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INTRODUCTION

Abstract

Species interactions can influence key ecological processes that support
community assembly and composition. For example, coralline algae encom-
pass extensive diversity and may play a major role in regime shifts from kelp
forests to urchin-dominated barrens through their role in inducing inverte-
brate larval metamorphosis and influencing kelp spore settlement. In a series
of laboratory experiments, we tested the hypothesis that different coralline
communities facilitate the maintenance of either ecosystem state by either
promoting or inhibiting early recruitment of kelps or urchins. Coralline algae
significantly increased red urchin metamorphosis compared with a control,
while they had varying effects on kelp settlement. Urchin metamorphosis and
density of juvenile canopy kelps did not differ significantly across coralline
species abundant in both kelp forests and urchin barrens, suggesting that
recruitment of urchin and canopy kelps does not depend on specific coral-
lines. Non-calcified fleshy red algal crusts promoted the highest mean urchin
metamorphosis percentage and showed some of the lowest canopy kelp set-
tlement. In contrast, settlement of one subcanopy kelp species was reduced
on crustose corallines, but elevated on articulated corallines, suggesting that
articulated corallines, typically absent in urchin barrens, may need to recover
before this subcanopy kelp could return. Coralline species differed in surface
bacterial microbiome composition; however, urchin metamorphosis was not
significantly different when microbiomes were removed with antibiotics. Our
results clarify the role played by coralline algal species in kelp forest commu-
nity assembly and could have important implications for kelp forest recovery.
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& Carpenter, 2003). Understanding key interspecific
interactions may help clarify mechanisms in funda-

Community dynamics are influenced by both pos- mental ecological processes, such as the maintenance
itive and negative species interactions (Baskett & or shifts in stable ecosystem states. Kelp forests are
Salomon, 2010; Bertness & Callaway, 1994; Scheffer important and productive coastal ecosystem, having
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net primary production rates up to 10 times higher
than average coastal phytoplankton productivity
(Pessarrodona et al.,, 2022). These coastal marine
forests provide an array of ecosystem functions such
as nutrient cycling, food, and habitat for many ma-
rine species (Mann, 1973; Smale et al., 2013; Teagle
et al., 2017). Worryingly, kelp forests are vulnerable
to a number of abiotic drivers, such as temperature,
and biotic top-down drivers, such as declines in key
predators, which have resulted in declines around
the globe (Krumhansl et al., 2016; Rogers-Bennett
& Catton, 2019; Wernberg et al., 2013). Most notably
there have been regime shifts from healthy kelp forest
ecosystem states, which support high levels of biodi-
versity, to alternate urchin-barren ecosystem states
that are devoid of any kelp species and have reduced
ecosystem services (Filbee-Dexter & Scheibling, 2014;
Mann & Breen, 1972; Sala et al., 1998). The increased
prevalence of these barren states has resulted in re-
newed efforts to further understand regime shifts and
how to actively promote kelp forest recovery (e.g., Eger
et al., 2022; Layton et al., 2020). Despite these efforts,
one important aspect often overlooked in these near-
shore ecosystems is the bottom-up role that other mac-
roalgal species could play in shaping these kelp forest
and barren regime shifts.

Calcifying coralline algae are one such group of
macroalgae that are diverse and abundant in kelp
and barren ecosystems and are known to play im-
portant ecological roles (McCoy & Kamenos, 2015;
Nelson, 2009). For example, coralline algae provide
settlement/metamorphic cues for invertebrate species,
act as habitat for grazing and cryptofaunal species, in-
fluence the settlement of other macroalgae, and prevent
erosion by stabilizing reefs (Bosence, 1983; O'Leary
et al., 2017; Piazzi et al., 2022; Tebben et al., 2015;
Vermeij et al., 2011). Complicating matters is the fact
that the ecological roles played by coralline algae have
been shown to be species-specific (e.g. Villas Béas &
Figueiredo, 2004, O'Leary et al., 2017, Méndez Trejo
et al., 2021), and coralline algal species can be diffi-
cult to identify morphologically (Hind et al., 2014; Twist
et al., 2020). Moreover, ongoing molecular work has
revealed many cryptic species with far greater di-
versity than previously thought in this group of algae
(e.g., Hind & Saunders, 2013; Mills et al., 2022; Twist
et al., 2019), and the importance of coralline algal diver-
sity in key ecological processes remains unclear (Hind
et al., 2019). Past studies that relied on morphological
identification alone may have drawn incomplete or in-
correct conclusions if they inadvertently grouped sev-
eral species with different ecological functions together
(see Twist et al., 2020).

In recent years, the use of molecular identifica-
tion methods has increased our understanding of
coralline algal ecology (e.g., Deinhart et al., 2022;
Hind et al., 2019; O'Leary et al., 2017). For example,

molecular-assisted identifications have shown that cor-
alline abundance, diversity, and species composition
differ between healthy kelp forest and urchin-barren
habitats (Hind et al., 2019), likely resulting from top-
down grazing control of coralline species dominance
and community composition (Paine, 1984, 1990;
Steneck et al., 1991). Differences in benthic coralline
algal communities between stable ecosystem states
raises questions about the facultative role coralline
algal species may play in the recovery of kelp forests
and the persistence of urchin barrens. Here, we ex-
amined whether coralline algal diversity, through in-
terspecific species interactions, affects key ecological
bottom-up processes that may help maintain or shift
stable ecosystem states. Specifically, our aim was to
test whether the metamorphosis of sea urchin larvae
and the settlement of kelps differed between different
molecular-identified coralline algal species observed in
alternate stable states of kelp and barren habitats and
whether these effects were mediated by surface bacte-
rial microbiota.

