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Climate change is causing significant losses of coastal foundation species globally, heightening the need for their restoration. Despite
the urgency, it remains unclear if enhancing genetic diversity by using distant source populations will improve restoration outcomes, or
if local sources will perform better regardless of their diversity. We conducted a reciprocal transplant with Giant kelp (Macrocystis pyr-
ifera) between a warm and cool microclimate 7 km apart in Barkley Sound, British Columbia, and tracked survivorship and growth
over 6 months. We seeded kelp gametophyte cultures from the warm and cool site onto small rocks (i.e. “green gravel”) in a nursery, then
outplanted them into experimental plots nearby the sites where the parents were collected. The number of parents used to make the cultures
was also manipulated (two vs. 10) to simulate different levels of genetic diversity (average heterozygosity). Overall, we found inconsistent
evidence for local adaptation between microclimates, and possibly signs of maladaptation in kelp from the warm site. Kelp from the more
genetically diverse population at the cooler site survived 16% better and grew 8% larger regardless of the outplant site. Kelp grew up to
223% larger at the cool site but had higher mortality due to either urchin grazing or gravel turnover from swell. Surprisingly, kelp produced
from two-parent cultures survived 278 % better than kelp from 10-parent cultures at 6 months, despite higher observed rates of selfing. Our
study provides new insights into factors influencing the restoration of these important temperate coastal foundation species.
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Implications for Practice

e Asocean warming causes widespread loss of kelp forests,
restoration practitioners must increasingly consider the
genetic provenance and thermal tolerance of outplanted
kelp to ensure success.

e Sourcing kelp from cooler, less-impacted sites may
ensure more genetically diverse propagules and better
performance even at warm sites, since kelp sourced from
warm sites may be maladapted to their environment due
to stress and genetic bottlenecks.

e Creating kelp cultures from a greater number of parents
reduces self-fertilization rates but may not improve
immediate restoration outcomes, although longer-term
consequences remain unknown.

Introduction

Climate change is creating drastic, persistent shifts in historical
climate patterns that are occurring more rapidly than many spe-
cies can adapt (IPCC 2022). Although restoration best practices
recommend preserving the genetic composition of local popula-
tions (Shearer et al. 2009; Aavik & Helm 2018), this strategy is
unlikely to ensure long-term climate resilience, as local climates
will quickly become unsuitable for local genotypes (Merild &
Hendry 2014; Vranken et al. 2021). Accordingly, recent attention

has turned toward sourcing propagules from farther locales where
the climate matches a projected future scenario (Harris et al. 2006)
as a form of proactive restoration or “future-proofing” popula-
tions (Schweitzer et al. 2014; Wood et al. 2019). Specifically,
using thermally tolerant genotypes from a warmer climate or
microclimate as source material could increase the likelihood that
populations at restored sites persist far into the future (Coleman &
Wernberg 2020; Pazzaglia et al. 2021). However, the introduction
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of genotypes from afar is controversial given the risks of introduc-
ing novel genetic material, and many questions remain before this
concept can be applied responsibly at scale.

Sourcing propagules for restoration from nearby has been
practiced for decades because it is known to enhance restoration
success (in the absence of climate change) since species are
often adapted to local environmental conditions (Jones 2013;
Merild & Hendry 2014). This practice further avoids the risk
of outbreeding depression or loss of local genotypes that comes
with sourcing material from afar (Solas et al. 2024). The general
wisdom of maximizing genetic diversity and minimizing inbreed-
ing to enhance ecological restoration is not new and is achieved
by increasing the number or geographic spread of parents from
which propagules are sourced (Hughes & Stachowicz 2004;
Miller et al. 2017). Despite the advantages of sourcing propagules
locally, no local populations may remain in an area after extreme
climatic events (e.g. heatwaves and droughts), or the nearest sur-
viving population may have suffered from the same disturbance
as the restoration site, resulting in decreased genetic diversity
(Jones 2013). Repopulating degraded sites with stocks of low
genetic diversity may create bottlenecks, where genetic drift
causes a small population to lose genetic variation that could aid
in adaptation to future climate stressors (Barrett & Kohn 1991;
Biebach et al. 2016). Genetic drift in bottlenecked populations
may also lead to the fixation of recessive deleterious variants that
contribute to inbreeding depression (Dussex et al. 2023). To avoid
these outcomes, restoration projects usually introduce propagules
from many parent individuals to maintain the allelic richness of
the source population (Alsuwaiyan et al. 2021), yet this has lim-
ited benefit if the source population itself has low allelic richness.
To enhance restoration success in the era of climate change, it is
still not clear whether propagules should come from a locally
adapted population, even in cases of low genetic diversity, or
whether propagules should have higher genetic diversity, even
if that means sourcing some individuals from further away.

