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Revegetation success is usually measured using ecological traits, however,
genetic diversity should also be considered as it can influence fitness, adap-
tive capacity and long-term viability of revegetation plantings and
ecosystem functioning. Here we review the global literature comparing gen-
Subject Areas: etic diversity in revegetation plantings to natural stands. Findings from 48
studies suggest variable genetic outcomes of revegetation, with 46% demon-
strating higher genetic diversity in revegetation than natural stands and 52%
demonstrating lower diversity. Levels of genetic diversity were most

ecology, environmental science, plant science

Keyw?rds' . o strongly associated with the number of source sites used—where infor-
ecological restoration, genetic diversity, mation was available, 69% of studies showing higher genetic diversity in
heterozygosity, industry practices, revegetation reported using multiple provenances, compared with only
provenancing, seed sourcing 33% for those with lower diversity. However, with a few exceptions, it

was unclear whether differences in genetic diversity between revegetation
and natural stands were statistically significant. This reflected insufficient
reporting of statistical error and metadata within the published studies,
which limited conclusions about factors contributing to patterns. Nonethe-
Rebecca Jordan less, our findings indicate that mixed seed sourcing can contribute to

Author for correspondence:

e-mail: rebecca jordan@csiro.au higher genetic diversity in revegetation. Finally, we emphasize the type of
metadata needed to determine factors influencing genetic diversity in
revegetation and inform restoration efforts.

Effective restoration of degraded ecosystems is essential for improving the
status of native biodiversity and ecosystem services [1,2]. Revegetation—the
seeding or planting of native species—is commonly used to restore degraded
ecosystems and habitats affected by anthropogenic changes such as agriculture,
forestry, urbanization, mining [3] and altered water quality [4]. Annually, an
estimated $US2 trillion are spent worldwide on restoration [5], with continued
and growing investment in restoration facilitated by large global efforts such as
The Bonn Challenge, aiming to restore 350 million hectares of degraded land by

Electronic supplementary material is available 2030 (http://www.bonnchallenge.org/content/challenge; accessed 5 March
online at https://doi.org/10.6084/m9.figshare. 2019). Understanding the factors that influence the long-term viability of restor-
4682387 ation efforts will be essential for maximizing outcomes of these investments,

especially under climate change and other environmental changes.
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To date, there has been little emphasis on assessing genetic
outcomes of revegetation plantings [6,7], despite the impor-
tance of genetic variation in revegetation being recognized
for some time [7,8]. Traditionally, restoration success has
been measured by three ecosystem attributes: species and func-
tional diversity, vegetation structure and ecological processes
[9,10]. Evaluating the genetic diversity of plantings used in
revegetation (rather than forestry plantations) compared with
natural stands provides an evolutionary perspective for deter-
mining restoration success. Overall genetic diversity is
positively associated with population fitness in sexually repro-
ducing species [11,12], suggesting that standing genetic
variation within populations is closely tied to adaptive
capacity and resilience to environmental change (e.g. [13]).
Both empirical and theoretical evidence suggest that the
long-term viability of populations will depend upon capturing
genetic variation to enable efficient selection and facilitate
adaptation to environmental change (e.g. [14,15]), as well as
maximizing population sizes to avoid risks associated with
inbreeding, genetic load and drift [12,16,17]. Maintaining gen-
etic diversity to support adaptability is particularly pertinent
given projections of rapid climate change, compounded by
additional stresses such as habitat fragmentation, ecosystem
degradation and the unprecedented spread and proliferation
of invasive species [17-20]. Furthermore, genetic diversity
can influence ecosystem function [21], for example enhancing
habitat and nutrient retention [22] as well as recovery follow-
ing disturbance [13]. Consequently, broadening the genetic
basis of revegetation plantings may be critical for enhancing
their long-term viability and adaptive potential across
generations under environmental change [18,23,24].