Species-specific metamorphosis on different cor-
alline algae has been shown for some urchin species
(Huggett et al., 2006; Taniguchi et al., 1994) although
this has not been supported by any molecular-assisted
species identifications. Additionally, Baskett and
Salomon (2010) theorized that elevated recruitment
facilitation by coralline algae in urchin-barren habitat
is a potential mechanism for positive feedback loops.
There has been wide debate, however, about whether
invertebrate larval metamorphosis cues originate from
the coralline alga itself or the associated surface bac-
terial microbiome (Huggett et al., 2006; Johnson &
Sutton, 1994; Pearce & Scheibling, 1991). Recent
studies have shown differences in surface microbi-
ome communities between closely related macroal-
gal species (Lemay et al., 2021) and the increasingly
interconnected role microbiomes play in invertebrate
larval settlement (Quinlan et al., 2019). We, therefore,
hypothesized based on these prior studies that urchin
larval metamorphosis would differ between coralline
algal species, and specifically, that metamorphosis
would be greater on coralline algal species that are
more abundant in urchin barren than in kelp forest hab-
itats. Further, we hypothesized that differences in asso-
ciated surface microbiomes would contribute to these
trends, and we expected differences in the percentage
metamorphosed when experimentally manipulating
the microbiota. In addition to influencing invertebrate
metamorphosis, coralline algae have also been shown
to inhibit overgrowth of other macroalgal species even
in the absence of grazing, often thought to be due
to either chemical inhibition or sloughing of the sur-
face layers of cells (Johnson & Mann, 1986; Suzuki
et al., 1998). However, the extent of inhibition has been
shown to vary widely among macroalgal species (Kim
et al., 2004). Therefore, we hypothesized that for kelp
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species central to kelp forest succession, sporophyte
development would be inhibited by coralline species
found in urchin-barren habitats, but not by those lo-
cated in kelp forests, which would help maintain alter-
native ecosystem states.

We tested these hypotheses using a series of lab-
oratory experiments examining differential metamor-
phosis of urchin larvae and settlement of kelp spores
on several coralline algal species (identified using
molecular methods) abundant in either kelp or urchin-
barren habitats along the coast of British Columbia
(BC), Canada. Specifically, we examined red sea ur-
chin (Mesocentrotus franciscanus) metamorphosis
rates and the settlement of the two largest canopy
kelps, the giant kelp (Macrocystis pyrifera) and bull kelp
(Nereocystis luetkeana), and the subcanopy five-ribbed
kelp (Costaria costata) in the presence of several cor-
alline algal species. Given the vulnerability of coralline
algae to ocean acidification and warming (Cornwall
et al., 2019; Guenther et al., 2022), understanding the
ecological services provided by coralline algae and
their influence on kelp forest dynamics is becoming in-
creasingly important.

METHODS

Coralline algal identification and relative
abundance

To examine the effect of coralline algal species on ur-
chin larval metamorphosis and kelp settlement various
coralline algal specimens were collected from kelp for-
est and urchin-barren habitats around Calvert Island,
BC (51°39'15.1”N, 128°07'50.0” W), placed into mor-
phologically identified groups (morpho-groups), aided
by prior extensive molecular identifications of coralline
algal species from the collection sites, and later identi-
fied using molecular methods (see Appendix S1 in the
Supporting Information: Methods A). In addition, to de-
termine if settlement and metamorphosis were higher
on coralline algae found in greater abundance in urchin
barren compared with kelp forest habitats, the relative
abundances of coralline algal species in these two hab-
itats was calculated using data from Hind et al. (2019;
see calculations in Appendix S1: Methods B).

Microbiome community

To examine if microbiome differences occurred across
coralline algal species and bare rock, surface bacte-
rial samples were taken by swabbing the surfaces of
several coralline algal species in the field. Due to con-
straints of collections at the time, no samples were taken
of articulated coralline algae, which were later used in
the metamorphosis experiment. All microbial samples

were taken from coralline algae on boulders from one
site, located off the northeast side of Rattenbury Island
near Calvert Island (51°42'03.6” N, 128°04'27.4" W), to
avoid differences that may occur across sites. Boulders
were lifted from the seafloor (4—5m deep) using a fish
net and lift bag onto a boat. Microbiome samples were
taken either directly on the boat or in the laboratory.
Each coralline algal species or bare rock was rinsed
with 0.22-pm filtered seawater in order to remove non-
host associated environmental microbes and was then
swabbed for 10s for microbial communities using a
sterile swab. Swabbing was done on an approximate
1—2cm area of crust or bare rock, with all coralline algal
crusts that looked different being swabbed across 35
boulders. We sampled microbial communities from
seawater samples taken at the surface of the sampling
site using sterile 500-mL plastic containers (n=5), fil-
tered using 0.22-um membrane filters. Additionally,
swabs were taken to control for contamination from the
nets used to lift the boulders (n=2) and hands used by
the divers (n=1). Finally, a small tissue sample of each
of the coralline algal samples that were swabbed was
taken and placed in silica gel for later molecular identifi-
cation (see Appendix S1: Methods A). Only swabs from
coralline algae with a confirmed molecular identifica-
tion were used in the microbiome analysis.

DNA was extracted from swabs and filters using
the MoBio PowerSoil-htp 96-well DNA extraction kit
(MoBio Laboratories, Carlsbad, CA, USA) follow-
ing the manufacturer's protocol. Extracted DNA was
sent to the Integrated Microbiome Resource (IMR),
Centre for Comparative Genomics and Evolutionary
Bioinformatics (CGEB, Dalhousie University, Halifax,
Nova Scotia, Canada) for PCR amplification and li-
brary construction. Primers F515 and R926 targeted
the V4-V5 region of the 16S rRNA gene for bacteria
and archaea (Quince et al., 2011). Amplicon library
preparation and sequencing with lllumina MiSeq using
paired-end (2x300bp) v3 chemistry was performed at
the IMR CGEB.

Primers from raw sequences were first trimmed
using Cutadapt 2.9 (Martin, 2011) with the parame-
ters e=0.1 and m=100. Trimmed sequences were
then processed using the R package dada2 (Callahan
et al., 2016). Reads were quality filtered using the
filterAndTrim dada2 R function (with parameters
maxEE =2, truncQ=2, and truncLen=270 and 210 for
forward and reverse reads, respectively) and merged
using the mergePairs function; chimera were removed
using the removeBimeraDenovo function. We assigned
the taxonomy for each amplicon sequence variant
(ASV) using the IDTaxa algorithm implemented in the
R package DECIPHER (Wright, 2016) with the SILVA
(version 138) database (Gldckner et al., 2017). We only
kept bacterial ASVs and removed all ASVs not assigned
to a family and assigned to mitochondria or chloroplast
or with length>380bp. Sequencing depth varied from
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1131 to 46,006 reads per sample (median=15,491).
Amplicon sequence variant tables were rarefied to
1000 reads per sample for all analyses in order to keep
all the samples while having enough sequencing depth.
Non-rarefied ASV tables were also used with composi-
tionally aware methods to determine robustness of re-
sults (see below for further details).