Kelp (brown algae in the Order Laminariales) forms the founda-
tion of rich, productive coastal ecosystems along one-third of the
world’s coastline (Jayathilake & Costello 2021) and are considered
the most vulnerable temperate marine ecosystems to climate change
(IPCC 2022). Kelp forests provide complex habitat, act as nurseries
for commercial fish species, fuel coastal food webs, produce oxy-
gen, contribute to nutrient cycling, and may be a carbon sink
in some places (Graham 2004; Filbee-Dexter & Wernberg 2020;
Eger et al. 2023a). Canopy-forming kelps are declining rapidly in
many parts of the world, largely due to climate change
and alterations to trophic structure caused by the loss of key preda-
tor species (Harley et al. 2012; Krumhansl et al. 2016; Rogers-
Bennett & Catton 2019). Such declines have raised considerable
concern and prompted an increasing number of kelp forest resto-
ration initiatives worldwide (Eger et al. 2023b). Yet, there is
still much to learn about how to successfully restore kelp for-
ests. One emerging kelp reintroduction method is “green
gravel” which involves “seeding” fragmented kelp gameto-
phytes onto gravel or small rocks, growing the resulting spo-
rophytes in a nursery, then deploying the seeded gravel in the
field (Alsuwaiyan et al. 2022). This method has the advan-
tage of not requiring divers to deploy outplants, as the rocks

can be scattered by hand from a boat (Wood et al. 2024).
Green gravel is still a relatively new technique that has been
developed for some key canopy kelp species but requires
development and testing for each new species due to their
unique ecologies and life cycles.

To advance understanding of the potential role of local adap-
tation for kelp restoration, we conducted a reciprocal transplant
experiment to examine whether restoration outcomes can be
enhanced by: (1) sourcing and culturing kelp from the most local
microclimate, and (2) experimentally increasing the genetic diversity
of cultured kelp by manipulating the number of parents used for prop-
agation. Simultaneously, we tested the effectiveness of the “green
gravel” restoration technique for outplanting Giant kelp (Macrocystis
pyrifera sensu lato [Macaya & Zuccarello 2010] or M. tenuifolia
[Lindstrom 2023]). We made three predictions relevant to restoration
ecology, none of which are mutually exclusive: (1) kelp sourced from
awarm site will survive and grow better in its source (warm) environ-
ment than in a cooler transplant site and vice versa due to local adap-
tation (i.e. significant site X source interaction as in Martin
et al. 2021; Becheler et al. 2022; Johnson et al. 2022); (2) kelp
sourced from a warm site may show lower survival and growth rates
overall due to possible maladaptive inbreeding depression caused by
the 2014-2016 marine heatwave, when substantial kelp die-back
was observed at warm sites (significant source effect but no signifi-
cant interaction) (Johnson et al. 2022); and (3) kelp grown from a
greater number of mixed parents will survive and grow better than
kelp grown from fewer parents due to an increased chance of intro-
ducing individuals with alleles suited to the environment and a
decreased chance of self-fertilization (significant parent number
effect) (Jarne & Charlesworth 1993). This study tests classical theo-
ries in restoration ecology and local adaptation to optimize restoration
outcomes and examines the potential to leverage local microclimates
and genetic diversity to enhance climate resilience of Giant kelp in
British Columbia and the Indigenous territories therein.

Methods

Study Sites

The fjords and sounds along the British Columbia coastline
inhabited by kelps provide an ideal setting for testing the effects
of local microclimate and genetic diversity on adaptation and
restoration success. Barkley Sound is a fjord-like embayment
on the Pacific coast of Vancouver Island, British Columbia,
Canada, spanning the territories of several First Nations
(Fig. 1A). Barkley Sound has a natural gradient in sea surface
temperature that varies by approximately 3°C along its length
during summer months (Starko et al. 2022), with colder (approx-
imately 15°C) average temperatures to the southwest, where the
sound opens to the Pacific, and warmer (approximately 18°C)
average temperatures to the northeast farther into the sound. A
prolonged marine heatwave that occurred in the Northeast
Pacific Ocean between 2014 and 2016 (“The Blob”) (Rogers-
Bennett & Catton 2019), including along the coast of British
Columbia, caused a loss of the dominant canopy-forming kelp,
Giant kelp (Macrocystis pyrifera) and Bull kelp (Nereocystis
luetkeana), from 40% of sites along a 16 km gradient of Barkley
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Figure 1. (A)Map of Barkley Sound showing the sea surface temperature (SST) gradient, kelp persistence after the 2014-2016 marine heatwave, and restoration
sites, adapted from Starko et al. 2022; (B) nursery system and magnified image of kelp growing on gravel; (C) diagram of the 2 x 2 factorial experimental design
testing two parent numbers and two population treatments, which was replicated eight times at each of two sites.

Sound (Starko et al. 2022). Microclimate was an important pre-
dictor of kelp persistence during this extreme climate event
(Starko et al. 2022), indicating kelp populations in Barkley Sound
may be subject to a selection gradient on a small spatial scale. We
focused on two sites for this reciprocal transplant experiment:
one cool site near the mouth of Barkley Sound, where kelp
coverage remained relatively stable during the marine heat-
wave (Edward King Island, 48°50.214N, 125°12.319W), and
one warmer site 7 km farther into the sound that experienced
intense kelp die-off and near-extirpation during the same heatwave
(Dixon Island, 48°51.271N, 125°07.096W) (Fig. 1A).

Sporophyll Collection and Spore Release

Sporophylls and somatic tissue from M. pyrifera parent sporo-
phytes were collected by SCUBA divers from Dixon Island

(n = 15 individuals) and Edward King Island (» = 12 individ-
uals) on 5 December 2022, and held overnight in flow-through
seawater tanks at the Bamfield Marine Sciences Centre. On
6 December 2022, reproductive tissue from each individual’s
sporophyll was sectioned, shaken in 7% iodine in autoclaved
seawater, rinsed in autoclaved seawater, patted dry, and stored
in a separate paper towel for incubation overnight at 7°C. A
section of somatic blade tissue was collected from each individ-
ual and preserved in silica gel for genetic analysis.