While the importance of capturing genetic diversity from
natural populations for revegetation purposes is widely
appreciated, a multitude of factors can compromise the reve-
getation process, leading to suboptimal genetic outcomes. For
example, in fragmented landscapes, traditional seed sourcing
strategies that favour collecting material from the local geo-
graphical area—local provenancing’—can result in sourcing
seed from small isolated remnant populations lacking ade-
quate genetic diversity [25]. Logistics of seed collection and
industry demands for cost-effective seedlings can limit the
number of parent plants targeted for seed and thus the
genetic diversity that is introduced into revegetation plant-
ings [8,26,27]. Selecting source material from distant
populations—non-local ~ provenancing'—may result in
maladapted germplasm or outbreeding depression in revege-
tation plantings, leading to poor plant performance,
especially in cases of strong local adaptation [20,25]. However,
risks associated with mixing gene pools are often overstated
[28] and sourcing strategies advocating the broader genetic
sampling, including non-local genotypes, are gaining momen-
tum [25,29-31]. Specifically, the inclusion of climate-adapted
genotypes—genotypes from regions of predicted future
climates—is being widely encouraged based on the assump-
tion that local seed sources may be maladaptive under
future environmental conditions [29,30], while recognizing
these predictions remain largely untested. Consequently, the
long-term success of revegetation plantings is dependent on
understanding factors that influence the capture of genetic
diversity and the establishment of industry guidelines that
promote optimal genetic outcomes.

The aim of this study was to review restoration outcomes
from a genetic perspective, through a synthesis of studies that

provide estimates of genetic diversity for both revegetation
plantings and natural stands. In particular, we asked how
well revegetation plantings capture genetic diversity com-
pared with natural stands, and what restoration practices
influence success in capturing this diversity. We hypo-
thesized that genetic outcomes of revegetation plantings
would be variable and dependent on seed sourcing strategies.
We discuss trends identified in this review, highlight data
required to improve future assessments and provide rec-
ommendations to address knowledge gaps to guide
ongoing restoration efforts.

We ran a Web of Science literature search on 22 January 2018
using the following search terms: TS = ((restor* OR reveg*)
AND (genetic* OR genom*) AND (diversity OR allel* OR
heterozygo* OR distance) AND (plant* OR tree* OR shrub*
OR grass* OR herb* OR annual OR perennial)). The resulting
1381 publications were filtered to only those studies com-
paring genetic diversity in both revegetation planting(s)
(hereafter referred to as revegetation) and natural stand(s).
Studies matching this criterion were included irrespective of
whether the natural stand was the seed source for the revege-
tation or simply a reference natural stand, and irrespective of
the cohort sampled. We excluded studies where plantings
were not part of ecosystem restoration plantings (e.g. botanic
garden plantings), used bred cultivars, involved natural colo-
nization events (e.g. following site restoration or regeneration
from natural soil seed banks) or were non-restoration exper-
imental plantings (e.g. provenance trials). Three studies with
restoration experimental plantings were retained as these
formed part of wider restoration projects and remained
focused on restoration methods and outcomes [32-34]. Confer-
ence abstracts with unavailable datasets were also excluded.
Genetic diversity data were mined from studies, including
the genetic metric used and associated error (where avail-
able), sample size, type and number of molecular markers.
Data in graphs were extracted [35] using DataThief (IIl v
1.7; [36])—a program shown to have both high validity and
reliability [37]. Estimates of H [38], Hs [39] and Nei's h
[32,40] were included under expected heterozygosity (He).
To increase sample sizes, estimates of unbiased expected het-
erozygosity were converted back to H, using the equations of
Nei [41] (see Supplementary Methods in the electronic sup-
plementary material). Where present, 95% confidence
intervals (CI) were converted to standard errors (s.e.; see Sup-
plementary Methods in the electronic supplementary
material). Where necessary, reported numbers of poly-
morphic loci were converted to a percentage to match the
majority of data for this metric [33,42]. For Li ef al., 2005
[43], Pyy estimates were used for percentage polymorphic loci.
Where available in the published study, we also collected
information on the seed sourcing approach and restoration
practices uses (‘metadata’, electronic supplementary material,
appendix Al). This metadata included the number of source
sites and age of planting. Additional metadata, such as
number of sampled plants from source sites, were not col-
lected as they were either not available or not reported
frequently enough for analysis. Based on best assessment
from the information provided in a study, the cohort sampled
was assigned as ‘adult’ (adult in natural stands or original
plants in revegetation), ‘seed’ (seed collected from ‘adult’



plants) or “progeny’ (juvenile plants in natural stands or F1 or
higher generation in revegetation). Latest plant family names
were used as per ‘The Plant List’ (http://www.theplantlist.
org; accessed June 2018).