Urchin metamorphosis experiment

A single piece (~2.5cm?) of each coralline algal
morpho-group (later identified using molecular meth-
ods, Appendix S1: Methods A) was placed in a 90-mL
plastic jar with 50mL of 1-pm filtered seawater in a
randomized block design with one replicate from each
morpho-group in each block. “Blank” jars with no cor-
alline algae were included as controls to account for
“natural” metamorphosis without any coralline algal
cue. Along with the control, we compared settlement
on 12 coralline algal morpho-groups and a fleshy red
algal crust. There was a total of eight replicate jars for
each algal morpho-group or control treatment, with the
exception of two coralline morpho-groups that each
had six replicate jars (Figure 1a, Appendix S2 in the
Supporting Information: Table S1).

In addition, a further eight replicates of a subset of
eight coralline algal morpho-groups and the control
were treated with antibiotics to reduce/remove the bio-
film on the coralline algal surface (see antibiotic meth-
ods below) and were placed in the jars in every second
block. For the control treatment without coralline algae,

(a) Urchin Metamorphosis

Experiment
& -

[Surface microbiome effect]

e

Untreated

Treatments:
1x control (n = 8)
8x coralline algae (n=8)

Coralline level effect

Treatments:
1x control (n = 8)

10x coralline algae (n = 8)
2x coralline algae (n = 6)
1x fleshy red algae (n = 8)

Antibiotic Treatment
Treatments:

1x control (n = 8)

8x coralline algae (n = 8)

antibiotics were added to the jar to test if they had a
lingering effect on the jar surface, which affected sea
urchin larval metamorphosis. This resulted in a total
of 180 jars split into 16 blocks (eight blocks of antibi-
otic treatment and eight untreated) with one individual
from each morpho-group (or control) in each block
(Figure 1a).

To experimentally reduce the microbiome, an anti-
biotic treatment was applied in which coralline algae
were soaked in 30mL of a sterile (autoclaved at 100°C
for 1h) seawater antibiotic solution in 90-mL plastic jars
for 72 h using the antibiotics chloramphenicol (50 mg-L‘1),
tetracycline (30mg-L™"), streptomycin (30mg-L”™"), and
penicillin (18mg-L‘1 or 30,000units) following modified
protocols by Johnson and Sutton (1994) and Gémez-
Lemos et al. (2018). Following this treatment, the jars and
coralline specimens were rinsed thoroughly with sterile
seawater to remove any residual antibiotics and dislodge
any dead cells and were subsequently placed back into
the jar with fresh 1pm filtered seawater for the urchin
metamorphosis experiment (see above). To test the effec-
tiveness of the antibiotics in reducing the microbiome on
the surface of the corallines, swabs from before and after
the antibiotic treatment were taken for a subsample of the
antibiotic-treated corallines (three paired samples from
each of the eight morpho-groups). Coralline algal spec-
imens were rinsed with sterile seawater prior to taking
the swabs to remove non-host associated environmental
microbes and residual antibiotics. Twelve randomly se-
lected swab samples across morpho-groups were then
extracted using DNeasy PowerSoil Kit (Qiagen, Hilden,
Germany) following the manufacturer's protocols and

(b) Kelp Settlement

Experiment \’
Bk

Costaria costata
Treatments:
1x bare rock (n = 5)
7x coralline algae (n =5)
1x coralline algae (n = 3)
1x fleshy red algae (n = 5)
1x glass coverslip (n = 5)*

Macrocystis pyrifera

Treatments:
1x bare rock (n = 6)
8x coralline algae(n = 6)
1x dead coralline (n = 6)

Nereocystis luetkeana

Treatments:
1x bare rock (n = 6)
8x coralline algae (n = 6)
1x dead coralline (n = 6)
1x fleshy red algae (n = 6)
1x glass coverslip (n= 6)*

1x fleshy red algae (n = 6)
1x glass coverslip (n = 6)*

[' Molecular DNA identification of morpho-groups % J
A

See table 1 for final species groupings

FIGURE 1

Schematic diagram of the experimental design used in manipulations of coralline algae to test (a) urchin metamorphosis and

(b) kelp settlement. Treatments are given as number of groups/morpho-groups and the number of replicates (n). *Glass cover slips were
used to track changes in kelp gametophyte/sporophyte development and not used in analysis.
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then amplified (98°C for 10s, 30cycles of 98°C for 1s,
50°C annealing for 5s, 72°C extension for 24 s, followed
by 72°C final extension for 1min) in the V4 region of 16S
rRNA gene using the primers F515 and R806 (Caporaso
et al., 2011). The PCR samples were then cleaned using
a Mag-Bind Total Pure NGS magnetic bead kit (Omega
Bio-Tek, Norcross, GA, USA), and along with raw DNA
samples, were quantified using a dsDNA (HS) assay on a
Qubit 2.0 fluorometer. The values from the Qubit readings
from before the antibiotic treatment were then compared
with those from after to determine if there was a reduction
in DNA and PCR product, indicating the reduction of the
load of the associated microbiome.

Prior to adding the urchin larvae to the experiment,
the seawater was replaced with fresh seawater after
antibiotic treatment (including in the untreated jars).
Competent red urchin larvae (20 per jar) were re-
leased and reared in the laboratory (see methods in
Appendix S1: Methods C). Larvae were then trans-
ferred from holding containers into each of the coralline
jars (80mL final volume) and maintained at 12°C on a
12:12 h fluorescent light:dark cycle. After 24 and 48h,
larvae were counted under a dissecting scope and
were classified as completely metamorphosed (i.e.,
tube feet present) or unmetamorphosed, working in
order from the first block to the last, thus enabling sta-
tistical accountability of the time effect (~8h). A total of
eight data points were removed: four due to the number
of metamorphosed individuals being higher at 24 than
at 48h (and thus considered to be miscounts) and a
further four as multiple algal species were observed in
one jar after closer examination of the algal specimens
under the microscope.