Prepared sporophylls were soaked in individual 200 mL jars of
autoclaved seawater to induce spore release on 7 December 2022.
For each individual kelp, spore density was calculated with counts
from a hemocytometer; inocula were diluted with autoclaved sea-
water to achieve a concentration of 10,000 spores/mL in a 200 mL
flask for amplification. All cultures were initially incubated at
10°C under shaded white light (<3 pmol photons m 2 s ") for
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12 hours. They were then treated with f/2-enriched autoclaved
seawater under red light at 10-15 pmol photons m ?s~ ' and a
16:8 light/dark cycle and incubated at 9 + 2°C for 53 days.
Despite starting with the same spore density, differences in the
gametophyte biomass per flask were evident. At the time of frag-
mentation, their relative biomasses were calculated for applying
standardized concentrations to green gravel (Supplement S1;
Tables S1 & S2).

Sporophyte Cultures on Green Gravel

On 28 January 2023, gametophytes were fragmented and seeded
onto pre-soaked 3.5-5 cm-diameter white marble gravel held in
plastic tanks with a spray bottle that was sterilized between treat-
ments (Supplement S1). Gametophytes were diluted to apply a
consistent and proportional biomass between treatments in two-
parent or 10-parent mixtures. A different combination of two par-
ents was used for each replicate (tank), while for 10-parent crosses
the same 10 parents were used in each replicate. Each two-parent
culture was held in one of eight 30 x 35 cm tanks, and each
10-parent cross was held in one of four 64 x 35 cm tanks. Cultur-
ing conditions were initially as follows: flow-through seawater
(<0.1 L/min) passing through a 25 pm mesh filter, a 1 pm mesh
filter, and an ultraviolet filter; 15-30 pmol photons m > s~ light
on a 16:8 light/dark cycle; mean water temperature 8.8°C (range:
7.5-11.5°C), which is close to the average winter temperature at
both source sites, except during two 1-hour periods when temper-
atures rose to 13°C. Microscopic sporophytes were visually con-
firmed 10 days after crossing and became macroscopic 24 days
after crossing. At this time, flow was increased to 1 L/min in the
two-parent tanks and 2 L/minutes in the 10-parent tanks
(to equalize water turnover rates in the different tank sizes) and
illuminance was increased to 50-60 pmol photons m 2 s
These conditions were maintained for the remainder of culturing
(Fig. 1B). Once juvenile sporophytes were approximately 1—
4 cm, 20 per tank were individually preserved in silica gel for
genetic analysis.

Experimental Design

The experimental design included four treatments based on the
combination of source population (warm or cool) and number
of parents (two or 10) and eight replicate plots of each treatment
at each of two sites (n = 64 plots total; Fig. 1C). The position
of the experimental plots within a replicate was randomized rela-
tive to one another and spaced 1-1.5 m apart from neighboring
plots, and no more than 5 m apart from plots in the same replicate.
Replicates were spaced 2—20 m from other replicates. Eight repli-
cates of the four treatments were deployed in the warmer site,
Dixon Island (n = 32 plots) and the same eight replicates were
deployed in the cooler site, Edward King Island (n = 32 plots).
The experimental area within each site was chosen to be: (1) along
arelatively sheltered coast to avoid disturbance to the experiment,
(2) at 3-7 m depth to Canadian chart datum lower low water large
tide where canopy kelp grows in this region of British Columbia,
(3) in areas where kelp had been present before the marine heat-
wave (Starko et al. 2022), and (4) on substrate of gravel and

cobbles, which we targeted to minimize the likelihood of urchin
grazing (urchins have been observed to cross these substrates less
than boulder and bedrock; Starko et al. 2022). Bull kelp was not
present at either restoration site, so there would be no interaction
with this other canopy-forming species. Both restoration sites
were placed immediately adjacent to the small remaining Giant
kelp populations from which the parents were sourced.

Green Gravel Outplanting and Monitoring

At each site, between 7 and 9 March 2023, green gravel from
each of the four treatments was outplanted into 1 m? experimen-
tal plots by SCUBA divers, who carefully transferred the gravel
by hand from a small bin into the designated treatment plots.
Twenty gravel pieces from a single treatment were placed hap-
hazardly but relatively evenly spaced per plot. If plots naturally
had mostly gravel substrate, larger nearby cobbles were trans-
ferred into the plot by hand to provide material for holdfasts to
grow onto.

The experimental plots were monitored at 4 weeks (April),
9 weeks (May), 15 weeks (June), and 25 weeks (August) after
outplanting. At each time point, the number of gravel left in
the plot, the number of gravel with live kelp, and the total length
of five randomly selected individuals on separate gravel was
recorded for each plot. It was easy to distinguish our kelp from
wild-set kelp, of which there was a small amount in the area,
since our white marble gravel was distinct from the natural sub-
strate. During the June monitoring, we tagged all surviving indi-
viduals with flagging tape so we could track their condition and
pair them to their plot in case their increasing size and buoyancy
caused them to be swept outside. At each monitoring time point,
temperature and salinity were measured at every meter depth
with a YSI Pro DSS and seawater was collected for nutrient
analysis 1 m from the surface and 1 m from the bottom in
triple-rinsed ethanol-sterilized bottles at both restoration sites.
Seawater samples were frozen at —20°C for 6-9 months and
were sent to the Institute of Ocean Sciences, Sidney, British
Columbia, for analysis of dissolved nitrate + nitrite. Tissue
from all survivors in June and August were preserved in silica
gel for genetic analysis.

