or redesigning properties of lost habitats
to withstand predicted future conditions may confer greater
restoration success. Moreover, restoration could also include
anticipatory actions (prior to loss) to proactively boost resilience
and adaptive capacity of extant populations to predicted future
conditions (assisted adaptation, Aitken and Whitlock, 2013;
van Oppen et al., 2017). Thus, the decision whether to restore
to extant or historical baselines, versus some predicted but
uncertain future state is likely to be central to restoration success
into the future.

Given that habitat resilience (the capacity to resist or
recover from perturbation) and adaptive capacity to cope with
environmental change will be influenced by underlying genetic
properties of populations (genetic diversity, composition of genes
and alleles; Wernberg et al., 2018), determining provenance (the
origin and diversity of donor individuals) and thus, choosing
an historic versus unknown future genetic baseline is a key
consideration in contemporary restoration science (Breed et al.,
2018). Although genetic baselines are not static and change
through time, here we define a genetic baseline as the level of the
genetic diversity and structure chosen and initially replicated in a
restoration program through provenance decisions. Current best
practice recommends local provenance for restoration, that is,
that donor adults or propagules are sourced within contemporary
extant genetic boundaries to maintain locally adapted genotypes
and avoid maladaptation and genetic pollution (e.g., SERA,
2017). Moreover, characterizing and replicating extant levels
of genetic diversity and structure is recommended to ensure
sufficient diversity for adaptation (Bischoft et al., 2010; Wood
et al, in review). Unfortunately, restoration, particularly in
marine systems, has historically been conducted in the absence
of formal genetic assessments, which may contribute to poor
outcomes to date (McKay et al., 2005; Mijangos et al., 2015;
Crouzeilles et al., 2016). Although current restoration efforts
are increasingly incorporating empirical assessments of genetic
provenance into practice' (e.g., Evans et al., 2018; Wood et al., in
review), the extent to which this will confer success under future
scenarios of climate and anthropogenic stress remains a critical
uncertainty (Weeks et al., 2011; Perring et al., 2015).

Uhttp://www.operationcrayweed.com

Predicted increases in climate and anthropogenic stress have
prompted calls for “future-proof” restoration practices that
reinforce or even redesign historic and extant genetic baselines
to confer increased resilience to future conditions and stressors
in restored populations (van Oppen et al., 2017; Breed et al,
2018, 2019; Ralls et al., 2018; Wood et al, 2019; Sgro et al,
2011). Critically, both reinforcing and redefining existing genetic
baselines can be applied similarly through traditional restoration
programs after loss or degradation, or as a preventative measure
prior to any impact occurring. Reinforcing genetic baselines
could be achieved via increasing genetic diversity in restored
populations to provide sufficient adaptive capacity to cope with
future change. Another strategy involves matching predicted
environmental and anthropogenic conditions to the ability of
individuals and populations to adapt through addition of resilient
genotypes identified through experimentation (Breed et al., 2019)
or genome wide association studies (GWAS; van Oppen et al.,
2015; Rinkevich, 2019). Completely redefining genetic baselines
and population resilience is now possible with emerging genetic
technologies (Popkin, 2018). For example, synthetic biology
and gene editing using tools such as CRISPR/CAS9 can be
harnessed to create or spread novel or engineered beneficial
genetic elements within restored or vulnerable populations
(Coleman and Goold, 2019) and allow bespoke restoration
or assisted adaptation programs to be designed for specific
stressors of interest.

Here, we focus on kelp forests, critical marine habitats
in decline, to present a framework to guide the design of
restoration initiatives as a function of four possible motives:
Recover, Revive, Reinforce, and Redefine (Figure 1). Importantly,
this framework does not only apply to kelp forests but to
restoration efforts more broadly. Recover and revive center on
contemporary, reactive restoration practices that seek to return
already degraded habitat to historic or extant baselines. In
contrast, reinforce and redefine seek to proactively anticipate
future conditions and boost resilience in lost, degraded or
vulnerable habitats. This framework spans a range of possible
trajectories, technological advances and societal acceptability and
represents a platform for progressing marine restoration into the
future. We discuss techniques for estimating appropriate genetic
provenance in cases where prior genetic data is limited and
pathways to develop preventative strategies that anticipate and
boost resilience to future stress.