Data from specific publications were further filtered and
processed to partition multiple, independent datasets
within a publication into separate studies [33,44-48]; to
exclude natural colonization sites or revegetation sites
where natural individuals were still present [38,47,49]; to
include individual site estimates rather than across site
averages [39,50]; to include ‘large” rather than ‘small’ natural
remnants as natural site comparisons [51]; to ensure a single
estimate per genetic metric per site [52]; and in one case to
include natural stand data from a complementary study
[53,54] (see Supplementary Methods in the electronic
supplementary material for more detail).

Where data for multiple cohorts were available [35,39,55—
60], the adult cohort was retained and seed or juvenile data
excluded from the primary analysis, in line with the majority
of studies reporting adult data (seed and juvenile data were
used later to explore the potential effect of cohort sampled;
see below). Similarly, only the most recent data—i.e. data col-
lected at the longest time since planting—were included for
studies with multiple time points [32,34].

Too few studies reported errors around metrics to allow
for formal meta-analysis (17/48; 35%). We assessed corre-
lations between the error and actual estimates of expected
heterozygosity (H,) data (the metric with the largest dataset)
to see if error could be approximated based on available data
(see Supplementary Methods in the electronic supplementary
material). Correlations were generally too weak to allow for
estimates of error (7| <0.55; see Supplementary Methods
in the electronic supplementary material; electronic sup-
plementary material, figure S1). Consequently, genetic
diversity estimates without error were used for further
analyses.

Patterns of genetic diversity between natural stands and
revegetation were explored using metrics with sufficient rep-
resentation across studies (n>17). Estimates of expected
heterozygosity (H,, n =41), number of alleles (A, n =24), alle-
lic richness (A,, n=17) and percentage polymorphic loci (P,
n=27) were contrasted. Expected heterozygosity was used
in favour of observed heterozygosity owing to a greater
reporting of this metric (41 versus 24 studies, respectively)
and a high correlation between the two metrics (adjusted
*=0.70 and 0.91 for natural stands and revegetation, respect-
ively, from studies reporting both metrics, n = 23). In addition
to genetic diversity, estimates of inbreeding (fixation) were
compared (F, n=18), including F, Fs, f and fap.p estimates.

To compare natural stands and revegetation, average gen-
etic diversity and inbreeding estimates for each site type
within each study was calculated in R v. 3.5.0 [61], with
range data recorded to allow for variation among sites in
lieu of error estimates. Studies were subsequently binned in
the following hierarchy:

Q1 Is the average genetic diversity in revegetation higher or
lower than natural stands?

Q2 Is the average genetic diversity in revegetation within the
range of estimates seen in natural stands? That is, despite
average genetic diversity being higher or lower, does the
value fall within the bounds of variation seen between

natural stands (for cases where more than 1 natural
stand was included)?

Q3 Do the estimated ranges for genetic diversity of revegeta-
tion and natural stands overlap, despite the average for
revegetation not falling within the range of natural
stands? That is, does between-site variation observed
in natural stands and revegetation plantings overlap
(for cases where genetic diversity estimates for more
than 1 stand for both natural and revegetation sites is
given)?

In lieu of a formal meta-analysis, a single average s.e. for each
site type—revegetation plantings and natural stands—was
calculated for the small subset of studies with error data
(n=17 studies in total;, H.=12, A=8, A,=6, P=1, F=4).
The average error was used as a proxy for assessing the influ-
ence of statistical error on results, with studies binned as
having higher or lower average genetic diversity in revegeta-
tion plantings compared to natural stands based on average
diversity +1 average s.e. Where appropriate, s.d. was con-
verted to s.e. (see Supplementary Methods in the electronic
supplementary material).