Genetic Diversity

DNA was extracted from preserved somatic tissue from all parent
kelp, 20 offspring individuals in each culture treatment, and a subset
of surviving outplanted individuals from the field sites following
Bringloe et al. (2021) with minor modifications (described in Sup-
plement S2). A library of 96 individuals was sequenced using
reduced-representation genotyping by sequencing (GBS) at Plate-
forme d’ Analyze Génomique at Université Laval, Quebec. Filtered
sequencing reads were aligned to a M. pyrifera reference genome
(Diesel et al. 2023) using bwa-mem ver. 0.7.17-r1188 (Li 2013)
and single nucleotide polymorphism (SNP) genotypes were called
using BCFtools ver. 1.11-1.19 (Danacek et al. 2021). To demon-
strate differences in genetic diversity between experimental treat-
ments, we calculated the average observed heterozygosity (H,,) of
each individual using BCFtools, and the statistic nucleotide
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diversity (z) of each population using pixy ver. 1.2.7.betal
(Korunes & Samuk 2021). To verify the genetic distinctiveness of
the two parental source populations, we calculated population
genetic  differentiation (Fsy) using hierfstat ver. 0.5-11
(Goudet 2005) and performed a principal component analysis
(PCA) of genetic variation using SNPRelate ver. 1.6.4 (Zheng
et al. 2012, 2017). Details of genetic methods are provided in
Supplement S2.

Statistical Analysis

Analyses were conducted in R ver. 4.3.1 (2023-06-16) (R Core
Team 2022) using the function glmer in the package Ime4
Verl.1-32 (Bates et al. 2015).

We tested whether kelp survivorship was influenced by the
source population, number of parents, outplant site, and their
interactions (all fixed effects) using generalized linear mixed
effects models with a binomial distribution (Table S3). Addi-
tionally, the replicate was included as a random effect to account
for the non-independence of kelp growing in similar areas
within the site. Initially, all interactions between fixed effects
were included in the model, and non-significant interactions
were removed stepwise to find the simplest model that included
main significant effects following the protocol of Crawley
(2013). The response variable for survivorship was the number
of gravel with live kelp out of the number of gravel remaining
in the plot at each survey time, since mortality due to gravel loss
was not related to the population X site effect we aimed to test.
Statistical results from alternative models with survivorship as
the number of live gravels out of the total number initially
deployed, as well as a Cox proportional hazards model, are pre-
sented in Supplement S3 (Tables S5 & S6) for comparison.
These different methods of analysis did not change the key find-
ings of this study.

We ran a similar statistical test for kelp total length, but
used a gamma distribution (suitable for continuous, positive
data) and plot nested in replicate as a random effect to account
for the non-independence of kelp individuals measured
within the same plot (Table S4). In some cases, the general-
ized linear mixed effects model was too complex to include
a random effect when many interactions between the fixed

effects were included, so the models were reduced to general-
ized linear models (function glm; package I[me4; Bates
et al. 2015) by removing the random effect. Model iterations
that were run as a glm are noted in Table S4; however, all final
models were mixed effects models. Additional details on sta-
tistical analysis are provided in Supplement S3, and scripts
for running analysis are available at https://doi.org/10.5281/
zenodo.15707791.

Results

Effects of Source Population and Outplant Site on Kelp
Survivorship and Growth

Kelp survivorship was influenced by different factors at different
time points, with some evidence of local adaptation (Tables 1,
2, & S3; Fig. 2A). At 55 days, source population (warm vs. cool)
and outplant site were both significant (z = —3.071, p = 0.00213;
z=1.975, p =0.04822), with a significant interaction between
the two (z = 4.995, p = 5.89e—07) (Fig. 2A). Consistent with local
adaptation, kelp sourced from the cool site survived 28% better at its
home site than at its away site. Kelp from the warm site also survived
85% better at the cool site, which is suggestive of maladaptation. At
100 days, source population had a significant effect on survivorship
(z=—-3.117, p = 0.001825), with kelp sourced from the cool
site surviving 16% better than kelp sourced from the warm site.
However, by 140 and 200 days, no significant effects of source
population or outplant site on kelp survivorship were detected
(Supplement S5, Fig. S1a). All survivorship, growth, and envi-
ronmental data are available at https://doi.org/10.5683/SP3/
GEXCSU.