KELP FORESTS - CRITICAL HABITATS
IN DECLINE

Kelp forests are highly productive seascapes dominated by large
brown seaweeds (Wernberg and Filbee-Dexter, 2019). They
are particularly prominent in temperate to polar environments
where they are the foundations for immense biodiversity and
valuable ecological services such as important recreational and
commercial fisheries (Wernberg et al., 2019b). The best available
evidence suggests that 40-60% of the world’s kelp forests have
been in decline over the past 50 years (Krumhansl et al., 2016;
Wernberg et al., 2019b) as a consequence of a variety of direct
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FIGURE 1 | Different motives for restoration. Whether to recover or revive historic and extant genetic baselines or reinforce and redefine to unknown baselines for
future conditions, is a critical choice in restoration programs that determines possibilities for adaptability and persistence under future environmental conditions and

climates.

and indirect stressors including warming, marine heatwaves,
eutrophication and increasing herbivory from range-shifting
warm-water herbivores (Vergés et al., 2014; Filbee-Dexter and
Wernberg, 2018). For example, in Australia, kelp forests of
laminarian kelp and fucoids (e.g., Ecklonia radiata, Scyothalia
dorycarpa, Phyllospora comosa) are found throughout the Great
Southern Reef along the southern coastline of the continent
(Coleman and Wernberg, 2017; Wernberg et al., 2019a). In recent
decades, almost every part of this unique large-scale ecosystem
has experienced localized to regional decline and loss of kelp
forests due to a range of processes including eutrophication,
over grazing, warming, and marine heatwaves (Coleman et al,,
2008; Connell et al., 2008; Ling et al., 2009; Vergés et al., 2016;
Wernberg et al., 2016; Carnell and Keough, 2019). In almost
all cases in Australia and globally, kelp loss has been persistent
with no signs of natural recovery. Instead, kelp forests have
been replaced by alternate habitats including turf algae (Filbee-
Dexter and Wernberg, 2018) or urchin barrens (Filbee-Dexter
and Scheibling, 2014; Ling et al., 2015) which create strong
reinforcing feedbacks that prevent natural recovery of kelp. This
provides strong impetus and motivation to apply interventions

such as restoration, especially where the initial stressor no longer
occurs (e.g., Coleman et al., 2008) or can be controlled (e.g.,
Sanderson et al., 2015; Layton et al., 2020).

The first published studies on kelp forest restoration stem
from the 1960s-1970s in Japan and North America (Carlisle
et al., 1964; North, 1976; Kuwahara et al., 2006). Although the
number of kelp restoration attempts has increased exponentially
since then, such efforts are generally of limited duration
(<2 vyears), small in scale (<0.1 ha) and have had limited
success (Eger et al., 2019). Moreover, these efforts have generally
lacked empirical data of underlying patterns of genetic diversity
and structure (particularly functional genetic diversity), and
often have not considered demographic history and ecological
processes influencing kelp populations, all of which may
have contributed to poor restoration outcomes. There are
however some notable ongoing projects that address some
of these concerns. For example, the Wheeler North Reef in
southern California has successfully established a giant kelp
forest community at a large scale (70 hectares of artificial reef
structure) to compensate for the loss of natural giant kelp
forests due to impacts from a nuclear power station (Schroeter
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et al, 2018). The Korean government has also developed
a major marine seaweed foresting program and has already
restored over 3,000 hectares of seaweed forests since 2009
(Lee, 2019). In Sydney, Australia, a project is also ongoing
that aims to re-establish lost forests of P. comosa at the scale
of the initial degradation —70 km of metropolitan coastline'
(Campbell et al.,, 2014; Wood et al., in review). The projects
that have seen sustained success have generally been well
financed, have often been coordinated by regulatory bodies,
carried out over a sustained periods of time, or harnessed the
power of local community engagement to deliver lasting results
(Eger et al.,, 2019; DeAngelis et al., 2020; Layton et al., 2020).
While these projects are currently in the minority, interest
in kelp restoration is accelerating and we are at the point
where we can adequately learn from our past mistakes and
enhance restoration of our underwater forests (Eger et al,
2019). Central to the success of these future efforts, however,
is determining which environmental conditions to restore to
and, therefore, whether to recover or revive genetic baselines,
or reinforce and redefine them. These issues are common not
only to kelp forests restoration but also to marine and terrestrial
restoration more broadly.