Kelp settlement experiments

Spore solutions released from reproductive tissue
(see methods in Appendix S1: Methods D) from three
kelp species, canopy species Macrocystis pyrifera
and Nereocystis luetkeana and subcanopy species
Costaria costata, were pipetted into six-well (3.5-cm di-
ameter Thermo Scientific™ BioLite™ Microwell Plates)
plates containing coralline algal specimens (~2.5cm2)
and 10mL of sterile seawater to achieve a final density
of 20,000 spores-mL™" (Figure 1b). For C. costata, the
settlement experiment included seven coralline algal
morpho-groups with five replicates each. Settlement
experiments with the other two kelp species included
eight coralline algal morpho-groups with six replicates
each. Clean microscope coverslips were used as con-
trols for spore settlement in the absence of coralline
algae in all three experiments and to track gameto-
phyte development under the compound microscope.
In addition, bare rocks (collected from the same sites
as the coralline algae), dead coralline algae (specifi-
cally dead Crusticorallina spp.), and fleshy red algal

crusts (later primarily identified as Hildenbrandia spp.
through genetics and microscopy) were also used in all
kelp settlement experiments using the same number of
replicates indicated above. The algal and control treat-
ments were arranged in a randomized block design
with the six-well plates, where one replicate of each
treatment was sequentially randomly assigned to each
plate so that no one plate had more than one replicate
of each treatment. Immediately after the spore solution
was added to the wells, the plates were wrapped in foil
to reduce light levels to zero in order to promote set-
tlement of the kelp spores. Subsequently, the foil was
removed after 24h, and the plates were stored in an
incubator at 10°C with 15-25pumol of fluorescent light
on a 12:12h day:night cycle. Seawater was changed
weekly, which involved removing specimens from the
well plate, scrubbing the wells clean with freshwater to
prevent growth of biofouling on the sides of the wells,
adding clean sterile seawater, and replacing the speci-
mens into the appropriate wells. After the first week,
F/2 nutrients (Andersen, 2005) and 0.66mg-L™" ger-
manium dioxide were added to autoclaved seawater to
facilitate kelp gametophyte growth and prevent diatom
growth, respectively. After 5-6weeks, when gameto-
phytes were well developed (observed on the control
coverslips), the light levels were increased to 40pmol
on a 16:8h day:night cycle, and the temperature was
increased to 12°C to facilitate sporophyte development.

The number of sporophytes on the coralline algae
and control surfaces were counted under a dissecting
microscope (<4.5x magnification) when sporophytes
had developed to a size large enough to effectively
count (i.e., 50-200pm in length). This occurred after
7-9weeks, depending on the kelp species. When the
density of sporophytes was too high to count for the
entire replicate, three randomly selected areas were
counted and averaged. The sporophyte density per
cm? was calculated for each coralline alga and control,
based on the total area of the coralline (or control) as
measured in ImagedJ. A second count of the number of
sporophytes was made 1week after the first count and
the highest density from the two timepoints was used
in the analysis in order to account for slight delays in
the development of kelp sporophytes that could have
occurred among different coralline species.

Statistical analysis

All analyses were conducted with the statistical program
R (v 4.21, R Core Team, 2022). Differences in microbi-
ome community composition between coralline algal
species were visualized using non-metric multidimen-
sional scaling (hMDS) on Bray-Curtis dissimilarities be-
tween samples. A PERMANOVA (9999 permutations)
was used to test for the effect of substrate type and
host species on microbiome community structure using
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the adonis2 function in the R package Vegan (Oksanen
et al., 2017). We reported omega?2 as effect sizes of the
PERMANOVA models (equivalent to adjusted R?) and
calculated type Il sums of squares (marginal effects)
when jointly estimating the effect of host species and
boulder identity on community composition. To meas-
ure the robustness of the microbe community composi-
tion results, we also used an alternative compositionally
aware method (Quinn et al., 2018): the Aitchison distance
metric and PCoA calculated on non-rarefied data.

To examine the differences in the percentage ur-
chin larval metamorphosis across substrate type, inde-
pendently for both 24- and 48-h observation periods,
two one-way ANOVAs were undertaken with substrate
(control, fleshy red crust, or coralline algal species)
as the dependent variable. The assumption of equal
variance was violated for both ANOVAs, which trans-
formations did not help; therefore ANOVAs were run
using heteroskedasticity-consistent standard errors
using white-adjusted ANOVAs with the ANOVA func-
tion in the R package Car (Fox & Weisberg, 2019;
White, 1980). In addition, to test if differences in urchin
larval metamorphosis occurred for given coralline algal
species (or the control) with the microbiome reduced
(antibiotic-treated) compared with those with the micro-
biome intact (untreated), a series of paired t-tests, with
a Bonferroni correction for multiple comparisons, was
conducted.

Similarly, to examine differences in the sporophyte
densities of the three kelp species (Costaria costata,
Macrocystis pyrifera, and Nereocystis Iluetkeana)
across substrate type (control, rock, fleshy red crust,
or coralline algal species) a series of one-way ANOVAs
were undertaken. The sporophyte densities for all three
kelp species were log transformed prior to analysis to
meet the assumption of normality. After transforma-
tions, the M. pyrifera dataset still violated the assump-
tion of equal variance, so again, the ANOVA was run
using heteroskedasticity-consistent standard errors
(white-adjusted ANOVA).

For all ANOVAs, post hoc comparisons were made
using the emmeans R package using Tukey contrasts
with a heteroskedasticity-consistent covariance matrix
estimation (vcov=vcovHC) from the package sandwich,
which is deemed a robust method under unbalanced
designs that may have some heteroskedasticity to the
data structure (Herberich et al., 2010; Zeileis, 2004).

RESULTS

Coralline algal species identity and
condition

Coralline algae and non-calcified fleshy red crusts
swabbed for microbiome analysis were identified using
molecular methods as eight species of coralline algae

and one fleshy red algal crust (Peyssonnelia sp.), with
replicates ranging from two to nine individuals per spe-
cies (Appendix S2: Table S2).

Out of the 12 coralline algal morpho-groups in the ur-
chin metamorphosis experiment, only nine molecular-
identified species with three or more replicates were
identified (Table 1a and Appendix S1: Table S1). The
two Crusticorallina and two Lithothamnion morpho-
groups turned out to be mostly comprised of one spe-
cies each: Crusticorallina painei and Lithothamnion
glaciale, respectively. The two Lithophyllum morpho-
groups were comprised of three different species;
however, only one species (Lithophyllum sp.1) had suf-
ficient replication (=3 individuals) to be included in the
statistical analysis.

For all the kelp settlement experiments the number of
coralline algal morpho-groups matched the molecular-
identified species, with seven for the Costaria costata
experiment and eight each for the Macrocystis pyrif-
era and Nereocystis luetkeana experiments (Table 1b
and Appendix S2: Table S1). The two Crusticorallina
morpho-groups both had a mix of Crusticorallina muri-
cata and Crusticorallina painei, and there were enough
replicates of both species to include in the analyses.
The Lithophyllum morpho-group for the kelp C. costata
experiment was comprised of two species, but only one
(Lithophyllum sp.1) had three or more replicates and
was retained in the statistical analysis.