Similarly, kelp growth was influenced by different factors at dif-
ferent time points, and we found no strong evidence of local adap-
tation (Fig. 3A, Tables 2 & S4). At 55 days, the source population
had a significant effect on kelp total length (t = 2.472, p = 0.0134)
and a significant interaction with outplant site (r = —2.040,
p = 0.0413) (Fig. 3A). Kelp from the cool site grew 12% better
at the cool site, suggesting local adaptation, but kelp from the warm
site grew 47% better at the cool site, suggesting maladaptation. At
100 days, source population had a significant effect on total length
(t=2.269, p = 0.0232), with kelp sourced from the cool site

Table 1. Summary of the number of plots with surviving kelp and the number of gravels with kelp remaining in the different sites and treatments throughout the
experiment. Originally, 32 plots and 640 gravels were outplanted at each site, and 16 plots and 320 gravels were outplanted in each treatment. The bottom lines
show the total number and percentage of plots and gravels surviving across the whole experiment. A description of overall restoration results from the experiment
over time can be found in Supplement S4.

Days old 55 100 140 200

Category # Plots # Kelp # Plots # Kelp # Plots # Kelp # Plots # Kelp
Dixon 32 324 21 99 13 39 7 12
Edward King 32 461 9 34 4 8 2 3
10C 16 190 9 44 5 10 1 1
10W 16 200 7 22 3 9 2 2
2C 16 201 7 30 5 13 4 8
2W 16 194 7 37 4 15 2 4
Total # surviving 64 785 30 133 17 47 9 15
Total % surviving 100% 61% 47 % 10% 27 % 3.7% 14% 1.2%
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Table 2. Summary table showing which kelp cultures performed best (sur-
vival and growth) at each survey time under the conditions tested. The top
two rows show whether kelp sourced from the warm (W) or cool (C) popu-
lation performed better in the warm or cool environment. The bottom row
shows whether kelp cultures produced from 10 or two parents performed bet-
ter. Within each survey date, survival results are shown on the left and
growth results are shown on the right.

Days old 55 100 140 200

Warm environment c|C CIlW W|W C|W
Cool environment W|W W|C c|CcC C|W
Which parent # is better? 2|2 2|2 2110 2|10

growing 8% larger than kelp sourced from the warm site. By
140 days, outplant site was the only significant driver of kelp
total length (r = —3.817, p = 0.000135), with kelp outplanted
at the cool site reaching larger sizes (140 £ 29 cm) than kelp
outplanted at the warm site (47.6 £ 5.9 cm). At 200 days, out-
plant site was again significant (t = —2.485, p = 0.0130), with
kelp outplanted at the cool site growing larger (285 £ 164 cm)
than kelp outplanted at the warm site (88.3 & 25.5 cm),
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although sample size was very low (Fig. S1b). Patterns sug-
gesting local adaptation (i.e. greater length of kelp at its home
site than its away site) were visually apparent at both 100 and
140 days, but sample size was too low to detect significance.

The Effect of Parent Number on Kelp Survivorship and Growth

At 100 days, parent number had a significant effect on survivor-
ship (z = —2.143, p = 0.032140) and a significant interaction
with source population (z = 3.562, p = 0.000368) (Tables 1, 2,
& S3; Fig. 2B). The greatest survivorship was among kelp cul-
tures with 10 parents from the cool site (20.4 4+ 6.3%) and the
lowest survivorship was in kelp cultures with 10 parents from
the warm site (10.6 £ 4.2%). At 200 days, the number of parents
was the only significant driver of kelp survivorship (z = 2.030,
p = 0.0423), with cultures made from two parents surviving bet-
ter (3.7 £2.1%) than cultures made from 10 parents
(0.99 £+ 0.79%) (Fig. Slc).

The number of parents (two vs. 10) did not have a significant
effect on kelp total length at any time point, but did have a
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Figure 2. Mean (+ SE) survivorship for kelp from the two source populations broken down by (A) outplant site and (B) number of parents used to make the
culture. Survivorship at each time point was calculated as the number of gravels with live kelp in a plot divided by the number of gravels remaining in the plot.
Days since sporophytes were confirmed are shown in gray boxes to the right of the figure panels (55 days = April, 100 days = May, and 140 days = June).
Significant effects and interactions from Table S3 are noted by gray letters in the top left of each panel: P = population, S = site, n = number of parents.
Significant interactions are denoted by an “x” between the letters, for example, P x S indicates a significant population by site interaction. The panel for 200 days

(August) was not shown since the sample size was very low (see Fig. S1).
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Figure 3. Mean (% SE) total length for kelp from the two source populations broken down by (A) outplant site and (B) number of parents used to make the
culture. Days since sporophytes were confirmed are shown in gray boxes to the right of the figure panels (55 days = April, 100 days = May, and
140 days = June). Significant effects and interactions from Table S4 are noted by gray letters in the top left of each panel: P = population, S = site, n = number

wy

of parents. Significant interactions are denoted by an “x” between the letters, for example, S x P for a significant site by population interaction. The panel for
200 days (August) was not shown since the sample size was very low (see Fig. S1).

significant interaction with the source population at 100 days
(t=—2.021, p = 0.0433) (Tables 1, 2 & S4), when kelp cul-
tures made with two parents sourced from the warm site had
the greatest total length (46.9 + 6.6 cm) and kelp cultures made
with 10 parents sourced from the warm site had the lowest total
length (20.9 + 3.7 cm).