RECOVER - RESTORATION THAT
REPLICATES UNKNOWN GENETIC
BASELINES

Marine restoration initiatives have historically operated in
the absence of empirical genetic data, instead focusing on
restoring community and habitat structure, functions and
biodiversity (e.g., Campbell et al., 2014; Marzinelli et al,
2016; Verdura et al., 2018). This is partly a reflection of the
historically high costs, complexity and inaccessibility of genomic
techniques to assess baseline genetic diversity and structure using
high throughput methods. Nonetheless, restoration practices
have typically informally considered genetic baselines through
available scientific literature on related taxa, knowledge of direct
dispersal distances where measurable, incorporation of general
genetic principles into practice (e.g., mixing populations to avoid
inbreeding and ensure diversity) or through expert opinion.
For example, global metanalyses for marine algae have shown
that scales of dispersal and population connectivity are generally
limited to ~50 km (Durrant et al., 2014), which can be used
as a general rule of thumb for provenance when empirical data
for the species of interest is lacking. Alternatively, estimates
of oceanographic dispersal distance relative to properties of
propagules (Gaylord et al., 2006) can sometimes be used to infer
appropriate provenance in the absence of data (e.g., Coleman
et al., 2011b; Coleman et al, 2013), with consideration of
potential barriers to dispersal or genetic breaks (e.g., Coleman
and Brawley, 2005; Coleman and Kelaher, 2009; Alberto et al.,
2010; Durrant et al., 2018).

The risk associated with restoring populations in the absence
of empirical genetic knowledge is that restored populations
will inadvertently lack diversity or appropriate adaptive capacity
to cope with extant or future conditions (e.g., Williams,

2001), which may be particularly pertinent for species that
exhibit small scale dispersal and are therefore susceptible to
reduced gene flow, increased inbreeding or asexual propagation
(e.g., Guillemin et al., 2008; Coleman et al, 2011a, 2019;
Coleman and Wernberg, 2018; Miller et al., 2019). This risk
is exacerbated given increasing habitat fragmentation and
deterioration often characterizes the seascapes from which donor
adults or propagules must be sourced for restoration (Coleman
and Kelaher, 2009). Inadvertently sourcing donor plants from
outside locally adapted populations could cause maladaptation
and decreased fitness relative to appropriate provenance (Sexton
etal., 2011), which may contribute to the general lack of successes
in marine restoration to date (e.g., see Rinkevich, 2014 for a
coral example). Obtaining genetic baselines is, however, now
within reach of most restoration programs due to the increasing
sophistication and reduced cost of modern genetic techniques
(e.g., sequencing) that allow for assessments of population genetic
structure without lengthy development stages (Narum et al.,
2013). We argue that such assessments should now be planned
and budgeted for prior to implementation in future restoration
initiatives by adapting existing frameworks (e.g., Hoffmann et al.,
2015).

REVIVE - RESTORING EXTANT OR
HISTORIC GENETIC BASELINES

Contemporary restoration programs should aim, at a minimum,
to replicate natural genetic baselines informed by empirical
genetic data. Given that “before” data collected prior to loss
rarely exist (Grant et al., 2017), population genetic diversity and
structure should be assessed within surrounding, putatively non-
impacted populations. This can then be replicated within restored
populations through careful selection of donor populations
and individuals (Figure 2). Such genetic assessments can now
be done with less cost and effort than previously with the
advent and accessibility of high throughout sequencing and
should be included as “best-practice” in restoration programs.
Moreover, modern genomic techniques (e.g., genotyping by
sequencing of single nucleotide polymorphisms; SNPs) allow
both neutral and functional or adaptive genetic diversity to be
characterized simultaneously, an advance that is set to improve
restoration outcomes through refined provenance decisions.
While there are no current examples of its use in the literature
in the context of restoration, genotyping by sequencing of tens
of thousands of SNP loci, along with reference genomes to
identify functions, is providing detailed extant baselines for key
foundation species of kelp (e.g., E. radiata), that will soon allow
replication (or bespoke manipulation, see section “Reinforce —
Improving Genetic Baselines for Future Conditions”) of neutral
and functional diversity and structure in restoration programs.
Restoration informed by underlying patterns of genomic
diversity and structure was recently implemented for one of the
largest kelp restoration programs globally, Operation Crayweed'
(Wood et al., in review). Prior to restoration, population genetic
diversity and structure of the endemic crayweed (P. comosa)
was characterized throughout its entire distribution and within
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FIGURE 2 | Restoration of crayweed (P comosa) at four sites within the