We explored whether the number of planted seed
sources influenced the genetic diversity captured in revege-
tation by comparing results for Q1 to the effect of using
single or multiple (more than 1 for at least one revegetation
planting within the study) sources, where data were avail-
able. We assessed the influence of cohort sampled on the
Q1 results, as the level of genetic diversity in revegetation
plantings may change over generations, with differences
between natural stands and revegetation plantings poten-
tially more prevalent in subsequent generations (primarily
owing to drift or gene flow from external sources). For this
analysis only, we included all cohort data for those studies
that sampled multiple cohorts [35,39,55-60]. Here, we calcu-
lated average genetic diversity for each cohort within
natural stands and revegetation plantings, allowing us to
contrast diversity estimates between ‘adults’ and ‘F1’
(‘seed’ or ‘progeny’). We assessed the number of seed
sources and cohort effects on observed differences in genetic
diversity between natural stands and revegetation plantings
(Q1) using chi-squared tests.

We compared average genetic diversity in revegetation
plantings and their natural seed source(s) using a subset of
studies that cited the natural stand source site(s) used for
the revegetation planting. We calculated average genetic
diversity for natural source stands and revegetation plantings
within a study for the four diversity metrics—H,, A, A; and
P—and scored as higher or lower in revegetation plantings
as per Q1.

Finally, we explored publication bias by investigating year
of publication versus overall results of average genetic diver-
sity in revegetation being higher, lower or the same compared
to natural stands (Q1). We used this approach because tra-
ditional meta-analysis tests for publication bias (e.g. funnel
plots) were not possible using the data available, as there
was a lack of reporting of statistical error. Instead we used
chi-squared tests of year of publication versus revegetation
category, using 5 year windows beginning at 1995, to assess
these differences. While this approach is not directly testing
for publication bias, it does at least test for potential temporal
changes in revegetation strategies that may, or may not,
influence the genetic outcomes considered here.
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Table 1. Counts of studies comparing genetic diversity in revegetation plantings to natural stands by marker, geographical location, habitat and plant form. [}

Numbers in brackets indicate numbers of different species.

markers location
microsatellite 21 (19) North America
dominant marker 18 (17) Australia/New Zealand
codominant enzyme 8 (6) Asia

SNP* 1 (1) Europe

South America

*Approximate form.

habitat form®
(15) terrestrial 39 (36) tree 21 (19)
)] aquatic 9 (5) forb 17 (16)
(8) grass 10 ©6)
)
(4)

®Three terrestrial and seven seagrass studies; three terrestrial species and three aquatic species.

‘Single nudleotide polymorphism.

3. Genetic outcomes in revegetation plantings

We identified 48 studies that compared genetic diversity in
natural stands and revegetation plantings, from 41 published
journal articles, representing 41 different plant species
(table 1; electronic supplementary material, appendix Al;
appendix A).

The four genetic diversity metrics (H,, A, A, and P)
demonstrated consistent outcomes with average genetic
diversity in revegetation plantings consistently higher,
lower or equal to natural stands across all metrics. Three
exceptions to this were Broadhurst, 2011 [62] and Fant et al.,
2013 [50] (A lower in revegetation plantings while H, and
A; were higher) and Pakkad et al., 2008 [58] (H, lower in re-
vegetation plantings while A was higher). To enable a
single binning for the three questions across all metrics,
these three studies were scored as per results for H, (most
frequently reported metric; [50,62] = higher; [58] = lower).

(a) Is average genetic diversity in revegetation higher or
lower than natural stands (Q1)?

Overall, the results showed a near even split in the number of
studies finding average genetic diversity in revegetation to be
higher than natural stands (n =22, 46% of studies) compared
to studies finding lower genetic diversity in revegetation (1 =
25, 52% of studies; figure 1, electronic supplementary
material, figure S2). Only a single study found equal diversity
between natural stands and revegetation across all tested
metrics ([44] ‘a’). Analyses suggested no evidence of publi-
cation bias, based on year of publication, with studies
reporting both higher and lower genetic diversity captured
in revegetation irrespective of time (electronic supplementary
material, figure S3; ;(2 =2.659, d.f. =3, p=0.447, using 5 year
bins and excluding two categories with only a single
record—year = 1995-1999 and comparative diversity = ‘same’;
electronic supplementary material, table S1a).

(b) Is average diversity in revegetation within the range
of natural stands (Q2)?