Coralline algae remained healthy through all urchin
and kelp experiments with no evidence of bleaching.
During the urchin experiment no epiphytic growth of
fleshy algal species was observed over the coralline
algal species. In contrast, due to the longer conditions
in culture and the addition of nutrients to aid gameto-
phyte development, some epiphytic growth of fleshy
algae species was observed on coralline algal speci-
mens, which may actually reflect natural conditions.

Microbiome

Bacterial partial 16S rRNA gene sequences were
obtained for 52 samples (35 coralline samples, five
Peyssonnelia sp. samples, four rock samples, five
water samples, and three control samples of divers
hands and of the nets used to lift boulders). We
observed clear and significant compositional dif-
ferences among these substrates (Appendix S2:
Figure S1, PERMANOVA models, n=52, BrayCurtis:
omega2=0.25, F(5‘46)=4.56, p <0.001; Aitchison:
omega2=0.24, F(5’46)=4.36, p <0.001), suggesting
that microbiomes associated with coralline algae and
Peyssonnelia sp. differed from those associated with
the environment (rock, water) and sampling tools.
Among coralline algae and Peyssonnelia sp. samples,
microbiome composition clustered by host species
(Figure 2 and Appendix S2: Figure S2, PERMANOVA
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FIGURE 2 Non-metric multidimensional scaling (nMDS) ordination plot showing microbiome community composition on different
coralline algal species and fleshy red algal crusts (Peyssonnelia sp.) with shapes linking samples from the same species when the sample

size is greater than two.

models, n=39, BrayCurtis: omega2=0.31,
F(8’31)=3.44, p <0.001; Aitchison: omega2=0.19,
F(8’31)=2.17, p <0.001), with Peyssonnelia sp. sam-
ples being significantly different from the coralline
algal species (PERMANOVA model, BrayCurtis:
omega2=0.15, F(1’8)=2.76, p <0.01). These results
were robust to the use of an alternative distance met-
ric that is compositionally aware (i.e., Aitchison dis-
tance—Appendix S2: Figures S1B and S2). Evident
from the nMDS plot, four distinct microbial communi-
ties formed with species belonging to the same genus
(i.e., in Lithophyllum, Crusticorallina, and Bossiella)
having similar microbiome composition compared
with species from different genera (Figure 2). Three
separate clusters formed between the coralline algal
species, the two Lithophyllum species clustered to-
gether, the crustose provisional species Hapalidiales
sp.1 clustered by itself, and all the other remaining
coralline algal species clustered together. The fleshy
red algal crust (Peyssonnelia sp.) also clustered by
itself and was significantly different from all coralline
algal species in its surface microbiome community.
The most abundant bacterial microbiome families
sampled on algal surfaces were Flavobacteriaceae
and Saprospiraceae (Appendix S2: Figure S3). The
Lithophyllum species grouping had higher relative abun-
dances of the microbiome families Alteromonadaceae
and Flavobacteriaceae but lower relative abundances
of Thiotrichaceae than all other groups on their sur-
face. Peyssonnelia sp. group had higher relative abun-
dances of the family Saprospiraceae and lower of

Arenicellaceae compared with other algal surfaces.
The crustose provisional species Hapalidiales sp.1 had
a high relative abundance of rare bacterial families on
their surface.

Urchin larval metamorphosis

The percentage of urchin larvae that completely met-
amorphosed showed significant differences among
treatments both after 24h (ANOVA, F(10,78)=9.93,
p<0.001) and 48h (ANOVA, F1078y=13.90, p<0.001;
Figure 3). This pattern was driven by the significantly
higher percent metamorphosis on coralline algal and
the non-coralline Hildenbrandia spp. treatments com-
pared to the control (a 2.5- to 22-fold increase in mean
metamorphosis percentage, compared with the control
after 24 h) and not by significant differences among the
various coralline algal species and the non-coralline
Hildenbrandia spp. (Figure 3, Appendix S2: Table S3).
Therefore, urchin larval metamorphosis did not signifi-
cantly differ across coralline algal species.

The highest mean+SE percent metamorphosis val-
ues were in response to non-coralline Hildenbrandia
spp. (44.4% +11.3% and 59.5% +11.1% for 24 and 48h,
respectively), which is found in higher relative abun-
dance in kelp forests. This was followed by the crus-
tose coralline Crusticorallina painei (30.0%+4.1% and
40.8% +7.1%), which is found in higher relative abun-
dance in urchin barrens. Although not significantly differ-
ent, mean percent metamorphosis were up to 2.8- and
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FIGURE 3 Mean (+SE) percentage of red sea urchin (Mesocentrotus franciscanus) larvae that underwent metamorphosis on different
coralline algal species after (a) 24 and (b) 48h. Different letters above bars indicate significant differences (Tukey's test, p <0.05). The
relative abundance of each coralline algal species in kelp forest compared with urchin barren habitat is shown and is based off data
collected by Hind et al. (2019). The relative abundance of the fleshy red Hildenbrandia spp. was 0.83 in kelp forests compared with urchin
barrens. Lithothamnion sp.1 rhodolith is a free-living crustose coralline algae observed on soft sediment habitat and therefore does not have

an associated relative abundance. See Table 1a for sample sizes.

1.9- fold higher than the crustose coralline Lithophyllum
sp.1, also found in higher relative abundance in urchin
barrens, with the lowest mean percent metamorphosis
(17.9%+3.1% and 21.0%=+3.3%) besides the control
(2.0%+1.4% and 3.9%+1.3%). However, these mean
percent metamorphosis values were similar to species
found only in kelp forest habitats (relative abundance of
1.0) including Calliarthron tuberculosum (18.0% +3.8%
and 20.3% =+ 3.2%) and Hapalidiales sp.2 (24.3% +6.1%
and 24.5%+6.4%). The latter of these species did not
significantly induce metamorphosis at a higher level than
the background controls after either 24 or 48h despite
a 12.1- and 6.4-fold increase compared with the control
after 24 and 48h, respectively. Additionally, Hapalidiales
sp.1, observed in a higher relative abundance in urchin
barrens, did not induce metamorphosis at a level signifi-
cantly higher than the control after 24h (28.1% +7.5%),
although it did have a significantly higher level compared
with the control after 48h (42.7% + 6.9%)).