70 km gap in distribution where it was locally extinct (shaded area), was
informed by genetic structure of six extant surrounding populations. Restored
sites were a mix of plants from two donor populations (D) and the resulting F1
generation mimicked natural, extant genetic baselines. Adapted from Wood
et al. (in review).

180 km either side of the intended restoration areas (Figure 2;
Coleman et al., 2008; Coleman and Kelaher, 2009; Wood et al,,
in review). Natural level of genetic diversity and structure were
mimicked in restoration programs by sourcing and mixing adult
donor plants from two sites that represented the genetic clusters
that occur within an 80 km radius of where Phyllospora was lost
(Figure 2; Wood et al., in review). This avoided mixing distant
genetic clusters that were not representative of the region and was
also a practical distance to ensure donor plant survival during
transplantation. The success of this approach was evidenced by
rapid recruitment and an F1 generation that had near identical
genetic properties to donor plants and sites (Figure 2; Wood
et al,, in review). This is among the most successful restoration
programs globally and there are now self-sustaining crayweed
populations with likely F3-4 generations in some restored sites.
To ensure empirical genetic data is utilized to facilitate
informed provenance decisions, data on genetic diversity and
structure and their links to environmental conditions should
be made publicly available to stakeholders and non-experts
including community groups and governments who often
implement restoration programs. For example, the restore
and renew website for terrestrial plants® (Rossetto et al,
2019) allows users to define a site to be restored, choose
appropriate provenance within defined genetic populations and
even provides provenance options to improve resilience (see
“Revive — Restoring Extant or Historic Genetic Baselines”). No
such platforms exist for marine systems but development of new
marine restoration methods that will increase accessibility of

Zrestore-and-renew.org.au

marine restoration to diverse user groups and over large scales,
will necessitate similar initiatives to ensure scientifically informed
provenance decisions are made within the decade of restoration.

DYNAMIC BASELINES - WHY WE
SHOULD NOT REPLICATE WHAT WAS
LOST

In rare cases baseline genetic data from lost or vulnerable
populations are available and can theoretically be replicated. For
example, rare “before” and “after” data has revealed massive
change in baseline levels of genetic diversity and structure in three
species of kelps that were impacted by a heatwave off Western
Australia (Coleman et al., 2011b; Wernberg et al., 2018; Gurgel
etal.,, 2020). Under a scenario of restoration that seeks to replicate
what was lost, such “before” estimates can be used as a guide for
provenance. This may be desirable where legislation dictates the
necessity for a baseline (McAfee et al., 2019) or there are concerns
surrounding genetic pollution (Potts et al., 2003). However, these
studies have also revealed that genetic “baselines” are not static
but are naturally dynamic properties of populations that can
change rapidly (within a few months), due to redistribution of
existing genetic variants through dispersal or selection (Torda
etal., 2017; Gurgel et al., 2020).

This raises the important question of whether it is desirable to
replicate exactly what was lost, or to embrace the dynamic nature
of baselines and make informed decisions to reinforce or redefine
them to an unknown future state (Figures 1, 3). Kelp loss and
change in genetic baselines may naturally enhance resilience to
future stress through selection. Thus, restoring kelp forests using
past genetic baselines may, therefore, actually create populations
that are more vulnerable to the events or stressors that caused
loss in the first place providing a mechanistic basis and impetus
for reinforcing as a restoration goal. Predicting future genetic
response can be enhanced by the incorporation of neutral and
functional genetic variation into species distribution models
under projected future environmental scenarios (Bay et al., 2017;
Razgour et al, 2019). Given naturally shifting baselines and
environmental changes that are increasingly overwhelming the
intrinsic capacity of organisms to adapt and survive in parts of
their range (Deutsch et al., 2015; Segan et al., 2016) it is imperative
to explore the potential to enhance or reinforce the resilience of
ecosystems through restoration (Hobbs et al., 2017) as well as
proactively reinforce resilience in habitats that will be threatened
under future scenarios of change.