Estimates for more than one natural stand were reported in 35
studies, providing the range data required to address Q2. Of
these 35 studies, data were split approximately into thirds
between revegetation having average genetic diversity
within, above or below natural variation (electronic sup-
plementary material, appendix Al). Average genetic

diversity of revegetation was within the range of natural
stand estimates for all metrics reported in 14 studies (40%),
irrespective of which site type had the higher genetic diver-
sity. Nine studies (26%) had average genetic diversity of
revegetation both higher than average natural diversity and
above the range of natural stand estimates for at least one
metric. Similarly, 12 (34%) studies had average genetic diver-
sity in revegetation both lower than average natural diversity
and below the range of natural stand estimates for at least
one metric.

(c) Is there overlap in the range of diversity estimates

for natural stands and revegetation (Q3)?

Variation in diversity estimates overlapped between revege-
tation and natural stands in the majority of cases (electronic
supplementary material, appendix Al). Of those studies
where average genetic diversity in revegetation was above
or below the range of natural stand estimates for at least
one metric, 15 studies had more than one revegetation esti-
mate reported and thus range data available for both site
types. Overlapping variation in estimates was found for
nine studies (60%), with no overlap for at least one metric
in the remaining six studies (40%). For these latter six studies,
average genetic diversity in revegetation was higher than
natural stands in two studies and lower in four studies.

(d) Additional comparisons—inbreeding, source sites,
cohort and reported error

Comparisons of inbreeding between site types showed simi-
lar patterns to that of genetic diversity. For half the studies
reporting inbreeding, revegetation was more inbred—higher
positive F estimate—than natural stands (9/18; electronic
supplementary material, appendix A1l and figure 54). Despite
being more inbred, revegetation estimates in these studies
were still generally within the range of natural stand estimates
(Q2, 5/7 studies with range data) or had overlapping variation
with natural stand estimates (QQ3, 6/6 studies with available
data). Revegetation was less inbred than natural stands in 5
of the 18 studies, having either lower positive F values than
natural stands (n=3) or negative F estimates compared to
positive natural stand F estimates (1=2). As well as being
less inbred, revegetation in these studies was below the natural
range (4/4 studies with range data, Q2), though all studies
except one had overlapping ranges (3/4, Q3). For the
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Figure 1. Average genetic diversity in revegetation as a proportion of average
genetic diversity in natural stands. (a) All studies by genetic diversity metric.
(b—e) Proportion diversity by metric (white) and by ‘form’ (browns) or ‘habitat’
(blues) within metric. A, number of alleles; A, allelic richness; H., expected
heterozygosity; P, percentage polymorphic lodi.

remaining four studies, inbreeding estimates were negative for
both natural stands and revegetation, with revegetation being
the same as natural stands (one study) or having values closer
to 0 (three studies). For these latter three studies, one was
within the range of natural estimates, another was above the
range of natural estimates with no overlap in variation
between site types and the third lacked range data.

Based on 26 studies reporting the number of source sites,
revegetation plantings with higher average genetic diversity
compared to natural stands had more frequently been estab-
lished from multiple source sites than was the case for
revegetation with lower diversity (69% and 33% respectively;
figure 2). Conversely, a single source site was more common
for revegetation with lower average genetic diversity than
natural stands (67%; figure 2). This difference was nearly sig-
nificant (;(2 =3.222, d.f.=1, p=0.073; n=25, excludes ‘same’
genetic diversity category with only a single record;
electronic supplementary material, table S1b).

The cohort sampled in either revegetation or natural stands
did not influence the overall results. The number of records for
exploring the effect of cohort sampled increased to 66 when
including all cohort estimates for studies sampling multiple
cohorts (n=8 studies), and all pairwise cohort comparisons
between site types within these studies. Average genetic diver-
sity in revegetation was lower than natural stands more often
when comparing estimates from revegetation ‘F1” (‘seed’ or
‘progeny’) cohorts with natural ‘adult’ cohorts (85%; 11/13
comparisons), than when comparing estimates from the same
cohort in both site types (54%, 19/35 comparisons for ‘adult
to adult’ or 64%, 7/11 comparisons for ‘F1 to F1’ comparisons;
electronic supplementary material, table S1c). This difference,
however, was not significant (excluding ‘same’ genetic diversity
category with only a single record; n =65, 2>=4437, df.=3,
p=0218; electronic supplementary material, table Slc).
Within the eight studies that sampled across multiple cohorts,
three had the same result—average genetic diversity higher
or lower (Ql)—irrespective of cohort sampled [35,39,59].
Results for the remaining five studies differed depending on
cohort sampled and metric assessed, however there was no
consistent trend (electronic supplementary material, table S2).