Genetic Analyses

Our filtered genetic dataset consisted of 8871 SNPs and 75 individ-
uals. The cool and warm parent populations were genetically distin-
guishable, as evidenced by the non-overlapping clusters
of individuals from each population on the first two PC
axes of genetic variation (Supplement S6, Fig. S2) and a moderate
Fgr value of 0.126 between parental populations. As expected,
population- and individual-level genetic variation was higher in par-
ent kelp from the cool population (7 = 0.278; mean H, = 0.281)
than from the warm population (z = 0.230; mean H, = 0.226)
(Figs. 4 & S3). Individuals were on average more heterozygous in

the 10-parent cultures (mean H, cool = 0.247, warm = (0.223) than
in two-parent cultures (mean H, cool = 0.212, warm = 0.175)
(Figs. 4 & S3). The reduced heterozygosity in two-parent cultures
was driven largely by an increased likelihood of self-fertilization.
The presence of selfed individuals was inferred from a bimodal dis-
tribution of H, values in the offspring, with some offspring exhibiting
H, that was approximately half that of parents (Fig. 4), as expected
for selfed individuals. For two-parent cultures, the rate of selfing
was 50% (15/30), and for 10-parent cultures it was 18.75% (3/16)
(Fig. 4). Some selfed individuals survived until the end of the season
(August) which is consistent with the detection of selfed individuals
in wild populations (Bemmels et al. 2025). The proportion of selfed
individuals in the survivors at the end of the season was lower than in
the cultures before outplanting (survivors: 1/10 = 10%; cultures:
18/46 = 39%), but this difference was not statistically significant
(¢* test, p = 0.14). Due to time and budgetary constraints, we were
only able to sequence one culture of each treatment, and the sample
size and statistical power to detect differences were low. Genetic data
are available in NCBI, BioProject ID: PRINA1279248.
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Figure 4. Individual average heterozygosity (H,,) measurements for each individual sequenced, with horizontal bars representing the mean. The legend shows
whether the individual was a parent, a child taken from a culture before outplanting, or a child survivor at the end of the experiment in August. Red samples are
sourced from the warm population (Dixon Island), and blue samples are sourced from the cool population (Edward King Island).

Biotic and Abiotic Site Conditions

The sites differed in key biotic and abiotic features that may
have driven differences in restoration success. Overall, temper-
atures increased from April to June, especially in the shallowest
3 m, and declined slightly by August (Fig. SA). A strong ther-
mal difference of 2-3°C between the two sites was established
above the thermocline, but these differences were not as pro-
nounced at depth. Note that this experiment did not take place
during an El Nifio event or marine heatwave. The warmer site
had a greater number of plots outplanted in areas with a higher
percentage of sand (Fig. 5B). Urchins were more abundant at
the cool site, with roughly similar numbers on both cobbles
and boulders. At the warm site, urchins were more abundant
on boulders than cobbles (Fig. 5C). Nutrient (nitrate + nitrite)
concentrations were generally higher at the cooler site, particu-
larly at the bottom (Fig. 5D). Nutrients at the surface were gen-
erally low until August when they showed a distinctive peak.
Nutrients at the bottom were high in March and April, lower in
May and June, then high again in August.

Discussion

Our reciprocal transplant experiment provides support for green
gravel as an effective kelp restoration technique, but found incon-
sistent evidence of local adaptation in the kelp populations being
restored (Leimu & Fischer 2008) and variable importance of
number of parents on kelp growth and survival at different time
points after outplanting (Hughes et al. 2008). We demonstrated
that cultures produced with two parents have a higher likelihood
of self-fertilization, which may reduce survivorship (Raimondi
et al. 2004). Given the complexity of conducting manipulative
experiments underwater, we could not control for all factors and

site differences were at times the most influential, for example,
enhanced kelp growth at the cooler, nutrient-rich site.

Inconsistent Evidence for Local Adaptation

Our study found inconsistent evidence for local adaptation, with
some populations at some time points surviving and growing best
at their home site. However, at some time points, kelp sourced
from the warm site survived and grew better away from its home
site, which may indicate maladaptation (Leimu & Fischer 2008).
These results could arise from several mechanisms. First, the
warmer average temperatures combined with the stress of the
2014-2016 marine heatwave may not have imposed significant
selection for heat-tolerant alleles at the warm site. If the warm
population had a small initial effective population size—as sup-
ported by the lower observed average heterozygosity among par-
ents at the warm site—it may have had a limited ability to adapt
and been subject to genetic drift (Robertson 1960; Vranken
et al. 2021). Indeed, Leimu and Fischer (2008) found that larger
populations more frequently exhibited local adaptation than smal-
ler ones. Second, if Barkley Sound is a well-mixed water body
(Stronach et al. 1993) with effective dispersal, the genetic signa-
ture of kelp loss from the heat wave at the warm site may have
been diluted by later immigration, given that Giant kelp can dis-
perse up to 10 km in one generation, though most spores disperse
only a few meters (Raimondi et al. 2004; Alberto et al. 2010). The
moderate Fst (0.126) and non-overlapping clusters in the genetic
PCA, however, suggest that our study sites do constitute geneti-
cally distinguishable populations (Bemmels et al. 2025). Third,
the thermal environment at the sites during the experimental
period may not have been distinct enough for differences in per-
formance to become apparent, since our kelp remained below
the thermocline for much of the experiment. Finally, the lack of
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Figure 5. Biotic and abiotic factors at the two outplant sites. (A) Temperature profiles for each survey time point at the warm (red) and cool (blue) site from April
to August. (B) The effect of proportion of sand on the survivorship of Giant kelp on green gravel at both sites from April to June. (C) Mean (+ SE) urchin density
at the warm site (Dixon Island) and the cool site (Edward King Island) from transect surveys on boulder (tan) and cobble (brown) around the restoration area from
May to August. (D) Mean (+ SE) nitrate plus nitrite concentrations at the top (1 m from surface) and bottom (1 m from bottom) of the water column at both sites

during the study period from March to August.

significant results could indicate that phenotypic plasticity com-
pensated for differences in underlying genotypes. More work is
required to test this hypothesis (Merild & Hendry 2014), as in
some systems plasticity is not enough to overcome genetic adap-
tation (e.g. Barott et al. 2021).