REINFORCE - IMPROVING GENETIC
BASELINES FOR FUTURE CONDITIONS

Often termed “assisted adaptation” or “assisted evolution,”
the idea of reinforcing genetic baselines is to introduce
diversity or genotypes that will enhance resilience to future
stressors in restored or threatened populations. While there are
scientific and ethical challenges to adoption of such approaches
(Coleman and Goold, 2019;  Filbee-Dexter ~and  Smajdor,

Frontiers in Marine Science | www.frontiersin.org

April 2020 | Volume 7 | Article 237


https://www.restore-and-renew.org.au/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Coleman et al.

Future Trajectories for Restoration

warm adapted
cold adapted
. other genotype

~engineered

Australia
>
b}

Replicate
past
baseline

Improve
thermal
tolerance

FIGURE 3 | Potential scenarios for kelp restoration for a hypothetical area to be restored off Western Australia. Frequencies of putative warm (red) and cool (blue)
adapted genotypes have been identified along a gradient of ocean temperature (shaded background) which could be utilized to revive or reinforce kelp forests
against future thermal stress. Kelps with engineered genetic elements could one day be used to redefine the genetic baseline.

Hypothetical
area to
restore

2019), the continued anthropogenic alteration of habitats
and emergence of novel ecosystems place such interventions
firmly at the forefront of restoration science.

The terms assisted adaptation or evolution capture numerous
approaches for manipulating natural genetic properties of
populations in order to increase their ability to adapt to
changing environmental conditions. Such measures include
moving resilient individuals to vulnerable populations to increase
their capacity to resist or recover from disturbances (known as
assisted gene flow or assisted migration; Figure 3). This could
be achieved through targeted sourcing of donor plants using
laboratory selection experiments or through identification of
natural selection in the field (Zhang et al., 2011; Robinson et al.,
2013; Gurgel et al., 2020). Another proposed strategy is “genetic
rescue” whereby genetic diversity is enhanced in populations
that have limited adaptive capacity, rather than entirely new
genotypes introduced. Opting for boosting genetic diversity
also reduces risks of negative fitness trade-offs by increasing
the overall range of responses to various environmental
conditions without aiming at improving one specific function.
This approach has enhanced seagrass restoration success with
greater productivity and biodiversity in experimental plots with
increased genetic diversity (Reynolds et al., 2012). Similarly,

higher genetic diversity in kelp forests may also confer
greater resilience to climate stressors (Wernberg et al., 2018).
Finally, resilience may be increased by utilizing intra-specific
hybrid vigor or heterosis whereby crossing individuals from
different populations (often not connected by contemporary
gene flow) increases fitness relative to pure breds (e.g,
Sexton et al,, 2011), although this idea may be underpinned
by mechanisms including increase in genetic diversity per
se, addition of more resilient genes or epigenetic responses
(Fujimoto et al., 2018).

Given the controversial nature of restoration strategies
that seek to reinforce or improve extant genetic baselines,
prioritization and careful selection of candidate species or sites
is vital, as is experimentation to provide proof of concept that
such strategies will work under a range of current and potential
future stressors. It may be most appropriate to consider assisted
adaptation in areas where species are already threatened or
endangered, where projections of loss are severe or where impacts
of loss will have widespread economic and ecological effects
(e.g., foundation species; Baums, 2008; Aitken and Whitlock,
2013). Australian kelps meet all these criteria because a lack of
poleward landmasses and warm currents along both coastlines
create a unique scenario whereby species are locked into an

Frontiers in Marine Science | www.frontiersin.org

April 2020 | Volume 7 | Article 237


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Coleman et al.