The application of antibiotics to the coralline algae
caused a reduction in the surface microbiome as in-
dicated through a reduction in DNA concentration of
PCR product and extracted DNA compared with that

before the antibiotic treatment (mean fold reduction in
concentration of 7.5 for DNA and 2.3 for PCR product,
Appendix S2: Figure S4; Table S4). However, coral-
line exposure to antibiotics had no significant effect
on urchin metamorphosis; there were small nonsig-
nificant differences in the percentage of larvae meta-
morphosed between coralline algal species that had
different microbiomes (Figures 1 and 2; Appendix S2:
Table S3) and there was no significant difference (small
fold changes ranging from 1.01 to 2.74 in mean per-
centage metamorphosed) in percent metamorphosis
between coralline algae (and control) with the microbi-
ome intact and with the microbiome experimentally re-
duced with antibiotics after both 24 and 48h (Figure 4;
Appendix S2: Table S5).

Kelp settlement

Significant differences in kelp sporophyte densities
were observed among control and algal treatments for
the subcanopy Costaria costata (ANOVA, F (8.32) =24.03,
p<0.001) and the canopy Macrocyst/s pyrifera
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FIGURE 4 Mean (+SE) percentage of red sea urchin (Mesocentrotus franciscanus) larvae metamorphosed on different crustose and
articulated coralline algal species with their microbiome reduced (Antibiotic) and those with their natural microbiome (Untreated) after (a)
24 and (b) 48 h. Paired t-test results (corrected with Bonferroni correction for multiple comparisons) shown for each coralline algal species.

ns=not significant (p>0.05). See Table 1a for sample sizes.

(ANOVA, F 10‘52)=6.52, p <0.001) and Nereocystis luet-
keana (ANOVA, F(9’49)=5.60, p <0.001).

For the subcanopy kelp Costaria costata, two spe-
cies of articulated coralline algae, Bossiella schmittii
(22.3+7.3 individuals-cm™) and Calliarthron tuberculo-
sum (79.2+23.6 individuals-cm™), observed primarily in
kelp forest habitat, had significantly higher sporophyte
densities than all other coralline algal species and bare
rock (Figure 5a, Appendix S2: Table S6A). All other coral-
line species significantly differed in sporophyte densities
from bare rock (mean+SE density of 1.2+1.1 individu-
als-cm™). The two articulated coralline algae had mean
densities at 66.8- and 18.8-fold higher than bare rock and
25.5- and 7.2-fold higher than the next highest mean den-
sities on the non-coralline fleshy red alga Hildenbrandia
spp. (3.1+2.9 individuals-cm™), respectively. The den-
sity of the kelp C. costata on Hildenbrandia spp. was not
significantly different from B. schmittii.

Settlement of the canopy kelps Macrocystis pyrifera
and Nereocystis luetkeana was similar across coralline
algal species and bare rock, with those coralline algae
observed in high relative abundance in kelp forests
and urchin barrens, both showing little significant dif-
ference among each other (Figure 5b,c, Appendix S2:
Table S6B,C).

For Macrocystis pyrifera (Figure 5b), none of the
coralline algal treatments showed any significant

differences in mean kelp density compared with bare
rock (312.5+134.3 individuals-cm™). An exception
being the fleshy red alga crust Hildenbrandia spp.
(2.9+1.1 individuals-cm™2), which had the lowest
mean sporophyte density, with a 106.9-fold reduction
in mean sporophyte density compared with bare rock,
and was significantly lower than all other treatments
except Crusticorallina painei (85.6+42.1 individu-
als-cm™2), Crusticorallina muricata (119.4 + 96.8 individ-
uals-cm~2), and dead Crusticorallina (highest variability
with 369.0 +286.5 individuals-cm™2). Bossiella orbigni-
ana (39.2+9.2 individuals-cm™), observed only in kelp
forest habitats, had the lowest sporophyte density of
all the coralline species and was significantly lower by
a 4.9-fold reduction than Calliarthron tuberculosum
(191.9+34.5 individuals-cm™) and by an 8.3-fold re-
duction than Lithothamnion glaciale (326.99+122.1
individuals-cm‘z), both also observed primarily in kelp
forest habitat. There were no other significant dif-
ferences among coralline algal species (maximum
fold change of 3.9 between non-significantly different
coralline algae), with several species found in high
relative abundance in kelp forests having no signifi-
cant differences from those in urchin-barren habitat
(Appendix S2: Table S6B).

For Nereocystis luetkeana (Figure 5c), the highest ob-
served mean density was on bare rock (1156.4 +333.3
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FIGURE 5 Mean juvenile sporophyte (+SE) density of (a) Costaria costata, (b) Macrocystis pyrifera, and (c) Nereocystis luetkeana
juvenile sporophytes on different coralline algal species. Shown on a log scale to better visualize differences. Different letters above bars
indicate significant differences (Tukey's test, p <0.05). The relative abundance of each coralline algal species in kelp forest compared with
urchin barren habitat is shown and is based off data collected by Hind et al. (2019). The relative abundance of the fleshy red Hildenbrandia
spp. was 0.83 in kelp forests compared with urchin barrens. See Table 1b for sample sizes.

individuals-cm), which was significantly higher than
Bossiella schmittii (39.4+9.2 individuals cm™) with
a 29.3-fold difference, B. orbigniana (158.2+33.2
individuals-cm‘z) with a 7.3-fold difference, and
Crusticorallina muricata (130.9 +32.0 individuals-cm™)
with an 8.9-fold difference. Bossiella schmittii had the
lowest sporophyte density of all the coralline species
and was significantly lower than all other corallines,
with differences ranging from 4.0- to 23.3-fold, except
Crusticorallina painei (48.7+32.0 individuals-cm™,
with only a 1.2-fold difference) and Crusticorallina
muricata (3.3-fold difference). Unlike Macrocystis pyr-
ifera and Costaria costata, the density of kelp sporo-
phytes on Hildenbrandia spp. was not recorded in the

N. luetkeana treatment due to several Hildenbrandia
spp. individuals dying. However, another fleshy red
algal crust, Peyssonnelia spp., showed a low sporo-
phyte density of 15.2+3.0 (n=2) individuals-cm= (not
shown on Figure 5 as no statistical test could be run
with n=2). The fleshy red alga Peyssonnelia spp. had
similarly low values compared with Hildenbrandia spp.
for both M. pyrifera (5.9 individuals-cm™, n=1) and C.
costata (3.0+3.0 individuals-cm™2, n=2), respectively.
There were no further significant differences among
coralline algal species, with similar densities observed
on coralline algal species in high relative abundance
in kelp forest and urchin-barren habitat. Similar to M.
pyrifera, the N. luetkeana sporophyte density on dead
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Crusticorallina (1373.2+962.7 individuals-cm™) had
high variability and was not significantly different from
any other treatment (alga or bare rock).