The lack of strong evidence for local adaptation between the
relatively close sites (7 km) in this experiment suggests that
environmental factors, not genetics, largely controlled growth
and survivorship. For practice, this indicates that kelp do not
necessarily need to be sourced from the most local sites for res-
toration. In fact, kelp from the cool site survived and grew mod-
erately better at some time points regardless of outplant site and
had higher genetic diversity. Thus, farther, undisturbed sites
may provide healthier propagules than sites that have experi-
enced more intense heat stress. The findings that kelp from cool

regions appeared to be more locally adapted, whereas kelp from
warm regions may be maladapted at some time points, are both
consistent with findings of Solas et al. (2024), although their
study tested for local adaptation in a metapopulation structure
sensu Blanquart et al. (2013). We unfortunately did not identify
a site with genotypes that perform markedly better in warm con-
ditions, and effect sizes of the main studied factors (e.g. outplant
site, source population, and genetic diversity) were generally
quite small. Future studies should target more populations with
greater geographic distance and be informed by population
genetic data, which were not available prior to this study. The
experimental matching of genotypes to environment in
canopy-forming kelp remains critical for the conservation and
restoration of these cold-water species, as climate change is pro-
jected to intensify (Schwalm et al. 2020).
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Surprising Patterns in Survivorship with Genetic Diversity

The significantly higher survivorship of the two-parent cultures
at 6 months (200 days) after outplant was surprising given a vast
literature of theoretical and experimental work demonstrating
the benefits of enhanced genetic diversity and larger population
size (Hughes et al. 2008), including decreased inbreeding
depression and an enhanced ability to adapt to future stressors
(Wootton & Pfister 2013; Alsuwaiyan et al. 2021). Our two-
parent cultures had substantially more individuals with reduced
heterozygosity (H,), which resulted from the greater likelihood
of selfing. Self-fertilization has been shown to result in lower fit-
ness and competitive ability in Giant kelp (Raimondi et al. 2004;
Johansson et al. 2013) as well as many plant and algae species
(Wright et al. 2013), because recessive deleterious mutations
are more likely to be expressed (Charlesworth & Willis 2009).
The few known benefits of self-fertilization (increased reproductive
assurance, maintaining “good” local genotypes, allaying the genetic
costs of male function or meiosis) (Jarne & Charlesworth 1993)
do not explain our results, as these are relevant to evolutionary
processes or population demographics, not the performance of
offspring in a single generation. In addition, the (non-significant;
p = 0.08) lower proportion of selfed individuals among survivors
at the end of the season (6%) than in cultures prior to outplanting
(35%) hints that inbreeding depression may have occurred,
despite the overall greater survival of individuals from the two-
parent culture.

The success of the two-parent cultures could have arisen from
slight differences in culturing and nursery conditions in early
life, although differences in growth were not observed between
these treatments at the time of outplanting. Another possible
explanation might be that the two-parent offspring are geneti-
cally more homogenous. Relative fitness differences between
non-selfed individuals (all full siblings) may be less pronounced
than among non-selfed individuals in 10-parent cultures. In this
case, we might expect more of these similarly fit individuals to
survive but grow to smaller size in two-parent plots, whereas
in 10-parent plots a smaller number of individuals with superior
genotypes might grow to larger size and outcompete other indi-
viduals, resulting in lower survivorship. However, this potential
phenomenon cannot fully explain our results, as the surviving
10-parent individuals were not substantially larger than the
two-parent individuals, and in the case of the cool source popu-
lation were in fact (non-significantly) smaller.

Increasing numbers in culture might be particularly crucial in
kelps, which can self-fertilize, leading to even more drastic reduc-
tions in individual fitness (Raimondi et al. 2004). Although we
did not see a significant difference in survival between selfed and
non-selfed individuals, the low sample size and overall low sur-
vival mean that we are underpowered for detecting differences,
and other work has found large fitness penalties (Raimondi
et al. 2004). This propensity of Giant kelp to self-fertilize means
that the number of parents has a more immediate effect on restora-
tion efforts than in species without selfing. For a species without
selfing, the first generation released will be relatively unaffected
by the number of parents, and issues of inbreeding will only arise
in subsequent generations. For Giant kelp, our results suggest that

a small number of parents likely causes fitness effects to a large pro-
portion of the offspring immediately. Although we do not see this
effect in overall survival, previous measures of the effect of selfing
on Giant kelp found that the costs were more pronounced at late life
stages (Raimondi et al. 2004), specifically on reproductive output,
which was not measured in this experiment.