Future Trajectories for Restoration

ever narrowing thermal niche (Coleman et al, 2011b, 2017;
Martinez et al., 2018). Projections for Australian kelps under
climate change scenarios reveal an average loss of 78% of current
distributions under the immediate RCP 6.0 scenario (Martinez
et al., 2018), which may present logical targets for assisted
adaptation and improving extant genetic baselines. This could
be done through genomic identification of heritable loci under
selection for certain stressors combined with manipulative stress
experiments using multiple stressors that test the resilience of
genotypes possessing such loci and assess potential trade-offs.
Genotypes that perform well can then be cultured for enhanced
seeding into restored populations (Figure 2; Weeks et al,
2011; Webster et al., 2017; Fredriksen et al., 2020). Given that
such approaches, however, could lead to detrimental trade-offs
(maladaptation) and decreased resilience to non-target stressors
(Hereford, 2009; Anderson et al., 2014), a portfolio approach
whereby assisted adaptation is paired with other approaches
including enhancing diversity or connectivity, protecting a wide
range of seascapes and minimizing stressors (Webster et al., 2017)
may provide more security in uncertain futures.

REDEFINE - CREATE A NOVEL GENETIC
STATE

Scientific advances are providing never-before imagined
solutions to emerging environmental problems, with synthetic
biology and CRISPR/CAS9 gene editing tools among the fastest
developing and transformative scientific fields (Lin and Qin,
2014; Wang et al., 2016; Piaggio et al., 2017). These technologies
involve the creation of novel and engineered genetic variation
that could be utilized in a restoration context to redefine
extant genetic baselines and future resilience of species and
populations to change (Figure 3; Coleman and Goold, 2019).
The potential application of such technologies is vast, at times
controversial, and technological advances have outpaced social,
ethical and practical considerations. Here, we discuss some of
the potential applications of synthetic biology and gene editing
in restoration. Rather than advocate or oppose their use, we
identify where and when they may play a role in restoration
science. Regardless of whether these techniques will ever be
socially acceptable or even necessary, this is a discussion that
must be had early on.

Synthetic biology, or the engineered creation of novel genetic
variation, is a fast developing and transformative scientific
field. It can involve both genetic and metabolic engineering to
create new functions in living cells or the creation of entirely
new cells with synthetic components. Synthetic biology has
been enabled through the decreasing costs of sequencing and
synthesis of DNA, availability of extensive databases including
information on sequences and functions, and the standardization
of parts (genetic elements, proteins, organisms) which allows
for increasing predictability in biological organisms, facilitating
their use in a more designed approach as biological devices
(Canton et al., 2008). Synthetic biology has also been enabled by
development of the CRISPR/Cas9 genome editing tool (Pretorius,
2017) that cleaves viral double stranded DNA and allows for

very precisely targeted changes to be made in a genome,
as long as an organism is genetically tractable (Doudna and
Charpentier, 2014). Examples of the use of CRISPR/Cas9 range
from introducing a point mutation in a species genome to
affect the quantity of metabolites (Shih et al., 2016), engineering
speciation through designer karyotypes (Luo et al, 2018), or
creating sequence specific anti-microbials through microbiome
engineering (Bikard et al., 2014).

In conjunction with the availability of vast metagenomic
data, it should be possible for scientists to map the genetic
characteristics of resilient species or entire populations that
are thriving despite stress, through natural and manipulative
experiments. Resilient genetic elements could then help guide
synthetic biology/genome engineering design principles. For
example, traits from populations of marine organisms which
have adapted to adverse conditions (e.g., polluted areas or
warm range edges) could be introduced into related species or
impacted populations to improve resilience to those stressors.
The nature of these genetic elements could range from
advantageous single nucleotide polymorphisms (SNPs; Doudna
and Charpentier, 2014), to different genetic alleles/genes or
even foreign/synthesized DNA (Williams et al., 2017), to larger
duplications, inversions or deletions of entire chromosome arms
(Luo et al., 2018). Synthetic biology could even be applied to
restore extinct species. Such approaches are being considered in
terrestrial contexts, with various groups attempting to resurrect
extinct species (known as “de-extinction”), such as the great
auk and the woolly mammoth (Corlett, 2017). Indeed, by
extensive and rigorous bio-banking it may be possible, in the
long term, to attempt to partially recreate extinct species and
biomes using synthetic biology and store adaptive potential
(Hodgins and Moore, 2016). Thus, to enable future restoration,
bio-banking and ex situ conservation approaches should be
promptly considered to allow the possibility for habitat recreation
into the future.