DISCUSSION

We found that red sea urchin larval metamorphosis
was induced by coralline algal species as well as the
fleshy red algal crusts (Hildenbrandia spp.). However,
contrary to our hypothesis, percent urchin metamor-
phosis was not significantly higher in response to cor-
alline algal species that are more abundant in urchin
barrens compared with those in kelp forests. Instead,
urchin larvae metamorphosed at similar percentages
across all algal species examined. These results build
upon those of Rowley (1989) who observed similar den-
sities of recently settled juvenile red (Mesocentrotus
franciscanus) and purple (Strongylocentrotus pur-
puratus) urchins on fleshy red algal crusts dominant
in kelp forests and coralline algae dominant in urchin
barrens. Similarly, Pearce and Scheibling (1990) ob-
served that percent metamorphosis of green urchins
(Strongylocentrotus droebachiensis), abundant in
temperate waters in the northern Pacific and Atlantic
oceans, did not differ across one articulated coralline
and two crustose coralline species. These results are
in contrast, however, to reported coralline species-
specific larval settlement/metamorphosis of some
species of abalone (e.g., O'Leary et al., 2017; Roberts
etal., 2010), corals (e.g., Deinhart et al., 2022), sea stars
(e.g., Doll et al., 2023), and some other urchin species
(e.g., Nielsen et al., 2015; Taniguchi et al., 1994). For
example, differences in percent metamorphosis were
recorded for the Japanese sea urchin (Mesocentrotus
nudus) across extracts from three morphologically
identified coralline algae (Taniguchi et al., 1994), and
two Australian urchin species (Heliocidaris erythro-
gramma and Holopneustes purpurascens) differed in
percent metamorphosis between the morphologically-
identified articulated coralline species Corallina “of-
ficinalis” and Amphiroa “anceps” (Huggett et al., 2006;
Nielsen et al., 2015; Swanson et al., 2004). Together,
these results suggest that invertebrate preference (or
lack of preference) for different coralline species may
not be generalizable and will need to be investigated on
a species-by-species basis.

Despite differences in the surface microbiomes of
Lithophyllum spp., Hapalidiales sp.1, and all other coral-
line algal crusts and the differences in surface microbi-
omes known to occur between articulated and crustose
coralline algal morphologies (Lemay et al., 2021), there
was no significant difference in red urchin larval meta-
morphosis across coralline species. Furthermore, a re-
duction in the microbiome load induced by antibiotics
did not significantly influence urchin percent metamor-
phosis. These results suggest that the chemical cue

used by red urchin larvae for metamorphosis comes
primarily from coralline algae and not from the associ-
ated surface microbiome. This is consistent with Pearce
and Scheibling (1990), who observed that a reduction of
the microbiome of one coralline algal crust had no ef-
fect on percent metamorphosis rates of the green urchin
Strongylocentrotus droebachiensis. There have been
conflicting results, however, on the role of microbiomes
in settlement/metamorphosis of invertebrate larvae, with
some studies demonstrating that the cue comes from
the coralline itself (Pearce & Scheibling, 1990; Roberts
et al., 2010) and others showing it comes from the as-
sociated microbiome (Huggett et al., 2006; Johnson &
Sutton, 1994; Nielsen et al., 2015). While this may be
taxon-specific, one recent study on coral larvae sug-
gests there may be redundant cues in both the microbi-
ome and the coralline alga that promote metamorphosis,
with cues from coralline algae being stronger than those
from the microbiome (Gémez-Lemos et al., 2018).

Our results indicate that red urchins have generalist
metamorphosis patterns across coralline algal species.
Lack of settlement differences across coralline species
suggests that this component of early recruitment could
be similar across kelp forest and urchin-barren habitats,
which counters the assumption of higher recruitment
facilitation in urchin barrens (Baskett & Salomon, 2010;
Breitburg, 1984; Filbee-Dexter & Scheibling, 2014).
Despite potential similarities in coralline-mediated
metamorphosis patterns across these two habitats,
other pre- and post-metamorphosis processes such as
larval supply, hydrodynamic conditions, predation, and
physical abrasion also play important roles in structur-
ing adult urchin densities within the habitats (Cameron
& Schroeter, 1980; Konar & Estes, 2003; Rowley, 1989;
Schroeter et al., 1996). Further studies combining mea-
surement of larval delivery rates, settlement/metamor-
phosis, and survival at both early and late recruitment
stages are required to elucidate potential differences in
establishment of viable adult populations between the
two habitats.

Spores from the canopy kelps, Macrocystis pyrifera
and Nereocystis luetkeana, were able to settle and ger-
minate into juvenile sporophytes on several crustose
and articulated coralline algal species observed in both
urchin barrens and kelp forests. This stands in contrast
to our initial hypothesis, and several studies that have
reported inhibition by a range of different coralline algal
species (Johnson & Mann, 1986; Suzuki et al., 1998;
Vermeij et al., 2011). It has been demonstrated, how-
ever, that chemical inhibition can vary among both kelp
and coralline species (Kim et al., 2004, Villas Béas &
Figueiredo, 2004) and that it is the sloughing (loss of
unstable surface epithallial cells) of some coralline algal
species that causes wide-scale inhibition of epiphytic
algal species (Johnson & Mann, 1986). The canopy
kelps sporophyte densities on most of these corallines
were not significantly different than that occurring on
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bare rock collected from the same locations. These
results suggest that the settlement of juvenile canopy
kelps would be similar on coralline algal species and
bare rock in the marine environment. For these canopy
kelp species, the lowest densities were seen on fleshy
red algal crusts (Hildenbrandia spp. and Peyssonnelia
spp.), suggesting that these fleshy crusts, which can
have high abundances in both kelp forests and ur-
chin barrens, may inhibit development of sporophytes.
These results are similar to what Okamoto et al. (2013)
observed for the kelp Saccharina bongardiana with
sporophyte density significantly reduced by greater
than 97% on fleshy red algal crusts (Hildenbrandia
spp. and Ralfsia spp.) compared with bare rock, but
with kelp sporophyte densities similar on bare rock and
coralline crusts (unidentified spp.).