Future studies could include more than 10 parents in the
“high genetic diversity” treatment, which may enhance differ-
ences in observed effects. We chose 10 parents to be more
genetically tractable, and this was sufficient to capture the het-
erogeneity of the parents for the cool, but not the warm popu-
lation. More parents, for example 30 (Shearer et al. 2009),
would further decrease the probability of selfing. Studies
should also investigate admixture of two or more populations,
which has potential to enhance ecosystem function or stress
tolerance (Miller et al. 2017).

Green Gravel as a Tool for Giant Kelp Restoration

Our test of the emergent green gravel technique for Giant kelp in
British Columbia showed promise for a first trial but requires
further enhancement of efficiency. Although survivorship was
initially high, by 6 months just over 1 % of kelp were still alive,
for a total of 15 individuals. Four were observed to grow hold-
fasts onto native rock, some holdfasts were 8 cm in diameter,
and the tallest kelp was 5.3 m. This success is important because
Giant kelp is more buoyant than most other species for which
this method has been developed (Fredriksen et al. 2020; Wood
et al. 2024), making it less likely to stay in place. This study is
among the first to report survivorship from a field experiment
of Giant kelp grown with green gravel. Unfortunately, our out-
planted kelp did not survive to reproductive age—which is a
prerequisite in establishing self-sustaining populations that are
resistant and resilient to perturbations (Aavik & Helm 2018)—
because they disappeared from plots over the subsequent winter.

Influence of Site on Kelp Restoration Success

On the influence of the environment, we noted three general
trends which largely agreed with our expectations. First, kelp
survived (non-significantly) better at the warm site where grazer
density was low. The warm site with 1-2 urchins/m*> had
fourfold improved survivorship compared to the cool site with
3—4 urchins/m?. The impacts of overgrazing on kelp are well-
demonstrated (Miller et al. 2022), and our study further supports
the importance of conducting synergistic restoration activities
such as grazer harvesting in concert with outplanting or selec-
tion of sites with naturally fewer grazers. However, a confound-
ing factor that could have caused high mortality is that the cool
site is more wave-exposed, and high swell can cause gravel to
roll (Earp et al. 2024).

While grazers and swell likely drove patterns of survivorship,
nutrient concentration likely played a role in kelp growth.
Outplanted kelp grew best at the cool site, which had higher
concentrations of dissolved nitrate and nitrite. Sufficient
dissolved inorganic nitrogen can increase the resistance of
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Giant kelp to heat stress (Wheeler & North 1980; North &
Zimmerman 1984). In fact, some studies have suggested that
nutrient limitation, rather than thermal limits, are reasons for
Giant kelp tissue deterioration in summer during strong strat-
ification (North & Zimmerman 1984). These results suggest
that kelp productivity could be maximized by restoring in
cooler, higher-nutrient sites via urchin removal, since these
are the conditions in which urchins will be the most abundant
and populations most genetically diverse. However, because
the difference in performance between our source populations
was rather low, restoring at key warm sites is still possible and
encouraged. In this case, sourcing kelp from cooler areas with
higher genetic diversity could yield positive results.

Caveats and Limitations

Controlled manipulative experiments are challenging in the ocean
environment for many reasons, not least of which is that some
aspects of the environment cannot be controlled. Primarily, temper-
atures between sites at the depths where our kelp grew were not
substantially different for much of the year, which likely partially
explains the lack of a significant population X site interaction at
later time points. Further, kelp mortality made our main hypotheses
untestable at later time points due to low sample size. Sample size
in general was a limiting factor due to time and budgetary con-
straints, and future studies should include greater replication, urchin
control, more populations nested within different environments
(e.g. Blanquart et al. 2013), and more individuals genetically
sequenced. Finally, co-varying environmental factors (e.g. greater
nutrients with cooler temperatures) make it hard to untangle spe-
cific drivers of kelp growth and survivorship. Regardless, the envi-
ronmental information collected and distinct conditions between
the sites illustrated some likely drivers of restoration success that
will be useful to restoration practitioners.

Conclusions

We successfully cultured and outplanted Giant kelp in British
Columbia, performing an important first test of the green gravel
technique that resulted in kelps growing holdfasts onto other
rocks and some growing up to 5.3 m in length. Despite modest
effects of source population, genetic diversity, and outplanting
site on restoration outcomes, overall survivorship was low in
all cases. The selection of kelp propagules from the most local
site did not appear to enhance restoration success. In fact, kelp
from the warm site sometimes showed signs of maladaptation.
Although this study found only slight evidence for local adapta-
tion between two geographically close sites, it revealed complex
environmental drivers of kelp growth and survivorship. Kelp
that originated from the cool site had moderately greater survi-
vorship and growth overall, possibly because the source popula-
tion had higher genetic diversity and may not have experienced
a recent bottleneck. Kelp grew larger and faster at the exposed,
colder site likely because of greater water movement and nutri-
ent supply. Kelp survived best at the warmer, more sheltered site
likely because there were fewer urchin grazers and less intense
swell. Finally, although cultures resulting from only two parents

survived better than cultures from 10 parents after 6 months in
the field, we saw evidence of frequent self-fertilization in two-
parent cultures, indicating negative consequences might be seen
with greater statistical power or at later stages of the life cycle.
This work represents an early test of the role of genetic diversity
and provenance in the success of kelp forest restoration, and
continued investigation will be important to further improve
these emerging techniques.
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