Another technique that constitutes redefining extant
genetic baselines is assisted evolution through inter-specific
hybridization or heterosis. This utilizes the phenomenon of
hybrid vigor, whereby species F1 hybrids display greater fitness
than pure breds and is an emerging idea that has been suggested
as a tool to enhance survival and persistence of foundation
species under future climates (Rinkevich, 2014; van Oppen
et al., 2015; Wood et al., 2019). In an assisted evolution context,
inter-specific hybridization would be facilitated where it would
otherwise not occur spatially, temporally (e.g., reproductive
isolation) or within evolutionary time frames that would
match the rapid pace of climate change. For example, hybrids
of both kelp and coral have been shown to have greater
thermal tolerance (Chan et al., 2018; Martins et al., 2019)
which could be utilized in a restoration or assisted adaptation
context that accepts redefining genetic baselines by mixing
species gene pools.

At present, redefining extant genetic baselines in natural
ecosystems is perhaps most palatable and ethically acceptable
in the extreme case of stopping species extinction. Given the
transformative nature and unpredictability of creating new
genetic states, we suggest a starting point may be to prioritize
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species with little chance of persistence under future climate
conditions. Again, Australian kelps provide the perfect example
of such a situation because rapid warming, a narrowing thermal
niche combined with high endemism (Phillips, 2001) create
conditions that will see many species extinct within the next
century (Martinez et al, 2018). For example, the endemic
fucoid P. comosa (Coleman and Wernberg, 2017) is predicted
to be completely lost by 2100 under future scenarios of climate
change given extant temperature tolerances. Moreover, this
species possesses a shallow history with low genetic diversity and
structure (Coleman and Kelaher, 2009; Coleman et al., 2011a;
Durrant et al., 2015), likely limiting its possible responses to
change. Given that no other extant species seem to provide
the same functions as P. comosa (Marzinelli et al., 2014, 2016),
this warrants prompt discussion on the potential for genetic
engineering of novel elements to boost thermal resilience as well
as limit the effects of additional stressors (Coleman and Goold,
2019). Without such interventions, this key foundation species
may be lost forever.

Assisted adaption, gene editing and hybridization raise
complex ethical issues, which largely center on whether we should
be deliberately introducing new genetic entities into natural
ecosystems. From an ethical perspective, this shift in restoration
focus from “revive” to “redefine” is significant (Camacho,
2010). Redefining genetic baselines can create problematic value
judgments, such as prioritizing some species or properties
over others, effectively deciding the winners and losers of
the Anthropocene. These strategies to alter populations to
withstand future stress also transform our role from guardians
to engineers and designers of natural systems, which we do
not fully comprehend, and can move ecosystems toward states
that they have never been in before. As a result, we are
determining the value of species and ecosystems based on the
degree to which they match our current ideals of how things
should be - targeting a more intact, familiar ecosystem that
has been genetically manipulated to resist certain types of
environmental stress, instead of an unpredictable and unfamiliar
ecosystem that is transforming due to human activity. The
use of adaptive or assisted evolution is also complicit with a
worldview of environmental manipulation and commodification
of natural systems that could perpetuate the damaging habits
and dispositions which have caused the habitat loss in the first
place (Sandler, 2013). Even if not morally wrong itself, adapted
or assisted evolution may increase reliance on biotechnological
intervention or even be used to justify continuing harmful
practices in the future.

Conversely, inaction or passive decisions (i.e., not using all
available tools to potentially save a species or habitat from
disappearing) may also be unethical. If we have reason to
predict that not acting will cause more harm than acting, then
intervention seems to be the best course of action available. In
an ideal world, we would reduce emissions and mitigate human
impacts in time to remain in the “revive” space of conservation.
Yet, we are in a state of crisis that we know will severely impact
our environment and future generation (Gattuso et al., 2015). In
light of this pressing reality, it could be argued that we have a
moral responsibility to take risks we can reasonably predict will

help to repair human-caused damage - as long as we are not
reckless or negligent in doing so (Douglas, 2003). At a minimum,
we should seek to thoroughly understand the potential impact
of using all the tools available to us now, so that we will be
in a position to choose these options should some catastrophic
scenario arise in the future (e.g., “arm the future argument”
outlined by Gardiner, 2010).