In contrast, the densities of juvenile sporophytes of
the subcanopy kelp Costaria costata were significantly
higher on articulated coralline algal species, particu-
larly Calliarthron tuberculosum, than on all other spe-
cies. Settlement on these articulated corallines was
also significantly higher than on bare rock, which may
be due to the fact that the kelp was outcompeted by
filamentous algae found on the rocks at the end of
the experiment. We suspect that a similar phenome-
non could also occur in the marine environment where
kelp spores settling on bare rock are outcompeted
by other faster growing algal species. A similar trend
was observed by Parada et al. (2017) for the intertidal
kelp Lessonia spicata where crustose coralline algae
inhibited kelp spores that readily settled on articulate
coralline algae in the laboratory, a pattern that also
translated to the relative number of recruited juvenile
sporophytes observed on those corallines in the field.
Although it is unclear at which stage of the settlement
process C. costata was inhibited by crustose coralline
algae (initial spore settlement, germination, or gameto-
phyte development), Kim et al. (2004) has suggested
that there can be chemical inhibition preventing both
spore settlement and germination. Further work is
needed to determine at what stage inhibition occurs.
Unfortunately, attempts to visualize kelp spore settle-
ment and germination on the surface of coralline algal
crusts using fluorescent stains were unsuccessful due
to autofluorescence of the coralline itself (e.g., Okamoto
et al., 2013, CellTracker™ green, Invitrogen; present
study, CellTracker™ blue, Invitrogen). Future studies
should investigate different colors or types of fluores-
cent stains (e.g., antibody staining of brown algal cell
walls) to minimize coralline autofluorescence.

We did not test the antibiotic treatments in the kelp
settlement experiments. However, for canopy kelps, no
significant differences were observed in settlement for
those species identified as having different microbiome
communities. In contrast, the subcanopy kelp Costaria
costaria settled on articulated coralline over crustose
species, which have previously been demonstrated

by Lemay et al. (2021) to have different microbiome
communities. The fact that these spores readily settled
on control glass cover slips with no associated micro-
biome and a similar sporophyte density suggests no
positive facilitation role is provided by the microbiome.
However, a negative interactive effect of the microbi-
ome on kelp spore settlement and development can-
not be ruled out and requires further investigation as
studies have shown that for red and green macroalgae,
certain bacteria species can inhibit algal spore germi-
nation (Egan et al., 2001).

Results from the present study demonstrate that
the settlement and development of kelp across differ-
ent coralline algal species is variable and not gener-
alizable, which could have major implications for kelp
forest recovery. That canopy kelps can still settle onto
coralline algal species abundant in urchin barrens
suggests that coralline algae do not have a strong
negative impact on kelp forest recovery as previously
thought, and removal of these species prior to kelp
restoration efforts may not be necessary (e.g., Bulleri
et al.,, 2002; Eger et al.,, 2022; Jung et al., 2022).
Nevertheless, although canopy kelps are able to set-
tle into both kelp forest and urchin-barren systems,
survivability and spore supply to these sites are still
important factors when considering recovery and
maintenance of these ecosystem states. For exam-
ple, studies from the northwestern Atlantic Ocean
have shown that re-establishment of kelp spores and
recovery of kelp beds following reductions of urchins
at several sites ranged from 18 months to 4 years de-
pending on the proximity to the nearest reproductive
kelp beds (Johnson & Mann, 1988; Keats et al., 1990).
However, results presented here of greater kelp spore
settlement on articulated coralline algae over bare
rock, suggest that coralline algal communities may
need to transition to a community resembling that ob-
served in kelp forests with abundant articulated cor-
alline species in order for subcanopy kelps to recruit
back into the system. A similar result was demon-
strated by Barner et al. (2016) who showed that the
recruitment of the intertidal kelp Hedophyllum sessile
(as Saccharina sessilis) depended on the presence of
articulated coralline algae. We know that differences
in benthic coralline algal communities exist in well-
established kelp forest compared with urchin-barren
habitats (Hind et al., 2019); however, it is less clear
over what time scales coralline communities diverge.
Coralline algae are considered to be slow growing
with growth rates varying among species (Dethier &
Steneck, 2001; Fisher & Martone, 2014), and there-
fore, the timescale for recovery of diverse coralline
algal assemblages, with both crustose and articulated
species, from those observed in urchin-barren habi-
tats is unclear but could take several years. Coralline
community dynamics require further investigation,
particularly in relation to kelp forest recovery.
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CONCLUSIONS

Kelp forests offer a wide range of ecosystem func-
tions and significant economic value. The present
study enhances our understanding of the bottom-up
roles that coralline algae play in maintaining or restor-
ing these crucial coastal ecosystems. Contrary to our
hypotheses, we found that canopy kelps Macrocystis
pyrifera and Nereocystis luetkeana and red sea ur-
chins (Mesocentrotus franciscanus) can settle or
metamorphose on many coralline algal species lo-
cated in both kelp forest and urchin-barren habitat
types (and at the same level that they settle on bare
rocks), indicating generalist patterns of settlement
and metamorphosis. The subcanopy kelp Costaria
costata, however, showed a species-specific settle-
ment pattern, preferentially settling on two species
of articulated coralline algae (and at a higher level
than on bare rocks), indicating that these particular
coralline species actively enhance the settlement of
this subcanopy kelp. Surprisingly, and despite sig-
nificant differences in microbiome structure across
coralline species, our data suggest that urchin larval
metamorphosis cues likely originated from coralline
thalli and not from the microbiomes. The application
of molecular-assisted identification methods is critical
for understanding the important, and often species-
specific, roles played by coralline algae in the ecol-
ogy of nearshore ecosystems.

Coralline algae have long been thought to contribute
negatively to alternate ecosystem states devoid of any
fleshy macroalgae species. To the contrary, our results
indicate that for systems dominated by canopy kelp
species, coralline algal species found in this habitat
likely do not negatively impact initial kelp settlement,
highlighting their important bottom-up role in these
ecosystems. Instead, non-calcified fleshy red crusts
(e.g. Hildenbrandia spp. and Peyssonnelia spp.) likely
have the most negative impact, as they promoted the
highest mean urchin percent metamorphosis, although
not significant, and supported some of the lowest juve-
nile canopy kelp densities. Ongoing efforts to conserve
and restore kelp forests would be well advised to pay
close attention to the bottom-up roles played by cor-
alline algae and fleshy crusts in the assembly of kelp
forest ecosystems.
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