For comparisons of cited source site versus revegetation,
results were again generally consistent across the four diver-
sity metrics, with revegetation having either the same and
higher (considered ‘higher’), or the same and lower (con-
sidered ‘lower’) average genetic diversity across measured
metrics within a study. Average genetic diversity was lower
in revegetation compared to source sites for half the source-
revegetation comparisons (14/28; 50%). Approximately one
third had higher diversity in the revegetation plantings
(35.7%; 10/28) and one study reported consistent estimates
between revegetation and source sites across all measured
metrics. The three remaining studies had mixed results—
higher H, though lower A and A, in revegetation [63];
higher A though lower H, [58]; higher A, though lower H,
and A (one pairing in [50]).

For the small subset of studies reporting error estimates
(He,n=12; A,n=8; A, n=6; B n=1, F n=4), average genetic
diversity in revegetation and natural stands mostly did not
differ by more than 1s.e. (averaged). Exceptions involved
two H, comparisons, one where average genetic diversity in
revegetation was higher and one where it was lower than
in natural stands.

4. Discussion

Our review provides a genetic assessment of revegetation
outcomes from around the world. Our analysis of 48 suitable
studies indicated varied genetic outcomes in revegetation
plantings, with approximately half the studies showing
higher average diversity in revegetation plantings compared
to natural stands, and half showing lower diversity. Our ana-
lyses also suggested that genetic diversity in revegetation
plantings typically does not differ greatly from natural varia-
bility, with a few exceptions. These findings indicate that
revegetation plantings do have the capacity to restore natural
levels of genetic diversity to sites. However, this can vary
greatly and those factors influencing this variability remain
unclear. Here we discuss the trends found in this review,
highlight key information and knowledge gaps and conclude
with recommendations to improve future assessments of
factors influencing genetic diversity in revegetation plantings.
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(a) higher genetic diversity in revegetation compared to natural
(n=22; 46% of all cases)

@unknown provenancing
01 source site
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(b) lower genetic diversity in revegetation compared to natural
(n=25;52% of all cases)

¢

B unknown provenancing
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Figure 2. Proportion of studies citing single (1) or multiple (more than 1 for at least one revegetation planting) sites used for revegetation seed sourcing. Data
divided into studies where revegetation had higher (a) or lower (b) genetic diversity than natural stands. Left hand pie charts = proportion of studies with known
(white) and unknown (black) number of source sites. Right hand pie charts = proportion of studies with known number of source sites that used single (dots) or

multiple (lines) seed source sites.

Our analysis suggests that higher diversity in revegetation
plantings compared to natural stands may be more likely
when seed from multiple source sites is used, although this
result was only nearly significant. This provides support for
‘mixed provenancing'—the use of seed from multiple source
sites across the landscape—as a tool for broadening the genetic
base of revegetation plantings, with potential benefits for enhan-
cing fitness, adaptability and resilience to environmental change
of replanted populations [25,29]. Evolutionary and ecological
benefits of higher genetic diversity sourced from multiple popu-
lations still require further characterization, but evidence from
empirical studies of plant re-introductions suggests improved
population ecological outcomes in plantings established using
multiple seed sources [64]. Furthermore, high genetic diversity
generally may enhance adaptability, especially where there is
uncertainty around the fitness of different genetic variants or
provenances under future environmental change [18]. The
lower diversity in revegetation plantings attributed to using a
single seed source is likely owing to lower total diversity in
single versus multiple natural populations, but could also be
owing to a lower total number of sampled parent plants—a
likely outcome of collecting from one rather than multiple
populations, or the use of seed from genetically depauperate
sources, such as small, isolated remnants in highly modified
landscapes [25]. Sampling from a large number of parents
from large, genetically diverse sites could explain the higher
genetic diversity of revegetation plantings in some studies
despite only a single source site being used.