At a more practical level, there are several first steps we
can take toward including ethical considerations in decisions
to use assisted evolution tools. First, we can ensure that a
minimum standard of risk assessment of potential impact on
the environment is conducted. This could include controlled
manipulative experiments on novel or engineered genotypes to
assess their performance and interactions in natural settings.
Second, that informed consent of stakeholders is obtained
and that no conflicts of interest exist in the relationships
between researchers/managers and local communities. Finally,
we can develop policy and guidelines for the use of these
tools in specific systems. Regardless, there is a pressing need
for prompt collaboration and dialogue among geneticists,
synthetic biologists, ecologists, and conservationists to identify
opportunities for use of these transformative technologies and
ensure that extant research directions are set on trajectories to
allow these currently disparate fields to converge toward practical
restoration solutions. While the application of such techniques
to natural settings is currently controversial (Filbee-Dexter and
Smajdor, 2019) they should remain at the forefront of discussions
to future-proof marine ecosystems and restoration practices
(Coleman and Goold, 2019).

RESTORE OR REDEFINE: A BROADLY
APPLICABLE FRAMEWORK

While we have focused here on kelp forests, the framework
presented is broadly applicable to any marine or terrestrial
restoration program. Indeed, it may even be more easily applied
and adopted for restoration of species that are more genetically
tractable than kelps. Genomic techniques might be more rapidly
developed in taxa for which DNA extraction and subsequent
sequencing techniques are more easily applied. Further, genomic
resources are more developed for key model species such as
corals, making progress toward revive and redefine more tangible.
Indeed, genetics and provenance are emerging considerations
in coral reef restoration guidelines (Baums et al, 2019)
and standard practices that are easily accessible to managers
and practitioners (e.g., www.reefresilience.org). For such taxa,
progress toward empirically incorporating appropriate genetic
baselines to restoration programs should be more rapid. The
goal to redefine genetic baselines in restoration programs may
also be more tangible for taxa that have direct economic value
(e.g., harvested species), where breeding programs often involve
detailed genomic assessments linking performance and traits to
environmental conditions. Regardless, restoration of foundation
macrophytes (e.g., saltmarsh, seagrass, mangroves) and animals
(e.g., oyster beds, corals) that underpin vast biodiversity of
marine systems is gaining increasing traction, funding and
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sophistication with great potential toward achieving the aims of
the United Nations decade of restoration.

CONCLUSION

Whether to recover and restore historic and extant genetic
baselines, or reinforce and redefine them to some unknown
future state, will fundamentally affect the resilience and adaptive
capacity of restored populations (Hobbs et al., 2009; van Oppen
et al.,, 2015; Breed et al., 2018, 2019; Wood et al., 2019) but
is largely untested for marine systems. Here, we discuss the
application of both traditional and modern genomic tools for
characterizing (e.g., genotyping by sequencing) and manipulating
(CRISPR/Cas9) the genetic composition of lost or degraded
marine habitats. The increasing accessibility of these genomic
techniques means that future marine restoration efforts can,
and should, proceed with the best available genetic data and
technologies. At a minimum, baseline empirical genetic data
should inform provenance decisions and, where acceptable,
incorporate assisted adaptation strategies.

More broadly, it is clear that restoration in the traditional
sense of returning a system to a past state, is unlikely to be
sufficient or effective under future climates (van Oppen et al.,
2017). Instead, restoration should seek to reinforce and perhaps
even redefine populations and species to withstand future
environmental conditions and stressors. However, this raises
profound and challenging management (to what baseline should
we “restore?”), technical (how do we achieve that baseline in a
practical sense?) and ethical (what right do we have to introduce
novel genetic entities into the marine environment?) questions
that will determine our ongoing relationship with nature. We
argue for a worldwide move among marine managers and
scientists toward prompt consideration of more interventionist
approaches. The failure to consider and prepare for such
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