Though not significant, the possible effect found in this
review of cohort sampled on differences in genetic diversity in
revegetation plantings compared to natural stands highlights

the need to consider change over time, especially under environ-
mental change. For example, some studies indicated that
potential gene flow from external sources may be enhancing
genetic diversity within revegetation plantings (e.g. [52,65]).
Gene flow could assist in enhancing effective population size
and adaptive genetic diversity, and thus the potential fitness
and adaptability of revegetation plantings aiming to maintain
and restore ecosystem services [66—68]. Understanding changes
to genetic diversity over time, including the potential influences
of gene flow, will help meet the overall objective of local revege-
tation efforts. By undertaking genetic comparisons between
stands across a longer time interval, it also becomes possible
to encompass the impact of other anthropogenic processes on
genetic diversity, such as clearing of old growth forests (e.g. [69]).

Determining the statistical and biological significance of
differences observed in this review was hindered by two
key information gaps—(i) the lack of error estimates for gen-
etic diversity metrics and (ii) the absence of information
(metadata) relating to restoration practices used for the
revegetation plantings. Whether differences observed rep-
resent true increases or decreases in diversity compared
with natural stands, or simply non-significant random vari-
ation is difficult to assess in the absence of error estimates.
Similarly, in the absence of error estimates it is difficult to
determine the effect size of factors that might influence gen-
etic diversity. Diversity estimates should become more
accurate as genetic measures of diversity shift from being
based on microsatellites to being based on thousands of
SNPs, with only one study included in this review using
SNPs (although another study wusing SNPs has been
published subsequent to our review period [70]).
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While our findings suggest patterns of genetic diversity in
revegetation plantings are likely to be influenced by seed sour-
cing strategies, the majority of variation found in this review
could not be explained owing to a lack of information on restor-
ation practices. Moving forward, especially as alternative seed
sourcing strategies for revegetation emerge [29,30], it will be
important to understand the influence of revegetation practices,
in particular different seed sourcing strategies, on capturing
genetic diversity in revegetation and enhancing evolutionary
and ecosystem-level outcomes. Furthermore, it may be impor-
tant to consider not only overall genetic diversity, but the
types of genetic variants included within revegetation plantings.
For instance, climate-adjusted provenancing for revegetation is
gaining increasing interest internationally [30,66]. This approach
aims to improve adaptive potential of plantings by including
seed from climatically different areas, and thus to capture
both genetic diversity and pre-adapted genotypes, into seed
mixes. However, the effectiveness of this approach remains
untested from both genetic and ecological perspectives.

5. Conclusion and recommendations

We conclude that revegetation plantings have the potential to
capture levels of genetic diversity similar to those of natural
stands, and that this may be facilitated by using multiple
seed sources. However, current genetic outcomes in revegeta-
tion appear variable and the reasons for this variation
remain unclear. Improvements to revegetation practices are
dependent on adequate metadata allowing for meta-analyses
to identify factors that influence restoration success. With glob-
ally increasing investments in ecological restoration, such
assessments will be essential for guiding future revegetation
strategies, especially in the face of ongoing environmental
change [2]. In light of these findings, we propose the following
recommendations to improve our understanding of the links
between revegetation practices, genetic diversity, and the
long-term viability and resilience of restoration investments.

1. Record and report restoration practices used in revegeta-
tion plantings to enable assessments of different
approaches on genetic, and ecological, outcomes. This
should include the number and location of source sites,
year of establishment and size of the original planting
(number of plants, size of planting area). Additional
useful information includes the number of plants sampled
at each source site, size of source population (number of
individuals and geographical area) and type of material
planted (seed versus seedlings).

2. Monitor and evaluate changes in genetic diversity over
time, especially where comparisons can encompass mul-
tiple generations. This type of information can help
assess the potential long-term effects of any loss of genetic
diversity in revegetation or whether this can be restored
through ongoing gene flow.

3. Report standard errors and sample sizes associated with gen-
etic metrics to enable robust statistical comparisons within
and across studies. This type of information is essential for
any future meta-analyses and can help in identifying factors
influencing genetic diversity across studies.
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